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The Use and Predictability of C. elegans 
as an Alternative and Complementary 
Model in Neurotoxicological Studies: Focus 
on the Dopaminergic System

Marina Lopes Machado, Daniele Coradini Zamberlan, 
Leticia Priscilla Arantes, Michael Aschner, and Félix Antunes Soares

Abstract Several alternative models have been used to create new studies on cen-
tral nervous system (CNS) function. The benefits associated with these alternative 
approaches are time efficiency, reduced manpower, cost-effectiveness, and avoid-
ance of ethical concerns on the use of higher vertebrates. In this regard, 
Caenorhabditis elegans (C. elegans), a small, free-living, soil nematode which uses 
bacteria as a food source, is being used to complement traditional experiments. 
Studies on worm genomes add new insights into the mechanisms of several neuro-
logical disorders and neuronal regeneration. Strains can be genetically modified to 
express fluorescent reporters, allowing one to follow relevant regulatory pathways, 
visualize different neuronal lineages as well as morphology alterations. One key 
advantage of studies with C. elegans is that a functional synapse can be studied 
inside a living organism and an immediate behavioral response profile can be 
observed. Neurotoxicology studies using C. elegans allow the discovery of a collec-
tion of genes and molecular targets involved in neurodegeneration and other neuro-
nal alterations following toxicological insult. Here we provide a synopsis of the 
findings on the cholinergic and dopaminergic systems of the CNS, using C. elegans 
as an animal model.
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 Introduction

Various alternative models have been suggested to diminish animal use in experi-
mentation. These models afford an option for studies on nervous system function, 
metabolism, oxidative stress, aging, toxicity, including metal toxicity, disease mod-
els and drug discovery up to some levels. Each alternative model system has advan-
tages and disadvantages, highlighting the necessity for many models to understand 
the complexity of each system. Benefits associated with these alternative approaches 
are time efficiency, reduced manpower, and cost-effectiveness. Besides, the ethical 
concerns impart limitations on the use of higher vertebrates, and, consequently, the 
use of alternative organisms has become a relevant alternative to vertebrates. Several 
model organisms are being used to replace or complement traditional experimental 
animals, and these include Caenorhabditis elegans, Drosophila melanogaster, 
cockroaches, and others (Doke and Dhawale 2015).

Caenorhabditis elegans (C. elegans) was introduced by Sydney Brenner in the 
second half of the twentieth century, as a model to study development and neurobi-
ology (Brenner 1974), and it is widely adopted as a model organism for genetic 
analysis, based on a number of characteristics that shows an excellent compromise 
between complexity and genetic tractability. Studies on C. elegans genomes have 
imparted new insights into the mechanisms of a diversity of neurological disorders 
such as Alzheimer’s disease, Huntington’s disease and Parkinson’s disease (Levitan 
and Greenwald 1995; Nollen et al. 2004; Lakso et al. 2003), and also the neurobiol-
ogy of depression and neuronal regeneration (Yanik et al. 2004; Ranganathan et al. 
2001), just to name a few. Among all available animal models, C. elegans has been 
the most amenable to medium and high-throughput techniques with the lowest cost- 
benefit ratio. The advantage of studies with C. elegans in relation to other models is 
that instead of studying isolated drug-receptor interaction, a functional synapse can 
be studied inside the whole living organism and an immediate behavioral response 
profile can be observed (Kaletta and Hengartner 2006).

C. elegans is a small free-living nematode (roundworm) that inhabits moist soils 
and uses bacteria as a food source (Riddle et al. 1997). Under laboratory conditions, 
C. elegans is cultured on bacterial lawns grown on an agar substrate. The develop-
ment from eggs to adults is in about 2.5 days, with a mean lifespan of around 20 days 
(20 °C) and the adults can reach about 1 mm in length. The majority of the animals 
are hermaphrodites (XX), generally about 300 offspring, but in a thousand individu-
als about one is male (XO). Self-fertilization of the hermaphrodite allows for homo-
zygous worms to generate a genetically identical progeny (Riddle et al. 1997).

The basic anatomy of C. elegans includes an oral cavity, pharynx (a muscular 
food pump in the head), intestine (lined with microvilli), gonad, anus and collage-
nous cuticle. Body movements are mediated by four strips of muscle cells along the 
body, connected to a neural system (White et  al. 1986). Its small size, short life 
cycle, and a completely sequenced genome make C. elegans a powerful research 
model, moreover, mutations are easily produced by a variety of mutagens (Fire et al. 
1998). Because of its transparency, noninvasive visualization techniques of cellular 
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structures and transcripts labeled with fluorescent proteins are widely employed 
(Chalfie et al. 1994), making possible the visualization of anatomy, developmental 
processes and signaling pathways in real time. These characteristics make C. ele-
gans very responsive to genetic, behavioral, biochemical and physiological analyses.

The C. elegans nervous system is relatively simple when compared to the human 
brain, but is the most complex tissue in C. elegans, where among 959 cells in adult 
hermaphrodite, 302 are neurons and 56 are neuronal support cells, namely glial 
cells, distributed in the head, tail and also along the ventral cord, the main longitu-
dinal axon tract (Hobert 2005). The C. elegans nervous system is made of two dis-
tinct and independent nervous systems; the pharyngeal nervous system, with 20 
neurons, and also the somatic nervous system, with 282 neurons (White et al. 1986). 
The pharyngeal nervous system is responsible for the coordination of pharyngeal 
feeding, while the somatic nervous system is a more complex nervous system that 
is responsible for all other C. elegans functions.

The C. elegans neural circuit processes information from internal and external 
stimuli, and produces action corresponding to specific stimuli, e.g. avoiding obsta-
cles and repellent chemicals. These neurons are split into four functional categories: 
(1) motor neurons, which stimulate muscle cells; (2) sensory neurons, which have 
sensory functions; (3) interneurons, which receive inputs from one or more classes 
of neurons and send outputs onto other neurons; and (4) polymodal neurons, which 
do more than one of these categories (Chen et al. 2006). Even though the neurons of 
C. elegans seem simple, they are highly specialized cells in the transmission of 
information, like electrical or chemical impulses. Electrical synapses conduct nerve 
impulses through gap junctions, while chemical synapses, that are the majority, 
involves the release of a chemical neurotransmitter from the presynaptic cell to one 
or more post-synaptic cells (White et al. 1986; Hobert 2005).

Neurotransmitters are the chemical medium through which signals flow from 
one neuron to the next at chemical synapses (White et  al. 1986). In C. elegans, 
chemical synapses occur between one presynaptic cell and one post-synaptic cell (a 
monad) or more than one post-synaptic cell (a polyad), to modulate highly complex 
behaviors, including chemotaxis, thermotaxis, mechanotransduction, learning, 
memory, and mating. As in other organisms, neurotransmitters are within synaptic 
vesicles, that are small and spherical vesicles present at the release zone, closely to 
presynaptic cell. These spherical organelles are filled with one or more neurotrans-
mitters (White et al. 1986). In C. elegans, rapid neurotransmission uses classical 
neurotransmitters, including various monoamines, acetylcholine, Gamma- 
aminobutyric acid (GABA), and glutamate. Here we are going to elucidate the 
mechanisms undergoing dopamine and acetylcholine neurotransmitters.

Acetylcholine is the primary excitatory neurotransmitter at C. elegans neuro-
muscular junctions (Johnson and Russell 1983), approximately 120 neurons in the 
C. elegans hermaphrodite are cholinergic, which represents more than a third of the 
cells in its nervous system. Furthermore, C. elegans express three classes of acetyl-
cholinesterases (AChE) enzymes (Kolson and Russell 1985), two transporters 
(Okuda et al. 2000) and a variety of receptors. In C. elegans, cholinergic transmis-
sion is involved in numerous behaviors, including locomotion, pharyngeal pump-
ing, defecation cycle, egg laying, and male mating.

The Use and Predictability of C. elegans as an Alternative and Complementary Model…
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Dopamine is a mechanosensory neurotransmitter, present in 8 neurons in the 
hermaphrodite and in an additional 6 neurons distributed along the tail of the male 
(Chase and Koelle 2007). C. elegans express four dopamine receptors, and it has 
four putative tyrosinases, which as in mammals, are involved in the synthesis of 
dopamine (Lints and Emmons 1999). Dopamine signaling modulates C. elegans 
locomotion behavior to respond to changes in its environment and also to search 
efficiently for new food sources (Sawin et al. 2000). Dopamine is also required for 
C. elegans learning dependent upon olfactory adaptation (Nuttley et al. 2002).

The extensive information on the neuroanatomy, development, and genetics of 
C. elegans make it a useful model for understanding how the mammalian nervous 
system develops. There are several advantages to this model. For example, the lin-
eage and morphology of each neuron type are described in detail (White et al. 1986) 
and markers for neuron visualization are currently available, as fluorescent reporter 
genes. Furthermore, several mutants are available, which makes possible to discuss 
the regulatory genes involved in neuronal lineage, determination, and differentia-
tion. The present overview addresses the use of C. elegans in studies of dopamine 
and acetylcholine neurotransmitters in a neurotoxicological context.

 Cholinergic System

The cholinergic neurotransmission system consists of acetylcholine (ACh), its 
receptors, and the enzymatic apparatus responsible for its synthesis, transport, and 
degradation. ACh is a chemical mediator of synapses in the CNS, the peripheral 
nervous system (PNS) and also the neuromuscular junction (Lakso et  al. 2003; 
Nees 2015).

In C. elegans, ACh is the most broadly used neurotransmitter system, engaged by 
more than half of all neurons (Pereira et al. 2015). ACh is an excitatory transmitter 
at nematode neuromuscular junctions used by sensory neurons, interneurons and 
motor neurons (Delcastillo et  al. 1963). Compared to other transmitter systems, 
motor neurons have a preference for employing ACh (Pereira et al. 2015) (extrapha-
ryngeal motor neuron classes are cholinergic) and most cholinergic sensory neurons 
are closely connected to the motor system. ACh is also the most broadly used neu-
rotransmitter of interneurons. The circuitry associated with the motor neurons 
(SAB, DA, DB, VA, VB, AS), including the interneurons (AVA, AVB, AVE, AVD, 
PVC, and DVA) of the ventral nerve cord, are mainly cholinergic (with the excep-
tion of the GABAergic DD/VD motor neurons) (Pereira et al. 2015). The choliner-
gic nature of most C. elegans sensory-motor neurons suggests that ACh was perhaps 
the first neurotransmitter to have evolved. This is consistent with the notion that 
ACh is an ancient signaling molecule that precedes the evolution of nervous sys-
tems (Horiuchi et al. 2003).

Cholinergic neurotransmission in C. elegans is defined by the expression of the 
vesicular ACh transporter (VAChT) encoded by unc-17 (Alfonso et al. 1993), the 
ACh-synthesizing choline Acetyltransferase (ChAT), encoded by cha-1 (Duerr 
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et  al. 2008), the reuptake transporter of the breakdown product choline (ChT), 
encoded by cho-1 (Okuda et al. 2000) and the enzyme that breaks down ACh, ace-
tylcholinesterase (AChE), encoded by ace-1, ace-2, ace-3 and ace-4 (Arpagaus 
et al. 1998). The neurotransmitter map has provided molecular tools for investigat-
ing ACh synthesis and packaging into synaptic vesicles, the genesis of cholinergic 
vesicles, and the development and senescence of the cholinergic nervous system.

The unc-17 and cha-1 genes are organized into an operon-like structure, called 
the cholinergic locus, which is conserved from invertebrates to vertebrates (Eiden 
1998). VAChT and ChAT proteins are synaptically located and their expression is 
localized to about one dozen neuron classes, mostly in the ventral nerve cord and a 
few isolated head and tail neurons. Unc-17/VAChT expression defines cholinergic 
identity and is present in 52 of the 118 classes of adult hermaphroditic neurons, 
amounting to 159 out of 302 neurons (Pereira et al. 2015). Null cha- 1 or unc-17 
alleles mutant worms are lethal (Rand 1989), arguing that vesicular loading is an 
obligatory step in ACh release. Hypomorphic cha- 1 or unc-17 mutant worms are 
small, slow-growing, coily, uncoordinated, jerky in reverse and resistant to aldicarb 
(Rand and Russell 1984).

Analogous to the vesicular acetylcholine transporter, the plasma membrane cho-
line transporter was first cloned and characterized in C. elegans (Okuda et al. 2000). 
In mammalian systems, the choline transporter is localized to apparent synaptic 
vesicles (Ferguson et al. 2003). Consistent with mammals, cho- 1 in C. elegans is 
expressed in most or all cholinergic neurons (Matthies et al. 2006). CHO-1 is local-
ized to synaptic regions and associated with a vesicular compartment. In the her-
maphrodite worm, all neurons that express cho-1 also express unc-17/VAChT, while 
11 out of the 52 unc-17 classes do not express cho-1 (Matthies et al. 2006) (Yanik 
et al. 2004). In contrast, expression of the ache genes does not correlate with unc-17 
expression and is observed in body wall muscle and in a few non-cholinergic neu-
rons (Combes et al. 2003). The diffusible AChE proteins are secreted into the syn-
aptic cleft and their site of synthesis does not necessarily match the site of ACh 
synthesis and release. The situation is also similar in vertebrates, as the AChE gene 
is expressed in cholinergic neurons, but the overlap is not complete, and expression 
can also be observed in non-cholinergic neurons (Gwyn and Flumerfelt 1971). 
However, the four C. elegans AChE activity classes do not correspond in any clear 
way to the vertebrate enzyme classes, acetylcholinesterases or butyrylcholinester-
ases (Johnson and Russell 1983).

Current knowledge on the relationships between genes and neural circuits 
involved in behaviors make the nematode an indispensable behavioral model (de 
Bono and Maricq 2005). C. elegans has several ACh mediated behavioral which can 
be performed to study the cholinergic system: locomotion, pharyngeal pumping, 
defecation cycling, egg laying, and male mating. Thus, C. elegans can be used as a 
screen for vertebrates, by comparing the responses of components of its cholinergic 
system to well-characterized toxicants and examining the endpoints of movement 
and AChE activity (Melstrom and Williams 2007), for instance. The effects of 
reversible or irreversible AChE inhibitors to components of the cholinergic nervous 
system of C. elegans correlates with vertebrate data (Melstrom and Williams 2007).

The Use and Predictability of C. elegans as an Alternative and Complementary Model…
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The endpoints of C. elegans movement have already been successfully explored 
to assess neurotoxicity associated with heavy metal (Wang and Xing 2008). 
Exposure to Lead (Pb) and Aluminum (Al) resulted in severe deficits in memory 
behaviors in nematodes (Ye et al. 2008). Furthermore, both aldicarb and levamisole 
resistance were significantly correlated with neuronal loss, dorsal cord gap and ven-
tral cord gap in Pb- and Hg-exposed nematodes, suggesting that neuronal survival 
was noticeably correlated with synaptic function in metal exposed nematodes dur-
ing development. Other studies suggest that the toxicity induced by metal exposure 
may be “transferred” from exposed adult nematodes to their progeny (Hu et  al. 
2008), establishing long-term epigenetic effects. In addition, younger worms depict 
greater sensitivity to neurotoxic effects on neuronal survival and synaptic function 
than adult nematodes (Xing et al. 2009).

The similarities in C. elegans cholinergic system also allows studying neurode-
generative disorders that display a pattern of degeneration for these specific classes 
of neurons (Yankner et al. 2008). Screens for neuroprotection can be easily assayed 
throw the analysis of behavioral phenotypes and neurodegeneration patterns. Yi and 
colleagues demonstrated that insertion of a single copy of the wild-type human 
amyloid precursor protein APP gene (involved in Alzheimer’s disease) into the 
worm genome induced moderate, progressive neurodegeneration of five cholinergic 
neurons (Yi et  al. 2017). This APP model allows screening for compounds that 
restrict the progress of degeneration. For instance, several substituted norbenzomor-
phans, that bind with high affinity and selectivity a specific receptor associated with 
CNS disorders (Guo and Zhen 2015), exhibited significant neuroprotective activity 
in these APP C. elegans strain (Yi et al. 2017). One of these compounds was subse-
quently shown to enhance cognitive performance in a transgenic APP mouse model, 
highlighting the predictive nature of this worm model (Yi et al. 2017).

The cholinergic neuronal transmission has been widely probed with aldicarb, an 
AChE inhibitor, or levamisole, a nicotinic AChR agonist. Both drugs produce 
hyperactive cholinergic synapses, muscle hypercontraction, and paralysis. Worms 
resistance to aldicarb can indicate a pre- or postsynaptic defect, or even low ACh 
levels, while, worms resistant to levamisole can indicate a postsynaptic defect 
(Lewis et al. 1980). Abnormally aggregated tau accumulates as neurofibrillary tan-
gles and other lesions in many neurodegenerative. Additional studies demonstrated 
that tau expression caused defective presynaptic cholinergic transmission since tau- 
expressing worms were aldicarb resistant and levamisole sensitive (Kraemer 
et al. 2003).

 C. elegans Dopaminergic System

Dopamine (DA) is a major neurotransmitter in mammals and has been extensively 
studied because dysfunction of this system is linked to various pathological condi-
tions. In humans, imbalances in DA signaling have been associated with several 
prevalent neurobehavioral disorders, including Parkinson’s disease (PD), 

M. L. Machado et al.



7

Alzheimer’s disease (AD), schizophrenia, depression, attention-deficit hyperactiv-
ity disorder (ADHD), and substance abuse (Nass and Blakely 2003). Unraveling the 
signaling pathways involved in the DA system may, therefore, provide a better 
understanding of the mechanisms underlying these disorders and may help to pre-
vent their onset and to identify novel therapeutic targets.

The complexity of the human brain, which contains over 100 billion neurons and 
tens of thousands of DA-containing cells, each capable of forming many thousands 
of synaptic connections, is a limitation to successfully study and understand the 
regulatory mechanisms involved in DA neurotransmission. Moreover, the relative 
inaccessibility of DA neurons in vertebrates, and the inability to directly visualize 
DA neurons and their synaptic connections in vivo, significantly restricts the prog-
ress in elucidating the molecular mechanisms involved in DA disruptions (Nass and 
Blakely 2003).

C. elegans dopaminergic system consists in eight neurons in the hermaphrodite: 
two pairs of cephalic (CEP) neurons, a pair of anterior deirid (ADE) neurons, and a 
pair of postdeirid (PDE) neurons; the male has an additional six neurons located in 
the tail. Each of these fourteen neurons is thought to be mechanosensory, once they 
have ciliated endings in the cuticle and ablation of these cells or mutations that 
block synthesis or release of DA cause defects in the animal’s ability to sense or 
respond to changes in its environment (Chase and Koelle 2007; McDonald et al. 
2006). In both humans and C. elegans, DA is critically involved in multiple physi-
ological functions, such as motivation, recognition and reward, memory and adapta-
tion, hormonal regulation, and motor control (McDonald et al. 2006).

DA neurotransmission is highly conserved between species and homologs of the 
proteins involved in the dopaminergic system in mammals have all been identified 
in C. elegans. These nematodes display CAT- 2, the tyrosine hydroxylase enzyme 
homolog that catalyzes the conversion of tyrosine to L-DOPA (3,4- dihydroxyphenyl-l 
alanine), and BAS-1, an aromatic L-amino acid decarboxylase (AADC) homolog 
which converts L-DOPA to dopamine. Cytosolic DA is rapidly packaged into pre-
synaptic storage vesicles by the vesicular monoamine transporter CAT- 1, which has 
47% and 49% homology to the human vesicular monoamine transporter (VMAT) 1 
and 2, respectively, where it remains until its release into the presynaptic cleft in 
response to stimuli (Nass and Blakely 2003; McDonald et al. 2006).

C. elegans also recapitulates mammalian DA receptors and the dopamine trans-
porter (DAT), which is the target of drugs of abuse and mediates the PD-associated 
activity of certain neurotoxins. Once in the synapse, DA binds to and activates 
D1-like (DOP- 1 and DOP-4) and D-2 like dopamine human receptors (DOP- 2 and 
DOP- 3) group that are positioned either pre-, post-, or extra-synaptically (Suo et al. 
2004). Unbound DA is taken back up into the presynaptic cell via reuptake by the 
DAT- 1, both structurally and functionally similar (43% amino acid identity to mam-
malian DATs). C. elegans also contains CAT-4, an orthologue of the human guanine 
triphosphate (GTP) cyclohydrolase I, involved in the regulation of tyrosine hydrox-
ylase activity; and homologues of mammalian DA metabolizing enzymes, including 
monoamine oxidase (MAO) and catechol-o-methyltransferase (COMT), involved 
in the pathways for the conversion of DA to 3,4 dihydroxyphenylacetic acid 

The Use and Predictability of C. elegans as an Alternative and Complementary Model…
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(DOPAC) or to 3-methoxytyramine (3-MT) and homovanillic acid (HVA) (Nass 
and Blakely 2003; McDonald et al. 2006).

DA signaling allows C. elegans to respond to changes in its environment. Studies 
have established that disrupting DA signaling can lead to behavioral phenotypic 
changes in the animal that can be easily quantitated, such as altered movement, 
defecation, egg-laying, food sensing, foraging, chemotaxis, learning, habituation to 
mechanical stimuli, and transitions between crawling and swimming behavior 
(Engleman et al. 2016; Grotewiel and Bettinger 2015). For example, well-fed wild- 
type animals slow their locomotion rate when they encounter a bacterial lawn and 
this basal slowing response requires DA, as cat-2 and cat-4 mutants or animals in 
which the dopaminergic neurons have been ablated fail to exhibit basal slowing, 
which is rescued in these mutant animals when exogenous DA is supplied in the 
media (Chase and Koelle 2007; McDonald et al. 2006). DOP-3 is the receptor acti-
vated by DA in response to a bacterial lawn to slow locomotion rate. The slowing 
defect of dop-3 mutants is rescued by mutations in DOP-1 indicating that DOP-1 
and DOP-3 antagonize each other to control the rate of locomotion in response to 
changing environmental stimuli. In C. elegans, as in mammals, D1- and D2-like 
receptors can function antagonistically to control behavior. The DOP-1 and DOP-3 
receptors are co-expressed in the motor neurons of the ventral cord and function 
there to modulate locomotion rate. The ventral cord motor neurons are not postsyn-
aptic to the DAergic neurons, and thus DA can function extrasynaptically. Mutations 
in the DOP-1 receptor cause defects in the ability of animals to respond to mechani-
cal stimulation (plate tapping). DOP-1 functions in touch neurons to modulate this 
response and these neurons are also not postsynaptic to the dopaminergic neurons 
(Chase and Koelle 2007; Suo et al. 2004).

DA and mammalian DA receptor antagonists also alter behaviors in C. elegans. 
Exposure of animals to DA results in a decrease of movement and egg-laying; how-
ever, the addition of the mammalian D2 antagonist haloperidol reverses this effect. 
Chlorpromazine, another D2-antagonist, can also blunt the DA contribution to egg- 
laying. The DA transporter substrate amphetamine, which causes an increase in 
synaptic DA by eliciting efflux of DA from DAergic terminals, also causes a 
decrease in egg-laying and larval development (Nass and Blakely 2003).

The ease of genetic manipulation in C. elegans has been used to reproduce and 
investigate the molecular basis of DAergic injuries. RNAi-mediated knockdown of 
the expression of the orthologous proteins in the worm and its effect on DA signal-
ing and neuron vulnerability facilitate investigation into the roles particular genes 
may play in toxicity and pathologies and thus the identification of drug targets. 
Moreover, transgenic worms were constructed with DAergic neurons tagged for 
visualization, most frequently through the dat-1::GFP reporter, and provided the 
ground-breaking opportunity to visualize an entire population of DAergic neurons 
within a living animal under physiological or pathological conditions (Nass and 
Blakely 2003).

DAT is also one of the major targets for psychostimulants, such as cocaine and 
amphetamine. Addiction is mechanistically and phylogenetically ancient and many 
mechanisms that underlie human addiction are also present in invertebrates, and 
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C. elegans is also an excellent model to identify molecular mechanisms that mediate 
drug-induced behavior and addiction and potential targets for medications develop-
ment. The one target/gene identified as essential for drug-induced behavioral 
responses across all drugs of abuse was cat-2, which is consistent with the role of 
dopamine neurotransmission in human addiction (Engleman et al. 2016).

Ethanol (EtOH) is the best-studied drug-of-abuse in C. elegans and at least 50 
different genes/ targets have been identified as mediating EtOH’s effects and poly-
morphisms in some orthologues in humans are associated with alcohol use disor-
ders. C. elegans has also been shown to display dopamine and cholinergic 
system–dependent attraction to nicotine and demonstrate a preference for cues pre-
viously associated with nicotine. Cocaine and methamphetamine have been found 
to produce dopamine-dependent reward-like behaviors in C. elegans (Engleman 
et al. 2016).

Behavioral responses to acute EtOH in C. elegans consist of locomotor or psy-
chomotor stimulation (Grotewiel and Bettinger 2015). Tolerance to EtOH is also 
discernible in worms. The behavioral effects of EtOH in C. elegans have been 
addressed by changes in  locomotion; egg-laying or hypercontraction of the body 
wall muscles have also served to assess the effects of EtOH. Interestingly, C. ele-
gans develop acute functional tolerance to EtOH upon continuous exposure, which 
manifests as a decrease in  locomotor sedation. Worms can also develop chronic 
tolerance to EtOH.  Notably, several neurotransmission-related gene products, 
CHRNA4 (acetylcholine receptor), CHRNB2 (acetylcholine receptor), CHRNB4 
(acetylcholine receptor), DBH (dopamine beta-hydroxylase), DRD1 (dopamine 
receptor), DRD5 (dopamine receptor), GABBR1 (gamma-aminobutyric acid recep-
tor), GAD1 (glutamate decarboxylase) were found to influence EtOH-related behav-
iors in the worm (Grotewiel and Bettinger 2015).

 C. elegans as a Parkinson’s Disease Model

Critical physiological components of PD may be recapitulated in C. elegans, and 
both genetic and environmental factors can be used to mimic the molecular pathol-
ogy in the worms. While numerous environmental toxicants have been linked to PD 
etiology, causative factors for most cases remain largely unknown (Chen et al. 2013; 
Nass et al. 2002). Actually, there is only limited success in developing novel thera-
peutics for PD and even less success in preventing the progression of dopaminergic 
neurodegeneration.

Once the loss of DA neurons is a hallmark of human PD, the primary outcome 
measured in most C. elegans studies is the survival of DA neurons. This can be eas-
ily assessed in live animals expressing a fluorescent protein specifically in DA neu-
rons using the promoter from the DA transporter gene dat-1. In addition to the loss 
of neuron cell bodies, quantification of more subtle phenotypes is possible, includ-
ing the disappearance of axons, broken neurites, the retreat of dendritic terminals, 
and axonal and dendritic blebbing (Cooper and Van Raamsdonk 2018).

The Use and Predictability of C. elegans as an Alternative and Complementary Model…
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Like most animal models for DAergic neurodegeneration and PD, exposure of 
C. elegans to neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) and 6-hydroxydopamine (6-OHDA) chemically ablated DAergic neurons 
(Maulik et al. 2017; Marvanova and Nichols 2007). The dependence of 6-OHDA- 
induced degeneration of DA neurons on functional DAT-1 has permitted the use of 
forwarding genetic screens for suppressors that have the capacity to elucidate key 
features of DAT, its regulatory machinery, or facets of toxin-induced cell death 
(Nass et al. 2008). 6-OHDA administration leads to the loss of green fluorescent 
protein (GFP)-labeled DAergic cell bodies and processes, and this model has been 
successfully used in screens to identify genetic and pharmacological manipulations 
to study DAergic toxicity. The human DAT-1 antagonist’s imipramine, nisoxetine, 
and amphetamine, as well as the DA receptor antagonists bromocriptine, quinpirole, 
ranclopride, and SCH23390, have been shown to effectively protect against 
6-OHDA-induced neurotoxicity in C. elegans. These findings established a valid 
rationale for future studies with these compounds to further elucidate their potential 
therapeutic modalities for the treatment of PD in humans (Nass et  al. 2002; 
Marvanova and Nichols 2007).

The majority of PD cases are sporadic; however, about 10%–20% of cases are 
well documented as having genetic causes. C. elegans expresses orthologs for sev-
eral human genes linked to PD, such as Parkin, PARK 9, UCHL-1 (ubiquitin 
carboxy- terminal hydrolase L1), DJ-1, NURR1 (NUR-Related factor 1), PINK1 
(PTEN-INduced Kinase 1) and LRRK2 (leucine-rich repeat kinase 2) (Chakraborty 
et al. 2013). Mitochondria are also a target in PD models in worms since the genetic 
modulation of parkin (pdr-1), djr-1, pink-1 and lrk-1 (the gene that encodes LRRK2) 
disrupts mitochondrial morphology and function. Mitochondrial morphology can 
be visualized in live worms by utilizing transgenic animals that express a fusion 
protein of a mitochondrially-targeted protein (e.g., TOMM-20) and a fluorescent 
protein. Mitochondrial function is ease to be achieved through measurements of 
oxygen consumption and ATP levels. In turn, mitochondrial dysfunction leads to 
ROS overproduction, which leads to cellular damage and cell death (Cooper and 
Van Raamsdonk 2018; Chakraborty et al. 2013).

In both idiopathic and genetic causes of PD, oxidative stress is thought to be a 
common underlying mechanism that leads to cellular dysfunction. DJ-1 and PINK1 
have been shown to protect against oxidative stress, and mutations in these genes 
are associated with early-onset PD. This was confirmed in C. elegans by studying 
the nematode homologs, djr1.1 and pink-1. The djr-1.1 knockdown and pink-1 
mutant strains showed increased sensitivity to toxin-induced oxidative stress 
(Chakraborty et  al. 2013). Furthermore, stress conditions were associated with 
increased protein aggregation (Cooper and Van Raamsdonk 2018).

Although the worms lack a human α-synuclein homolog, transgenic strains over-
expressing the human protein recapitulate some of the biochemical, behavioral, and 
pathological characteristics of the human disease (Cooper and Van Raamsdonk 
2018). Overexpression of either the wild-type or a familial PD–linked mutant form 
of human α-synuclein in C. elegans causes DA neuronal death, motor deficits, 
aggregate formation and disruption of vesicle docking. Notably, C. elegans 
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microarray studies indicate that α-synuclein causes significant changes in molecular 
pathways involved in proteosomal and mitochondrial function. Transgenic C. ele-
gans expressing α-synuclein in neurons exhibited mitochondrial fragmentation 
attributed to α-synuclein interaction with mitochondrial membranes, affecting 
membrane fusion and consequently leading to ROS overproduction followed by 
cellular damage and cell death (Cooper and Van Raamsdonk 2018; Chakraborty 
et al. 2013).

In order to study aggregation, α-synuclein has been linked to fluorescent proteins 
and expressed in body wall muscle cells for ease of visualization in vivo. Functional 
disruption of these cells causes a clear and robust deficit in locomotion and paralysis 
phenotype. Thus, compounds and genetic manipulations that affect α-synuclein tox-
icity may also be investigated through simple behavior analysis (Nass et al. 2008)

Mor et al. (Mor et al. 2019) also investigated the interaction between DA and 
α-synuclein in neurotoxicity. Expression of α-synuclein in DAergic neurons in 
C. elegans has been shown to cause neuronal dysfunction and death as well as motor 
deficits, which were exacerbated when combined with overexpression of CAT-2, the 
worm homolog of tyrosine hydroxylase (TH). Increasing cytosolic DA in wild-type 
α-synuclein expressing worms by mutating the VMAT-2 worm homolog acceler-
ated neurodegeneration. Conversely, worms expressing wild-type α-synuclein and a 
nonfunctional CAT-2, preventing DA synthesis, were protected from neuronal loss. 
These studies are consistent with the findings in mice that indicate that DA and 
α-synuclein act together to induce neuronal cell death (Mor et al. 2019). Remarkably, 
worms expressing A53T α-synuclein with mutation of the C-terminal 125-
YEMPS-129 motif that is required for DA-mediated stabilization of oligomers 
showed complete resistance to the neurotoxicity of CAT-2 expression (Mor et al. 
2019). These results provide strong evidence that inhibiting the interaction of DA 
and α-synuclein is neuroprotective.

Although not often emphasized, tau has also been implicated in PD pathology. 
Tau KO mice have recently been reported to exhibit neuronal iron accumulation, 
substantia nigra neuronal loss, parkinsonism, and cognitive deficits. Anti-psychotic 
DA D2 receptor antagonists, such as azaperone, suppress insoluble tau aggregation 
in C. elegans, suggesting an interplay between tau and DA (Chege and McColl 
2014). Protein with tau-like repeats (PTL-1) is the only known tau/microtubule- 
associated protein ortholog in C. elegans and is important for maintaining C. ele-
gans neuronal morphology. Null mutants for ptl-1 show accelerated neurite 
branching and microtubule bundle disorganization in mechanosensory and 
GABAergic neurons (Chege and McColl 2014). The interplay between tau, 
α-synuclein and metal dyshomeostasis offers a new direction of investigation.

Essential metal (e.g. iron and manganese) dyshomeostasis and toxic metal expo-
sure (e.g. mercury) represent important components underlying PD that deserves 
more studies. These metals commonly affect DA neurons by disrupting mitochon-
drial function and increasing ROS production, resulting in energy depletion and cell 
death by apoptotic and/or necrotic pathways (Chen et  al. 2013; Chakraborty 
et al. 2013).

The Use and Predictability of C. elegans as an Alternative and Complementary Model…
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C. elegans have homologs for many of the genes involved in iron (Fe) regulation 
and can be genetically manipulated to express transgenes in the absence of homo-
logs. A recent study demonstrated that unbound reactive Fe levels increased during 
oxidative stress in C. elegans (Rangel et al. 2012). Increased Fe levels in C. elegans 
resulted in increased protein oxidation, suggesting that Fe triggers increased ROS 
production. Fe chelation using deferoxamine and over-expression of ferritin (ftn-1) 
reduced protein oxidation. Knockdown or deletion of C. elegans SMF-1/2/3, ortho-
logs of DMT-1, the human divalent metal transporter, partially inhibits DAergic 
neuronal death. PD brains have increased Fe levels, decreased ferritin levels and 
increased DMT-1 levels, consistent with defective Fe transport and storage systems 
in PD brains (Chen et al. 2013; Chege and McColl 2014).

Manganese (Mn) is another essential trace metal necessary for normal brain 
development and for the optimal functioning of multiple enzymes. Nevertheless, 
high levels of exposure to Mn in human occupational cohorts and in patients with 
undergoing total parenteral nutrition, have been shown to cause parkinsonism, 
described as extrapyramidal symptoms that include rigidity, tremor, dystonic move-
ments, and bradykinesia, as seen in PD. Researchers have demonstrated that Mn 
targets DA-rich areas in the brain and can readily oxidize DA, thus generating the 
reactive metabolite leukoaminochrome o-semiquinone, which is highly toxic to 
DAergic neurons (Peres et al. 2016; Aitlhadj et al. 2011). Despite the plethora of 
studies in mammalian models much of the insight on Mn preferential uptake and 
targeting of DAergic neurons has been derived from studies in C. elegans. As in 
mammalian systems, Mn sensitivity is partially dependent on the C. elegans 
SMF-1/2 and is associated with adverse effects upon the mitochondria complex I 
and membrane potential (Peres et al. 2016; Aitlhadj et al. 2011).

Benedetto et  al. (Benedetto et  al. 2010) investigated the effects of intra- and 
extracellular DA in worms exposed to Mn in vivo. This study revealed that 
Mn-induced neurodegeneration required the presence of the reuptake transporter, 
DAT-1. Mn-induced DAergic GFP-fluorescence loss in dat-1;Pdat-1::GFP worms 
was not seen in dat-1 knockdown worms. In accordance, worms lacking DAT-1 
displayed higher susceptibility to Mn toxicity, whereas this toxicity was prevented 
by the loss of tyrosine hydroxylase (TH)/CAT-2 function in the double knockout 
strain, cat-2(e1112);dat-1(ok157). Furthermore, it was demonstrated that the 
absence of vesicular monoamine transporter (VMAT2)/CAT-1  in cat-1(e1111) 
mutants, in which DAergic neurons were unable to release DA at the synaptic cleft, 
resulted in increased tolerance to Mn exposure. These findings indicate that DA 
synthesis is required for DAT-1- dependent Mn toxicity and that extracellular DA, 
and not intracellular DA, is involved in Mn neurotoxicity.

Two other proteins related to antioxidant/oxidant homeostasis of Mn were also 
identified: SKN-1 and BLI-3. SKN-1 is the ortholog of the mammalian NRF-2 
(nuclear factor-2 erythroid 2-related factor-2) and is involved in the induction of 
antioxidant proteins expression in response to Mn exposure. BLI-3 is a dual oxidase 
that is involved in di-tyrosine bond formation in the worm cuticle and pathogen- 
induced ROS production (Benedetto et al. 2010; Martinez-Finley et al. 2011). Loss 
of function of bli-3 gene caused hyper-resistance to Mn toxicity and no increase in 

M. L. Machado et al.



13

ROS production from 1 mM to 30 mM Mn exposures. This finding indicates that 
BLI-3 is required for ROS-associated effects in Mn exposure, potentiating ROS 
production and oxidative stress (Benedetto et al. 2010). If corroborated in human 
studies, these results will bear important applications for the treatment for DAergic 
neurodegeneration. For instance, the use of L-DOPA treatment, although compen-
sating for DA loss, may accelerate or exacerbate DAergic degeneration over a long 
term period. For this reason, modulators of extra- and intracellular DA levels may 
be a good strategy against Mn-toxicity. If the involvement of dual-oxidases in DA 
oxidation is confirmed in vertebrates and if L-DOPA is shown to be easily oxidized 
by dual-oxidases, it would be pertinent to investigate and design alternative DA 
analogues that have a high affinity for DA receptors and DAT but are poor substrates 
for dual-oxidases (Benedetto et al. 2010; Martinez-Finley et al. 2011).

Mercury exposure occurs mainly in the organic form, methylmercury (MeHg), 
through consumption of seafood. MeHg readily causes oxidative stress in C. ele-
gans model altering glutathione (GSH) levels and increasing the expression of heat 
shock proteins (HSP) and glutathione-S-transferase (GST) (Helmcke and Aschner 
2010). A study demonstrated that SKN-1/Nrf2 pathway is important to modulate 
MeHg neurotoxicity in C. elegans. Reduction in SKN-1 gene expression led to DA 
neuron degeneration in worms exposed chronically to 1 μM of MeHg, whereas no 
degeneration was observed in wild type animals, indicating that SKN-1 inhibits 
MeHg DA neuronal degeneration (VanDuyn et al. 2010). These studies help to elu-
cidate mechanisms of toxicity and neuroprotection; however further studies are nec-
essary to understand several other pathways that may be involved in these processes.

While both genetic and environmental factors have been associated with the 
onset and progression of PD, the most common and unquestioned risk factor is 
aging (Harrington et al. 2010). However, in order to demonstrate a causative role of 
aging in the pathogenesis of PD, it is necessary to experimentally modulate aging 
and show an effect on PD. Because C. elegans has been used extensively to study 
the genetics of aging, it provides the ideal organism to study the relationship 
between aging and PD (Cooper and Van Raamsdonk 2018). It was demonstrated 
that delaying aging by decreasing insulin-IGF1 signaling also decreased aggrega-
tion, protected against DA neuronal loss in multiple different worm models of PD 
and reduced the cell-to-cell propagation of α-synuclein (van Ham et  al. 2008; 
Cooper et al. 2015; Knight et al. 2014; Kim et al. 2016). Since decreasing insulin- 
IGF1 signaling has also been shown to increase lifespan in mice, and genetic vari-
ants in this pathway are associated with longevity in humans, targeting this pathway 
may provide an effective treatment for patients with PD (Cooper and Van Raamsdonk 
2018; Holzenberger et al. 2003; Suh et al. 2008)

Given its potential for high throughput screening, C. elegans may thus facilitate 
the discovery of novel targets and therapeutics for the treatment of PD and other 
pathologies involving DAergic degeneration (Marvanova and Nichols 2007; Nass 
et  al. 2008). Environmental factors can be easily applied in liquid culture or on 
NGM agar plates that allow monitoring behavioral changes after treatment and 
fluorescence- tagged proteins. Transgenic worms in which the GFP identifies DA 
neurons integrity or α-synuclein aggregation allow for the screening of exogenous 
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compounds (e.g. chemical libraries) and endogenous molecules (e.g. RNAi librar-
ies) potentially relevant to PD onset, development or treatment. A selected com-
pound’s mode of action can be assessed through the use of an RNAi library. The 
incorporation of C. elegans into mode-of-action studies also has potential in the 
early identification of toxicity, another significant barrier in moving drugs to the 
market (Nass et al. 2008).

Screening studies have been already performed. RNAi libraries investigations 
revealed some neuroprotective genes whose knockdown enhanced α-synuclein 
aggregation or accelerated the formation of α-synuclein inclusions, and are pre-
dominantly involved in vesicular transport and lipid metabolism. These findings 
suggest that defects in the endosomal-lysosomal and endoplasmic reticulum-Golgi 
vesicular trafficking system pathways may be implicated in α-synuclein toxicity. 
One identified gene, for example, was the ortholog of human VSP41, a key lyso-
somal trafficking protein that protects against toxicity of DA-derived neurotoxins 
(van Ham et  al. 2008; Hamamichi et  al. 2008; Ruan et  al. 2010). Furthermore, 
another screening identified some neuroprotective compounds, including the 
NMDA receptor antagonist dextromethorphan, the antimicrobial agent colistimeth-
ate, the dopamine D2 receptor agonists quinpirole and bromocriptine, the mixed 
D1/D2 agonist dihydrexidine and DAT antagonists that would inhibit 6-OHDA 
uptake (Nass 2008; Tatsumi et al. 1997, 1999).

Therefore, C. elegans has been demonstrated as an invaluable model to increase 
the comprehension about the onset and development of PD. Through simple ana-
lyzes is also possible to study the influence of genetic and environmental conditions 
in order to identify novel therapeutic targets and compounds.

 Final Remarks

This chapter provides a synopsis of the findings on central nervous system neuro-
transmission, involving the cholinergic and dopaminergic systems, using C. elegans 
as an animal model. Various genetic strains of C. elegans  - mutants and GFP- 
tagged - offer a unique perspective on neurological processes and their etiology, and 
it helps in the development and discovery of new drugs. Neurotoxicology studies 
using C. elegans allow for the discovery of a collection of genes that it has been 
found to be related with neurodegeneration, and molecular targets involved in neu-
ronal function loss have been analyzed along with new targets for further studies in 
neurotoxicology as well. These interactions provide a novel approach to determine 
the vulnerability of these neurons and to thus to slow-down neuronal loss and clini-
cal deterioration associated with disorders of the central nervous system. In addi-
tion, these studies identify normal patterns of neuronal functioning, providing new 
details on neurotransmission and signaling pathways.

A large number of studies in C. elegans have already made several contributions 
towards understanding the biological roles and molecular mechanism of these sig-
naling systems. These advances should accelerate the development of cholinergic 
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pharmacological and gene therapeutic approaches to the treatment of human dis-
eases that are associated with cholinergic dysfunction. In addition, C. elegans is 
contributing significantly to biomedical and environmental toxicology research 
associated with the human DAergic system. This animal model simplifies a wide 
array of investigations and enables cost- and time-effective translational discovery 
that predicts mechanisms of both systemic chemical exposure and genetic modifiers 
that lead specifically to DAergic system disruptions, providing links to susceptibil-
ity factors as well as therapeutic interventions.

C. elegans has also been used successfully in neurogenetic and neurodevelop-
mental studies, proving to be highly beneficial, not only for the understanding of 
dopaminergic or cholinergic function. Additional studies on other neurotransmit-
ters, such as glutamate, GABA, neuropeptides, and other biogenic amines (sero-
tonin, octopamine) further attest to the utility of the worm in experimental 
neurobiology. All these neurotransmitters have analogous pathways to those inher-
ent to mammals (White et al. 1986) with high homology in gene sequences. These 
neurotransmitters control a great variety of C elegans life behaviors, in a similar 
manner to other animals. Thus, the worm affords a highly predictive model for 
insights into neurological mechanisms in different neural circuits.
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Emerging Contaminants as Contributors 
to Parkinsonism: Heterocyclic Amines

Rachel Foguth and Jason Cannon

Abstract Parkinson’s disease is a debilitating neurodegenerative disorder charac-
terized by both motor and non-motor symptoms. Less than 10% of cases are known 
to be directly caused by genetic factors. Extensive research has focused on environ-
mental factors that may influence risk. Metals, pesticides and other occupational 
and environmental exposures have received significant attention. However, for most 
individuals, high-dose exposures from these exposures are unlikely. Heterocyclic 
amines (HCAs) are commonly found in the diet, leading to life-long exposure. 
HCAs have been extensively examined as carcinogens. However, there is an emer-
gent literature on HCA-induced neurotoxicity. In this chapter, we critically examine 
the current research on HCA exposure and its possible role in neurodegeneration.

Keywords Parkinson’s disease · Heterocyclic amine · Diet

 Formation and Exposure to Heterocyclic Amines

 Formation of HCAs in Food

Heterocyclic amines (HCAs) are chemicals that are present in the diet (Felton et al. 
1984). Of the original 20 HCAs identified, the first to be studied were 3-Amino-1, 
4-dimethyl-5H-pyrido[4, 3-b]indole (Trp-P-1), and 3-Amino-1-methyl-5H- -
pyrido[4, 3-b]indole (Trp-P-2), 2-amino-9H-pyridole[2,3-b]indole (AαC), 
2-amino-3-methyl-9H-pyridole[2,3-b]indole (MeAαC), 2-amino- 3,8-
dimethylimidazo[4,5-f]quinoxaline (8-MeIQx) 2-amino-1-methyl-6- -
phenylimidazo[4,5-b]pyridine (PhIP), 2-amino-3-methylimidazo[4,5-f]quinoline 
(IQ) and 2-amino-3,4-dimethylimidazo[4,5-f]quinoline (MeIQ) (Turesky 2007). 
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Most of these are mutagenic and may cause colorectal cancer (Lang et al. 1994; Lin 
et al. 1995). With the large number of HCAs in the diet, there are various subclasses. 
The most common subclasses are aminoimidazoaazarine (AIAs) and α/β-carbolines. 
AIAs, such as IQ, its derivatives and PhIP, are formed through Maillard reactions 
with amino acids and sugar (Skog et  al. 1998). α-Carbolines, such as AαC, and 
β-carbolines, such as harman and norharman, are formed by pyrolysis of glutamic 
acid and tryptophan (Matsumoto et al. 1981).

Most HCAs are found in meat (Ni et al. 2008). PhIP is the most abundant HCA 
in meat, with the highest amount detected in well-done chicken reaching 304.71 μg/g 
chicken (Gibis and Weiss 2015; Ni et al. 2008). Meat also contains lower amounts 
of other HCAs, such as IQ, AαC, and 8-MeIQx (Ni et al. 2008). Harman and norhar-
man are also present in meat, but in much smaller quantities, averaging 26.4 ng/g 
and 82.3 ng/g well-done meat, the most being in venison, veal, pork, and beef (Gibis 
and Weiss 2015; T Herraiz 2004). They are also present in other food, however, 
being especially prominent in coffee (averaging 420 ng/g and 2100 ng/g ground 
coffee), wine, soy sauce, and some grain products, such as cereals and bread, espe-
cially toast (T Herraiz 2004).

 Distribution of HCAs in the Human Body

Harman is found throughout the body, especially in the kidney, duodenum, the con-
tents in the duodenum, the stomach, adrenal glands, and urine, but is also found in 
the brain (Anderson et al. 2006). HCAs are transported from plasma into different 
organs, where export is regulated through the breast cancer resistance protein 
(Bcrp1/Abcg2) (van Herwaarden et al. 2006; Vlaming et al. 2014). Knockdown of 
Bcrp1/Abcg2 decreases the levels of IQ, Trp-P-1, and PhIP in various organs, 
including brain while increasing levels in the plasma (van Herwaarden et al. 2006; 
Vlaming et al. 2014). HCAs have been found inside the brains of mice systemically 
treated after 2–24 h (Enokizono et al. 2008; Teunissen et al. 2010). Research has 
shown that PhIP and N-OH PhIP accumulate in the brain indicating that the brain 
may be susceptible to adverse effects (Enokizono et al. 2008). Furthermore, the size 
(MW <400–500 kDa), and the lipophilicity of PhIP and N-OH PhIP indicate that 
they would be likely to cross the blood-brain barrier (Butcher et  al. 1996; 
Pardridge 2005).

 Metabolism of HCAs

Cytochrome P450s (CYPs) metabolize various compounds, usually by hydroxyl-
ation, oxidation or dealkylation, (often referred to as Phase I metabolism) 
(Martignoni et al. 2006). After Phase I metabolism, Phase II metabolism usually 
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occurs, such as sulfonation, glucuronidation, and adduct formation (Cheung et al. 
2005). CYP1As are well-conserved throughout species used for research, with at 
least 80% homology among humans, rats, mice, dogs, and monkeys (Martignoni 
et  al. 2006). There are two enzymes in the CYP1A family, CYP1A1, which is 
mostly found in the small intestine, lung, placenta, and kidney, with only small 
levels present in the liver, and CYP1A2, which is mostly hepatic (Martignoni et al. 
2006). While CYP1A1 and some other CYPs do metabolize HCAs, the predomi-
nant enzyme for this is CYP1A2 (Chen et  al. 2007). CYP1A expression differs 
based on the induction through different drugs (Martignoni et al. 2006). One factor 
that affects CYP1A1 expression is the diet, where people who ate chargrilled meat 
had higher expression of CYP1A1 (Martignoni et  al. 2006). Because HCAs are 
present at higher levels in charred meat, it is possible that the HCAs are inducing 
expression of CYP1A1, which could lead to increased metabolism to their 
toxic forms.

Research has focused on the metabolism of HCAs and how this affects cancer 
risk. There are two phenotypes for CYP1A2, a fast metabolizing, and a slow 
(Lang et al. 1994). The fast phenotype of CYP1A2 increased the risk of cancer by 
itself (Lang et al. 1994). It further increases the odds ratio of cancer or polyps 
when the person had a preference for charred meat (Lang et al. 1994). Therefore, 
metabolism of heterocyclic amines could be increasing the toxicity of these 
compounds.

PhIP is metabolized by microsomes from human hepatocytes to two primary 
metabolites: N-OH PhIP and 4’-OH PhIP, predominantly through CYP1A2 (Lin 
et al. 1995). CYP1A also metabolizes harman and norharman. However, CYP1A2 
is the predominant enzyme for this metabolism (Herraiz et  al. 2008). 
N-hydroxylation is ≥13-fold less efficient in rodents vs. humans (rodent CYP1A2 
converts far more PhIP to 4’-OH-PhIP (Chen et  al. 2007; Cheung et  al. 2005; 
Turesky et al. 1999). This is corroborated by mice expressing the human version 
of CYP1A2 had increased N-OH PhIP and decreased 4’-OH PhIP compared to 
wild-type mice (Cheung et al. 2005). In humans, N-OH PhIP is produced mostly 
by CYP1A2; however, one study found that CYP1A1 is the main enzyme that 
produces N-OH PhIP in mice, which further shows that, although CYP1As have 
high homology, there are differences between human and mouse enzymes (Ma 
et al. 2007).

Because HCA metabolism potentially leads to increased toxicity, decreasing 
CYP1A activity could potentially lead to decreased toxicity. One study found 
that probiotics can decrease the DNA damage formed by PhIP or IQ in human 
colon adenocarcinoma cells (Caco-2) (Nowak et  al. 2015). Caffeine is also 
known to decrease the mutagenicity of Trp-P-2 (Woziwodzka et  al. 2013). 
However, apiaceous vegetables increase the levels of CYP1A1 and CYP1A2 
expression, which could potentially increase toxicity of HCAs (Kim et al. 2015). 
Meat eaters also are known to have more PhIP present in their hair than vegetar-
ians, which shows that PhIP can accumulate throughout the body (Bessette 
et al. 2009).
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 HCAs: Potential Dopaminergic Neurotoxicity and Relevance 
to Parkinson’s Disease

 Environmental Contaminants and PD

There are many chemically-induced PD animal models. The most prominent sys-
temic models include: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rote-
none, and paraquat (Cannon and Greenamyre 2010; Cannon et al. 2009). MPTP is 
metabolized to its cationic form, 1-methyl-4-phenylpyridinium (MPP+) by mono-
amine oxidase B (MAO-B) in astrocytes and is taken up into dopaminergic neurons 
by the dopamine transporter (Heikkila et al. 1984, 1985; Singer and Ramsay 1990). 
Both MPP+ and rotenone inhibit mitochondrial complex I.  However, rotenone 
enters all cells, showing that dopaminergic neurons of the substantia nigra are selec-
tively sensitive to systemic mitochondrial complex I inhibition, leading to oxidative 
stress and dopaminergic cell death (Sherer et al. 2003; Tsukada et al. 2016). Paraquat 
is thought to act primarily through redox cycling (Bus et al. 1976; Dranka et al. 2012).

 HCAs and Dopaminergic Neurotoxicity

Some HCAs bear significant structural similarity to MPP+, specifically the 
β-carbolines (Fig.  1). Therefore, HCAs, especially β-carbolines, have received 
attention as possible dopaminergic neurotoxins. Most epidemiological data on 
HCAs and neurodegeneration are focused on harman as a risk factor for essential 
tremor. Essential tremor is characterized by kinetic tremors, rather than resting 
tremors (Laviță et al. 2016). Most commonly, the kinetic tremors are present in the 
arms, head, or voice (Laviță et  al. 2016). An epidemiological study found that, 
among 56 men with essential tremor and 60 men without, the men with essential 
tremor ate more meat than controls (Louis et al. 2008). Increased meat consumption 
could imply that HCAs present in the meat could be impacting essential tremor. 
Furthermore, patients with essential tremor in Spain have increased levels of har-
man in their blood compared to controls, with familial essential tremor patients 
having more than sporadic cases (Louis et  al. 2013a). To further the correlation 
between elevated blood harman and essential tremor, cerebellum from patients with 
essential tremor had increased harman compared to controls (Louis et al. 2013b).

There are many similarities between PD and essential tremor, some implying 
that there could be a correlation between the two. Firstly, some PD patients have 
postural tremors, as seen in essential tremor (Dirkx et al. 2018). While the postural 
tremors in PD are usually DA-sensitive and essential tremor is not, essential tremor 
is still poorly understood, so it is unsure if some cases are DA-sensitive or if the 
tremors are just “re-emergent” tremors (Jankovic 2016). Both patients with PD and 
essential tremor tend to have worse executive function and cognition, visual mem-
ory, language skills, and depression (Puertas-Martin et  al. 2016; Sanchez-Ferro 
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et al. 2017). They also both have increased sleep, mood, attention, and urinary prob-
lems (Lee et al. 2015).

Interestingly, there appears to be a familial connection between these two dis-
eases seem to run in families. Of 53 essential tremor cases, almost 2/3 had PD after 
ten years of essential tremor report, with the predominant side for essential tremor 
also being the side with worse PD symptoms (Minin and Louis 2008). People who 
had PD also were more likely to have been diagnosed with essential tremor before 
PD (Tan et al. 2008). The percent of people with essential tremor who also had PD 
was 6.1% (Koller et al. 1994). It is possible that it could be misdiagnosis of early PD 
symptoms, but the evidence to increased incidence of the two is increasing. A cohort 
of patients with PD were found to have more likelihood of having tremor as the 
main PD symptom if one of their family members had essential tremor (Hedera 
et al. 2009). Also, people who had a relative with earlier onset PD (<66) were more 
likely to have essential tremor, with earlier onset being related to more risk of dis-
ease (Rocca et al. 2007). Because of the accumulating data, it appears that there is a 
connection between essential tremor and PD, and that compounds that could cause 
essential tremor could also play a role in PD.

Studies have shown that the levels of harman in the blood of PD patients is 
double that of controls (Kuhn et al. 1995; Pacelli et al. 2015). Interestingly, norhar-
man, as well as harman, are also increased significantly in the plasma of people with 
PD (Kuhn et al. 1995). Although blood levels are increased, that does not necessar-
ily mean that levels of harman or norharman are increased in the brain. However, 
norharman and harman are also increased in cerebral spinal cord (CSF) of PD 

Fig. 1 Structures of MPP+, and representative compounds for each of the main HCA subgroups, 
AIAs (PhIP and MeIQ) and α/β-carbolines (AαC, harman, and norharman)
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patients (Kuhn et al. 1996). This elevation in CSF is a possible indicator that these 
endogenous HCAs are, in fact, increased in the brains of patients with PD.

Another possibility for differential response to HCA exposure is through genetic 
differences that increase risk. Both harman and norharman are monoamine oxidase 
(MAO) inhibitors (May et al. 1991). There are two forms of MAO, MAO-A and 
MAO-B, both of which are present in the brain and are inhibited by harman and 
norharman, respectively (Johnston 1968; Westlund et al. 1988). MAO-B is increased 
in the frontal cortex of PD patients compared to controls (Tong et al. 2017). Besides 
MAO-B, MAO-A is increased in the putamen of patients with PD (Tong et al. 2017). 
Furthermore, a fragmented form of MAO-A (f-MAO-A25) is increased in the sub-
stantia nigra of the same patients, which might be an indicator of MAO metabolism 
and that it is increased in the substantia nigra of patients with PD (Tong et al. 2017).

While there is epidemiological data implying that HCAs, specifically harman 
and norharman may impact PD, there is a surprising lack of in vivo studies to deter-
mine how long-term exposure to these chemicals may adversely affect the brain, 
and specifically the dopaminergic neurons in the substantia nigra. These studies 
would help to determine how this increase in harman and norharman in PD patients 
is affecting the brain.

 Effects on Dopamine

 Dopamine Formation and Metabolism

The primary pathway for dopamine formation is through L-3,4- 
dihydroxyphenylalanine (L-DOPA). Dopaminergic neurons in the brain contain 
tyrosine hydroxylase (TH), which converts tyrosine to L-DOPA (Nagatsu et  al. 
1964). This conversion is the rate-limiting step in dopamine synthesis (Pong et al. 
2000). From there, L-DOPA is converted to dopamine through L-amino acid decar-
boxylase (Blaschko 1942). The other pathway to produce dopamine is considered to 
be of lesser importance with respect to neurotransmission (Hiroi et al. 1998). This 
pathway is through metabolism of tyramine by CYP2D (Bromek et al. 2011; Hiroi 
et al. 1998).

TH activity is affected by many different pathways. One form of modulation is 
through regulation of mRNA production through cyclic adenoside monophosphate 
(cAMP) response elements as well as other similar pathways (Nakashima et  al. 
2003). Direct activity of TH is modulated by phosphorylation status through a feed-
back loop where DA binds to TH and changes its phosphorylation status and coor-
dination with iron (Daubner et al. 2011; Haavik et al. 1990).

After release, DA catabolism primarily occurs through two pathways. DA is 
metabolized to 3,4-dihydroxyphenylacetic acid (DOPAC) by MAO, which is then 
converted to homovanillic acid (HVA) through catechl-O-methyltransferase 
(COMT) (Mannisto and Kaakkola 1999; Meiser et al. 2013). The other pathway 
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uses COMT to produce 3-methoxytyrosine from dopamine, which is then metabo-
lized to 3-methoxy-4-hydroxyphenyl acetaldehyde by MAO, and produces HVA 
through aldehyde dehydrogenase (ALDH) (Meiser et al. 2013). As mentioned in 
Section “HCAs and Dopaminergic Neurotoxicity”, both harman and norharman 
inhibit MAO through competitive binding in rat and marmoset brain (May 
et al. 1991).

 HCA-Induced Alterations in Dopamine Formation

In the rat adrenal medulla pheochromocytoma cell line (PC12), harman causes 
decrease mRNA expression of TH after both 6 and 12  h (Yang et  al. 2009). 
Norharman also decreases transcription of TH (Yang et al. 2009). This is probably 
through the cAMP pathway from Section “Dopamine Formation and Metabolism”, 
because cAMP was decreased in the treated cells up to one hour after exposure to 
either harman or norharman (Yang et  al. 2009). Furthermore, both compounds 
decrease the effects of L-DOPA, which usually increases DA content and rescues 
cells (Yang et al. 2009).

 HCA-Induced Alterations in Dopamine Metabolism

Many derivatives of harman and norharman that are found in plant material have 
been studied for effects DA metabolism. Tetrahydronorharman causes decreased 
DA efflux in striatal slices of rats (Rommelspacher and Subramanian 1979). 
Injection of 2-methyl-harmol, 2-methyl-harmaline, 2,9-dimethyl-harman, or 
2-methyl-norharman into the substantia nigra of rats causes a lesion similar to that 
formed by MPP+ (Neafsey et al. 1995). In the same study, both DA and DOPAC 
were decreased when 2-methyl-norharman, norharman, 2-methyl-harmaline, 
2-methyl-harman, 2,9-dimethyl-2-harman, and 2,9-dimethyl-2-norharman (Neafsey 
et al. 1995). Both harman and norharman result i decreased DA 6–48 h in PC12 
cells, showing that these parent compounds and derivatives are all affecting DA 
formation and metabolism (Yang et al. 2009). Furthermore, rats exhibited decreased 
DA, DOPAC, and HVA and caused a lesion when 2-methyl-norharman was injected 
into the substantia nigra (Neafsey et al. 1989).

Besides simply changes in dopamine levels, changes in dopamine metabolism is 
another factor of interest. Changes in dopamine turnover, calculated by dividing the 
sum of the amounts of DOPAC and HVA by the amount of dopamine, can imply 
various alterations in DA neurotransmission. Dopamine is released into the synapse, 
and after reuptake, is generally collected in vesicles in preparation for future release 
and also to prevent free, cytosolic dopamine reacting with other chemicals in the 
cell (Haque et al. 2003). Singificant amounts of free dopamine in the cell can lead 
to accumulation of reactive species, such as 3,4-dihydroxyphenylacetaldehyde 
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(DOPAL), a highly reactive metabolite of dopamine (Godlstein et al. 2013). Acute 
exposure of rats to PhIP caused changes in DA turnover (Agim and Cannon 2018). 
After 8 h, DOPAC, HVA, and DA turnover were significantly decreased along with 
the presence of intracellular oxidative damage (Agim and Cannon 2018). This 
implies that either free cytosolic dopamine could be building up in the cells, or reac-
tive dopamine metabolites, such as DOPAL could be accumulating, leading to oxi-
dative stress and potentially causing apoptosis if accumulated long enough.

 Behavioral Effects

 Motor Dysfunction in PD

Classic signs of PD are motor symptoms, such as a stooped posture, postural insta-
bility, rigidity and resting tremors (Hernandez et al. 2016; Ross et al. 2004). Tremors 
can also occur as postural tremors or kinetic tremors, but the latter tend to be associ-
ated more with essential tremor (Laviță et al. 2016).

 Motor Dysfunction in HCA Models

One of the tests for lesions in the substantia nigra after treatment to one side of the 
brain is to inject apomorphine, a mixed dopamine agonist, and count the number of 
contralateral and ipsilateral turns the rat makes in a given time (Konitsiotis et al. 
1998). If a lesion is present in the substantia nigra, the animal will perform more 
contralateral rotations than its un-lesioned counterpart in response to apomorphine 
(Konitsiotis et al. 1998). 6-OHDA is the classic toxin used to elicit unilateral lesions 
to the nigrostriatal dopamine system (Haghdoost-Yazdi et al. 2010).

When similar experiments were performed but with only norharman being 
injected into the substantia nigra, the ratio of ipsilateral to contralateral turns was 
significantly decreased compared to controls two weeks after injection (Esmaeili 
et al. 2012). The same rats showed decreased latency to fall off of the rotarod, indi-
cating motor deficits similar to those in PD (Esmaeili et al. 2012). These results 
indicate that norharman injected into the substantia nigra by itself can produce 
motor dysfunction. However, there was no histology to show that lesions formed 
because of treatment or to determine whether there is cell-type specific toxicity, 
such as specificity to dopaminergic neurons.

Similarly, two weeks after a five day exposure to norharman, mice exhibited 
decreased spontaneous movement, locomotor activity, and rearing, indicating signs 
of motor dysfunction (Östergren et  al. 2006). Norharman did not affect memory 
tests, however, only motor function tests (Östergren et al. 2006).
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 Mechanisms of Toxicity

 Specific Toxicity in Primary Cultures

Cell culture is often used to determine the mechanism of action for toxicants. 
However, cell lines tend to be much more resistant to various toxicants, where there 
is a lack of the diverse population of cells relative to that found in the intact mam-
malian brain brain. Therefore, primary culture is sometimes used, where sections of 
brains are dissected and plated for an in vitro exposure, but there are the various cell 
types present that are found in that section of the brain (Griggs et al. 2014; Strathearn 
et al. 2014).

Many HCAs have been tested in rat primary midbrain cultures. It was originally 
found that PhIP and its metabolite N-OH PhIP both selectively decrease the percent 
of dopaminergic neurons in these cultures (non-DA neurons are far less sensitive) 
(Cruz-Hernandez et al. 2018; Griggs et al. 2014). Further research showed that IQ, 
MeIQ, MeIQx, and 4,8-DiMeIQx were also selectively toxic to dopaminergic neu-
rons, decreasing their percentage significantly, without detectable effects on non- 
dopaminergic neurons (Cruz-Hernandez et  al. 2018). MeIQ and its derivatives 
MeIQx and 4,8-DiMeIQx also significantly decrease the neurite length, however IQ 
actually increases neurite length at lower doses (Cruz-Hernandez et  al. 2018). 
Therefore, all tested aminoimidazoaazarines are selectively toxic to dopaminergic 
neurons in a primary midbrain culture (Cruz-Hernandez et al. 2018).

The carbolines were also studied for their specific toxicity on dopaminergic neu-
rons. Both β-carbolines tested, harman and norharman, and the α-carboline, AαC, 
were also selectively toxic to dopaminergic neurons, decreasing the percentage of 
these neurons and decreasing neurite length (Cruz-Hernandez et al. 2018). While 
many HCAs appear to be selectively toxic to DA neurons there are differences in the 
doses that are required to elicit cell loss (Cruz-Hernandez et al. 2018). Here, in vivo 
studies will be needed of single and mixture exposures to assess potential risk.

 Potential Role of Neuromelanin in Toxicity

In addition to inherent metabolic differences, there may be other significant weak-
nesses with respect to the use of rodent models to assess HCA-induced DA neuro-
toxicity. Another potential cause for concern with HCAs is their interaction with 
neuromelanin. Neuromelanin is a pigmented structure that is thought to be formed 
partially through DA oxidation and aggregation in the brain (Sulzer et al. 2000). It 
is still unclear whether this occurs through auto-oxidation of free dopamine that 
forms quinones, or through enzymatic oxidation of dopamine, such as through 
tyrosinase, which produces dopamine-quinones that are part of neuromelanin (Foley 
and Baxter 1958; Schroeder et al. 2015; Tief et al. 1998; Xu et al. 1996; Luigi Zecca 
et al. 2003). When DA and its quinone metabolites accumulate in a cell and are not 
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shuttled into vesicles, they can aggregate with other compounds and form neu-
romelanin (Sulzer et al. 2000). Neuromelanin is found in primates, cats, dogs, and 
certain other animal species (DeMattei et al. 1986; Tribl et al. 2005). One question 
of importance is whether rats and mice also have neuromelanin, since they are com-
mon models of neurodegeneration. DeMattei and colleagues studied rats of various 
ages and found that old rats (23 months) had neuromelanin clustered in their brain, 
but at far lesser levels than other species (DeMattei et al. 1986). This presents a 
pitfall for the use of rodents as models for neurodegeneration, because it is well 
documented that it can decrease stress on cells through aggregating reactive species, 
but can also accumulate toxic substances and cause an immune response when neu-
romelanin is outside of the cell (L Zecca et al. 2006).

Interestingly, frogs and tadpoles contain neuromelanin throughout their brains, 
such as in the mesencephalon, a section of the brain bearing similarity to the sub-
stantia nigra in higher order species (Kemali 1985). Therefore, although frog brains 
are structurally very different than human brains, there is potential for their use in 
neurodegeneration research (Wada et al. 1980).

Because of its potential to accumulate compounds and increase oxidative dam-
age, neuromelanin is an important factor to consider in its reaction with PD toxi-
cants. D’Amanto and colleagues found that MPTP and MPP+ bind to neuromelanin 
and retinal melanin in a cell-free environment (Amato et al. 1987). Supporting this 
study, frogs treated with MPTP had accumulation of the compound in melanin- 
containing cells throughout the body, including eyes, dark spots, and parts of the 
brain (neuromelanin) (Sokolowski et al. 1989). Northern Leopard frogs (Lithobates 
pipiens) had decreased motor function and decreased quality of movement, shown 
by increased time for the frogs to flip onto their front when placed on the back and 
more slow and rigid flips and hops, after treatment with MPTP, MPP+, or paraquat 
(Barbeau et al. 1985a,b; Lindquist et al. 1988). These frogs also had increased pig-
mentation from melanin in their skin (Barbeau et al. 1985a,b). Not only was there 
increased pigmentation, but autoradiography showed increased accumulation of 
MPTP, paraquat, and diquat in the melanin-containing cells within the frogs and the 
melanin-containing hair follicles in pigmented mice (Lindquist et al. 1988; Östergren 
et al. 2004; Sokolowski et al. 1989). The decreased motor function and increased 
pigmentation of the treated frogs significantly improved when frogs were also 
treated with the MAO-B inhibitor paragyline (decreased MPP+ formation) (Barbeau 
et al. 1985a,b).

Interestingly, harman also accumulates more in black-haired C57BL/6 mice 
compared to albino NMRI mice (Östergren et al. 2004). The same study showed 
that melanin in frogs also accumulates harman more than tissue not containing mel-
anin (Östergren et al. 2004). Similarly, dogs had more melanin in their dark fur, fur 
that contains more melanin, than in white fur (Gu et al. 2012). In cell culture, DA 
melanin-containing PC12 cells had fewer necrotic cells after norharman treatment 
and had different levels of caspase-3 activation compared to cells without DA mela-
nin (Östergren et al. 2007). This implies that melanin could decrease the toxicity of 
HCAs, such as norharman, and possibly alter the mechanism of toxicity. However, 
such findings in contrast to conclusions from a number of animal model papers 
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would require further validation. Interestingly, mice that were injected with norhar-
man, which showed motor deficits as discussed in Section “Motor Dysfunction in 
HCA Models”, had increased area of glial cells in the substantia nigra (Östergren 
et al. 2006). Therefore, norharman could be causing increased inflammation in the 
brain, although it is unsure if activation of glia is prior to cell death or is occurring 
due to the cell death from norharman.

In general, the studies cited throughout this section suggest that in species 
expressing appreciable neuromelanin, toxicant accumulation is increased in neu-
romelanin expressing brain regions compared to species expressing far lower 
amounts of neuromelanin. Thus, it is apparent that neuromelanin present in the 
brain, specifically the substantia nigra, is an important factor for studying toxicity 
of compounds. Many compounds that are known neurotoxicants accumulate in tis-
sue containing melanin, which is clear by whole body presence, but also increased 
accumulation in the substantia nigra. Data cited in this section indicate this to be 
true for HCAs. Therefore, it is important to study exposure of these compounds in 
animal models that contain neuromelanin or utilize other strategies to interrogate 
the potential role neuromelanin may have in mediated neurotoxicity.

 Oxidative Stress Formation from HCAs

Oxidative stress and damage have been extensively researched in PD. Rats treated 
with PhIP (100 mg/kg and 200 mg/kg; doses chosen from extensive published can-
cer bioassays) exhibited increased nitrotyrosine in DA neurons of the substantia 
nigra after eight and twenty-four hours (Agim and Cannon 2018). Here, the magni-
tude of increased nitrotyrosine was far less in non-dopaminergic neurons and dopa-
minergic neurons of the adjacent ventral tegmental area (Agim and Cannon 2018), 
suggesting that the same neurons affected in PD are especially sensitive to systemic 
PhIP treatment. Ongoing research aims to elucidate mechanisms of specificity. It is 
worth noting that differential expression of the dopamine transporter is unlikely to 
underlie such differential sensitivity because PhIP is unlikely to be a substrate for 
the dopamine transporter (DAT) (Griggs et al. 2014).

In primary cultures, PhIP, MeIQ and harman increased oxidative stress, shown 
by nitrotyrosine, in both dopaminergic neurons and non-dopaminergic neurons 
(Cruz-Hernandez et al. 2018; Griggs et al. 2014). In the same model system, PhIP 
increased lipid peroxidation, shown by increased HNE (Griggs et al. 2014). When 
cells were treated with extract from blueberries, which contained antioxidants, the 
percent of dopaminergic neurons were rescued after treatment with PhIP (Griggs 
et al. 2014). One of the predominant ways that oxidative stress is produced in the 
cell is by dysregulation of mitochondrial respiration (Horowitz et al. 2011). Given 
oxidative stress is a virtually ubiquitous response in PD studies, of significant 
importance is to elucidate primary mechanisms that may be of specific importance 
to HCAs.
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 Cell Death from HCAs

The two main forms of cell death are apoptosis, or programmed cell death, and 
necrosis, which is unregulated cell death (Elmore 2007). Apoptosis is a highly regu-
lated form of cell death which occurs after activation of caspases, with caspase 3 
being a main marker for this type of cell death (Reed 2000). Whereas, necrosis usu-
ally includes calcium flux and damage to DNA (Elmore 2007).

When PC12 cells were treated with either harman or norharman, there was sig-
nificantly increased apoptosis, indicated by TUNEL staining (Yang et  al. 2009). 
Both of these HCAs also increased cell death due to L-DOPA (Yang et al. 2009). 
More research in PC12 cells showed that norharman increased apoptosis through 
cleavage of caspase-3 and mitochondrial dysfunction, shown by an MTT assay 
(Östergren et  al. 2006). The same study also had increased trypan blue staining, 
indicating DNA damage, and Fluoro-jade staining, which both could be due to 
either apoptosis or necrosis (Östergren et al. 2006). Not only does norharman cause 
DNA damage, but harman, Trp-P-1, and Trp-P-2 also damage DNA (Uezono 
et al. 2001).

 Conclusions

PD is a common neurodegenerative disease with no known cure or prevention. With 
less than 10% of cases known to be caused by genetic mutations, most cases of PD 
are idiopathic. Therefore, it is imperative to find causes or risk factors for the dis-
ease. Research has shown that various pesticides, including rotenone and paraquat, 
and drug contaminants, such as MPTP, cause PD. However, there is not enough 
exposure to these compounds for them to be big risk factors for most people.

In this chapter, we have discussed a class of compounds, HCAs, that are found 
within the diet and are structurally very similar to MPP+, which has led to research 
on their potential role in the onset of neurodegenerative diseases like 
PD. Unfortunately, the currently published studies are not enough to show a caus-
ative effect, and further research needs to be done both in vitro and in vivo to deter-
mine their toxicity and the mechanism of action.

Current epidemiological studies show an increase in the HCA harman in patients 
with essential tremor. The relationship between essential tremor and PD has been an 
area of interest for many years; however, further research needs to be done follow-
ing patients with essential tremor and PD to determine if these two diseases have 
increased comorbidity. The best way to do this would be through longitudinal stud-
ies, which take a long time to obtain results, but are more accurate than question-
naires or recollection. Both harman and norharman are also increased in the blood 
and cerebral spinal fluid of patients with PD. However, it is unclear if the accumula-
tion of these compounds is a cause of PD or an effect that occurs after the disease 
has started progressing.
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Research has shown that many HCAs cause changes in dopamine formation or 
metabolism. Many of these studies have been performed in vitro, which is beneficial 
for mechanistic studies, but more in vivo studies would show whether these changes 
are specific to the dopaminergic neurons in the substantia nigra and whether these 
changes cause oxidative stress that could lead to cell death. This also includes deter-
mining the effects on motor function of these compounds, and possibly other symp-
toms of PD that are not as frequently studied, such as olfactory function and 
gastrointestinal function. Few studies have performed behavioral tests on animals 
treated with HCAs alone, and fewer at doses that are relevant doses and sub-chronic 
or chronic exposures. Because these compounds are in food that would be con-
sumed throughout a person’s life, the cumulative exposure could be leading to the 
toxicity of these compounds.

Studies in rat primary midbrain show that HCAs are specifically toxic to dopa-
minergic neurons. Most work besides primary cultures has been in a single cell 
type, such as PC12 cells. Co-cultures would be more similar to the exposures that 
occur in the brain because of the presence of other cell types, such as microglia and 
astrocytes. It is unclear as to whether these cells would increase the toxicity of 
HCAs to dopaminergic neurons.

Neuromelanin is another potential factor in toxicity to dopaminergic neurons. 
The human substantia nigra contains neuromelanin, which can bind to HCAs and 
potentially cause increased accumulation and specific toxicity in neuromelanin- 
containing cells. However, most in vivo neurotoxicology research is performed in 
rodent models, such as rats and mice, which do not have neuromelanin in the brain. 
Interestingly, frogs have neuromelanin present within their brains, and have previ-
ously been used as models of PD. While their neuroanatomy varies from human 
much more that rat and mouse do, the presence of neuromelanin makes them valu-
able models organisms for accumulation and toxicity in neuromelanic cells.

HCAs cause oxidative stress and cell death in many reports. However, the exact 
mechanism of cell death is unknown for these compounds. Further research on this 
should include formation of oxidative stress through mitochondrial function and 
accumulation of DA. Toxicity could also be due to accumulated effects of the many 
HCAs that are found in the diet, and co-exposure studies are important to look at 
synergistic effects.
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Abstract Exposure to several environmental contaminants, including pesticides 
and herbicides, has been implicated as a significant risk factor for Parkinson’s 
Disease (PD); however, the adverse outcome pathways linking cellular interaction 
of such toxic compounds with adverse outcomes (e.g., PD) are lacking. In addition, 
there is no clear and consistent toxicophore relating the pesticide or herbicide 
structure with the proposed activity, raising questions about a common mechanistic 
target. Recent work has shown that interference with DA homeostasis is a shared 
toxic property of many environmental agents linked to neurodegenerative disease. 
Numerous studies have demonstrated the critical importance for proper dopamine 
(DA) signaling, metabolism, and trafficking for the health of catecholaminergic 
neurons, which has implications for neurodevelopment and later neurodegenera-
tive disease (i.e., PD). Interference with DA homeostasis produces elevated 
levels of reactive oxygen species, and endogenous, toxic DA-related products, 
specifically, the DA-quinone and the monoamine oxidase metabolite, 
3,4- dihydroxyphenylacetaldehyde (DOPAL). These reactive DA-related species 
modify proteins, inhibit cellular function and disturb proteostasis, thereby, com-
promising the health of DA neurons and potentially glial cells. Mitigating the pro-
duction of toxic DA-metabolites is predicted to subvert initiating and/or key events 
related to adverse outcomes, such as neuro- degenerative or developmental disease. 
In addition, accurate and sensitive means to measure downstream products of reac-
tive DA metabolites (e.g., protein adducts or DOPAL-conjugates) could reveal 
novel biomarkers of impaired dopamine homeostasis and pathogenic mechanisms 
indicative of later disease.
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 Introduction

Parkinson’s Disease (PD) is a significant health concern in the U.S. and worldwide. 
The etiology of PD is unknown, and there are currently no drugs that significantly 
delay disease progression. Knowledge of the mechanism for disease pathogenesis is 
critical as it may provide new/novel drug targets and biomarkers for earlier disease 
diagnosis. Environmental contaminants, including pesticides and herbicides, have 
been implicated as risk factors for PD (Brown et al. 2006; Fitzmaurice et al. 2013; 
Jenner 2003). Injury to dopaminergic cells by environmental agents is mediated by 
factors such as oxidative stress, inflammation, impaired proteostasis and mitochon-
drial dysfunction, which may be augmented via additional insults or genetic vari-
ants (e.g., multiple “hits”). There is significant structural diversity for the 
environmental contaminants linked to increased PD incidence and no clear toxico-
phore; however, these agents alter dopamine (DA) metabolism and trafficking, 
implicating DA homeostasis as a shared, mechanistic target.

Interruption of DA homeostasis can produce elevated levels of harmful media-
tors, including reactive oxygen species (ROS), DA quinone and the metabolite of 
DA and monoamine oxidase (MAO), i.e., 3,4-dihydroxyphenylacetaldehyde 
(DOPAL) (Fig. 1). Numerous studies, throughout the years, have demonstrated 
the alteration of DA metabolism and trafficking in the injury or loss of 

Fig. 1 Multiple insults over a lifetime such exposure to environmental contaminants along with 
preexisting genetic determinants is hypothesized to contribute to neurodegenerative disease. A 
common mechanistic target for environmental agents of diverse chemical structure may involve 
neurotransmitter homeostasis and alter the function of various proteins involved in DA metabolism 
and trafficking, including TH, ALDH, VMAT2, and DAT, leading to: inflammation, protein aggre-
gation/impairment of proteostasis, oxidative stress, and mitochondrial dysfunction
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dopaminergic cells. Mice with low vesicular monoamine transporter (VMAT2) 
demonstrate progressive loss of DA neurons (Caudle et al. 2007; Goldstein et al. 
2013). Overexpression of astrocyte MAO-B in mice yields loss of DA neurons 
with markers of parkinsonism (Mallajosyula et al. 2008). Mice lacking aldehyde 
dehydrogenase (ALDH) 1 and 2, which metabolizes DOPAL to 3,4-dihydroxy-
phenylacetic acid (DOPAC), show behavior/pathology (DA neuron loss) relevant 
to parkinsonism (Goldstein et al. 2013; Wey et al. 2012). Human exposure to the 
fungicide benomyl was found to positively correlate with PD incidence, and of 
note, benomyl is metabolized to a potent ALDH inhibitor (Fitzmaurice et  al. 
2013). Activation of ALDH activity protects dopaminergic (DArgic) cells against 
toxicity from rotenone (Chiu et  al. 2015) and α-synuclein (aSyn) (Liu et  al. 
2014). DA metabolism (i.e., ALDH activity) may be impaired in PD brains based 
on data from postmortem tissue. DA metabolites were found to be significantly 
different in PD versus control brains: decrease in DOPAC:DOPAL ratio for PD 
showing lower ALDH activity; increase in DOPAL:DA ratio for PD showing 
greater DA turnover to DOPAL (Goldstein et  al. 2011b, 2013). Collectively, 
these findings implicate toxic products of DA metabolism, and specifically 
DOPAL, as endogenous neurotoxins and chemical triggers of later neurodegen-
erative disease.

In addition, DA appears early in the developing brain, prior to synaptogenesis, 
and plays a significant role in brain development, especially during adolescence, via 
signaling mechanisms independent of its synaptic function (McCarthy et al. 2007). 
Therefore, an imbalance in DA homeostasis and levels in the developing brain is 
predicted to yield lasting effects even through adulthood. Several studies have 
implicated an imbalance in levels of the neurotransmitter during development as 
causative in neurofunctional disorders such as attention-deficit/hyperactivity disor-
der (ADHD) (Money and Stanwood 2013). Furthermore, disruption of DA metabo-
lism/trafficking in astrocytes in the developing prefrontal cortex manifests as 
cognitive impairments in rats (Petrelli et al. 2018). These findings suggest that inter-
ruption of DA homeostasis during development, for example, by environmental 
contaminants, is a risk factor for ADHD.

The mechanism of cell injury by reactive DA intermediates, including 
DOPAL, may include production of ROS, protein modification yielding aggre-
gation and enzyme inhibition or impaired proteostasis. Means to mitigate pro-
duction of toxic DA metabolites may provide protection against loss of 
dopaminergic cells following insult and delay or prevent disease. In addition, 
accurate and sensitive means to measure downstream products of reactive DA 
metabolites (e.g., protein adducts or DOPAL-conjugates) could reveal novel bio-
markers of impaired dopamine homeostasis and pathogenic mechanisms indica-
tive of later disease.

Aberrant Dopamine Homeostasis as a Focal Point in the Mechanism of Environmental…
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 Neurotoxicity of Dopamine Neurons via 
Environmental Factors

 Organochlorines

 Polychlorinated Biphenyls

Companies, such as General Electric, were searching for better dielectric fluids to 
use in transformers and capacitators during the early twentieth century. Options (i.e. 
mineral oil) were highly flammable and unstable. Polychlorinated biphenyls (PCBs) 
became a better option for companies. Theodore Swann developed a method to 
commercialize PCBs, and they became widely produced by Swann Chemical 
Company (now Monsanto) and similar companies, starting in the late 1920s 
(Erickson and Kaley 2011). PCBs were also used in hydraulic and heat transfer 
fluids, as well as in pesticides, caulk, paint, and carbonless copy paper (Durfee and 
Contos 1976; Erickson and Kaley 2011). PCB production peaked in the 1950s and 
1960s until there were reports of PCB accumulation in the environment. PCBs are 
lipophilic and have a long half-live contributing towards their accumulation in the 
environment and bioaccumulation in the food supply chain (Hens and Hens 2017; 
Quinete et al. 2014). Approximately 199,580 metric tons of PCBs accumulated in 
the environment from 1930–1975 (Durfee and Contos 1976). The EPA banned PCB 
production due to health concerns and bioaccumulation in 1979, although produc-
tion continued worldwide into the 1980s and was not fully banned worldwide until 
2001 (EPA et al. 1979).

Today, certain areas are still contaminated with PCBs despite the ban on their 
production. The presence of PCBs in old school buildings is concerning. Buildings 
built during the height of PCB production still contain PCBs. Children attending 
PCB-contaminated schools can be exposed to PCBs (20-100 μg/y) via inhalation 
(Marek et  al. 2017). PCBs are linked to neurodevelopmental conditions such as 
attention deficit-hyperactivity disorder (ADHD), putting children attending these 
schools at a higher risk for these conditions (Eubig et al. 2010; Sagiv et al. 2010). 
Teachers who work at PCB-contaminated schools also have increased concentra-
tions of PCBs present in their blood (Gabrio et al. 2000). Studies have shown that 
PCBs affect DArgic systems, and that high exposures to PCBs may contribute to 
conditions such as PD and depressive disorders (Fitzgerald et al. 2008; Gaum et al. 
2014; Petersen et al. 2008; Steenland et al. 2006; Weisskopf et al. 2012). This war-
rants a need to remediate PCB-contaminated buildings, and further understand the 
role of PCB neurotoxicity.

 Structural Considerations of PCBs

PCBs consist of a biphenyl structure with a combination of chlorine and/or hydro-
gen substituents (Fig. 2). There are 209 individual PCB structures, termed conge-
ners, which leads to variations in how these chemicals interact in the environment 
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and in the body. PCBs are separated into those that are dioxin-like or non-dioxin 
like, those that are lower-chlorinated (≤4 chlorine atoms per congener) or higher 
chlorinated (≥5 chlorine atoms per congener), and those with ortho-substitutions or 
without ortho-substitutions. Dioxin-like PCBs activate the aryl hydrocarbon recep-
tor and are related to dioxin compounds such as dichlorodiphenyltrichloroethane 
(DDT). Lower-chlorinated PCBs are increased in indoor and outdoor air in PCB- 
contaminated areas compared to other PCB congeners (Hu et al. 2010a; Liebl et al. 
2004; Pedersen et al. 2016). Ortho-substituted PCBs accumulate in animal tissues, 
including the brain (Hu et  al. 2010b; Pezdirc et  al. 2011; Saghir et  al. 2000). 
Although there can be distinct structure activity relationships regarding PCBs, they 
are present in the environment as mixtures. The Monsanto chemical company syn-
thesized PCBs using a method that produced a mixture of PCBs, named Aroclor 
mixtures. Recent research has focused on environmentally relevant PCBs and 
Aroclor mixtures to understand PCB mechanisms of toxicity.

 PCBs: Dopaminergic Neurotoxicity

Association studies have linked PCB exposure to several conditions involving the 
DArgic system including anxiety, ADHD, depressive disorders, and neurodegenera-
tive disorders such as PD. PCB exposure in animal models has further revealed how 
PCBs affect behavior and neurological functions. For example, several studies have 
shown that PCB exposure, whether to a mixture or to a specific congener, leads to 
increased hyperactivity or ADHD-like behaviors in animal models (Johansen et al. 
2014; Lombardo et al. 2015; Lovato et al. 2016). The link between PCB exposure 
and PD is more debated, some studies have shown positive correlations with higher 
exposures yet there is little evidence that PCBs alone directly increases risk of PD 
(Petersen et al. 2008; Steenland et al. 2006; Weisskopf et al. 2012). Corrigan et al. 
did find PCB-153 and PCB-180 to be slightly increased in the brains of PD patients, 
while other studies have not found an association of PCBs with PD (Corrigan et al. 
1998). Adult mice exposed to Aroclor 1254 for 4 weeks developed a loss of striatal 
and ventral midbrain neurons, both DArgic and non-DArgic neurons (Lee et  al. 
2012a). While this study showed that PCBs can elicit nigrostriatal degeneration 
seen in PD, there were likely other neurotransmitter systems involved due to the loss 
of non-DArgic neurons and the hyperactive phenotype observed implicating other 
conditions such as ADHD. The link between PCB exposure and PD is debated, yet 
since PD is an idiopathic disease, more than one insult may be required before the 
presentation of PD clinically (Carvey et al. 2006). PCB exposure could be one envi-
ronmental insult on a path to the development of PD. There is more to be understood 

Fig. 2 Polychlorinated 
Biphenyl structure
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about how PCBs may lead to neurodegenerative conditions, however, PCB expo-
sure does clearly alter DArgic homeostasis.

Dopamine generally decreases intracellularly with PCB exposure (Bavithra et al. 
2012; Bemis and Seegal 1999, 2004). Such an imbalance in dopamine can produce 
neurotoxic outcomes. This decrease in intracellular DA may be from PCBs com-
petitively binding to important transport binding proteins, and/or inhibition or 
downregulation of important DArgic genes including the dopamine transporter 
(DAT), tyrosine hydroxylase (TH), and VMAT2. PCBs are lipophilic and bind to 
proteins including bovine serum albumin and transthyretin (Rodriguez et al. 2016). 
Transthyretin is important for transporting dopamine precursors into the brain. PCB 
binding to transthyretin is a way PCBs decrease levels of DA reaching the brain 
(Chauhan et al. 2000; Gaum et al. 2019). Additionally, PCBs have been shown to 
inhibit TH leading to decreased synthesis of DA (Choksi et al. 1997). Mariussen 
et al. showed that PCBs decreased vesicular uptake of DA, indicative of VMAT2 
inhibition (Mariussen et  al. 2001). The authors found that ortho-substituted and 
higher chlorinated PCBs were more likely to inhibit VMAT2. Similar studies found 
that PCBs inhibited DAT as well, and the PCB structure or mixture dictated the 
severity of inhibition (Bemis and Seegal 2004; Richardson and Miller 2004). 
Although VMAT2 and DAT inhibition would initially increase levels of DA in the 
cytosol, DA turnover seems to increase in the presence of PCBs further decreasing 
intracellular DA (Tanaka et al. 2018). This increase in turnover is further evidenced 
by increases in levels of DOPAL in PC6-3 cells treated with PCB-95 or PCB-153 
(Enayah et al. 2018). Increased concentrations of DOPAL can enhance ROS as does 
PCB exposure.

Increased oxidative stress is present during DArgic dysfunction such as in PD 
pathology (Simon et al. 2020; Taylor et al. 2013). PCBs are often metabolized to 
hydroxylated PCBs which can undergo auto-oxidation producing ROS (Grimm 
et al. 2015). This aligns with hydroxylated PCBs being more toxic than their respec-
tive parent PCB (Rodriguez et  al. 2018). PCBs can also alter the expression of 
important redox enzymes such as superoxide dismutase (SOD) and catalase (Cheng 
et al. 2009; Enayah et al. 2018; Venkataraman et al. 2010). While PCBs can increase 
ROS and increase DOPAL, it is unclear which occurs first (Enayah et al. 2018). 
PCBs can increase both lipid peroxidation products and ROS in the striatum (Lee 
et al. 2012a). This could further increase DOPAL through lipid peroxidation prod-
ucts inhibiting ALDH (Rees et al. 2007). However, DOPAL is a reactive molecule 
and aberrant levels increase ROS molecules including superoxide (Anderson et al. 
2011b). There may be a feedback loop in this case that further exacerbates the oxi-
dative stress seen at the cellular level and eventually leading to cell death. This 
especially aligns with the pathology of PD, since DOPAL:DA ratios are increased 
in a PD patient’s brains post-mortem (Goldstein et  al. 2011a). However, there is 
more to be determined on how DOPAL may play a role in neurodevelopmental 
conditions including ADHD.
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 Dieldrin

Dieldrin and aldrin are organochlorine insecticides that were used starting in the 
1950s. These compounds are made via the Diels-Alder reaction and have structural 
similarities (Fig. 3). They were used to protect crops such as cotton and corn from 
soil pests (Jorgenson 2001; Kanthasamy et  al. 2005). Although aldrin was used 
more often than dieldrin, aldrin converts to dieldrin via microsomal oxidation in 
biological systems (Wolff et al. 1979). Dieldrin is also more persistent in the envi-
ronment, especially in soil, with a half-life of about 25 years in soil, whereas aldrin 
has a half-life of around 2–5 years (Jorgenson 2001; Meijer et al. 2001). The pro-
duction of aldrin and dieldrin peaked to about 9000 metric tons/year in the US by 
the 1960s (Jorgenson 2001). By 1970, the Department of Agriculture banned the 
use of aldrin/dieldrin (Hanley et  al. 2002). Although dieldrin’s use was allowed 
again for termite control by the EPA from 1972 until the late 1980s (Hanley et al. 
2002). Both aldrin and dieldrin are now banned in most countries, yet their persis-
tence in the environment, especially dieldrin, is still a concern to human health. 
Humans are exposed to dieldrin mostly via diet. Once someone is exposed, dieldrin 
accumulates in adipose tissue and the brain due to its high lipophilicity (Kanthasamy 
et al. 2005; Nair et al. 1992). Specifically, dieldrin has been linked to PD incidence 
and found increased in PD brain post-mortem (Corrigan et al. 1996, 2000; Fleming 
et al. 1994; Weisskopf et al. 2010). Although there is a clear link between dieldrin 
exposure and PD incidence, the precise mechanisms are still being investigated.

 Dieldrin: Dopaminergic Neurotoxicity

Consistent with other organochlorines, long-term dieldrin exposure decreases DA 
content in the brain (Heinz et al. 1980; Wagner and Greene 1978). In 2001, Kitazawa 
et al. determined that TH or MAO inhibition decreases ROS production during diel-
drin exposure in PC12 cells (Kitazawa et al. 2001). This implicates the dopamine 
metabolism pathway as a mediator between the environmental insult and the out-
come of oxidative stress. Dieldrin exposure yields increased DA turnover both in 
vitro and after developmental exposure in vivo (Allen et al. 2013; Richardson et al. 

Fig. 3 Dieldrin and Aldrin structures
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2006). Hatcher et al. found DA turnover decreased in vivo after adult exposure to 
dieldrin, however they were investigating more subtle effects of dieldrin exposure 
(Hatcher et  al. 2007). In both cases, DA was decreased due to either increased 
metabolism or increased oxidation, such as in the formation of cysteinyl-catechols 
(Hatcher et al. 2007). In PC6-3 cells, dieldrin was found to increase the concentra-
tion of DOPAL in a dose-dependent manner (Allen et al. 2013). Increases in DOPAL 
yield increased oxidative stress, although products of oxidative stress may also yield 
increased DOPAL through inhibition of ALDH. Increased DA turnover during diel-
drin treatment could be caused by changes to DA cell trafficking and packaging. For 
example, Richardson et al. found that developmental dieldrin exposure yielded an 
increased DAT:VMAT2 ratio in male mice (Caudle et al. 2006). However, a more 
recent study tried to replicate the result and did not observe any change in the pro-
tein ratio of DAT:VMAT2, although they did not measure mRNA levels (Gezer 
et al. 2020). Despite this disparity, dieldrin has been shown to alter DAT expression 
and/or function, although the time of exposure to dieldrin may dictate the outcome. 
For example, the Richardson et al. study found decreased DAT expression during 
developmental dieldrin exposure, but 1-methyl-4-phenyl-1,2,3,5-tetrahydropyridine 
(MPTP) along with developmental dieldrin exposure yielded increased DAT expres-
sion. Notably, increased DAT expression has been associated with increased DA 
turnover and DArgic neuronal death (Masoud et  al. 2015). An increase in DAT 
expression, especially alongside an increased DAT:VMAT2 ratio would yield an 
initial increase in cytosolic DA allowing for increased DA metabolism and therefore 
increased DOPAL.  Adult mice exposed to dieldrin had decreased DAT function 
further affecting DA cell trafficking (Hatcher et al. 2008). Dieldrin exposure in vitro 
and in vivo yields dopaminergic dysfunction through altering DA cell trafficking 
and metabolism via complex mechanisms that require further investigation.

Dieldrin exposure has been shown to increase oxidative stress (Schmidt et al. 
2017; Sharma et al. 2018). While other environmental compounds associated with 
PD incidence appear to directly increase ROS such as paraquat through redox 
cycling, dieldrin may enhance oxidative stress via distinct and diverse means. Direct 
protein modification does not appear to play a role. Despite the presence of an epox-
ide, the organochlorine pesticide does not covalently react with cysteine or lysine 
residues; therefore, any interactions with proteins are more likely non-covalent. 
Allen et al. showed that removing the methano bridge from dieldrin induces a more 
flexible structure increasing the toxicity of the molecule (Allen et al. 2013). The 
rigid structure of dieldrin is less likely to interact with proteins directly. Yet, there 
has been evidence that dieldrin can increase fibril formation of aSyn, an important 
hallmark of PD pathogenesis, when dieldrin and aSyn are reacted together in solu-
tion (Uversky et al. 2001). Additionally, treatment of aSyn overexpressing cells with 
the organochlorine pesticide increased aSyn protein inclusions (Sun et al. 2005). 
Dieldrin exposure in rodents has also shown increased aSyn formation (Hatcher 
et al. 2007). However, although initial studies showed that the organochlorine pes-
ticide directly interacted with aSyn, dieldrin also increases DOPAL which has been 
determined to interact with and increase aggregation of aSyn (Allen et  al. 2013; 
Burke et al. 2008; Werner-Allen et al. 2018). Evidence has shown that DOPAL may 
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also form covalent adducts with proteins including VMAT2 and L-aromatic-amino- 
acid decarboxylase (LAAAD), further exacerbating toxicity from compounds, 
including dieldrin, which increase concentrations of DOPAL (Jinsmaa et al. 2018). 
Therefore, increases in DOPAL may be linked to a variety of the toxic outcomes 
observed during dieldrin exposure.

Despite evidence revealing that dieldrin directly alters DArgic function relevant 
to PD, dieldrin’s toxicity may require or be exacerbated by a second insult/injury. 
Developmental dieldrin exposure has recently been shown to alter the epigenome 
and may leave the brain more susceptible to further insults. Specifically, dieldrin 
was found to alter the methylation patterns of Nr4a2 which encodes Nurr 1, an 
important transcription factor for DArgic homeostasis that regulates DAT, VMAT2, 
and TH (Casida 1980; Kochmanski et al. 2019). These epigenetic changes may be 
why developmental dieldrin exposure increases toxic outcomes observed in PD 
models, including both MPTP and aSyn pre-formed fibril injections (Gezer et al. 
2020). This combination yielded increased DA turnover, increased motor impair-
ments, and decreased striatal DA. Similar results have been seen with lindane and 
dieldrin exposure combined. Lindane is another organochlorine pesticide that on its 
own has limited toxicity, however it exacerbated dieldrin’s DArgic toxicity (Sharma 
et al. 2010). Since dieldrin remains in the environment, current exposure to dieldrin 
along with another insult – environmental, genetic, injury – may yield neurodegen-
erative conditions including PD. Ultimately, dieldrin has been shown to interfere 
with DArgic homeostasis, however there is still more work to identify the complete 
and complex mechanism of toxicity of dieldrin.

 Pyrethroids

Chrysanthemum cinerariaefolium (also known colloquially as “mums”) are often 
planted for decoration. In the nineteenth century, it was discovered that extracts 
from Chrysanthemum cinerariaefolium could control body lice (Casida 1980). 
These extracts, termed pyrethrins, were commercialized by 1828 in Armenia and 
then in Yugoslavia, Japan, and East Africa (Weston et al. 2006; You et al. 2009). By 
the early 1970s, synthetic analogs, known as pyrethroids, were produced as an alter-
native that avoided farming of chrysanthemums. Pyrethroids are more stable to pho-
todegradation and biotransformation than pyrethrins, making them more effective. 
Pyrethroids are now widely used insecticides for controlling pests such as house-
flies, mosquitos, lice, and bed bugs, both for agriculture and within households. 
Comparable to other pesticides, pyrethroids are lipophilic and can accumulate in the 
environment such as in waterways and sediment (Weston et  al. 2006; You et  al. 
2009). Pyrethroids target the voltage gated sodium channel in insects by slowing the 
opening and closing of the channel (Narahashi 1996; Soderlund 2010, 2012). This 
yields a stable hyperexcitable state and neurotoxic outcome. Although pyrethroids 
are largely less toxic than other pesticides, there is still concern that pyrethroids may 
target similar sodium channels in mammals/humans. Pyrethroid exposure in rats 
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yielded two distinct types of syndromes when comparing 36 pyrethroids (Costa 
et  al. 2008; Verschoyle and Aldridge 1980). Type I syndrome (also designated 
tremor syndrome) includes symptoms of hyperexcitation such as increased startle 
response and aggressive sparring, as well as fine body tremor that can progress into 
whole-body tremor. Type II syndrome (also designated choreoathetosis with saliva-
tion) includes symptoms of hypersensitivity such as profuse salivation, coarse 
tremor progressing to choreoathetosis (involuntary movement), and clonic seizures. 
These two syndromes also generally align with the two classes of pyrethroids. Type 
II pyrethroids have an alpha-cyano moiety, while Type I pyrethroids do not (Fig. 4). 
Of note, type II pyrethroids, which are generally more toxic, may produce either 
tremor, or a combined tremor and choreoathetosis syndrome as well (Soderlund 2012).

Although pyrethroids target voltage-gated sodium channels in insects and 
rodents, human voltage gated sodium channels are thankfully less vulnerable to 
pyrethroids (Tan and Soderlund 2009). However, there is still concern that 

Fig. 4 pyrethroids
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long- term exposure to pyrethroids may induce neurotoxicity. Evidence shows that 
various pyrethroids can alter the DArgic system (Nasuti et al. 2017; Singh et al. 
2012b; Zhu et  al. 2020). Long-term exposure to pyrethroids, such as the type II 
pyrethroid cypermethrin, have been shown to induce PD-like symptoms (Singh 
et al. 2012b). Despite this evidence, there are limited epidemiological studies, both 
in number and quality, investigating the potential of pyrethroids as a risk factor for 
PD and neurodegenerative diseases (Allen and Levy 2013; van der Mark et al. 2012; 
Van Maele- Fabry et al. 2012). Information specific to pyrethroids does include a 
study showing that occupational exposure to permethrin – a type II pyrethroid  - 
increased the risk of PD, although glove use was protective against this association 
(Furlong et al. 2015). Hansen et al. also showed that chronic pyrethroid exposure 
can decrease neurocognitive performance and central nervous system (CNS) effects 
including lack of coordination (Hansen et al. 2017). There is still more to be deter-
mined regarding the link between pyrethroid exposure and PD. Considering pyre-
throids are one of the most widespread pesticides (~20% of all pesticides used) and 
alter the DArgic system, the potential link to PD and/or other neurodegenerative 
conditions is a concern (Nandipati and Litvan 2016; Soderlund 2012).

Additionally, pyrethroids may be developmentally neurotoxic, although many of 
the epidemiological studies have been deemed of poor quality or are limited in 
scope, requiring further investigation (Abreu-Villaça and Levin 2017; Burns and 
Pastoor 2018; Fiedler et al. 2015; Shafer et al. 2005; Xue et al. 2013). The EPA 
recently reviewed link between pyrethroids and neurodevelopmental conditions and 
determined that there was insufficient evidence to conclude an association (Aldridge 
and Niman 2019). However, in animal models pyrethroids can induce conditions 
such as ADHD, which alters DA homeostasis, warranting further study (Richardson 
et al. 2015). Although humans may be exposed to pyrethroids through diet, such as 
via contaminated fish, occupational exposure to pyrethroids may be of greater con-
cern. For example, a mild acute illness with neurologic and respiratory symptoms 
was observed in flight attendants after using permethrin to disinfect planes (Sutton 
et al. 2007). Most reports of pyrethroid exposure yield minor or no symptoms, how-
ever accidental dermal exposure does produce paresthesia for 24 h (Flannigan et al. 
1985; He et al. 1989; Ray and Fry 2006). In summary, pyrethroids alter the DArgic 
system in exposed animals; however, the mechanism for such adverse effects is not 
conclusively known and remains to be further investigated.

 Pyrethroids: Dopaminergic Neurotoxicity

Several animal studies have implicated a link between pyrethroids and parkinson-
ism. For example, long-term exposure to cypermethrin induces nigrostriatal neuro-
degeneration along with increasing aSyn aggregation in mice (Agrawal et al. 2015; 
Singh et  al. 2012b). Permethrin, another type II pyrethroid, decreases DA in the 
striatum and induces nigrostriatal degeneration in rats after developmental exposure 
to the insecticide (Nasuti et al. 2017). Pyrethroid exposure in animal models has 
been postulated as a PD model to investigate idiopathic PD (Singh et al. 2012a). In 
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general, pyrethroids decrease striatal DA, induce oxidative stress, produce a loss of 
TH-positive neurons, affect motor control, and some pyrethroids can lead to the 
formation of Lewy bodies – the pathological hallmark of PD (Agrawal et al. 2015; 
Karen et al. 2001; Mohammadi et al. 2019; Nasuti et al. 2013, 2017; Xiong et al. 
2016; Zhu et al. 2020). One study found that fenpropathrin induced aSyn aggrega-
tion in a manner consistent with the formation of Lewy bodies (Xiong et al. 2016). 
Other pesticides with clear associations to PD in humans are unable to produce 
similar formations of aSyn aggregation in animal models. Pyrethroids may be good 
models for PD in rodent models, and their toxicity to humans needs to be investi-
gated further to understand the implications of their current widespread use.

Decreased DA in the striatum is the main culprit of motor symptoms in 
PD. Pyrethroid exposure may inhibit and/or decrease the expression of TH contrib-
uting to decreased DA (Liu and Shi 2006). Then, decreased DA may lead to increased 
DAT expression as compensation. Increased expression of DAT is often observed 
with pyrethroid exposure and may contribute to oxidative stress seen with pyre-
throids (Elwan et al. 2006; Karen et al. 2001; Mohammadi et al. 2019). Increased 
DAT elevates DA levels in the cytosol where it is more susceptible to oxidation and 
metabolism, both of which produce ROS. Specifically, DA can auto- oxidize produc-
ing superoxide, or be metabolized to the toxic aldehyde DOPAL as discussed previ-
ously. Fenpropathrin decreased the expression of VMAT2, which would increase the 
DAT/VMAT2 ratio as observed in PD, and further increase the cytosolic concentra-
tion of DA (Xiong et al. 2016). However, an increased concentration of DA in the 
cytosol is likely short-lived due to DA reactivity and metabolism, which produces an 
overall decrease of DA in the striatum after pyrethroid exposure.

Pyrethroids are known to induce ROS formation, and DArgic dysfunction seen 
here may be one mechanism contributing to oxidative stress seen with pyrethroids. 
Additionally, pyrethroids are metabolized by CYP450 enzymes, with their metabo-
lites being more toxic (Romero et al. 2012). CYP450 enzyme can hydroxylate the 
aryl rings of pyrethroids which has been suggested to increase ROS (Wang et al. 
2016). However, pyrethroids are mainly metabolized by carboxylesterases, and 
CYP450 biotransformation is a small portion of their overall degradation. Ultimately, 
pyrethroids do increase oxidative stress as evidenced by increased levels of malo-
ndialdehyde, a lipid peroxidation product, and decrease antioxidant enzymes such 
as glutathione peroxidase, catalase, and superoxide dismutase (Galal et al. 2014; 
Gasmi et al. 2017; Hussien et al. 2013; Saoudi et al. 2017). This state of oxidative 
stress seen with pyrethroids may be responsible for contributing to DArgic dysfunc-
tion which further increases ROS. This may result in a positive feedback loop which 
eventually triggers apoptosis in DArgic neurons leading to neurodegeneration 
(Mohammadi et al. 2019).

The mechanisms behind pyrethroid neurotoxicity are unclear. Oxidative stress 
induced by pyrethroids can induce multiple outcomes such as the activation of the 
transcription factor Nurr1 (Bordoni et  al. 2015). Additionally, in silico studies 
revealed potential binding sites on Nurr1 for permethrin, although more needs to be 
determined (Bordoni et al. 2017). Carloni et al. showed that rats exposed to perme-
thrin in early life had increased Nurr1 protein while decreasing Nurr1 mRNA at 
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500 days old (Carloni et al. 2013). The same authors showed that at 300 days old, 
rats treated similarly had decreased mRNA and protein of Nurr1, suggesting time 
dependence (Carloni et al. 2012). Bordoni et al. also found upregulation of Nurr1 
after permethrin treatment in PC12 cells (Bordoni et al. 2017). Alteration of Nurr1 
by pyrethroids may have downstream effects on the proteins it regulates including 
TH, DAT, and NF-kB. This may be responsible for DArgic dysfunction seen with 
pyrethroids, along with increased neuroinflammation. Another potential mechanism 
of DArgic dysfunction includes changes in autophagy, a process which helps to 
degrade components of a cell, which is impaired and/or overactive in PD (Nguyen 
et al. 2019; Xilouri et al. 2016). In zebrafish, autophagy inhibitors were protective 
against a reduction of DA and against a reduction of TH and PD-like symptoms 
induced by the pyrethroid fenvalerate (Zhu et  al. 2020). Pyrethroids have been 
shown to act through the autophagy pathway contributing towards PD symptoms in 
rodent models as well (Mishra et al. 2018; Park et al. 2017). Such evidence suggests 
that pyrethroids may decrease levels of DA by inducing autophagy, and by decreas-
ing the amount of TH protein available for the synthesis of DA. Despite the need for 
additional data to clarify the mechanism, there is a body of evidence implicating 
DArgic dysfunction in vitro and in vivo following significant pyrethroid exposure.

Although several studies have shown pyrethroid exposure inducing PD like 
symptoms on their own, there is evidence that pyrethroids may exacerbate initial 
insults/injuries. For example, cypermethrin combined with the organophosphate 
chlorpyrifos showed synergistic neurotoxicity (Abd El-Moneim et  al. 2020). 
Additionally, postnatal exposure followed by adult exposure to cypermethrin 
induced more severe neurodegeneration than adult exposure alone (Singh et  al. 
2012b). This two-hit model aligns well with other classes of environmental toxi-
cants mentioned. Therefore, it is important to study the actions of pyrethroids in 
combination with other compounds and/or insults to further develop our under-
standing of their neurotoxicity, especially regarding PD.

 Organophosphates

In the 1930s, a German scientist named Gerhard Schrader was the first to propose 
organophosphate (OP) compounds as insecticides (Richardson et  al. 2019). He 
developed the first OP insecticides including parathion, which is no longer in use 
due to high levels of toxicity (Hertz-Picciotto et al. 2018). Continuing research at IG 
Farben, he accidentally discovered OP nerve agents. This occurred when he found 
that some of the compounds synthesized for potential use in agriculture were too 
toxic towards warm-blooded animals, including humans (Costa 2018). Moving for-
ward, OP research in Germany continued in secret both for developing these nerve 
agents as chemical weapons and developing OP insecticides with less non-target 
species toxicity. OP nerve agents quickly reach the CNS and have been used as 
chemical weapons during warfare and terrorist attacks (Iyengar and Pande 2016). 
Both OP insecticides and nerve agents are acetylcholinesterase (AChE) inhibitors, 
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however nerve agents are more potent (Pope et al. 2005). AChE inhibition blocks 
the metabolism of acetylcholine causing an increase in acetylcholine and overstim-
ulation of cholinergic receptors. This overstimulation affects the autonomic nervous 
system causing symptoms that include sweating and vomiting, and OP nerve agents 
causing potent overstimulation can cause paralysis and respiratory arrest. While OP 
insecticides and nerve agents have similar mechanisms of actions, their outcomes 
are different.

OPs can be metabolized by CYP450 enzymes to their oxon counterpart with a 
phosphorous-oxygen (P=O) bond rather than a phosphorous-sulfur (P=S) bond 
(Costa 2018). Oxon-OPs can irreversibly inhibit AChE by phosphorylating a serine 
residue in the active site of AChE producing what is considered “aged” AChE 
(Mileson et al. 1998). Many of the OP nerve agents do not require bioactivation for 
this mechanism since they are already in the oxon form, contributing to high potency 
and poisoning ability. Conversely, OP insecticides are not considered acutely toxic 
when used appropriately. Yet, accidental exposure to high levels of OP insecticides 
can cause acute toxicity including SLUD (salivation, lacrimation, urination, and 
diarrhea) syndrome (Sánchez-Santed et  al. 2016). Acute poisoning to OP insecti-
cides usually reverses within 24-48 h, however they can also produce delayed effects.

One popular example of OP delayed neuropathy occurred during the prohibition 
era in the United States. At the time, many became exposed to a Jamaican ginger 
extract named “Ginger Jake”. This extract was developed as a medicine containing 
a high percentage of alcohol as a legal way to obtain alcohol. It was later discovered 
that “Jake” users were showing symptoms of arm and leg weakness. Tri-ortho cre-
styl phosphate was present in the extract and determined to be the culprit of this 
delayed onset syndrome now considered OP induced delayed neuropathy (OPIDN) 
(Morgan 1982; Richardson et al. 2019). OPIDN occurs when OPs inhibit the neu-
ropathy target esterase (NTE), not AChE (Richardson et al. 2013). Yet, some OPs 
that inhibit NTE do not produce delayed neuropathy effects. Since it’s hard to deter-
mine if an OP insecticide will produce OPIDN based on NTE inhibition, all OP 
insecticides must be screened for delayed neuropathy before they can be approved 
for use within the US.

OP insecticides mainly target the cholinergic system, yet recent evidence shows 
that they may alter other neurotransmitter systems as well. This is especially true 
when investigating lower levels of occupational exposure to OP insecticides for 
potential long-term effects. Evidence suggests that OP insecticide exposure may be 
a risk factor for PD (Freire and Koifman 2012; Narayan et al. 2013; Wang et al. 
2014). Overall, pesticides are associated with the development of PD; however, it is 
often challenging to pinpoint one pesticide/class of pesticides. For OP’s, such is the 
case given variable findings regarding associations between exposure and PD 
(Firestone et al. 2005). The variability in findings could be explained by a multi-hit 
hypothesis requiring additional insults or points of injury prior to disease. For 
example, studies have shown that a genetic variant in paraoxonase (PON), which 
metabolizes organophosphates, increases the risk of PD (Akhmedova et al. 2001; 
Manthripragada et al. 2010). Manthripragada et al. found that having a slow metab-
olizing variant of PON along with exposure to OP insecticides increased the risk of 
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PD. Additionally, chlorpyrifos disrupts DA homeostasis providing a mechanistic 
link to dopaminergic toxicity from OP exposure (Deveci and Karapehlivan 2018; 
Lee et al. 2012a; Singh et al. 2018; Zhang et al. 2015).

In addition to links to neurodegenerative disorders, OP insecticide exposure has 
been implicated in neurodevelopmental outcomes including cognitive impairment 
and tremor development (Engel et al. 2011; Fiedler et al. 2015; Rauh et al. 2011, 
2015; Ross et al. 2013). Recent research has also shown that occupational exposure 
to chlorpyrifos in Egypt was associated with increased ADHD symptoms further 
revealing this neurodevelopmental link (Callahan et al. 2017; Rohlman et al. 2019). 
In 2001, the US EPA banned chlorpyrifos for residential use and most indoor uses 
to limit exposure to children over neurodevelopmental concerns (Lindsay 2001). 
Over the past twenty years, chlorpyrifos has become a controversial insecticide due 
to expanding evidence of developmental neurotoxicity and use as a beneficial pesti-
cide for agriculture. In 2016, the EPA concluded that there was enough evidence to 
show that chlorpyrifos exposure increases the risk of neurodevelopmental toxicity 
and therefore chlorpyrifos should be further limited regarding its agricultural use. 
However, after a change in administration the EPA now plans to further investigate 
chlorpyrifos in 2022 and has not banned its agricultural use, although some states 
have already done so  – New  York, California, and Hawaii (Erickson 2019). 
Chlorpyrifos is widely studied and generally considered more toxic than other OP 
insecticides currently in use, so chlorpyrifos will be our focus for this section. 
However, other OP insecticides should not be neglected and their neurotoxicity to 
both the developing and aging brain needs to be further investigated.

 Organophosphate: Dopaminergic Neurotoxicity

Chlorpyrifos has been studied for both its neurodevelopmental and neurodegenera-
tive outcomes (Fig. 5). In animal models, chlorpyrifos induces a state of parkinson-
ism with impaired motor control and altered DA homeostasis (Deveci and 
Karapehlivan 2018; Singh et al. 2018; Zhang et al. 2015). Progressive loss of neu-
rons may start during development when the brain is vulnerable to toxic insults. 
Mice treated with chlorpyrifos during postnatal development demonstrated loss of 
DArgic neurons and activation of microglia and astrocytes (Zhang et al. 2015). In 
addition, chlorpyrifos exposure has elicited what appears like Lewy body formation 
(Deveci and Karapehlivan 2018). Although chlorpyrifos can induce DA dysfunction 

Fig. 5 organophosphates – chlorpyrifos
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by itself, a second insult including additional pesticide exposures or genetic varia-
tion may exacerbate adverse effects. Ibrahim et al. found synergistic toxicity when 
rats were exposed to both cypermethrin and chlorpyrifos (Abd El-Moneim et al. 
2020). Additionally, populations with variants in the PON enzyme which metabo-
lizes OP insecticides may be at greater risk for PD development (Manthripragada 
et al. 2010). Most published studies focus on the link between chlorpyrifos exposure 
and neurodevelopmental outcomes; however, evidence implicating OP pesticides as 
toxic to dopaminergic systems suggests this class of chemicals may be a risk factor 
for neurodegenerative disease. More data are needed to conclusively demonstrate a 
link between OP exposure and the presentation of PD and similar conditions 
in humans.

Along with producing parkinsonism in animal models, chlorpyrifos has been 
shown to alter DArgic homeostasis. Chlorpyrifos exposure can cause degeneration 
of nigrostriatal TH positive neurons in mice and rats (Deveci and Karapehlivan 
2018; Lee et al. 2012b). However, the mechanism behind the cytotoxicity of OP 
pesticides towards DArgic neurons is still unclear. The production of ROS and oxi-
dative stress is likely involved in the toxicity of chlorpyrifos (López-Granero et al. 
2013). Previous work demonstrated that chlorpyrifos increased turnover of DA to 
DOPAC and HVA implicating increased production of ROS and the toxic aldehyde 
DOPAL (Aldridge et al. 2005; Karen et al. 2001; Singh et al. 2018). Alternatively, 
one study showed that chlorpyrifos inhibited MAO and decreased mRNA of MAO 
(Xu et al. 2012). This could be a protective mechanism since MAO catalyzes the 
oxidation of DA to DOPAL.  Further evidence of oxidative stress following OP 
exposure is that the antioxidant N-acetyl cysteine (NAC) prevented chlorpyrifos- 
mediated toxicity and increased DA turnover (Lee et al. 2012b). DA dysfunction 
would likely exacerbate oxidative stress via chlorpyrifos, further producing ROS.

Additional mechanism could contribute to chlorpyrifos induced oxidative stress. 
This includes changes in levels of antioxidant enzymes such as catalase, glutathione 
peroxidase, and SOD (Gultekin et al. 2000; Ma et al. 2015). Similar to other acetyl-
cholinesterase inhibitors, chlorpyrifos has also been shown to inhibit mitochondrial 
complex 1 increasing ROS and inducing mitochondrial dysfunction (Lee et  al. 
2012b). Additionally, chlorpyrifos also increases lipid peroxidation and activates 
the NF-kB pathway which are both products of cellular oxidative stress (Aldridge 
et al. 2005; Pearson and Patel 2016; Zhao et al. 2019). Therefore, evidence shows 
that OP insecticides both increase oxidative stress and alter DA homeostasis, 
although it is not clearly understood if one occurs first. Further research into how 
OP insecticides alter DA homeostasis may help tease out mechanisms of neurode-
generative and/or neurodevelopmental conditions.

 Mechanisms of Toxicity

As shown in Fig. 1, DA is packaged in vesicles via VMAT2 and metabolized by 
MAO to produce DOPAL, a reactive biogenic aldehyde. Further metabolism by 
aldehyde dehydrogenase enzymes yields DOPAC.  When DA homeostasis, 
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specifically metabolism and trafficking, goes awry, toxic products are generated in 
the cell. Elevated cytosolic DA yields DA-quinone and ROS as well as increased 
turnover to DOPAL via MAO, which also produces ROS (Mosharov et al. 2009).

The MAO metabolite, DOPAL, is thought to be one of the most injurious species 
produced from altered DA homeostasis (Burke 2003; Cagle et al. 2019; Graham 
1978; Stokes et al. 1999). DOPAL is toxic to DArgic cells at 7 μM; normal in vivo 
concentrations are thought to be around 2 μM (Schamp and Doorn 2017). Therefore, 
only slight cellular stress may be enough to produce toxic effects (Schamp and 
Doorn 2017). It is thought there are two primary mechanisms through which 
DOPAL may cause toxicity: 1) protein modification yielding aggregation or enzyme 
inhibition and/or 2) production of ROS.

 Protein Targets

DOPAL is highly reactive and its interaction with the proteome causes events such 
as protein aggregation or enzyme inhibition (Jinsmaa et al. 2011, 2016). DOPAL 
modifies proteins by a reaction with its aldehyde and lysine residues through a 
Schiff base mechanism that subsequently undergoes oxidative rearrangement to 
form a stable indole (Anderson et al. 2016; Rees et al. 2007, 2009; Werner-Allen 
et al. 2018). The quinone species of DOPAL is highly unstable but could possibly 
react with N-terminal lysine residues through Michael addition (Follmer et al. 2015; 
Werner-Allen et al. 2016).

DOPAL likely interacts with numerous proteins due to its reactive nature; how-
ever, it is unknown which protein targets contribute to disease pathogenesis. Perhaps 
the most obvious protein aggregate present in neurodegenerative disorders involves 
the oligomerization or fibrillization of aSyn. Oligomers of aSyn are considered 
disease- causative and have been shown to be toxic; oligomerization of aSyn leads to 
oxidative stress and neuronal cell death (Deas et  al. 2016; Winner et  al. 2011). 
DOPAL is known to potently oligomerize aSyn (Burke et al. 2008; Coelho-Cerqueira 
et al. 2019; Jinsmaa et al. 2016; Sarafian et al. 2019). While the oxidized form of 
DA also interacts with aSyn and can promote the formation of aSyn oligomers 
(Hasegawa et al. 2006; Lee et al. 2011; Leong et al. 2009), DOPAL does so more 
quickly and more potently (Burke et al. 2008; Jinsmaa et al. 2020). A recent study 
shows that DOPAL also oligomerizes LAAAD and ubiquitin (Jinsmaa et al. 2018). 
LAAAD is important in DA homeostasis because it converts L-3,4- 
dihydroxyphenylalanine (L-DOPA) to DA.  This same study shows that DOPAL 
quinonizes VMAT2, the transporter responsible for DA transport to synaptic vesi-
cles (Jinsmaa et al. 2018).

While it is currently not known if DOPAL inhibits VMAT2 activity, DOPAL 
does have the potential to modify proteins in a manner that inactivates enzymatic 
function. A proteomic scan in PC6-3 cells identified proteins that may be preferen-
tially modified: glutathione-S-transferase (mu 1), ALDH family 2, and tyrosine 
hydroxylase (Jinsmaa et al. 2011). As described previously, ALDH catalyzes the 
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transformation of DOPAL to DOPAC. Work elucidating glutathione-S-transferase 
(GST) modification is currently underway; inhibition of GST activity would result 
in impairment of the vital antioxidant defense system.

Further work has shown that DOPAL does indeed inhibit the enzyme tyrosine 
hydroxylase (TH) (Mexas et  al. 2011; Vermeer et  al. 2012). TH is the enzyme 
responsible for oxidation of L-tyrosine to L-DOPA; L-DOPA is converted to DA by 
LAAAD (Elsworth and Roth 1997; Nagatsu et al. 1964). TH is the rate-limiting step 
in DA synthesis (Mexas et al. 2011). Therefore, its inhibition would likely decrease 
DA concentrations, an especially problematic outcome in an already DA-deficient 
state such as PD. In addition, L-DOPA has been shown to have trophic properties 
(Datla et  al. 2001; Murer et  al. 1998); these cell viability benefits would not be 
observed in the absence of TH activity. DOPAL inhibits TH in PC6-3 cells with an 
IC50 of 5 μM, a biologically relevant concentration (Vermeer et al. 2012).

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is also a known target of 
DOPAL (Vanle et al. 2017). Deficiencies in GAPDH may be a factor in neurodegen-
erative disorders such as PD (Mazzola and Sirover 2002). DOPAL was reported to 
both significantly aggregate and irreversibly inhibit the enzymatic activity of 
GAPDH (Vanle et al. 2017). Analogs of DOPAL that lacked either the catechol or 
aldehyde moiety did not cause this inhibition or aggregation (Vanle et al. 2017).

DA has also been shown to modify proteins that are implicated in the pathology 
of diseases such as PD. DA modifies and inactivates parkin, an E3 ubiquitin ligase 
(LaVoie et al. 2005). Inherited forms of PD include a PARK2 mutation, the gene that 
encodes parkin. This mutation results in loss of catecholaminergic neurons (LaVoie 
et al. 2005). Brains of patients with common sporadic PD show functional inactiva-
tion and decreases in solubility of parkin (LaVoie et al. 2005). DA can covalently 
modify parkin which creates a similar decrease in solubility and inactivation of the 
E3 ubiquitin ligase function (LaVoie et al. 2005).

A second inherited form of PD includes mutation of PARK7, the gene that 
encodes DJ-1, a C56 peptidase. In patients with common sporadic forms of PD, 
DJ-1 is found to be upregulated in cerebrospinal fluid (Girotto et al. 2012). While 
the exact function of DJ-1 is not known, it is thought to be involved in protection 
against oxidative stress (Girotto et al. 2012). DA covalently modifies DJ-1  in rat 
brain mitochondrial preparations and neuroblastoma cells (Van Laar et al. 2009). It 
was found that the quinone products of DA modified cysteine residues of DJ-1, 
causing functional inactivation (Girotto et al. 2012).

 Oxidative Stress

To further complicate matters, the reaction of and even the creation of DOPAL 
produces ROS.  When MAO metabolizes DA, it produces hydrogen peroxide 
alongside DOPAL.  This creation of hydrogen peroxide is highly problematic 
because hydrogen peroxide can undergo Fenton chemistry to produce a toxic 
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hydroxyl radical that can damage proteins, DNA, and lipids (Linert and Jameson 
2000). However, it should be noted that recent studies challenge this view. Graves 
et al. suggest that the electrons produced by MAO activity, instead of being trans-
ferred to molecular oxygen and subsequently forming hydrogen peroxide, are 
shuttled to the electron transport chain; this electron contribution would aid in 
ATP production and therefore DA release (Graves et al. 2020). Furthermore, this 
study provided rationale for the tethering of MAO to the outer mitochondrial 
membrane (Graves et al. 2020). Even without the problem of hydrogen peroxide 
creation, DOPAL itself is prone to oxidation. DOPAL can auto-oxidize to a reac-
tive quinone species, which can produce ROS such as superoxide anion (Anderson 
et al. 2011a). When under oxidative stress, DOPAL can generate a hydroxyl radi-
cal that in the presence of Ca2+ may cause induction of the permeability transition 
pore on the inner mitochondrial membrane; this causes a cascade that triggers 
apoptosis (Kristal et al. 2001). Oxidative stress and mitochondrial dysfunction are 
heavily linked to neurodegenerative disorders such as PD (Puspita et  al. 2017; 
Subramaniam and Chesselet 2013). It is also important to note that the oxidative 
abilities of DOPAL tie into its ability to modify proteins; DOPAL can create aSyn 
oligomers by oxidation of the C-terminal methionine residues (Coelho-Cerqueira 
et  al. 2019), DA modifies DJ-1 through oxidation of cysteine residues (Girotto 
et al. 2012), and the oxidation of DOPAL may make its aldehyde moiety more 
reactive (Anderson et al. 2016).

 Means to Mitigate

Because of the inherent toxicity of DOPAL, mitigation of its effects could lead to 
therapeutic benefits. One molecule that has documented benefits against DOPAL 
is NAC. NAC was shown to prevent the reaction of DOPAL with N-acetyl lysine 
(Anderson et al. 2016). Further research showed that NAC attenuates the oligo-
merization of aSyn, ubiquitin, and LAAAD by DOPAL (Jinsmaa et  al. 2018). 
NAC also aids in the prevention of DA auto-oxidation that is associated with 
MAO inhibition (Goldstein et al. 2017). Hydroxytyrosol has been implicated in a 
similar prevention of DA auto-oxidation (Goldstein et al. 2016). Along with NAC, 
glutathione and L-ascorbic acid have been shown to mitigate the reaction of 
DOPAL with N-acetyl lysine residues in a dose-dependent manner (Anderson 
et al. 2016). Uniquely, because the previous molecules are all antioxidants, the 
dipeptide L-carnosine might also attenuate DOPAL reactivity by serving as an 
aldehyde scavenger. L-carnosine is present in mM concentrations in both the heart 
and brain (Nelson et al. 2019). L-carnosine was shown to scavenge DOPAL and 
10 mM L-carnosine significantly attenuated the cardiotoxicity of DOPAL (Nelson 
et al. 2019).
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The Environmental Contribution to Redox 
Dyshomeostasis in Parkinson’s Disease
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Abstract One of the major scientific questions in Parkinson’s disease (PD) research 
is what makes the dopaminergic neurons in the substantia nigra pars compacta vul-
nerable. Since the early 90s, oxidative stress has been suggested to promote the loss 
of dopaminergic cells. Oxidative stress is defined as an increase in the steady-state 
levels of reactive oxygen species. Cells have evolved antioxidant systems and a 
wide range of mechanisms for the removal or repair of oxidative damage, but dis-
ease follows when these processes are surpassed by oxidative damage. The three 
major risk factors linked to PD (aging, environmental exposures and genetic altera-
tions) have been reported to promote oxidative damage. As such, post-mortem anal-
ysis of PD brains has demonstrated an increased accumulation of oxidized proteins, 
nucleic acids and lipids. In this chapter, we provide an overview to redox homeosta-
sis and the pathogenic mechanisms involved in the alterations in redox homeostasis 
that occurs in PD. We will discuss the intrinsic properties of dopaminergic neurons 
that make them vulnerable to oxidative damage, and the mechanisms by which 
alterations in the cellular redox homeostasis contribute to neurodegeneration. We 
will also overview how environmental toxicants disrupt redox homeostasis in neu-
ronal cells and glial populations.

Keywords Parkinson’s disease · Redox homeostasis · Oxidative stress · Reactive 
oxygen species · Antioxidants · α-synuclein

 Introduction

Oxidative stress is defined as an increase in the steady-state levels of reactive oxy-
gen species (ROS, including reactive nitrogen species [RNS]) and its reactive 
byproducts that surpasses cellular antioxidant defenses (Villamena 2013). ROS 
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include radical (an atom or molecule with a single unpaired electron) and non- 
radical oxygen (O2) species such as superoxide anion (O2

•-), singlet oxygen (1O2), 
hydrogen peroxide (H2O2), the hydroxyl radical (•OH) and nitric oxide (•NO). 
Oxidative stress leads to the oxidation (damage) of biomolecules (proteins, nucleic 
acids and lipids). Cells have evolved antioxidant defenses and a wide range of 
mechanisms for the removal or repair of oxidative damage that involves reduction 
(when oxidation is reversible) and degradation of oxidized biomolecules or organ-
elles. When oxidative damage persists, it not only affects a single cell, but also the 
tissue in which it resides, thus having important implications for overall organism 
physiology (Halliwell and Gutteridge 2007; Villamena 2013).

The loss of dopamine (DA) containing (dopaminergic [DAergic]) A9 neurons in 
the substantia nigra pars compacta (SNpc) is considered the pathological hallmark 
of Parkinson’s disease (PD) and the cause of motor dysfunction in patients. One of 
the major scientific questions in PD research is what makes the SNpc DAergic neu-
rons vulnerable. Since the early 90s, oxidative stress has been suggested to promote 
the loss of DAergic cells (Gotz et al. 1990). The three major risk factors linked to 
PD (aging, environmental exposures and genetic alterations) have been reported to 
increase the steady-state levels of reactive species (ROS or RNS) and the accumula-
tion of byproducts of oxidative damage. As such, post-mortem analysis of PD brains 
has demonstrated an increased accumulation of oxidized proteins, nucleic acids and 
lipids. In this chapter, we will provide an introductory overview to redox homeosta-
sis and the pathogenic mechanisms involved in the alterations in redox homeostasis 
that occurs in PD. We will discuss the intrinsic properties of SNpc DAergic neurons 
that make them vulnerable to oxidative damage, and the mechanisms by which 
alterations in the cellular redox homeostasis contribute to DAergic neurodegenera-
tion. We will also overview how environmental toxicants disrupt redox homeostasis 
in DAergic cells and glial populations.

 Mitochondrial Dysfunction and Oxidative Stress in PD

O2 is vital for the survival of aerobic organisms. Mitochondria metabolism is con-
sidered the primary source for ROS. However, an absolute quantification of the role 
of mitochondrial ROS versus ROS formation from other sources/organelles is still 
missing (Brown and Borutaite 2012). During cellular respiration O2 is consumed by 
mitochondria, and at the terminal step of the oxidative phosphorylation (OXPHOS), 
it is reduced to H2O. Electrons travel along the respiratory electron transport chain 
(ETC) composed of four complexes: complex I-IV, plus ubiquinone and cytochrome 
c. The ETC is leaky, and leaked electrons reduce O2 resulting in the generation of 
O2

•- (Fig. 1a) (Kalyanaraman 2013).
In the mitochondria, O2

•- is generally considered to be generated in the matrix by 
electron leakage from complex I (Grivennikova and Vinogradov 2006), and in both 
the matrix and the inner membrane space (IMS) by electron leakage from complex 
III (Chen et al. 2003). O2

•- generated in the matrix and the IMS has been proposed 
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Fig. 1 Sources of ROS and RNS and antioxidant systems in PD. (a) Mitochondria are the primary 
source of ROS. In PD, a dysfunction in mitochondrial ETC induced by environmental toxins or 
genetic mutations leads to increased formation of O2

•-. O2
•- dismutation to H2O2 by MnSOD facili-

tates H2O2 release to the cytosol. (b) DA autooxidation or metabolism via MAO generates ROS and 
the toxic metabolites DAQ and DOPAL (c) Redox active metals Cu and Fe (this last enriched in 
DAergic neurons) catalyze the formation of •OH and upon interaction with α-synuclein they 
enhance fibril formation. (d) Lysosomal permeabilization in PD releases Fe. (e) PD and PD-related 
insults induce ER-stress that can induce H2O2 formation via ERO1. Environmental toxins and 
genetic risk factors activate microglia and increase ROS/RNS formation via NOX (f), NOS (g) and 
MPO (h). Cells have intrinsic antioxidant mechanisms to maintain a tight homeostatic control of 
ROS/RNS, including cytosolic CuZnSOD (i). (j) Catalase catalyzes the decomposition of H2O2 to 
H2O. (k) GPx reduces peroxides using GSH as substrate. GR, which reduces GSSG back to GSH, 
requires NADPH as electron donor reductant, and G6PD is indispensable for the regeneration of 
NADPH from NADP+ in the cytosol. GSH depletion is one of the earliest biochemical changes 
observed in PD. Neurons depend on astrocytes for the supply of GSH. Effluxed GSH from astro-
cytes is cleaved by γGT and ApN, producing Glu, Gly and Cys, which are subsequently taken by 
neurons for GSH synthesis. Compared to other brain areas, the SNpc has a low number of astro-
cytes, which might make DAergic neurons more susceptible to oxidative stress. (l) In glial cells 
transcriptional regulation of NOX and NOS is mediated by inflammatory signaling via the activa-
tion of NF-κB. Both NF-κB (in neurons) and Nrf2 (glial cells primarily) activation regulates the 
expression of antioxidant defenses. Abbreviations:; 4 HNA, 4-hydroxy-2-nonenoic acid; 4-HNE, 
4-hydroxy-2-nonenal; ALDH, aldehyde dehydrogenases; ApN, neuronal aminopeptidase N; Arg, 
arginine; Cit, citrulline; Cu, copper; Cys, cysteine; DA, dopamine; DAQ; DA-quinone species; 
DOPAC, 3,4-Dihydroxyphenylacetic acid; DOPAL, aldehyde 3,4-Dihydroxyphenylacetaldehyde; 
EAAT, excitatory amino acid transporter; EcSOD, extracellular superoxide dismutase; ERO1, ER 
oxidoreductin; ETC, electron transport chain; Fe, iron; γGT, γ-glutamyl transpeptidase; G6PD, 
glucose-phosphate-dehydrogenase; GCLC/M, glutamate-cysteine ligase catalytic and modifier 
subunits; Gly, glycine; Glu, glutamate; GLyT, Gly transporter; GPx, GSH peroxidase; GS, GSH  

(continued)
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to be released to the cytosol via the mitochondrial permeability transition pore 
(mPTP) (Wang et  al. 2008) and the voltage-dependent anion channels (VDAC) 
(Han et al. 2003), respectively (Fig. 1a). However at least 10 different additional 
sites for O2

•-/H2O2 production in the mitochondria have been described. The relative 
and absolute contribution of specific sites in the mitochondria to the production of 
ROS seems to depend on the availability of the substrate being oxidized (Cardoso 
et al. 2012; Quinlan et al. 2013). Of importance, one ROS can lead to the generation 
of distinct more reactive species. As such, O2

•- can be dismutated in an enzymatic 
(superoxide dismutases [SODs]) or non-enzymatic manner to H2O2. While H2O2 is 
thought to diffuse across membranes, it has also been reported that it can be trans-
ported by aquaporins (Bienert et al. 2006, 2007).

A decrease in the activity of the mitochondrial ETC is found in the SNpc of 
patients with PD (Henchcliffe and Beal 2008; Schapira et al. 1989; Schapira 2008) 
suggesting that increased electron leakage and ROS formation is linked to mito-
chondrial dysfunction in PD. Mitochondrial DNA (mtDNA) mutations have been 
found in rare families exhibiting parkinsonism. In addition, somatic (acquired) 
point mutations and deletions in mtDNA also accumulate with age in the SNpc. 
However, no specific mutations responsible for mitochondrial dysfunction in PD 
have been identified yet (Clark et al. 2011). A fraction of PD cases are related to 
mutations in genes such as α-synuclein (SNCA), DJ-1 (PARK7), PTEN-induced 
putative kinase 1 (PINK1), leucine rich repeat kinase 2 (LRRK2), Parkin (PARK2) 
and glucosylceramidase beta (GBA). PD-associated genes have been shown to alter 
mitochondrial function and homeostasis leading to increased ROS formation 
(Trancikova et al. 2012). For example, accumulation of α-synuclein has been sug-
gested to trigger mitochondrial dysfunction and oxidative stress (Devi et al. 2008; 
Ganjam et al. 2019; Zambon et al. 2019). Deficiency or mutation of DJ-1, PINK1 
and Parkin render cells more susceptible to oxidative stress and mitochondrial dys-
function, and impair the turnover of damaged mitochondria (Jiang et  al. 2004; 
Morais et al. 2009; Palacino et al. 2004; Taira et al. 2004). Gain-of-function LRRK2 
mutations disturb mitochondrial quality control and dynamics leading to increased 
ROS formation and sensitization of DAergic cells to mitochondrial dysfunction 
(Arbez et al. 2019; Niu et al. 2012; Saha et al. 2009; Wauters et al. 2020). Finally, 
heterozygous GBA mutations, considered the most common genetic risk factor for 
PD (7–20% of all PD cases), are also associated with alterations in mitochondrial 
quality control mechanisms (Pinho et al. 2019).

Over 90% of PD occurs most commonly in a sporadic (idiopathic) form without 
a clearly defined genetic basis, and only a vaguely delineated pathogenesis likely 
linked to environmental causes (including occupational and lifestyle exposures).  

Fig. 1 (continued) synthetase; GR, GSH reductase; GSH, glutathione; GSSG, oxidized GSH; 
H2O2, hydrogen peroxide; MAO, monoamine oxidase; MnSOD, manganese superoxide dismutase; 
MPO, myeloperoxidases; NADPH, nicotinamide adenine dinucleotide phosphate; NF-κB, nuclear 
factor kappa-light-chain-enhancer of activated B cells; NOS, •NO synthases; NOX1, NADPH oxi-
dase; Nrf2, transcription factor nuclear factor (erythroid-derived 2)-like 2; O2

•-, superoxide anion; 
•OH, hydroxyl radical; SNpc, substantia nigra pars compacta
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In 1983 a report identified a group of drug addicts, which developed a clinical 
 picture almost indistinguishable from PD after accidental self-administration  
of a synthetic heroin analogue contaminated with 1-methyl-4-phenyl-1,2,3, 
6-tetrahydropyridine (MPTP) (Langston et al. 1983). Further research demonstrated 
that metabolism of MPTP to its active metabolite 1-methyl-4-phenylpyridine 
(MPP+) in glial cells mediated degeneration via its selective uptake in DAergic neu-
rons and inhibition of complex I (Gainetdinov et  al. 1997; Poirier and Barbeau 
1985; Ransom et al. 1987). Since then, MPTP has been the most widely used exper-
imental PD model in rodents and research has been geared towards identifying envi-
ronmental agents that can triggered DAergic neurodegeneration by impairment of 
mitochondrial function.

Epidemiological evidence has demonstrated an increase in the risk of developing 
PD upon exposure to environmental toxicants such as the pesticides rotenone and 
paraquat (Tanner et al. 2011). Many animal models of PD have been established to 
help in the understanding of the pathology and in the developing of therapies, how-
ever, these models still have significant deficiencies. Tieu provides an overview of 
the neurotoxic models (Tieu 2011). Rotenone and paraquat induce DAergic cell 
death in vitro and in vivo (Cannon and Greenamyre 2010). But in contrast to rote-
none (Betarbet et al. 2000), paraquat is a poor complex I inhibitor (Gutman et al. 
1970; Richardson et  al. 2005). Inhibition of complex I by MPP+ and rotenone 
increases the generation of ROS (Bove et al. 2005; Richardson et al. 2007; Sherer 
et al. 2007; Sipos et al. 2003). In human PD brains, complex I dysfunction appears 
to be from internal oxidation of its catalytic subunits together with complex I misas-
sembly (Keeney et al. 2006). Rotenone induced apoptosis and mitochondrial depo-
larization is reduced by coenzyme Q10 (or ubiquinone), an electron carrier in the 
mitochondrial respiratory chain (Moon et  al. 2005). Interestingly, recent reports 
suggest that complex I inhibition might not be the only mechanism involved in 
DAergic neuron death induced by rotenone or MPP+ (Choi et al. 2008; Lotharius 
and O'Malley 2000; Nakamura et al. 2000; Obata 2002; Richardson et al. 2005). A 
number of studies have shown that antioxidants protect DAergic cells from the tox-
icity of complex I inhibitors (Barkats et al. 2006; Kaul et al. 2003; Klivenyi et al. 
1998; Liang et al. 2007; Przedborski et al. 1992; Sherer et al. 2003). However, we 
and others have also demonstrated that DAergic cell death induced by complex I 
inhibition cannot be directly linked to the generation of ROS or completely pre-
vented (if at all) by antioxidants (Cappelletti et al. 2005; Cartelli et al. 2010; Fonck 
and Baudry 2001; Kweon et  al. 2004; Lee et  al. 2000; Maruoka et  al. 2007; 
Nakamura et al. 2000; Rodriguez-Rocha et al. 2013; Sanchez-Ramos et al. 1997; 
Zeevalk and Bernard 2005). Furthermore, some studies suggest that impaired mito-
chondrial bioenergetics might be the main cause for neuronal cell death induced by 
complex I inhibitors rotenone and MPTP/MPP+ (Fig. 1a) (Bates et al. 1994; Dranka 
et al. 2012; Yadava and Nicholls 2007b).

In general, environmental agents MPTP, rotenone, paraquat, dieldrin, and maneb 
induce mitochondrial dysfunction and oxidative stress (Drechsel and Patel 2008; 
Kitazawa et al. 2001), but the mechanisms of toxicity seem to differ. Mitochondrial 
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ROS formation induced by paraquat involves primarily its redox cycling and active 
accumulation in this cellular compartment.(Bonneh-Barkay et  al. 2005; Castello 
et al. 2007; Cocheme and Murphy 2008; Drechsel and Patel 2009; Lei et al. 2014; 
Rodriguez-Rocha et al. 2013). It has been suggested that paraquat can also inhibit 
complex III and induce the production of ROS (Drechsel and Patel 2009). A recent 
study identified novel metabolic genes involved in the paraquat toxicity demonstrat-
ing that cytochrome P450 oxidoreductase contributes to ROS production (Reczek 
et al. 2017). PD-related genes also interact with environmental agents to dysregulate 
redox homeostasis. For example, DJ-1 acts as a pro-survival factor in primary 
DAergic neurons against the pesticide rotenone by activating antioxidant responses 
(Liu et al. 2008b). Mitochondrial damage by rotenone triggers a PINK1-dependent 
Parkin translocation to mitochondria that is regulated by ROS and DJ-1 (Joselin 
et al. 2012). These reports suggest that the combination of both genetic and environ-
mental factors is important in PD pathogenesis.

 Dopamine Content and Metabolism

Oxidative stress in PD is also associated with the pro-oxidant properties of the neu-
rotransmitter DA. Mutant α-synuclein and energy depletion associated with mito-
chondrial dysfunction increase cytosolic DA levels via the down-regulation of the 
vesicular monoamine transporter (VMAT2), or the impairment of the ATP- 
dependent proton pump that drives vesicular DA uptake, respectively (Anne and 
Gasnier 2014; Lotharius et al. 2002; Lotharius and Brundin 2002). In the cytosol 
DA is metabolized to 3,4-dihydroxyphenylacetaldehyde (DOPAL) by monoamine 
oxidase (MAO) an enzyme localized on the outer face of the mitochondrial outer 
membrane that can generate H2O2 at high rates (Fig. 1b). Interestingly, α-synuclein- 
dependent neurodegeneration has been reported to be mediated by an increased 
activation of MAO (Kang et al. 2018).

DOPAL is capable of forming O2
•- and reactive quinone species (semiquinone 

and ortho-quinone) that can mediate protein crosslinking (Anderson et al. 2011). 
DOPAL is detoxified mainly by aldehyde dehydrogenase (ALDH), whose activity 
is modulated by pesticides (See section Oxidative damage to lipids for further 
details) DA can also be auto-oxidized in the presence of iron (Fe) generating O2

•-, 
H2O2 and DA-quinone species (DAQ) (Fig. 1b) (Abou-Sleiman et al. 2006). DAQ 
byproducts from DA oxidation have been reported to bind to protein cysteine (Cys) 
thiols (PSH) (Hastings et al. 1996). A recent proteomic analysis demonstrates the 
susceptibility of a variety of proteins to be covalently modified by DA including the 
PD associated proteins ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) and 
DJ-1 (Van Laar et al. 2009), but the exact amino acid residues involved were not 
identified. The organochlorine pesticides DDT (dichlorodiphenyltrichloroethane) 
and DDE (dichlorodiphenyldichloroethylene) also inhibit the plasmamembrane DA 
transporter (DAT) and VMAT2 (Hatcher et  al. 2008). In contrast, developmental 
exposure to dieldrin increases DAT and VMAT2 levels potentiating MPTP toxicity 
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(Richardson et al. 2006). Interestingly, DAT genetic variability and pesticide expo-
sure interact to increase PD risk (Ritz et al. 2009).

DAergic cell death induced by mitochondrial/environmental toxins (paraquat 
and rotenone) has been proposed to depend on DA oxidation (Bayersdorfer et al. 
2010; Dukes et al. 2005; Kang et al. 2009; Liu et al. 2005). Paraquat increases DA 
synthesis, which leads to the formation conjugates with Cys protein residues (Izumi 
et  al. 2014). Dieldrin induces the release of DA and its metabolite, 
3,4- dihydroxyphenylacetic acid (DOPAC), generating ROS (Kitazawa et al. 2001).

 Iron and Neuromelanin

Metals (M) can also promote ROS formation. The Fenton reaction catalyzes the 
formation of •OH and hydroxide (−OH) by the reaction of H2O2 with Mn-1 
(Mn-1 → Mn). The Haber-Weiss reaction then reduces Mn (Mn → Mn−1) to further 
promote free radical formation. Redox active metals such as iron (Fe) and copper 
(Cu) can generate •OH by the Fenton reactions (Fig. 1c) (Halliwell and Gutteridge 
2007; Villamena 2013). The SNpc is enriched with Fe where it is deposited within 
neuromelanin (NM) granules (Dexter et al. 1989; Zecca et al. 2004). Importantly, 
NM pigmented neurons in the SNpc are preferentially lost in PD (Sian-Hulsmann 
et al. 2011). Increased Fe deposition and increased free Fe concentration have been 
found in the SNpc of PD brains, which may lead to increased generation of •OH and 
other oxygen radicals, (Sian-Hulsmann et al. 2011). The levels of the Fe handling 
protein ceruloplasmin and ferritin have also been found altered in PD (Hochstrasser 
et  al. 2005; Jin et  al. 2011; Lee and Andersen 2010). In the presence of Fe, 
α-synuclein induces •OH formation (Turnbull et al. 2001), whereas in other studies, 
oxidative damage induced by Fe is exacerbated primarily by mutant, but not wild 
type (WT) α-synuclein (Fig. 1c) (Chew et al. 2011; Martin et al. 2003; Ostrerova- 
Golts et al. 2000b). Because of their high Fe content, lysosomes are also another 
potential source of ROS (Fig. 1d) (Kurz et al. 2010). As such, mutations in PD-related 
genes or lysosomal breakdown have been linked to PD pathogenesis (Dehay et al. 
2013). Neonatal Fe exposure and paraquat accelerate age-dependent DAergic neu-
rodegeneration (Peng et al. 2007).

 Endoplasmic Reticulum Stress and Oxidative Stress in PD

During protein synthesis, ROS are produced in the endoplasmic reticulum (ER) due 
to the activity of oxidoreductases that catalyze protein folding reactions. Disulfide 
bond formation in nascent proteins is catalyzed by the protein disulfide isomerase 
(PDI) that accepts electrons from Cys thiol residues in polypeptide chain substrates 
leading to the formation of disulfide bonds. ER oxidoreductin (ERO1) transfers 
electrons from PDI to O2, resulting in the production of H2O2 (Fig. 1e) (Tavender 
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and Bulleid 2010). ER stress and activation of the unfolded protein response (UPR) 
has been reported in PD, however, its causative role in oxidative damage has not 
been established (Mercado et al. 2013). MPP+, and rotenone induce an increase in 
the ER stress kinases endoribonuclease inositol-requiring enzyme 1 α (IRE1α) and 
PKR-like ER kinase (PERK) and activate the UPR in cultured neuronal cells (Ryu 
et al. 2002). Inhibition of ERO1 has been recently reported to reduce MPP+ neuro-
toxicity (Lehtonen et al. 2016).

 Microglial Activation and Oxidative Stress in PD

Microglial cells are innate immune cells that can be activated by infection, tissue 
injury (ischemia or trauma), or neurodegenerative processes. Microglial activation 
is triggered by a diverse selection of factors: cell-surface receptors for endotoxin, 
cytokines, chemokines, misfolded proteins, serum factors and ATP.  Activated 
microglia retract and migrate to the site of the lesion, where they proliferate and act 
as sources of cytokines and ROS/RNS (Finsen and Owens 2011; Hanisch and 
Kettenmann 2007; Hanisch 2013). While mild activation of microglia is a vital 
immune adaptive response to control the microenvironment, chronic activation of 
these cells is thought to contribute to neurodegeneration. The density of microglial 
cells is remarkably higher in the SN compared to other brain regions. Increased 
levels of activated microglia and pro-inflammatory cytokines have been found in the 
SNpc of elderly individuals. Furthermore, activation of microglia in PD brains has 
been proposed to be triggered by released aggregates/fibrils of α-synuclein, ATP 
and/or signaling proteins released from neurons, NM, infectious events (encephali-
tis), and environmental exposures (Long-Smith et al. 2009).

In PD, an important source of ROS production are the NOXs family of enzymes 
primarily found in microglia that catalyze the generation of O2

•- from O2 and 
NADPH (NADPH oxidases) (Fig.  1f) (Infanger et  al. 2006; Taetzsch and Block 
2013). Inhibition or knockdown/knockout of NOXs reduces DAergic cell death and 
cognitive dysfunction in experimental PD models including the exposure to rote-
none, dieldrin, paraquat and maneb (Gao et al. 2002, 2003; Hou et al. 2019; Mao 
and Liu 2008; Qin et al. 2004; Wang et al. 2015; Wu et al. 2003; Zhou et al. 2012).

RNS also contribute to oxidative (nitrative) damage. •NO is a hydrophobic mol-
ecule that diffuses freely across membranes and is generated from arginine (Arg) by 
•NO synthases (NOS) (Miersch et al. 2008). O2

•- reacts with •NO, leading to the 
production of peroxynitrite (ONOO−) (Fig. 1g) (Denicola et al. 1998). Inhibition of 
inducible (iNOS, primarily from glial origin) but also neuronal NOS (nNOS) has 
been reported to protect against DAergic cell death induced by MPTP (Hantraye 
et al. 1996; Liberatore et al. 1999; Przedborski et al. 1996). NOS uncoupling has 
also been recognized as an important source for O2

•- upon paraquat exposure 
(Margolis et al. 2000).

Other enzymatic mechanisms also mediate reactive species formation. In glial 
cells, myeloperoxidases (MPO) produce hypochlorous acid (HOCl) from H2O2 and 
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chloride anion (Cl−) using heme as a cofactor (Fig. 1h) (van der Veen et al. 2009). 
MPO knockout protects against MPTP neurotoxicity (Choi et al. 2005) while inhi-
bition of MPO reduced microglial labelling in PD patients suggesting a decrease in 
microglial activation (Jucaite et  al. 2015). MPO was also shown to potentiate 
microglial activation and cell death (Chang et al. 2011). Cyclooxygenases (COX) 
generate ROS as a by-product of arachidonic acid metabolism to prostaglandin G2 
(PGG2), utilizing two O2 and producing peroxyl radicals (ROO•). COXs also pos-
sess a heme-containing active site that provides peroxidase activity, converting 
PGG2 to prostaglandin H2 (PGH2) by removing O2, which is a source of O2

•-. In the 
presence of H2O2, the peroxide activity of COXs oxidizes various co-substrates such 
as NADH and glutathione (GSH), which reduces O2 to O2

•- (Im et al. 2006). COX-2, 
but not COX-1 ablation protects mice from DAergic cell death induced by MPTP 
(Teismann et al. 2003).

 Antioxidant Systems in PD

Oxidative stress is counteracted by cellular antioxidant mechanisms. The most 
important cellular defenses against O2

•- are SODs. In mammals, there are three iso-
forms: manganese superoxide dismutase (MnSOD or SOD2) localized in the mito-
chondrial matrix (Fig.  1a) (Sutton et  al. 2003), copper-zinc SOD (CuZnSOD or 
SOD1) in the IMS, peroxysomes, nucleus, or cytosol (Fig. 1i) (Okado-Matsumoto 
and Fridovich 2001) and extracellular SOD (EcSOD or SOD3) anchored to the cell 
surface (Fig. 1f). A number of scavenging mechanisms exist against H2O2. Catalase 
mediates the decomposition of H2O2 and is primarily localized in the peroxisomes 
(Fig. 1j). Catalase activity was reported reduced in the SN and putamen of PD brains 
(Ambani et al. 1975). In contrast, SOD activity was found increased in post-mortem 
PD brains (Ceballos et al. 1990; Saggu et al. 1989). MPP+/MPTP toxicity has been 
reported to be inhibited by SOD mimetics (Kaul et al. 2003; Liang et al. 2007), and 
overexpression of CuZnSOD (Barkats et  al. 2006; Przedborski et  al. 1992) and 
MnSOD (Klivenyi et al. 1998), while MnSOD or CuZnSOD deficiency increases its 
toxicity (Andreassen et al. 2001; Zhang et al. 2000). In contrast, several studies also 
show that MPP+/MPTP toxicity is mediated, at least in part, by a mechanism inde-
pendent the generation of ROS (Fonck and Baudry 2001; Lee et al. 2000; Nakamura 
et al. 2000; Sanchez-Ramos et al. 1997). Similar conflicting results have been found 
with respect to the role of complex I inhibition and ROS formation in rotenone- 
induced toxicity (Dranka et al. 2012; Nakamura et al. 2000; Yadava and Nicholls 
2007a). Accordingly we have reported that neither overexpression of MnSOD nor 
CuZnSOD protect against rotenone or MPP+ toxicity (Rodriguez-Rocha et al. 2013). 
Conversely, MnSOD and SOD mimic protect against neurodegeneration induced by 
paraquat, dieldrin or the loss of PINK1 or Parkin function (Biosa et al. 2018; Choi 
et al. 2006; Filograna et al. 2016; Kitazawa et al. 2003; Peng et al. 2009; Rodriguez- 
Rocha et al. 2013).
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Glutathione peroxidases (GPx) are selenoproteins that reduce peroxides, which 
are present in distinct cellular locations with different substrate specificity. GPx1 is 
found primarily in the cytoplasm and preferably scavenges H2O2, while GPx4 
(PhGPx) hydrolyzes lipid hydroperoxides in both cytosolic and mitochondrial com-
partments. GPxs and Prx6 use the reducing power of GSH to hydrolyze peroxides 
(Fig. 1k) (Franco et al. 2007; Franco and Cidlowski 2009). Sodium selenite protects 
Zebrafish (Danio rerio) against paraquat neurotoxicity (Muller et al. 2018). GSH 
synthesis is initiated by the generation of γ-glutamylcysteine via glutamate-cysteine 
ligase, composed of a catalytic subunit (GCLC) and a modifier subunit (GCLM), 
with the subsequent addition of glycine (Gly) by the activity of GSH synthetase 
(GS) (Fig.  1l) (Franco and Cidlowski 2009, 2012; Jones 2006; Meister 1995; 
Schafer and Buettner 2001; Sies 1999). A decrease in both GSH and the expression 
levels of GPx has been found in DAergic cells in the SN (Duke et al. 2007; Pearce 
et al. 1997). GCLM−/− mice are sensitive to paraquat induced decrease in DA levels 
(Liang et al. 2013).

While both neurons and astrocytes can synthesize GSH, neurons depend on 
astrocytes for the supply of GSH precursors. An inter-relationship exists between 
astrocytes and neurons where neurons rely on extracellular Cys provided by GSH 
efflux from astrocytes and its subsequent catabolism (Fernandez-Fernandez et al. 
2012; Minich et al. 2006; Rana and Dringen 2006; Stridh et al. 2008, 2010). Effluxed 
GSH is cleaved by γ-glutamyl transpeptidase (γGT) to produce Cys-Gly, which in 
turn is cleaved by neuronal aminopeptidase N (ApN), producing Gly and Cys, 
which are subsequently up-taken by neurons for GSH synthesis (Fig. 1l). Compared 
to other brain areas, the SNpc has a low number of astrocytes and it is likely that as 
a result, SNpc DAergic neurons are more susceptible to oxidative stress and energy 
failure (see section below) (Mena and Garcia de Yebenes 2008).

Glutathione S-transferases (GSTs) catalyze the conjugation of GSH to electro-
philic carbons and are divided into three main families: cytosolic, mitochondrial, 
and the membrane-associated microsomal family. Cytosolic GST are divided into 
alpha (A), mu (M), omega (O), pi (P), sigma, theta (T), and zeta (Z) classes. GSTs 
participate in the detoxification of a chemically diverse group of compounds. GSTs 
have also been reported to detoxify ROS via a GSH-peroxidase activity and mediate 
isomerization of ketosteroids and prostaglandins, as well as tyrosine (Tyr) degrada-
tion, glutathionylation, and protein-protein interactions with stress-activated kinases 
(SAPK) to regulate their activation (Board and Menon 2013; Mazzetti et al. 2015). 
Polymorphisms in GSTT1, GSTM1 and GSTP1 have been associated with increased 
risk to develop PD upon pesticide exposure, including paraquat. (Goldman et al. 
2012; Longo et al. 2013; Menegon et al. 1998; Pinhel et al. 2013; Vilar et al. 2007; 
Wilk et  al. 2006). However, the exact role that these enzymes play in DAergic 
degeneration is far from understood. GSTP1 is found highly expressed in PD brains 
compared to controls (Shi et al. 2009), and GSTM1 has been reported to delay the 
onset of PD (Ahmadi et al. 2000; Perez-Pastene et al. 2007), while GSTO1 plays a 
protective role in a Drosophila PD model of Parkin loss of function (Kim et al. 2012).

An important mechanism to counteract the increased accumulation of ROS is the 
transcription of antioxidant genes (SODs, GCLM, GCLC, and GSTs) by the 
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transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Under resting 
conditions, Nrf2 is kept in a cytosolic complex with the kelch-like ECH-associated 
protein 1 (Keap1), where it is subjected to proteasomal degradation. Oxidants or 
electrophiles induce a conformational change in Keap1 that allows the translocation 
of Nrf2 to the nucleus for gene transcription (Fig. 1l). The differential antioxidant 
response of neurons and astrocytes is also a result of the preferential  expression/
activation of Nrf2 in astrocytes (Vargas and Johnson 2009). Systemic activation of 
Nrf2 is found in blood leukocytes of PD patients (Petrillo et al. 2019). A protective 
Nrf2 haplotype associated with increased transcriptional activity was linked to a 
decreased risk of PD (von Otter et al. 2010). Sulforaphane a compound found in 
cruciferous vegetables that activates Nrf2 protects against MPTP, paraquat and rote-
none induced neurotoxicity (Jazwa et  al. 2011; Niso-Santano et  al. 2010; Zhou 
et al. 2016).

The enzyme NAD(P)H: quinone oxidoreductase (NQO1), an Nrf2-regulated 
gene target, is a detoxification enzyme involved in the reduction and detoxification 
of quinones. NQO1 may exert a protective effect against DA metabolites. NQO1 is 
found in Daergic neurons and its expression levels are increased in the early and 
intermediate stages of PD but are subsequently downregulated in the end-stage of 
the disease PD (Luo et al. 2019; van Muiswinkel et al. 2004). Induction of NQO1 is 
involved in the protection against DA quinone, rotenone and MPTP-elicited toxicity 
by sulforaphane, an Nrf2 activator (Jazwa et al. 2011; Zafar et al. 2006; Zhou et al. 
2016). On the other hand, conflicting results have been reported in regards to the 
role of the Nrf2-regulated gene heme-oxygenase 1 (HO-1) in PD. HO-1 degrades 
heme to biliverdin (which is converted to bilirubin by biliverdin reductase), carbon 
monoxide (CO), and free Fe. Although biliverdin and bilirubin have antioxidant 
properties, CO and free Fe can mediate ROS formation. In astrocytes, HO-1 pro-
motes Fe accumulation in the mitochondria and promotes neuronal oxidative injury 
and increased accumulation of α-synuclein (Cressatti et  al. 2019; Schipper et al. 
1999). In contrast, HO-1 has been reported to protect DAergic neurons against 
α-synuclein and MPP+/MPTP (Hung et al. 2008; Innamorato et al. 2010; Xu et al. 
2016; Yu et al. 2016).

 Oxidative DNA-Damage and Repair

DNA damage associated with oxidative stress can be induced directly by the inter-
action of DNA with various ROS or indirectly as the result of DNA repair. Oxidation 
attack to DNA is induced primarily by ROS but other electrophiles generated as 
byproducts of oxidative damage can also mediate DNA alterations. For example, 
DNA-adducts generated by lipid peroxidation products are slowly repaired com-
pared to direct byproducts of oxidative damage to DNA (Woodrick et  al. 2014). 
Oxidative damage to mtDNA is higher than that in the nucleus as mtDNA do not 
contain introns and do not have the proofing mechanisms that nuclear DNA has, so 
oxidation is more likely to cause point mutations or deletions in the mitochondria 

The Environmental Contribution to Redox Dyshomeostasis in Parkinson’s Disease



80

(Beckman and Ames 1999). In the brains of patients with PD an increase in the 
levels of oxidized DNA byproducts from mtDNA and nuclear DNA has been 
reported (Alam et  al. 1997; Sanders et  al. 2014; Shimura-Miura et  al. 1999). 
Rotenone and paraquat also induce oxidative mtDNA damage (Sanders et al. 2014).

DNA lesions arising directly from ROS are apurinic/apyrimidinic (abasic; AP) 
DNA sites, oxidized purines and pyrimidines, single stranded DNA breaks (SSBs) 
and double stranded DNA breaks (DSBs). Oxidative base modifications such as 
8-hydroxy-2-deoxyguanosine (8-OHdG), 8-oxodeoxyadenosine, deoxythymidine 
glycol and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) are selectively 
excised from DNA by DNA glycosylases creating an AP site (Hegde et al. 2012). 
Expression levels of DNA-glycosylases OGG1, and MYH have been found 
increased in PD brains (Fukae et al. 2005; Nakabeppu et al. 2007). Furthermore, 
polymorphisms in MTH1 (MUTYH, a nucleoside triphosphatase that hydrolyzes 
8-OHdG preventing its misincorporation into DNA) have been found linked to PD 
(Jiang et al. 2008). The base excision repair pathway (BER) repairs AP sites by the 
activity of AP-endonucleases (Ape1/Ref-1) generating a SSB (Krokan and Bjoras 
2013; Wallace 2014). Interestingly, an increase in phosphorylated Ape1 has been 
found in PD brains, and this modification impairs its endonuclease activity (Huang 
et  al. 2010). Furthermore, single nucleotide polymorphisms in OGG1 and Ape1 
interact with pesticide exposure (paraquat) to increase the risk to develop PD 
(Sanders et al. 2017).

 Oxidative Damage to Lipids

Polyunsaturated fatty acids (PUFAs) and esters, constituents of glycerophospholip-
ids and other lipids in plasma and organelle membranes, are the major targets of 
intracellular oxidizing agents. Highly oxidizable lipid substrates include linoleate, 
arachidonate, pleate, cholesterol, eicosapentaenoate and docosahexaenoate. 
Neuronal membrane lipids are particularly rich in PUFAs. Lipid peroxidation occurs 
through a radical-mediated abstraction of a bis-allylic hydrogen (H) from the 
PUFA. Then, the lipid radical (L•) reacts with O2 leading to the formation of lipid 
peroxyl radicals (LOO•). LOO• starts a series of radical chain reactions abstracting 
a H atom from a polyunsaturated lipid to generate another L• and lipid hydroperox-
ide (LOOH). This chain-reaction is terminated by antioxidants (vitamin E) that 
donate a H to the LOO• species forming a leading non-radical product formation. 
LOOH generates a number of byproducts such as malondialdehyde (MDA), acro-
lein, propanal, hexanal, 4-hydroperoxy-2-nonenal (HPNE), 4-oxo-2-nonenal (ONE) 
and 4-hydroxy-2-nonenal (4-HNE). These aldehyde products can react with indi-
vidual nucleotides and nucleophilic amino acids. Most highly reactive aldehydes 
are inactivated by conjugation to GSH (spontaneously or catalyzed by GSTA), oxi-
dation by ALDH (Fig. 1b), and reduction by aldo-ketoreductases (Ayala et al. 2014; 
Gueraud et al. 2010; Yin et al. 2011). Increased levels of byproducts of lipid oxida-
tion have been found in PD brains and plasma of PD patients (Agil et  al. 2006; 
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Dexter et  al. 1986; Reed 2011). ALDH1A1 is highly expressed in the SN and a 
decrease in its expression levels is found in PD post-mortem brain samples (Liu 
et al. 2014). Similarly, an increased activity of ALDH2 was found in the putamen of 
PD brains (Michel et al. 2014). Genetic variation in ALDH2 increases the risk for 
PD in individuals exposed to pesticides including maneb and dieldrin, which also 
inhibit its activity (Fitzmaurice et al. 2013, 2014). Rotenone also reduces ALDH 
activity (Goldstein et al. 2015) and activation of ALDH2 reduces cell death (Chiu 
et al. 2015). However, whether the role of ALDH enzymes in PD is related to DA 
metabolism or detoxification of aldehydes byproducts of lipid peroxidation is 
unclear (Fig. 1b).

 Irreversible Protein Oxidation

Oxidative post-translational protein modifications as a result of either direct oxida-
tion of amino acid residues or through the formation of reactive intermediates gen-
erated during lipid peroxidation (i.e., reactive carbonyl species), may lead to a 
change in the structure and/or function of the targeted protein (Butterfield et  al. 
2012). Nitration of the 3-position of the phenol group in Tyr by ONOO− conveys the 
irreversible generation of nitrotyrosine (3-NT) that can be subsequently dimerized 
into dityrosines (Pfeiffer et al. 2000). For example, nitrated MnSOD has been found 
increased in the cerebrospinal fluid (CSF) of PD patients (Aoyama et al. 2000).

Carbonylation is another irreversible protein oxidation process that refers to for-
mation of reactive ketones or aldehydes (Wong et al. 2013). Oxidative carbonyl-
ation occurs preferentially at the proline, threonine (Thr), lysine (Lys), and Arg 
through a metal-catalyzed activation of H2O2 to •OH. Protein carbonyl derivatives 
are also generated through oxidative cleavage of proteins via the α-amidation path-
way or by oxidation of glutamyl side chains, leading to formation of a peptide in 
which the N-terminal amino acid is blocked by a α-ketoacyl derivative. Secondary 
carbonylation is mediated by the covalent adduction of reactive electrophilic lipid 
aldehydes (such as DOPAL, 4-HNE or MDA) to the side chains of Lys, histidine 
(His) and Cys residues (Dalle-Donne et al. 2003). Increased protein carbonylation 
has been observed in PD CSF (Olivieri et al. 2011) and is induced in DAergic cells 
exposed to the mitochondrial toxin rotenone (Chiaradia et al. 2019). More recently, 
a proteomic analysis of human plasma from PD patients identified 4-HNE adduct 
formation in Lys62 and 32 of DJ-1 (Lin et al. 2012).

 Redox Signaling in PD

An important cellular redox target or sensor of ROS is the thiol group of Cys (PSH). 
Redox-PSH undergo reversible and irreversible modifications in response to ROS/
RNS thereby modulating protein function, activity or localization. Oxidation and 
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reduction of PSH are thought to be one of the major mechanisms by which altera-
tions in redox homeostasis are integrated into signal transduction pathways. Almost 
all physiological oxidants react with PSH (Poole and Nelson 2008; Winterbourn 
and Hampton 2008). Free radicals such as O2

•-, and peroxides (H2O2, and ONOO−) 
mediate one- and two-electron oxidation of PSH respectively, leading to the forma-
tion of reactive intermediates including protein sulfenic acids (PSOH) (Fig. 2 [P1-
P2]) and thiyl radicals (PS•) (Fig. 2 [P10-P8]). The reaction of PSOH with either a 
neighboring PSH or GSH will generate a disulfide bond (PSSP) (Fig. 2 [P2- P5] or 
[P2-P6,P7]) or a glutathionylated residue (PSSG) (Fig. 2 [P2-P8]). PSOH conver-
sion to PSSP or PSSG prevents their over-oxidation to irreversible protein sulfinic 
(PSO2H) (Fig. 2 [P2-P3], and sulfonic (PSO3H) acids (Fig. 2 [P3-P4]) (Paulsen and 
Carroll 2010; Poole and Nelson 2008; Winterbourn and Hampton 2008). Both disul-
fide products can be reduced back by the action of the Trx/thioredoxin reductases 
(TrxR) (Fig. 2 [P5-P1]) and the glutaredoxin (Grx)/GSH system (Fig. 2a [P13–15]).

The Trx redox system depends on thiol-disulfide exchange reactions at its active 
site, and the transfer of reducing equivalents from NADPH to Trxs by TrxR to 
reduce them (Fig. 2b). While the Trx1/TrxR1 system is localized in the cytoplasm, 
the Trx2/TrxR2 system is mitochondrial. In the SN both Trx1 and Trx2 mRNA have 
been detected (Lippoldt et al. 1995; Rybnikova et al. 2000). At the protein level, 
recent immunohistochemical analyses have demonstrated the strong expression of 
both Trx1 and Trx2 in the SN of mouse and rat brain, while weaker but consistent 
detection of TrxR1 and TrxR2 was also found (Aon-Bertolino et al. 2011; Godoy 
et al. 2011). A decrease in the expression levels of Grx1 has been reported in PD 
brains (Johnson et al. 2015). We have demonstrated that Grx1 has a protective effect 
against paraquat-induced DAergic cell death by catalyzing increased PSSG residues 
through glutathionylation (Fig. 2a [P10-P8]) (Rodriguez-Rocha et al. 2012).

Prxs are ubiquitous thiol peroxidases. Mammals have six Prxs, with Prx1, 2, and 
6 found in the cytoplasm; Prx4 in the ER; Prx3 in the mitochondria; and Prx5 found 
in various compartments within the cell, including peroxisomes and mitochondria 
(Hall et al. 2009). While Prxs can be considered as important antioxidant defenses, 
because of their high propensity for inactivation they are primarily seen as regula-
tors of peroxide signaling and dynamics (Cox et al. 2010). Except for Prx6, Trx/
TrxR provide the reducing equivalents required for the peroxide scavenging activity 
of Prxs (Fig. 2). In the SN, DAergic neurons express Prx2–5 at very low levels, with 
Prx5 being the isoform with the lowest expression (Aon-Bertolino et  al. 2011; 
Goemaere and Knoops 2012). An increase in Prx2 and a decrease in Prx3 and Prx6 
levels is observed in postmortem PD brains (Krapfenbauer et al. 2003). Prx2 oxida-
tion has also been reported in PD brains (Fang et al. 2007). Sulfiredoxin (Srx) has 
been reported to reduce Prx-SO2H preferentially, but other novel targets have been 
recently uncovered (Fig. 2c) (Akter et al. 2018; Jeong et al. 2012). More recently, 
Prxs have been proposed to act as sensors and relays for redox changes by first 
becoming targets of oxidation, and then transferring oxidative equivalents to effec-
tor targets (Fig. 2 [P16–17]) (Sobotta et al. 2014; Stocker et al. 2018). Oxidative 
stress induced by paraquat and/or maneb oxidize cytosolic Trx/Prx and activate 
JNK followed by caspase-3 activation, while the mitochondrial toxins rotenone and 

C. Garza-Lombó and R. Franco



83

MPP+ oxidize mitochondrial Trx/Prx proteins (Ramachandiran et al. 2007; Roede 
et al. 2011; Roede and Jones 2014). Another study demonstrated that that mitochon-
drial nicotinamide nucleotide transhydrogenase (Nnt) is the source for the NADPH 
required for H2O2 detoxification through the Trx/Prx system in the brain, and its 
absence increased the susceptibility of DAergic cells to paraquat neurotoxicity 
(Lopert and Patel 2014).

Nitros(yl)ation (PSNO) refers to the reversible covalent adduction of a nitroso 
group (NO) to a PSH. PSNO formation can be mediated by NO•, nitros(yl)ating 
agents such as N2O3 or by transition metal-catalyzed addition of NO but transfer of 
NO between P-SNO and nitrosoglutathione (GSNO) has been suggested to be the 
major mechanism mediating PSNO (transnitros[yl]ation) (Fig. 2 [P14-P15]). GSNO 
is formed by the reaction of •NO with GSH, and as a minor byproduct from the 

Fig. 2 Redox signaling. Protein Cys thiols (PSH) are considered the primary sensors that mediate 
the transduction of ROS/RNS signaling. The figure highlights the reversible/and irreversible modi-
fications in PSH (P1-P17): Transnytros(yl)ation (SNO, yellow), glutathionylation (SSG red), irre-
versible oxidation (green), disulfide bond formation and redox relay (blue). Reversible Cys 
modifications are reduced primarily via the Grx/GSH (a) and Trx/TrxR systems. (b) Prxs are ubiq-
uitous thiol peroxidases that scavenge peroxides. Catalysis of H2O2 is mediated by the reaction of 
their active (peroxidative) Cys residue with H2O2. The catalytic activity of Prxs1–6 also requires 
reducing equivalents provided by the Trx/TrxR system. (c) Srx reduces Prx-PSO2H preventing their 
hyperoxidation. (d) Metabolism of GSNO and its role in protein transnitros(yl)ation. Abbreviations: 
GS•, GSH thyil radica; GR, GSH reductase; Grx, glutaredoxin; GSH, glutathione; GSSG, oxidized 
GSH; H2O2, hydrogen peroxide; HNO, nitrosyl; Msr, methionine sulfoxide reductase; O2

•-, super-
oxide anion; Prx; peroxidase; Srx, sulfiredoxin; Trx, thioredoxin; TrxR, Trx reductase
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oxidation of GSH by ONOO− (Foster et al. 2009). Protein denitros(yl)ation can be 
regulated by Trxs (Fig. 2 [P11-P12]) and also through the metabolism of GSNO via 
GSH-dependent formaldehyde dehydrogenase or class III alcohol dehydrogenase, 
also known as GSNO reductase (GSNOR) (Fig. 2d) (Benhar et al. 2009). Trx can 
also transnitros(yl)ate proteins by first becoming nitros(yl)ated and then relaying 
the oxidative equivalents to protein targets (Fig. 2 [P12-P11]) (Barglow et al. 2011; 
Wu et al. 2011).

A variety of Cys oxidative modifications have been reported in PD and experi-
mental PD models. Recent studies have demonstrated the importance of protein Cys 
oxidation in PD. DJ-1 mutations are associated with early-onset PD. DJ-1-SO2H 
formation at Cys106 has been detected in erythrocytes of PD patients (Akazawa 
et al. 2010; Canet-Aviles et al. 2004; Saito et al. 2009), which has been proposed to 
regulate its protective effects against PD-related insults (Wilson 2011; Zhou et al. 
2006). PSO3H and PSNO of the autosomal recessive PD gene Parkin is found 
increased in idiopathic PD brains and inhibits its E3 ligase activity required for 
ubiquitination-mediated degradation of misfolded proteins (Chung et  al. 2004; 
Meng et al. 2011; Yao et al. 2004). PSO3H of the deubiquitinating enzyme UCH-L1, 
whose mutation is linked to early-onset PD, was also found in PD brains (Choi et al. 
2004). PDI-PSNO is found as well in PD brains, which inhibits its enzymatic activ-
ity leading to the increased accumulation of misfolded proteins and the concomitant 
activation of the UPR (Uehara et al. 2006). In addition, increased Prx2-SNO and 
X-linked inhibitor of apoptosis protein (XIAP)-SNO is also found in PD brains 
(Fang et al. 2007; Tsang et al. 2009), and is associated with loss of their correspond-
ing activity/function.

Methionine (Met) is another amino acid residue susceptible to reversible oxida-
tion. Addition of an O2 oxidizes Met to methionine sulfoxide (MetSO) (Fig.  2a 
[P18–19]), and a strong oxidant oxidizes further MetSO to methionine sulfone 
(MetSO2) (Fig. 2a [P19–20]). Two different stereoisomers of MetSO, L-Met-S-SO 
and L-Met-R-SO, can be found at physiological conditions and they are reverted by 
MetSO reductases (Msrs) (Fig. 2a [P19–18]). In humans, there are two different 
Msrs, MsrA and MsrB. MsrA is specific to the S-stereoisomer of MetSO, whereas 
MsrB reduces the R-stereoisomer (Lee and Gladyshev 2011). MsrA suppresses 
DAergic cell death and protein aggregation induced by rotenone and α-synuclein 
overexpression (Liu et al. 2008a). MsrB levels are found reduced in PD patients and 
it has been demonstrated that by catalyzing the reduction of oxidized Parkin 
(Met192) it promotes mitophagy (Lee et al. 2019),

 Redox Regulation of α-synuclein Aggregation

α-synuclein is a 140 amino acid protein intrinsically disordered that does not have a 
defined structure and is considered natively unfolded. α-synuclein is composed of 
three distinct regions (Fig. 3): (1) an amino terminus (residues 1–60) with apolipo-
protein lipid-binding motifs predicted to form amphiphilic helices, (2) a central 
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hydrophobic region (61–95) called non-Aβ component (NAC), and (3) a carboxyl 
terminus that is highly negatively charged, and is unstructured. α-synuclein is local-
ized abundantly in pre-synaptic terminals in neurons (1% of total cytosolic protein 
in the nervous system). The physiological function of α-synuclein is still unclear, 
but research suggests a role in regulating synaptic neurotransmission, vesicle traffic, 
and vesicular neurotransmitter storage (Kanaan and Manfredsson 2012).

Mutations in SNCA cause early-onset autosomal-dominant PD. Missense muta-
tions (A30P, E46K, H50Q, G51D, A53E and A53T, see Fig. 3) as well as duplica-
tions and triplications have been described to be linked to familial PD so far. 
Duplications have also been reported in sporadic cases. SNCA mutants E46K, 
H50Q and A53T are more prone to generate stable β sheets that oligomerize and 
progressively form protofibrils, and insoluble fibrils (Klein and Westenberger 2012). 
Of importance, H50, which is also subject to oxidative modification (see section 
below), has a key role in preventing α-synuclein aggregation (Fig. 3) (Chi et  al. 
2014). Oligomers or protofibrils intermediates act as seeds that accelerate the con-
version of α-synuclein into aggregates and because every intermediate product is 
more stable than the next one, this process becomes largely irreversible. Furthermore, 
α-synuclein aggregation is also promoted by increased expression levels and post- 
translational modifications including oxidation, and interaction with metals.

Oxidative stress has been proposed to promote α-synuclein aggregation and tox-
icity (Schildknecht et al. 2013). For example, increased aggregation of α-synuclein 
by oxidative stress induced by the pesticide paraquat is via NOX1 activation 
(Cristovao et al. 2012). An interesting study also showed that in DAergic cell death 
maneb and paraquat exposure induced the formation of an α-synuclein radical via 

Fig. 3 Redox modifications of α-synuclein. α-synuclein is a 140 amino acid protein composed of 
three regions: 1) an amino terminus (residues 1–60), 2) a central hydrophobic region (61–95) 
called non-Aβ component (NAC), and (3) a carboxyl terminus. The figure highlights mutations (in 
red), oxidative modifications (tyrosine nitration [yellow], methionine sulfoxide [green], 4-HNE 
adducts [blue], DOPAL binding [pink], the oxidized catechol binding region [orange]), binding 
regions for metals (Cu in brown, Fe in purple). Abbreviations: 4-HNE, 4-hydroxy-2-nonenal; Cu, 
copper, Fe, iron; DOPAL, aldehyde 3,4-dihydroxyphenylacetaldehyde
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the activation of both NOX and iNOS enzymes and the formation of ONOO− 
(Kumar et  al. 2016). Oxidized GSSG also interacts with α-synuclein to promote 
amyloid formation (Paik et al. 2003).

α-synuclein has been shown to be modified by 3-NT (Gao et al. 2008; Giasson 
et al. 2000; Norris et al. 2003; Przedborski et al. 2001; Yamin et al. 2003), dityrosine 
crosslinking (Andrekopoulos et al. 2004; Souza et al. 2000), and DAQs (Bisaglia 
et  al. 2007; Li et  al. 2005) which differentially affects its ability to oligomerize, 
form stable fibrils and protein inclusions (Xiang et al. 2013). Specific regions and 
amino acids have been described in α-synuclein as target for redox modifications 
(Fig. 3). Tyr (Y)39, Y125, Y133 and Y136 have been reported to be modified by 
3-NT in response to oxidizing agents or by the overexpression of MAO that cata-
lyzes the oxidation of DA (Fig. 3, Y-NO2) (Danielson et al. 2009; Norris et al. 2003; 
Xiang et al. 2013). Importantly, Y39 or Y125 seem to be also involved in dityrosine 
crosslinking of α-synuclein monomers (Borsarelli et  al. 2012; Burai et  al. 2015; 
Souza et  al. 2000; Takahashi et  al. 2002). 3-NT not only regulates α-synuclein 
oligomerization and fibrillogenesis, but also its interaction with lipid bilayers (Burai 
et al. 2015; Sevcsik et al. 2011). Oxidized catechols have been reported to interact 
non-covalently with α-synuclein residues 125-YEMPS-129 in the C-terminal region 
or in the neighboring region of Y39 (Fig. 3) (Mazzulli et al. 2007; Zhou et al. 2009). 
Both oxidative stress and DA-related catecholamines inhibit protofibril-to fibril 
conversion by oxidation or adduct formation of α-synuclein (Cole et  al. 2005; 
Conway et al. 2001; Mazzulli et al. 2007).

Met (M) oxidation inhibits fibrillation of α-synuclein stabilizing non-toxic oligo-
mers (Uversky et  al. 2002; Xiang et  al. 2013; Zhou et  al. 2010). DA mediated 
MetSO (Fig. 3, M = O) seems to preferably occur at M127, but also to a lesser 
extent in M116 (Leong et al. 2009; Nakaso et al. 2013). A recent report demon-
strates that from the four Met subject to oxidation, M1 and M5 but not M116 and 
M127 can be repaired by Msr (Binolfi et al. 2016). Oxidation (M1 and M5) and 
DA-modification of α-synuclein inhibits its degradation by the proteasome or chap-
erone-mediated autophagy, respectively (Alvarez-Castelao et al. 2014). MsrA sup-
presses DAergic cell death induced by α-synuclein overexpression via reduction of 
the oxidized Met residues in α-synuclein (Liu et al. 2008a).

Lipid peroxidation byproducts also target α-synuclein. The highly reactive alde-
hyde 4-HNE generates α-synuclein adducts via covalent modification (Michael 
addition) of His (H)50, and to a lesser extent Lys (K)60 and K96 modulating its 
oligomerization and fibrillation (Fig. 3) (Bae et al. 2013; Nasstrom et al. 2011; Qin 
et al. 2007; Trostchansky et al. 2006). ONE and acrolein also modify α-synuclein 
and enhance its oligomerization (Nasstrom et al. 2009, 2011; Shamoto-Nagai et al. 
2007). Similarly, DOPAL has been reported to be more efficient than DA at modify-
ing α-synuclein via Schiff-base and Michael-addition adduct formation through 
modification of Lys within the α-helical domains (Fig.  3) (Follmer et  al. 2015; 
Jinsmaa et al. 2020). Oxidative byproducts of cholesterol have also been reported to 
accelerate α-synuclein aggregation (Bosco et al. 2006).

Oxidative glycation reactions between the amino groups of proteins and reduc-
ing sugars result in highly reactive advanced glycation end products (AGEs). AGEs 

C. Garza-Lombó and R. Franco



87

cause protease-resistant cross-linking of peptides and proteins, leading to protein 
aggregation. As such, AGEs also promote α-synuclein crosslinking and inclusion 
body formation (Shaikh and Nicholson 2008). Dicarbonyl compounds methygly-
oxal (MGO) and glyoxal generated by cell metabolism, glucose autoxidation and 
lipid peroxidation can generate AGEs, and have also been found to promote 
α-synuclein oligomerization while reducing its fibrillization (Tsang et  al. 2009). 
Interestingly, DJ-1 has been reported to have deglycase activity and to prevent 
α-synuclein aggregation induced by MGO (Richarme et  al. 2015; Sharma et  al. 
2019), but these findings have been challenged recently (Andreeva et al. 2019).

Fe and Cu are known to bind α-synuclein and promote its fibrillogenesis and 
aggregation; this binding, and more importantly, the metal-α-synuclein toxic inter-
action is modified by the presence of mutations (Bharathi and Rao 2008; Levin et al. 
2011; Ostrerova-Golts et al. 2000a; Zhu et al. 2016). Interestingly, metal-catalyzed 
oxidation has been reported to inhibit the formation of α-synuclein filaments with 
the increased accumulation of oligomers and protofibrils (Fig. 3) (Cole et al. 2005; 
Kowalik-Jankowska et al. 2006; Meloni and Vasak 2011; Uversky et al. 2001). In 
addition, metal interactions with α-synuclein have also been shown to promote the 
formation of pore-like oligomers (Kostka et al. 2008). Fe and other divalent metals 
interact with α-synuclein with low affinity (mM) at the 119-DPDNEA-124 domain 
involving D121, D122 and N123 residues primarily (Fig. 3) (Binolfi et al. 2006). In 
contrast to other metals, Cu can bind to α-synuclein at low micromolar range 
(0.1 μM) being the metal that most effectively promotes α-synuclein oligomeriza-
tion (Binolfi et al. 2008). At physiological pH, α-synuclein has two high-affinity 
binding sites for Cu at the M1-D2 and H50 (Binolfi et al. 2006, 2008; De Ricco 
et al. 2015; Rasia et al. 2005; Sung et al. 2006). A low-binding site has also been 
described at the C-terminal domain (Fig. 3) (De Ricco et al. 2015; Paik et al. 2000; 
Rasia et al. 2005).

 Bioenergetics and Central Carbon Metabolism

The regulation and maintenance of brain function requires high amounts of energy 
(ATP). Neurons observe high rates of OXPHOS compared to glial cells. ATP in 
neurons is primarily directed to maintain their excitability (Ivanov et  al. 2014). 
Neurons metabolize glucose primarily via the pentose phosphate pathway (PPP) to 
provide reducing equivalents required to maintain antioxidant defenses via the pro-
duction of NADPH (Fig. 1k, 2a,b) (Brekke et al. 2012) while shuttled lactate from 
astrocytes and oligodendrocytes is metabolized as energy fuel for OXPHOS (Fig. 2) 
(Belanger et al. 2011; Lee et al. 2012). However, recent studies also demonstrate 
that during energy-demanding conditions neurons have the capacity to upregulate 
glucose metabolism.(Diaz-Garcia et  al. 2017; Lundgaard et  al. 2015; Patel et  al. 
2014). DAergic neurons in the SNpc consume a significant amount of energy during 
their pacemaking activity, which leads to increased levels of basal oxidative stress 
(Guzman et al. 2010).
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Energy failure associated with impaired mitochondrial ETC is the hallmark of 
PD (Perier and Vila 2012). However, the impact that alterations in bioenergetics and 
central carbon metabolism have on antioxidant systems has not been explored. ATP 
is required for de novo GSH synthesis (Fig.  1k), the reduction of Prxs by Srx 
(Fig. 2c), and transcriptional regulation of antioxidant defenses via Nrf2 (Fig. 1l) 
(Biteau et al. 2003; Franco and Cidlowski 2012). ATP depletion is also expected to 
impair oxidative DNA-damage repair systems (BER) and the ATP-dependent efflux 
of GSH-adducts (including those of DA). Down-regulation of PPP enzymes and a 
failure to increase the antioxidant reserve capacity are early events in the pathogen-
esis of sporadic PD (Dunn et al. 2014). Impairment in the PPP leads to the depletion 
of NADPH and dysfunction in the GSH/Grx, Prx/Trx/TrxR and catalase systems. 
(Ying 2008). However, NADPH can also contribute to the production of ROS via 
the enzymatic processes (NOX or NOS) or by enhancing redox cycling reactions. 
For example, we have demonstrated that in human DAergic neuroblastoma cells 
paraquat treatment induces an increase in the flux of carbons into the PPP and the 
expression levels of G6PD, leading to an increased generation of oxidative stress 
and cell death (Lei et  al. 2014). Moreover, the toxic interaction of paraquat and 
α-synuclein overexpression is mediated by increased glucose metabolism (Anandhan 
et al. 2017). More recently, increased levels of G6PD were also reported in microg-
lial cells mice exposed to LPS, MPTP and α-synuclein, which increased NOX- 
mediated ROS formation and inflammation (Tu et al. 2019).

 Conclusions and Perspectives

In this chapter we have aimed to summarize the contribution of alterations in the 
redox homeostasis and bioenergetics to the degeneration of DAergic neurons in 
PD. We have also summarized the mechanisms by which environmental toxicants 
linked to PD (metals and pesticides) trigger oxidative stress. Energy failure and 
oxidative stress in PD are linked primarily to impaired mitochondria function 
(ETC), and both phenomena are expected to synergistically act to promote neuronal 
dysfunction and neurodegeneration. The high energy demands that SNpc DAergic 
neurons have to maintain neuronal homeostasis and excitability, and the pro-oxidant 
environment (Fe/NM and DA content) are characteristics that make them primary 
targets for mitochondrial dysfunction.
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Abstract The redox sensitive serine-threonine protein kinase, protein kinase Cδ 
(PKCδ), is a key regulator of pro- and anti-apoptotic as well as inflammatory signal-
ing cascades. The tripartite mode of PKCδ activation including membrane translo-
cation, tyrosine phosphorylation and proteolysis dictates its diverse cellular 
functions. Activation of this kinase by diverse apoptotic and inflammatory stimuli 
leads to its translocation to distinct cellular compartments, including the nucleus 
and mitochondria, where it associates with specific substrates and elicits mitochon-
dria- and nucleus-mediated apoptotic and pro-inflammatory responses. Emerging 
mechanistic evidence shows that PKCδ plays a major role in the inflammatory and 
degenerative processes underlying the pathogenesis of a few neurodegenerative dis-
orders including Parkinson’s disease (PD). Exposure to neurotoxic agents triggers 
proteolytic activation of PKCδ, which mediates subsequent apoptotic cell death in 
dopamine (DA)ergic neurons. PKCδ activation also initiates an early compensatory 
protective mechanism by induction of autophagy during neurotoxic stress but the 
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proapoptotic function of the kinase overrides its protective function during pro-
longed neurotoxic stress. Transcriptional upregulation and activation of PKCδ in 
the microglial inflammatory response makes it a crucial player in the self-propelling 
cycle of prolonged neuroinflammation and neurodegeneration in microglia-driven 
DAergic neurotoxicity. Compensatory mechanisms that reduce PKCδ expression 
have neuroprotective effects in DAergic cell models of PD. In this review, we sum-
marize current knowledge of the structure and function of PKCδ, focusing on its 
role in neuroinflammation and neurodegeneration during various neurotoxic 
stresses. Deciphering the intricate PKCδ signaling mechanisms will offer new 
translational insight into possible therapeutic interventions that can intercept this 
kinase to alleviate detrimental DAergic toxicity.

Keywords PKCδ · Parkinson’s disease · Neurotoxicant · Neurodegeneration · 
Neuroinflammation · Translational research

Abbreviations

Bcl-2 B-cell lymphoma 2
CNS Central nervous system
DA Dopamine
DAG Diacylglycerol
ERK Extracellular regulated kinase
JNK c-Jun N-terminal kinase
MMT Methylcyclopentadienyl manganese tricarbonyl
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NFκB Nuclear factor-κB
PD Parkinson’s disease
PKC Protein kinase C
PKCδ Protein kinase C delta
PKD1 Protein kinase D1
PMA Phorbol myristate acetate
ROS Reactive oxygen species
SN Substantia nigra
STAT Signal transducer and activator of transcription
TNFα Tumor necrosis factor α
UPS Ubiquitin proteasome system
UTR Untranslated region

 Introduction

Parkinson’s disease (PD) is one of the most prevalent degenerative disorders of the 
central nervous system (CNS) and is mainly characterized by a progressive degen-
eration of DAergic neurons within the substantia nigra (SN), which leads to 
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depletion in striatal DA and emergence of motor symptoms including resting trem-
ors, bradykinesia and rigidity. The etiology of PD is multifactorial, presumably 
involving a complex interplay between genetic predisposition and environmental 
stressors. While many cases are caused by monogenic mutations, most PD cases are 
both sporadic and idiopathic (Przedborski 2017; Tysnes and Storstein 2017). 
Environmental stressors like heavy metals and chemicals, particularly manganese 
(Mn) (Harischandra et al. 2019), pesticides and herbicides, have been implicated in 
DAergic neurodegeneration and idiopathic PD and associated Parkinsonism 
(Kanthasamy et al. 2005; Charli et al. 2016; Singh et al. 2018; Song et al. 2019).

The exact pathogenic mechanisms underlying PD remain unknown, but mito-
chondrial dysfunction, oxidative stress, apoptosis, protein misfolding and neuroin-
flammation have been associated with DAergic neuronal loss in Parkinsonian 
patients (Nagatsu and Sawada 2007; Reynolds et  al. 2008; Sherer et  al. 2002; 
Harischandra et al. 2017). A key role for abnormal kinase signaling in the PD neu-
rodegenerative process is increasingly being recognized. Protein kinase C delta 
(PKCδ), a member of the PKC superfamily of serine/threonine kinases, has been 
identified as a key mediator of signal transduction pathways during PD-related 
inflammatory and apoptotic responses (Kanthasamy et al. 2003; Parihar et al. 2018; 
Soroush et al. 2019). Alterations in PKCδ expression, activation status and signal-
ing could have several implications for the degenerative process in many neurode-
generative diseases including PD. In this review, we give a brief overview of the 
structural and functional properties of PKCδ and focus on its role in inflammation 
and neurodegeneration, specifically DAergic neurodegeneration.

 Structural Properties of PKCδ

The PKC family has multiple isoforms, which are currently classified into three 
subfamilies based on their activation patterns: conventional (cPKC), novel (nPKC) 
and atypical (aPKC) enzymes (Steinberg 2008). PKC isozymes are involved in vari-
ous signal transduction pathways and regulate diverse cellular functions and physi-
ological processes including growth regulation and apoptosis (Dempsey et al. 2000; 
Steinberg 2008). As a ubiquitously expressed member of the nPKC family, PKCδ is 
a single polypeptide chain that is structurally divided into a C-terminal catalytic 
domain, containing the highly conserved ATP- and substrate-binding sites (C3 and 
C4 respectively), and an N-terminal regulatory domain with the autoinhibitory 
pseudosubstrate sequence (PS) as well as the membrane-targeting (C1, containing 
two cysteine-rich zinc finger-like sequences, and C2-like) domains (Duquesnes 
et al. 2011; Gold et al. 2006). Conventional PKC isoforms contain spatially close 
loops with calcium-binding residues in the N-terminal C2 domain and bind mem-
brane phospholipids in a calcium-dependent manner, whereas members of the 
nPKC family lack these and mainly use the phorbol esters, namely diacylglycerol 
(DAG)/phorbol myristate acetate (PMA) activation, for membrane binding via the 
C1 domain. PKCδ contains a tyrosine-phosphorylation site in one of its calcium- 
binding- like loops, which is unique to this isotype and explains its tyrosine phos-
phorylation by phorbol esters in vivo (Pappa et  al. 1998; Salzer et  al. 2016). 
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Additionally, six basic amino acids in the C-terminus of PKCδ form its functional 
nuclear localization signal (NLS) (DeVries et al. 2002) and there is a variable hinge 
region, containing a caspase-3 cleavage site, between the N-terminal regulatory and 
C-terminal catalytic domains (Denning et al. 1998; Steinberg 2004; Kanthasamy 
et al. 2003) (Fig. 1a).

 PKCδ Expression and Gene Regulation

Mouse, rat and human PKCδ genes are on chromosomes 14, 19 and 3, respectively, 
and are all similar in their genomic organization. The rat PKCδ gene has an unusu-
ally long 5′ untranslated region (UTR) and both the rat and human PKCδ genes have 
nearly 12-kb and 17-kb gaps between the transcription and translation start sites, 
suggesting complex gene-splicing events (Kikkawa et al. 2002; Suh et al. 2003). 
PKCδ is expressed in most tissues, including the brain, spleen and lung, as well as 
in many cell types (Leibersperger et al. 1991). Nuclear factor kappa B (NFκB) has 
been found to mediate PKCδ gene expression in mouse keratinocytes and fibro-
blasts when exposed to ultraviolet radiation and tumor necrosis factor alpha (TNFα), 
respectively (Liu et al. 2006; Suh et al. 2003). Experimental evidence also shows 
that PKCδ transcript and protein levels are positively regulated by androgen 
receptor- binding of the androgen response element (ARE) in the PKCδ promoter 
sequence in human prostate cancer cells (Gavrielides et  al. 2006). Additionally, 
tumor protein p53 family proteins can recognize three p53-like binding sites in the 
PKCδ gene promoter to promote PKCδ expression in a human osteosarcoma cell 
line (Ponassi et al. 2006), and specificity protein (Sp) 1 transcription factor mediates 

Fig. 1 (a) Schematic representation of structural features of PKCδ. The domain structure is shown 
along with the caspase cleavage site, pseudosubstrate sequence (PS), nuclear localization signal 
(NLS) and phosphorylation sites of serine (S), threonine (T) and tyrosine (Y) residues. (b) PKCδ 
gene promoter is schematically shown, and the androgen response element (ARE) and three p53- 
like binding sites from the human PKCδ promoter are indicated in red, while the mouse Sp- and 
NFκB- binding sites are indicated in grey (references included)

Z. Riaz et al.



107

insulin-induced PKCδ expression in mouse L6 cells via an upstream Sp site in its 
promoter (Horovitz-Fried et al. 2007). Interestingly, the genotoxic agent etoposide 
induces PKCδ expression by an autoregulatory transcription mechanism; PKCδ 
kinase activity is required for expressing its own gene, and PKCδ mRNA stability is 
also increased in mouse leukemia cells (Shin et al. 2004). We have been studying 
the promoter of the mouse PKCδ gene to characterize its transcription regulation 
and found multiple Sp-binding sites in the first non-coding exon as well as an 
upstream regulatory region with adjacent repressive and anti-repressive elements 
(Fig. 1b). Furthermore, we showed that overexpression of Sp transcriptional factors 
and the histone acetyltransferase p300 enhances PKCδ promoter activity, and the 
Sp3 isoform is a major activator of PKCδ transcription, suggesting that modulating 
PKCδ gene expression by altering Sp protein levels may offer a novel approach to 
preventing oxidative stress-associated cell damage in a DAergic cell model of PD 
(Jin et al. 2011a).

Additionally, we reported the role of histone acetylation in regulating PKCδ 
expression in neurons both in vitro and in vivo. First, we found that exposing 
DAergic neuronal cells to the pesticide paraquat induces histone hyperacetylation, 
and the histone acetyltransferase inhibitor anacardic acid blocks this activation, 
thereby protecting the neurons from paraquat-induced apoptosis and neurotoxicity 
(Song et al. 2011). In a later study (Jin et al. 2014), we induced PKCδ gene expres-
sion in human DAergic neuronal cultures and murine brain tissues by inhibiting 
histone deacetylase with sodium butyrate. This treatment leads to hyperacetylation 
of PKCδ promoter-associated histones, which we also achieved by expressing 
CREB-binding protein/p300 to increase the transactivation potential of Sp proteins, 
which we were then able to attenuate by expressing histone deacetylases. Our func-
tional studies revealed that hyperacetylation-induced PKCδ gene upregulation 
enhances vulnerability of DAergic cells to neurotoxic insult (Jin et al. 2014).

 PKCδ Isoforms

The unusually long UTRs in the rat and human PKCδ genes suggest complex gene- 
splicing events, and the dual effects of PKCδ as a pro- and anti-apoptotic regulator 
suggest a switching mechanism that determines cell survival and fate (Basu and Pal 
2010; Suh et  al. 2003). Alternatively spliced variants of PKCδ with contrasting 
functions have been identified. PKCδI is proteolytically cleaved at the hinge region 
and its overexpression promotes apoptosis, while mouse PKCδII has an insertion in 
the caspase 3 recognition sequence rendering it resistant to cleavage, and the over-
expression of this isoform protects cells from apoptosis (Patel et al. 2013; Sakurai 
et al. 2001). In addition, rat PKCδIII is a truncated regulatory form that may show a 
dominant regulatory effect against PKCδI (Ueyama et al. 2000). PKCδIV, δV, δVI 
and δVII have been identified in mice, and an anti-apoptotic function has been 
described for human δVII (Jiang et al. 2008; Kawaguchi et al. 2006). Alternative 
expression of PKCδ isoforms may regulate differentiation, neurogenesis, neuronal 
survival and apoptosis, and therefore, modulation of their expression pattern has 
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therapeutic potential for diseases that prominently involve apoptotic cell death 
(Apostolatos et al. 2012; Patel et al. 2005; Kanthasamy et al. 2003).

 Functional Properties of PKCδ

PKC enzymes are present in an inactive state, and the activity of PKCδ can be regu-
lated by membrane translocation, phosphorylation pattern or cleavage, depending 
on stimulus and function.

 PKCδ Activation Mechanisms

Binding of the lipid signaling molecules DAG and PMA to the cysteine-rich C1 
domain of PKCδ upon membrane translocation exposes its catalytic domain and 
activates the enzyme (Cho 2001). Auto-phosphorylation of Ser643 and phosphory-
lation of Ser662 and Thr505 prime PKCδ for catalytic activation by DAG and PMA 
(Malavez et al. 2009; Salzer et al. 2016; Steinberg 2004). Zinc has been shown to 
inhibit PKCδ Thr505 phosphorylation in the activation loop by binding to a proxi-
mal Zinc-binding site (Slepchenko et al. 2018). Following DAG/PMA stimulation, 
PKCδ is autophosphorylated at Ser299, 302 and 304 and translocates to the nuclear 
and plasma membranes (Durgan et  al. 2007). Upon translocation, PKCδ binds 
membranes through the C1/C2 domains, which produces a conformational change 
that releases the pseudosubstrate domain from the catalytic domain, thus allowing it 
to phosphorylate membrane substrates (Steinberg 2004).

PKCδ is also phosphorylated at different tyrosine residues in the T-loop region 
by tyrosine kinases, like the Src family tyrosine kinases Fyn and Lyn, which regu-
late its kinase activity and localization depending on the stimulus and cell type 
(Denning et al. 1996; Gong et al. 2015; Kikkawa et al. 2002; Steinberg 2015; Kaul 
et al. 2005; Chari et al. 2009). Konishi et al. (1997) reported that stimulating COS-7 
fibroblast-like cells with the oxidative stress-inducer H2O2 triggered tyrosine phos-
phorylation and increased kinase activities of most PKC isoforms, and they identi-
fied Tyr512 and 523 as the key sites controlling PKCδ kinase activity. We showed 
that H2O2 treatment in DAergic neurons enhances PKCδ Tyr311 phosphorylation to 
induce proteolytic cleavage and apoptosis, and the phosphorylation was effectively 
blocked by src tyrosine kinase inhibition (Kaul et  al. 2005). We also found that 
dieldrin exposure increases PKCδ activation in a Fyn-dependent manner 
(Saminathan et al. 2011). In astrocytes challenged with a cytotoxic phorbol ester, 
Kronfeld et al. (2000) found that PKCδ is phosphorylated at Tyr187, which serves 
as a docking site for Fyn kinase. Furthermore, the importance of Tyr64 and 187 
phosphorylation for PKCδ’s pro-apoptotic function was demonstrated by Blass 
et al. (2002), who stimulated C6 glioma cells with the apoptosis-inducer etoposide.
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Unlike other PKC isoforms, PKCδ is also activated by phosphorylation of Tyr311 
and 322  in the hinge region and proteolytic cleavage by caspase-3, releasing the 
41-kDa catalytic fragment (CF) (Kanthasamy et  al. 2003; Malavez et  al. 2009; 
Salzer et al. 2016; Steinberg 2015). PKCδ can be activated without membrane trans-
location after PMA activation, by localizing to mitochondria and causing cyto-
chrome c release and caspase-3 activation (Majumder et  al. 2000). Additionally, 
PKCδ Thr141 and 295 auto-phosphorylations have been identified as regulators of 
PKCδ activity. PKCδ Thr141 phosphorylation within the pseudosubstrate domain 
relieves autoinhibition, and Thr295 phosphorylation may be required for Src- 
dependent regulation of catalytic activity (Rybin et al. 2009) (Fig. 2).

 PKCδ Subcellular Targeting and Localization

PKCδ subcellular localization plays an important role in its regulation of signaling 
pathways as well as its pro- and anti-apoptotic functions (Basu and Pal 2010; Gomel 
et al. 2007).

 PKCδ in the Nucleus

Nuclear translocation of full-length PKCδ and its caspase-3-cleaved CF is mediated 
by the NLS in the C-terminus of the protein. Interestingly, although PKCδ only 
contains a functional NLS without a functional nuclear export signal (NES), it is 

Fig. 2 PKCδ activation mechanisms and translocation to nucleus and mitochondria to promote 
nucleus- and mitochondria-mediated apoptosis, respectively
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primarily localized in the cytoplasm, with only a small fraction in the nucleus. It is 
likely that the PKCδ NLS is normally kept in an inactive state, possibly by the 
N-terminal regulatory domain, and proteolytic cleavage could convert the NLS 
from incompetent to competent status by removing the regulatory domain, thus pro-
moting nuclear translocation. In resting cells, a conserved sequence motif overlaps 
the NLS and precludes importin-α binding to PKCδ, but in response to apoptotic 
stimuli, the nuclear translocation of PKCδ requires phosphorylation of Tyr64 and 
155 (Humphries et al. 2008). Phosphorylation of the tyrosine residues produces a 
conformational change, which exposes the NLS (Adwan et al. 2011). Indeed, PKCδ 
translocation to the nucleus is required for the initiation of apoptosis in response to 
DNA damage (DeVries et al. 2002; Yoshida 2008). Nuclear translocation of PKCδ 
precedes caspase-3 cleavage in response to the cancer therapy drug etoposide, and 
nuclear retention of both full-length PKCδ and its CF can induce apoptosis, while a 
full-length, kinase-negative PKCδ mutant inhibits apoptosis by preventing nuclear 
transport, thereby retaining endogenous PKCδ in the cytoplasm. Thus, nuclear 
import and export of full-length PKCδ or its caspase-3-cleaved CF are crucial in 
regulating the cell death/survival pathway (DeVries-Seimon et al. 2007). In receptor- 
mediated signaling pathways, Src family kinases but not phorbol esters may medi-
ate PKCδ activation and nuclear translocation by a mechanism involving the C2 
domain (Kajimoto et al. 2010). Cellular (c)-Abl and c-Src have been identified as 
the tyrosine kinases that mediate the activation and nuclear translocation of PKCδ 
in apoptotic cells, and blocking them with the tyrosine kinase inhibitors dasatinib 
and imatinib suppresses both the nuclear accumulation of PKCδ and radiation- 
induced apoptosis (Wie et al. 2014). Genotoxic agents cause PKCδ activation by the 
nuclear tyrosine kinase Lyn and it in turn activates a signaling cascade that induces 
stress-activated protein kinase (SAPK) (Yoshida et al. 2002).

PKCδ has several substrates in the nucleus that get phosphorylated during apop-
tosis. PKCδ has been shown to regulate peripheral B cell apoptosis by mediating the 
nuclear chromatin-associated phosphorylation of histone 2B Ser14 (Mecklenbräuker 
et al. 2004). In other apoptotic processes, PKCδ has been implicated not only in 
causing chromatin condensation by phosphorylating histone 3 Ser10 (Park and Kim 
2012), but also in regulating STAT1’s pro-apoptotic function by phosphorylating 
site Ser727 in response to DNA-damaging agents (DeVries et al. 2004). Still other 
PKCδ substrates in the DNA damage-induced apoptotic cell death pathway include 
p53 (Yoshida et  al. 2006a), Rad9 (Yoshida et  al. 2003), DNA-dependent protein 
kinase (Bharti et  al. 1998) and Topoisomerase II α (Yoshida et  al. 2006b). 
Furthermore, PKCδ has been proposed as a lamin kinase that mediates lamin hyper-
phosphorylation and lamina disassembly in caspase-3-mediated apoptosis (Cross 
et al. 2000). In cultured rat insulinoma cells, PKCδ translocates to the nucleus and 
promotes apoptosis and lamin B1 disassembly on exposure to free fatty acids (Eitel 
et al. 2003) (Fig. 2).
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 PKCδ in the Mitochondria

PKCδ maintains a vital role in the mitochondrial signaling pathway. Several studies 
have shown that PKCδ translocates to the mitochondria or directly interacts with it 
to initiate apoptosis in various cell types and in response to different stimuli (Das 
et al. 2010; Li et al. 1999; Majumder et al. 2000; Matassa et al. 2001; Yang et al. 
2018; Zhang et al. 2018a, b; Sun et al. 2008). PKCδ and p53 translocate to mito-
chondria upon DNA damage and control the same targets in the apoptotic response 
to regulate mitochondrial outer membrane potential (Dashzeveg and Yoshida 2016). 
Furthermore, PKCδ and c-Abl have been implicated in genotoxic drug-induced 
apoptosis through the mitochondrial pathway in absence of p53, p73 and Fas (Lasfer 
et al. 2006). Dave et al. (2011) found in in vivo and in vitro models of cerebral isch-
emia that PKCδ translocates to the mitochondria and mediates the phosphorylation 
of protein phosphatase 2A, which in turn de-phosphorylates the pro-apoptotic Bad 
protein and results in cytochrome c release, and they also identified several addi-
tional mitochondrial substrates of PKCδ. Under oxidative stress, reactive oxygen 
species (ROS) prompt PKCδ to bind to the dynamin-related protein Drp1. The 
Drp1/PKCδ complex then translocates to the mitochondria, leading to mitochon-
drial membrane potential loss, mitochondrial fission, and mitochondrial fragmenta-
tion (Lu et al. 2018; Qi et al. 2011).

Zhang et  al. (2015) observed that both PKCδ and protein kinase D1 (PKD1) 
deficiencies in mice lead to a higher sensitivity to ROS and increased activation of 
the apoptosis regulator Bax, which induces mitochondrial depolarization and 
increased cell death. Additionally, translocation of PKD1 to the mitochondria is 
independent of PKCδ, but after ROS-induced mitochondrial translocation of PKD1, 
PKCδ is required for its activation. Our studies suggest a role for PKCδ in PKD1 
activation by phosphorylation of serine residues in its activation loop during oxida-
tive stress, possibly promoting cell survival (Asaithambi et al. 2011, 2014).

A recent study (Misuth et al. 2017) reveals that light-induced ROS generation in 
glioma cells regulates the pro- and anti-apoptotic function and localization of PKCδ 
through phosphorylation of the catalytic domain Ser645 and regulatory domain 
Tyr155. Tyr155-phosphorylated PKCδ is primarily localized in the cytoplasm and 
mitochondria, where it is implicated in the phosphorylation of the apoptosis regula-
tor Bcl-2, and it can be imported to the nucleus during an apoptotic response. 
Mitochondrially localized PKCδ and retinol form a signalosome, which is involved 
in a novel signaling pathway that regulates glucose metabolism, and amelioration of 
this signaling is a potential therapeutic target in metabolic disorders involving insu-
lin resistance (Acin-Perez et  al. 2010; Shabrova et  al. 2016). The mitochondrial 
PKCδ/retinol signalosome is crucial for maintaining energy homeostasis and defects 
in the PKCδ signal pathway machinery could potentially lead to degenerative and 
metabolic diseases (Kim and Hammerling 2020; Li et al. 2015). PKCδ and β iso-
forms modulate cigarette smoke-induced activation and mitochondrial translocation 
of the Src homology/collagen (Shc) adaptor protein p66Shc that results in 
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mitochondrial dysfunction and cell injury in chronic obstructive pulmonary disease 
pathogenesis (Zhang et al. 2018b).

In addition to its functions in mitochondrial apoptosis and metabolism, mito-
chondrially localized PKCδ also promotes mitochondrial respiration. Stimulation 
with phorbol esters or insulin induces acute translocation of PKCδ to mitochondria 
via the C1A and C1B domains and retention in the mitochondria via C2 domain, 
activation loop and catalytic activity as well as altered mitochondrial membrane 
potential. PKCδ also localizes to the mitochondria basally to increase mitochondrial 
respiration (Wu-Zhang et al. 2012).

 Role of PKCδ in Inflammation and Immune Cell Activation

PKCδ is expressed ubiquitously in immune cells and various studies have high-
lighted its role in the regulation of pro-inflammatory signaling in neutrophils, as 
well as establishing B-cell tolerance (Kent et al. 1996; Mecklenbräuker et al. 2002; 
Miyamoto et al. 2002). It is implicated in TNFα-induced pro-inflammatory signal-
ing and is found at the crossroads of several signal transduction pathways that are 
activated in inflammatory and immune responses (Guler et al. 2011; Kilpatrick et al. 
2000; Langlois et al. 2009; Gordon et al. 2016).

PKCδ is expressed in B cells and is tyrosine phosphorylated and activated in 
response to B cell receptor activation (Barbazuk and Gold 1999; Popoff and Deans 
1999). PKCδ tyrosine phosphorylation is also an outcome of the interleukin (IL)-4- 
induced signalosome-independent alternate pathway for B cell activation that is 
mediated by Lyn (Guo and Rothstein 2013). Limnander et al. (2014) found the B 
cells of PKCδ−/− mice to be autoreactive and hyper-responsive to antigenic stimuli, 
concluding that PKCδ acts as a proximal negative regulator of B cell receptor sig-
naling and is an essential component of the pro-apoptotic Ca2+-Erk pathway for B 
cell negative selection.

Recently, a role for PKCδ Tyr155 phosphorylation was highlighted in the regula-
tion of pro-inflammatory signaling and neutrophil-endothelial cell interaction 
(Soroush et al. 2019) in addition to its previously established role in apoptosis (Wie 
et al. 2014). Another study shows that agonist-induced PKCδ Thr505 phosphoryla-
tion in the activation loop is required for NADPH cytosolic subunit p47(phox) phos-
phorylation, its membrane translocation, NADPH oxidase activation and superoxide 
production in transgenic COS-phox cells (Cheng et al. 2007). PKCδ regulates TNF- 
elicited oxygen radical production in adherent neutrophils through its recruitment to 
p47(phox), and PKCδ Ser643 and Thr505 phosphorylation increased significantly 
in these cells in a phosphoinositide 3 (PI3) kinase-dependent process (Kilpatrick 
et al. 2010). Phorbol ester-activated PKCδ mediates the phosphorylation of paxillin 
at Thr538, which contributes to the dissolution of the actin cytoskeleton and adhe-
sion of lymphoid cells by lymphocyte function-associated antigen 1 integrin redis-
tribution (Romanova et al. 2010).
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In cytotoxic T cells, PKCδ is rapidly phosphorylated at the activation loop and is 
directly involved in the signal transduction leading to polarized granule secretion 
upon T cell receptor activation (Ma et al. 2008). PKCδ, as a DAG effector, posi-
tively regulates multivesicular body polarization and exosome secretion upon 
immune synapse formation in T lymphocytes (Herranz et al. 2019). Serrero et al. 
(2017) showed the involvement of PKCδ in the pathophysiology of HIV-1 infection, 
by activation of NFκB in response to toll-like receptor 4 stimulation, which acti-
vates gene expression of the cytokine CXL8. They used PKCδ pharmacological 
inhibition, dominant negative and the constitutively active isoform to investigate the 
role of PKCδ in this pathway.

PKCδ interacts with NFκB to transcriptionally regulate pro-inflammatory che-
mokines in vascular smooth muscle cells (Ren et al. 2014). PKCδ is involved in the 
pro-inflammatory cascade in sepsis-induced lung injury as well as acute respiratory 
distress syndrome by activating macrophages, epithelial and endothelial cells 
through NFκB activation and chemokine production, as well as upregulating neu-
trophil adhesion and migration and ROS production. Intercepting PKCδ at multiple 
points in the cascade can offer protection against lung injury (Kilpatrick et al. 2011; 
Mondrinos et al. 2013). PKCδ is also involved in the angiotensin II signaling of 
mineralocorticoid receptor transcriptional regulatory activity in smooth muscle 
cells (Lu et al. 2019).

PKCδ is a key component of a novel pathway promoting pericyte apoptosis fol-
lowing hyperglycemia in diabetic retinopathy (Geraldes et  al. 2009). It has also 
been identified as a novel regulator of nephrotoxicity and renal injury caused by the 
cancer therapy drug cisplatin by first getting activated by Src-phosphorylation and 
then regulating mitogen-activated protein kinases (MAPKs). Inhibition of PKCδ 
enhances the chemotherapeutic effect of cisplatin (Pabla et al. 2011). In liver inflam-
matory cirrhosis models, PKCδ is activated and modulates NFκB signaling through 
negative regulation of sirtuin 1 (Lee et al. 2019).

Conversely, some studies have reported the anti-apoptotic effects of PKCδ (Basu 
and Pal 2010). Kilpatrick et al. (2002) showed that inhibition of either PI3 kinase or 
PKCδ, but not other isoforms, decreased TNFα-mediated anti-apoptotic signaling 
in adherent neutrophils. PKCδ has also been found to be a positive regulator of 
ERK1/2 activation in TNF-mediated anti-apoptotic signaling (Kilpatrick et  al. 
2006). Consistent with this, PKCδ enhances post-reperfusion cardiac function by 
reducing leukocyte-endothelium interaction and superoxide release from polymor-
phonuclear leukocytes (Chen 2015). Another study highlights the protective role of 
PKCδ in controlling active tuberculosis progression, indicated by exaggerated pro- 
inflammatory signaling and mortality in mice with global PKCδ deletion (Parihar 
et al. 2018).

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants



114

 PKCδ in Neuroinflammation and Neurodegeneration

Detailed evidence exists for the expression of PKCδ in different brain regions 
(Barmack et  al. 2000) and how its expression increases with age (Goldberg and 
Steinberg 1996). PKCδ is critical in maintaining a healthy CNS and has also been 
implicated in neurodegenerative disorders including stroke, Alzheimer’s Disease 
(AD) and PD. Furthermore, we have observed high levels of PKCδ expression in 
DAergic neurons and in the SN region of rat and mouse brains where tyrosine 
hydroxylase, the rate-limiting enzyme in DA synthesis, was shown to be its sub-
strate (Yang et al. 2004; Zhang et al. 2007). As a redox-sensitive kinase, PKCδ is 
activated by oxidative stress (Fão et al. 2019; Kanthasamy et al. 2003; Kwakye et al. 
2019; Anantharam et al. 2002), which along with apoptotic cell death are involved 
in the pathogenesis of neurodegenerative diseases including AD, PD, Huntington’s 
disease and amyotrophic lateral sclerosis (Cenini et al. 2019; Shibata and Kobayashi 
2008). PKCδ activation and signaling have also been implicated in the neurodegen-
erative processes associated with prion disease (Harischandra et al. 2014; Rodríguez 
et al. 2006).

PKCδ could be a potential therapeutic target in AD as it is involved in aggravat-
ing AD pathogenesis by increasing β-amyloid protein generation and neuritic plaque 
formation (Du et al. 2018). Lee et al. (2017) reported the induction of the hemato-
poietic cells-predominant FynT isoform in response to consistent TNF stimulation 
and subsequent PKCδ Tyr311 phosphorylation and activation as well as NFκB acti-
vation and inflammation in rat astrocytes, which is relevant to neurodegenerative 
diseases like AD. PKCδ is involved in IL-6 secretion after stimulation of the A2B 
adenosine receptor in primary microglial cells, leading to identify the A2B-kinase 
pathway as a potentially important therapeutic target for modulating the chronic 
neuroinflammation underlying a number of neurodegenerative diseases (Merighi 
et al. 2017).

The functional integrity of the blood-brain barrier (BBB) is dependent on PKCδ 
signaling pathways. Bright et al. (2004) used PKCδ-selective peptide inhibition in 
vivo to reveal its deleterious role in regulating apoptosis and cell death pathways in 
cerebral reperfusion injury. PKCδ has also been implicated as a therapeutic target to 
prevent BBB disruption in hypertension-induced encephalopathy (Qi et al. 2008). 
Recently, Tang et al. (2018) used the BBB-on-a-chip in vitro assay for real-time 
therapeutics screening in BBB function and found therapeutic potential for the 
PKCδ TAT-peptide inhibitor in reducing cerebrovascular injury from sepsis-induced 
vascular damage, which shows a key role for PKCδ in inflammation-induced vascu-
lar damage that can compromise the BBB.
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 Pathological Role of PKCδ 
in Parkinsonian Neurodegeneration

Studies from our lab show that PKCδ is activated by Tyr311 phosphorylation and 
caspase-3-mediated proteolytic cleavage in response to oxidative stress-induced 
apoptosis in DAergic neuronal cells exposed to neurotoxic agents including methyl-
cyclopentadienyl manganese tricarbonyl (MMT) (Anantharam et  al. 2002), 
1-methyl–4-phenylpyridinium (MPP+) (Kaul et al. 2003; Yang et al. 2004), 6-OHDA 
(Latchoumycandane et al. 2011), dieldrin (Kitazawa et al. 2003; Kanthasamy et al. 
2008), H2O2 (Carvour et al. 2008), and Mn (Latchoumycandane et al. 2005). Our lab 
further confirmed the link between this apoptotic process and PKCδ’s proteolytic 
activation during proteasome inhibition in DAergic neuronal cells (Sun et al. 2008). 
Overexpression of the CF of PKCδ in DAergic neuronal cells was found to be det-
rimental to cell survival. We found that activated PKCδ does not translocate to the 
cell membrane, which suggests that lipid-mediated activation is not involved 
(Kanthasamy et al. 2008; Kaul et al. 2003). Our research has extensively shown that 
proteolytically activated PKCδ amplifies the apoptotic signaling cascade by activat-
ing caspase-3 through a positive feedback mechanism in DAergic neurons (Afeseh 
Ngwa et al. 2009; Sun et al. 2008; Anantharam et al. 2002). Other research groups 
have also characterized the involvement of PKCδ-dependent pathways in paraquat- 
induced cytotoxicity in microglial cells (Miller et al. 2007) and in 6-OHDA-induced 
neurotoxicity and Parkinsonian neurodegeneration (Fan et al. 2006; Hanrott et al. 
2008). More recently, our lab has shown that the organophosphate pesticide chlor-
pyrifos induces the mitochondria-mediated oxidative stress response via enhanced 
STAT1 phosphorylation, which proteolytically activates PKCδ and subsequent 
apoptosis in DAergic neurons (Singh et al. 2018).

 PKCδ in the Crosstalk Between Autophagy and Apoptosis

PKCδ has been implicated in early hypoxia-induced autophagy by inducing JNK1- 
mediated Bcl-2 phosphorylation and dissociation of the Bcl-2/Beclin 1 complex, 
but prolonging the hypoxic stress leads to PKCδ proteolytic activation, nuclear 
translocation and apoptotic cell death (Chen et  al. 2009). Similarly, when we 
exposed DAergic neuronal cells to the CNS stimulant methamphetamine, the early 
induction of autophagy partially protected the cells against apoptotic death, how-
ever, sustained PKCδ activation led to caspase-3 activation and apoptosis (Lin et al. 
2012). The hallmarks of methamphetamine neurotoxicity include mitochondrial 
dysfunction and PKCδ proteolytic activation, which deregulates the ubiquitin pro-
teasome system (UPS) function and contributes to ubiquitin-positive protein aggre-
gation. More recently, we observed the presence of autophagic hallmarks, such as 
an increased number of autophagosomes, accumulation of microtubule-associated 
protein 1A/1B-light chain 3 (LC3)-II, and increased uptake of 
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monodansylcadaverine, after exposing an N27 DAergic neuronal cell model to 
endosulfan (Song et al. 2019). Prolonged endosulfan exposure led to caspase activa-
tion, PKCδ activation, cytochrome c release and apoptosis. Moreover, caspase-2 
and -3 inhibition retarded apoptosis but not autophagy, and our CRISPR/Cas9-
based stable knockdown of PKCδ in the N27 DAergic cells decreased the level of 
endosulfan-induced LC3-II accumulation, suggesting that a PKCδ-dependent regu-
latory mechanism is involved in endosulfan- induced autophagy and further support-
ing Chen et  al.’s view of autophagy as a pro-survival precursor event preceding 
apoptotic cell death.

 PKCδ in Pro-inflammatory Signaling and Microglia-Driven 
DAergic Neurotoxicity

Various studies have linked microglial activation and neuroinflammation to the pro-
gression of neurodegenerative disorders, including PD. It has been proposed that 
persistently activated microglia and damaged neurons interact to form a harmful 
self-propelling cycle of prolonged neuroinflammation and neurodegeneration 
(Block and Hong 2005; Gao and Hong 2008; Gao et al. 2003; Wang et al. 2014). 
Herein, our studies will show that PKCδ contributes to the exaggerated microglial 
activation response on exposure to pro-inflammatory stressors.

We previously identified the role of proteolytic cleavage of PKCδ by caspase-3 
and caspase-8, and its subsequent nuclear translocation, in DAergic cell death 
induced by the inflammatory cytokine TNFα (Gordon et al. 2012). Furthermore, we 
recently reported an upregulation of PKCδ in microglia in response to the inflam-
matory stressors TNFα, lipopolysaccharide (LPS) and α-synuclein in both in vitro 
and in vivo PD models as well as in postmortem brain samples from PD patients 
(Gordon et  al. 2016). PKCδ activation by these inflammatory stressors activates 
NFκB followed by degradation of IκBα and phosphorylation of p65 at Ser536, and 
translocation of subunit p65 to the nucleus. This microglial inflammatory response 
was attenuated by sh- RNA- mediated or genetic depletion of PKCδ. These findings 
highlight the potential of PKCδ as a therapeutic target to alleviate microglial neuro-
inflammation in PD pathology.

A non-receptor Src family tyrosine kinase, Fyn, mediates PKCδ Tyr311 phos-
phorylation and proteolytic cleavage and this Fyn-PKCδ signaling axis facilitates 
apoptotic cell death in neuroinflammatory responses in experimental models of PD 
and temporal lobe epilepsy (Panicker et al. 2015; Saminathan et al. 2011; Sharma 
et al. 2018). We recently highlighted the role of Fyn-activated PKCδ in priming the 
NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome by activating the 
NFκB signaling pathway in microglia after α-synuclein stimulation (Panicker et al. 
2019). Additionally, we observed that rotenone stimulation of LPS- primed microg-
lial cells activates c-Abl and PKCδ to potentiate the oxidative stress response and 
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NLRP3 inflammasome activation and accelerate PD pathogenesis (Lawana et  al. 
2017). Another research group recently found that methamphetamine exposure 
increases PHOX activity and ROS production in DAergic neurons and also impairs 
the nuclear factor erythroid 2–related factor 2 (Nrf2)-related glutathione synthetic 
system, which may cause microglial activation, pro-apoptotic changes and DAergic 
neuronal loss. The pharmacological PKCδ inhibitor, rottlerin, as well as genetic 
inhibition of PKCδ or p47(phox) attenuate these neurotoxic processes (Dang 
et al. 2018).

PKCδ also positively modulates its own expression in the microglial pro- 
inflammatory response. The long intergenic non-coding RNA LincRNA-p21 pro-
motes microglial activation via a double-negative feedback loop involving PKCδ 
and p53 signaling. LincRNA-p21 acts as an antagomir of the microRNA miR-181, 
which downregulates PKCδ expression. PKCδ in turn positively regulates 
LincRNA-p21 expression to exacerbate microglia-mediated neuroinflammation. An 
MPTP mouse model of PD also showed LincRNA-p21-mediated microglial activa-
tion and loss of DAergic neurons (Ye et al. 2018) (Fig. 3).

Fig. 3 Role of PKCδ in microglia-driven dopamine (DA)ergic neurotoxicity. Environmental neu-
rotoxicants promote PKCδ cleavage, nuclear translocation and apoptosis in DAergic neurons. 
Additionally, methamphetamine (MA) exposure damages mitochondria causing cytochrome C 
release and PKCδ activation. PKCδ then activates NADPH (phox) which generates reactive oxy-
gen species (ROS) and impairs the Nrf2-related glutathione synthetic system, exacerbating oxida-
tive stress. Microglial activators released by apoptotic DAergic neurons activate PKCδ, while other 
neuroinflammatory stressors activate PKCδ via tyrosine kinases Fyn and c-Abl in microglia. In 
activated microglia, PKCδ mediates NFκB signaling to upregulate its own expression as well as 
expression of the NLRP3 inflammasome and inflammatory cytokines. The LincRNA-p21- 
mediated modulation of PKCδ expression in microglia forms a self-sustaining cycle of reactive 
microgliosis and DAergic neurotoxicity in PD models
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 PKCδ in a Compensatory Neuroprotective Mechanism

In some disease states, neurons use compensatory mechanisms involving reduced 
PKCδ levels to block cytotoxicity-induced cell death. Alpha-synuclein downregu-
lates PKCδ expression by modulating NFκB and p300 signaling and also has neu-
roprotective effects in DAergic cell models of PD during early stages of exposure to 
Mn (Harischandra et al. 2015; Jin et al. 2011b). Additionally, PKCδ is involved in a 
compensatory neuroprotective mechanism during early stages of oxidative stress by 
modulating activation of the anti-apoptotic kinase PKD1 (Asaithambi et al. 2011). 
Positive modulation of this compensatory pathway could be a potential neuropro-
tective treatment strategy for PD (Asaithambi et al. 2011). Similarly, it has been 
shown in Huntington’s disease that PKCδ degradation increases as a compensatory 
pro-survival mechanism in neurons in response to mutant huntingtin- induced cyto-
toxicity (Rué et al. 2014).

 PKCδ as a Therapeutic Target in PD

Pharmacological modulation of the PKCδ signaling pathway may be neuroprotec-
tive and offers a novel therapeutic strategy for treating PD. Indeed, using a com-
petitive caspase-3 cleavage site on PKCδ, we found it to be a potential 
neuroprotective therapeutic target for PD (Kanthasamy et al. 2006). We have also 
shown that PKCδ inhibitor treatment has a neuroprotective effect in the MPTP 
mouse model of PD (Zhang et al. 2007). We reported that the phytoalexin resvera-
trol neuroprotects by modulating the PKCδ pro-apoptotic signaling pathway and 
by attenuating the activated microglial inflammatory response (Gordon et al. 2010). 
Furthermore, the ginsenoside Re, a component of Panax ginseng protects against 
methamphetamine-induced DAergic degeneration by blocking PKCδ mitochon-
drial translocation and, subsequently, inhibiting mitochondrial dysfunction, pro-
inflammatory microglial activation and apoptosis (Shin et  al. 2014, 2019). Re 
intercepts the positive feedback loop of these detrimental events to alleviate 
DAergic toxicity.

 Conclusion

In conclusion, PKCδ is a redox-sensitive kinase with pro- and anti-apoptotic func-
tions depending on the stimulus, mechanism of activation and its subcellular local-
ization. PKCδ mediates oxidative stress-induced apoptosis on exposure to 
environmental toxins in DAergic neurons in a highly regulated manner, and there-
fore, is implicated in PD pathogenesis. Further research into PKCδ’s role in the 
CNS in recent years has implicated it in regulating the transition from autophagy to 
apoptosis, in contributing to neuroinflammation and activated microglia-driven neu-
rotoxicity, as well as in a novel compensatory pro-survival mechanism. Thus, a 

Z. Riaz et al.



119

better, more complete understanding of the intricate PKCδ signaling mechanisms in 
the CNS is warranted if this kinase is to be safely and effectively intercepted or 
modulated at various steps to alleviate the progression of PD and other neurodegen-
erative disorders. Overall, investigating PKCδ signaling reveals not only deeper 
mechanistic insights to neurodegenerative processes but also provides translational 
opportunities to develop better treatment strategies.

Acknowledgements The writing of this chapter was supported by the National Institutes of 
Health grants ES026892, NS088206, ES010586, NS100090, NS065167, and NS074443. We also 
acknowledge Johnny Isakson Endowed Chair, Lloyd endowed chair, Ambrust endowement and 
Talbot Fellowship award to our research.

Conflict of Interest AGK and VA have an equity interest in PK Biosciences Corporation and 
Probiome Therapeutics located in Ames, IA. The terms of this arrangement have been reviewed 
and approved by Iowa State University and University of Georgia in accordance with its conflict-
of-interest policies. Other authors declare no actual or potential competing financial interests.

References

Acin-Perez R, Hoyos B, Gong J, Vinogradov V, Fischman DA, Leitges M, Borhan B, Starkov A, 
Manfredi G, Hammerling U. Regulation of intermediary metabolism by the PKCδ signalosome 
in mitochondria. FASEB J. 2010;24(12):5033–42. https://doi.org/10.1096/fj.10- 166934.

Adwan TS, Ohm AM, Jones DNM, Humphries MJ, Reyland ME. Regulated binding of importin-α 
to protein kinase Cδ in response to apoptotic signals facilitates nuclear import. J Biol Chem. 
2011;286(41):35716–24. https://doi.org/10.1074/jbc.M111.255950.

Afeseh Ngwa H, Kanthasamy A, Anantharam V, Song C, Witte T, Houk R, Kanthasamy 
AG. Vanadium induces dopaminergic neurotoxicity via protein kinase Cdelta dependent oxida-
tive signaling mechanisms: relevance to etiopathogenesis of Parkinson’s disease. Toxicol Appl 
Pharmacol. 2009;240(2):273–85. https://doi.org/10.1016/j.taap.2009.07.025.

Anantharam V, Kitazawa M, Wagner J, Kaul S, Kanthasamy AG. Caspase-3-dependent proteo-
lytic cleavage of protein kinase Cδ is essential for oxidative stress-mediated dopaminergic 
cell death after exposure to methylcyclopentadienyl manganese tricarbonyl. J Neurosci. 
2002;22(5):1738–51. https://doi.org/10.1523/jneurosci.22- 05- 01738.2002.

Apostolatos A, Song S, Acosta S, Peart M, Watson JE, Bickford P, Cooper DR, Patel NA. Insulin 
promotes neuronal survival via the alternatively spliced protein kinase CδII isoform. J Biol 
Chem. 2012;287(12):9299–310. https://doi.org/10.1074/jbc.M111.313080.

Asaithambi A, Kanthasamy A, Saminathan H, Anantharam V, Kanthasamy AG. Protein kinase D1 
(PKD1) activation mediates a compensatory protective response during early stages of oxida-
tive stress-induced neuronal degeneration. Mol Neurodegener. 2011;6(1):43. https://doi.org/1
0.1186/1750- 1326- 6- 43.

Asaithambi A, Ay M, Jin H, Gosh A, Anantharam V, Kanthasamy A, Kanthasamy AG. Protein 
kinase D1 (PKD1) phosphorylation promotes dopaminergic neuronal survival during 
6-OHDA-induced oxidative stress. PLoS One. 2014;9(5):e96947. https://doi.org/10.1371/jour-
nal.pone.0096947.

Barbazuk SM, Gold MR. Protein kinase C-delta is a target of B-cell antigen receptor signaling. 
Immunol Lett. 1999;69(2):259–67. https://doi.org/10.1016/S0165- 2478(99)00090- 5.

Barmack NH, Qian Z, Yoshimura J. Regional and cellular distribution of protein kinase C in rat 
cerebellar Purkinje cells. J Comp Neurol. 2000;427(2):235–54. https://doi.org/10.1002/10 
96- 9861(20001113)427:2<235::AID- CNE6>3.0.CO;2- 6.

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants

https://doi.org/10.1096/fj.10-166934
https://doi.org/10.1074/jbc.M111.255950
https://doi.org/10.1016/j.taap.2009.07.025
https://doi.org/10.1523/jneurosci.22-05-01738.2002
https://doi.org/10.1074/jbc.M111.313080
https://doi.org/10.1186/1750-1326-6-43
https://doi.org/10.1186/1750-1326-6-43
https://doi.org/10.1371/journal.pone.0096947
https://doi.org/10.1371/journal.pone.0096947
https://doi.org/10.1016/S0165-2478(99)00090-5
https://doi.org/10.1002/1096-9861(20001113)427:2<235::AID-CNE6>3.0.CO;2-6
https://doi.org/10.1002/1096-9861(20001113)427:2<235::AID-CNE6>3.0.CO;2-6


120

Basu A, Pal D. Two faces of protein kinase Cδ: the contrasting roles of PKCδ in cell survival and 
cell death. Sci World J. 2010;10:2272–84. https://doi.org/10.1100/tsw.2010.214.

Bharti A, Kraeft S-K, Gounder M, Pandey P, Jin S, Yuan Z-M, Lees-Miller SP, Weichselbaum R, 
Weaver D, Chen LB, Kufe D, Kharbanda S. Inactivation of DNA-dependent protein kinase by 
protein kinase Cδ: implications for apoptosis. Mol Cell Biol. 1998;18(11):6719–28. https://doi.
org/10.1128/mcb.18.11.6719.

Blass M, Kronfeld I, Kazimirsky G, Blumberg PM, Brodie C. Tyrosine phosphorylation of pro-
tein kinase C is essential for its apoptotic effect in response to etoposide. Mol Cell Biol. 
2002;22(1):182–95. https://doi.org/10.1128/mcb.22.1.182- 195.2002.

Block ML, Hong JS. Microglia and inflammation-mediated neurodegeneration: multiple triggers 
with a common mechanism. Prog Neurobiol. 2005;76(2):77–98. https://doi.org/10.1016/j.
pneurobio.2005.06.004.

Bright R, Raval AP, Dembner JM, Pérez-Pinzón MA, Steinberg GK, Yenari MA, Mochly- 
Rosen D.  Protein kinase C δ mediates cerebral reperfusion injury in  vivo. J Neurosci. 
2004;24(31):6880–8. https://doi.org/10.1523/JNEUROSCI.4474- 03.2004.

Carvour M, Song C, Kaul S, Anantharam V, Kanthasamy A, Kanthasamy A. Chronic low-dose oxi-
dative stress induces caspase-3-dependent PKCδ proteolytic activation and apoptosis in a cell 
culture model of dopaminergic neurodegeneration. Ann N Y Acad Sci. 2008;1139:197–205. 
https://doi.org/10.1196/annals.1432.020.

Cenini G, Lloret A, Cascella R.  Oxidative stress in neurodegenerative diseases: from a 
mitochondrial point of view. Oxid Med Cell Longev. 2019;2019:2105607. https://doi.
org/10.1155/2019/2105607.

Chari R, Kim S, Murugappan S, Sanjay A, Daniel JL, Kunapuli SP. Lyn, PKC-δ, SHIP-1 interac-
tions regulate GPVI-mediated platelet-dense granule secretion. Blood. 2009;114(14):3056–63. 
https://doi.org/10.1182/blood- 2008- 11- 188516.

Charli A, Jin H, Anantharam V, Kanthasamy A, Kanthasamy AG. Alterations in mitochondrial 
dynamics induced by tebufenpyrad and pyridaben in a dopaminergic neuronal cell culture 
model. Neurotoxicology. 2016;53:302–13. https://doi.org/10.1016/j.neuro.2015.06.007.

Chen Q.  PKC delta peptide activator exerts anti-inflammation and cardio-protective effects. 
Medical research archives; no 2. 2015. https://journals.ke- i.org/mra/article/view/62.

Chen JL, Lin HH, Kim KJ, Lin A, Ou JHJ, Ann DK. PKCδ signaling: a dual role in regulating 
hypoxic stress-induced autophagy and apoptosis. Autophagy. 2009;5(2):244–6. https://doi.
org/10.4161/auto.5.2.7549.

Cheng N, He R, Tian J, Dinauer MC, Ye RD. A critical role of protein kinase Cδ activation loop 
phosphorylation in formyl-methionyl-leucyl-phenylalanine-induced phosphorylation of p47 
phox and rapid activation of nicotinamide adenine dinucleotide phosphate oxidase. J Immunol. 
2007;179(11):7720–8. https://doi.org/10.4049/jimmunol.179.11.7720.

Cho W.  Membrane targeting by C1 and C2 domains. J Biol Chem. 2001;276(35):32407–10. 
https://doi.org/10.1074/jbc.R100007200.

Cross T, Griffiths G, Deacon E, Sallis R, Gough M, Watters D, Lord JM. PKC-δ is an apoptotic 
lamin kinase. Oncogene. 2000;19(19):2331–7. https://doi.org/10.1038/sj.onc.1203555.

Dang DK, Shin EJ, Kim DJ, Tran HQ, Jeong JH, Jang CG, Ottersen OP, Nah SY, Hong JS, 
Nabeshima T, Kim HC.  PKCδ-dependent p47phox activation mediates methamphetamine- 
induced dopaminergic neurotoxicity. Free Radic Biol Med. 2018;115:318–37. https://doi.
org/10.1016/j.freeradbiomed.2017.12.018.

Das J, Ghosh J, Manna P, Sil PC. Protective role of taurine against arsenic-induced mitochondria- 
dependent hepatic apoptosis via the inhibition of PKCδ-JNK pathway. PLoS One. 
2010;5(9):1–19. https://doi.org/10.1371/journal.pone.0012602.

Dashzeveg N, Yoshida K. Crosstalk between tumor suppressors p53 and PKCδ: execution of the 
intrinsic apoptotic pathways. Cancer Lett. 2016;377(2):158–63. https://doi.org/10.1016/j.
canlet.2016.04.032.

Dave KR, Bhattacharya SK, Saul I, DeFazio RA, Dezfulian C, Lin HW, Raval AP, Perez-Pinzon 
MA. Activation of protein kinase C delta following cerebral ischemia leads to release of cyto-

Z. Riaz et al.

https://doi.org/10.1100/tsw.2010.214
https://doi.org/10.1128/mcb.18.11.6719
https://doi.org/10.1128/mcb.18.11.6719
https://doi.org/10.1128/mcb.22.1.182-195.2002
https://doi.org/10.1016/j.pneurobio.2005.06.004
https://doi.org/10.1016/j.pneurobio.2005.06.004
https://doi.org/10.1523/JNEUROSCI.4474-03.2004
https://doi.org/10.1196/annals.1432.020
https://doi.org/10.1155/2019/2105607
https://doi.org/10.1155/2019/2105607
https://doi.org/10.1182/blood-2008-11-188516
https://doi.org/10.1016/j.neuro.2015.06.007
https://journals.ke-i.org/mra/article/view/62
https://doi.org/10.4161/auto.5.2.7549
https://doi.org/10.4161/auto.5.2.7549
https://doi.org/10.4049/jimmunol.179.11.7720
https://doi.org/10.1074/jbc.R100007200
https://doi.org/10.1038/sj.onc.1203555
https://doi.org/10.1016/j.freeradbiomed.2017.12.018
https://doi.org/10.1016/j.freeradbiomed.2017.12.018
https://doi.org/10.1371/journal.pone.0012602
https://doi.org/10.1016/j.canlet.2016.04.032
https://doi.org/10.1016/j.canlet.2016.04.032


121

chrome C from the mitochondria via bad pathway. PLoS One. 2011;6(7):e22057. https://doi.
org/10.1371/journal.pone.0022057.

Dempsey EC, Newton AC, Mochly-Rosen D, Fields AP, Reyland ME, Insel PA, Messing 
RO. Protein kinase C isozymes and the regulation of diverse cell responses. Am J Physiol Lung 
Cell Mol Physiol. 2000;279(3):L429–38. https://doi.org/10.1152/ajplung.2000.279.3.L429.

Denning MF, Dlugosz AA, Threadgill DW, Magnuson T, Yuspa SH. Activation of the epidermal 
growth factor receptor signal transduction pathway stimulates tyrosine phosphorylation of pro-
tein kinase C δ. J Biol Chem. 1996;271(10):5325–31. https://doi.org/10.1074/jbc.271.10.5325.

Denning MF, Wang Y, Nickoloff BJ, Wrone-Smith T. Protein kinase Cσ is activated by caspase- 
dependent proteolysis during ultraviolet radiation-induced apoptosis of human keratinocytes. J 
Biol Chem. 1998;273(45):29995–30002. https://doi.org/10.1074/jbc.273.45.29995.

DeVries TA, Neville MC, Reyland ME. Nuclear import of PKCδ is required for apoptosis: iden-
tification of a novel nuclear import sequence. EMBO J. 2002;21(22):6050–60. https://doi.
org/10.1093/emboj/cdf606.

DeVries TA, Kalkofen RL, Matassa AA, Reyland ME.  Protein kinase Cδ regulates apoptosis 
via activation of STAT1. J Biol Chem. 2004;279(44):45603–12. https://doi.org/10.1074/jbc.
M407448200.

DeVries-Seimon TA, Ohm AM, Humphries MJ, Reyland ME.  Induction of apoptosis is driven 
by nuclear retention of protein kinase Cδ. J Biol Chem. 2007;282(31):22307–14. https://doi.
org/10.1074/jbc.M703661200.

Du Y, Zhao Y, Li C, Zheng Q, Tian J, Li Z, Huang TY, Zhang W, Xu H. Inhibition of PKCδ reduces 
amyloid-β levels and reverses Alzheimer disease phenotypes. J Exp Med. 2018;215(6):1665–77. 
https://doi.org/10.1084/jem.20171193.

Duquesnes N, Lezoualc’h F, Crozatier B.  PKC-delta and PKC-epsilon: foes of the same fam-
ily or strangers? J Mol Cell Cardiol. 2011;51(5):665–73. https://doi.org/10.1016/j.
yjmcc.2011.07.013.

Durgan J, Michael N, Totty N, Parker PJ.  Novel phosphorylation site markers of protein 
kinase C delta activation. FEBS Lett. 2007;581(18):3377–81. https://doi.org/10.1016/j.
febslet.2007.06.035.

Eitel K, Staiger H, Rieger J, Mischak H, Brandhorst H, Brendel MD, Bretzel RG, Häring HU, 
Kellerer M.  Protein kinase C δ activation and translocation to the nucleus are required for 
fatty acid-induced apoptosis of insulin-secreting cells. Diabetes. 2003;52(4):991–7. https://doi.
org/10.2337/diabetes.52.4.991.

Fan Y, Zhang Y, Zhang Y, Teng Z, Li Z, Wu X, Li H. [Phosphorylation of PKCdelta participates in 
the toxicity of 6-hydroxydopamine on dopaminergic neuroblastoma cell]. Zhonghua Yi Xue Za 
Zhi. 2006;86(45):3173–6. http://www.ncbi.nlm.nih.gov/pubmed/17313780.

Fão L, Mota SI, Rego AC. c-Src regulates Nrf2 activity through PKCδ after oxidant stimu-
lus. Biochim Biophys Acta Mol Cell Res. 2019;1866(4):686–98. https://doi.org/10.1016/j.
bbamcr.2019.01.011.

Gao HM, Hong JS. Why neurodegenerative diseases are progressive: uncontrolled inflammation 
drives disease progression. Trends Immunol. 2008;29(8):357–65. https://doi.org/10.1016/j.
it.2008.05.002.

Gao H-M, Liu B, Zhang W, Hong J-S. Critical role of microglial NADPH oxidase-derived free rad-
icals in the in vitro MPTP model of Parkinson’s disease. FASEB J. 2003;17(13):1–22. https://
doi.org/10.1096/fj.03- 0109fje.

Gavrielides MV, Gonzalez-Guerrico AM, Riobo NA, Kazanietz MG. Androgens regulate protein 
kinase Cδ transcription and modulate its apoptotic function in prostate cancer cells. Cancer 
Res. 2006;66(24):11792–801. https://doi.org/10.1158/0008- 5472.CAN- 06- 1139.

Geraldes P, Hiraoka-Yamamoto J, Matsumoto M, Clermont A, Leitges M, Marette A, Aiello LP, 
Kern TS, King GL.  Activation of PKC-and SHP-1 by hyperglycemia causes vascular cell 
apoptosis and diabetic retinopathy. Nat Med. 2009;15(11):1298–306. https://doi.org/10.1038/
nm.2052.

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants

https://doi.org/10.1371/journal.pone.0022057
https://doi.org/10.1371/journal.pone.0022057
https://doi.org/10.1152/ajplung.2000.279.3.L429
https://doi.org/10.1074/jbc.271.10.5325
https://doi.org/10.1074/jbc.273.45.29995
https://doi.org/10.1093/emboj/cdf606
https://doi.org/10.1093/emboj/cdf606
https://doi.org/10.1074/jbc.M407448200
https://doi.org/10.1074/jbc.M407448200
https://doi.org/10.1074/jbc.M703661200
https://doi.org/10.1074/jbc.M703661200
https://doi.org/10.1084/jem.20171193
https://doi.org/10.1016/j.yjmcc.2011.07.013
https://doi.org/10.1016/j.yjmcc.2011.07.013
https://doi.org/10.1016/j.febslet.2007.06.035
https://doi.org/10.1016/j.febslet.2007.06.035
https://doi.org/10.2337/diabetes.52.4.991
https://doi.org/10.2337/diabetes.52.4.991
http://www.ncbi.nlm.nih.gov/pubmed/17313780
https://doi.org/10.1016/j.bbamcr.2019.01.011
https://doi.org/10.1016/j.bbamcr.2019.01.011
https://doi.org/10.1016/j.it.2008.05.002
https://doi.org/10.1016/j.it.2008.05.002
https://doi.org/10.1096/fj.03-0109fje
https://doi.org/10.1096/fj.03-0109fje
https://doi.org/10.1158/0008-5472.CAN-06-1139
https://doi.org/10.1038/nm.2052
https://doi.org/10.1038/nm.2052


122

Gold MG, Barford D, Komander D. Lining the pockets of kinases and phosphatases. Curr Opin 
Struct Biol. 2006;16(6):693–701. https://doi.org/10.1016/j.sbi.2006.10.006.

Goldberg M, Steinberg SF. Tissue-specific developmental regulation of protein kinase C isoforms. 
Biochem Pharmacol. 1996;51(8):1089–93. https://doi.org/10.1016/0006- 2952(96)00046- 9.

Gomel R, Xiang C, Finniss S, Hae KL, Lu W, Okhrimenko H, Brodie C. The localization of protein 
kinase Cδ in different subcellular sites affects its proapoptotic and antiapoptotic functions and 
the activation of distinct downstream signaling pathways. Mol Cancer Res. 2007;5(6):627–39. 
https://doi.org/10.1158/1541- 7786.MCR- 06- 0255.

Gong J, Yao Y, Zhang P, Udayasuryan B, Komissarova EV, Chen J, Sivaramakrishnan S, van 
Eyk JE, Steinberg SF. The C2 domain and altered ATP-binding loop phosphorylation at Ser 
359 mediate the redox-dependent increase in protein kinase C-δ activity. Mol Cell Biol. 
2015;35(10):1727–40. https://doi.org/10.1128/mcb.01436- 14.

Gordon R, Hogan C, Kanthasamy K, Vellareddy A, Kanthasamy A, Kanthasamy AG. Resveratrol 
protects dopaminergic neurons in Parkinson’s disease models by modulating the PKC-delta 
apoptotic signaling pathway & microglial activation. Mol Pharmacol. 2010;78(3):466–77. 
https://doi.org/10.1124/mol.110.064535.

Gordon R, Anantharam V, Kanthasamy AG, Kanthasamy A. Proteolytic activation of proapoptotic 
kinase protein kinase Cδ by tumor necrosis factor α death receptor signaling in  dopaminergic 
neurons during neuroinflammation. J Neuroinflammation. 2012;9:82. https://doi.org/10.118
6/1742- 2094- 9- 82.

Gordon R, Singh N, Lawana V, Ghosh A, Harischandra DS, Jin H, Hogan C, Sarkar S, Rokad 
D, Panicker N, Anantharam V, Kanthasamy AG, Kanthasamy A. Protein kinase Cδ upregula-
tion in microglia drives neuroinflammatory responses and dopaminergic neurodegeneration 
in experimental models of Parkinson’s disease. Neurobiol Dis. 2016;93:96–114. https://doi.
org/10.1016/j.nbd.2016.04.008.

Guler R, Afshar M, Arendse B, Parihar SP, Revaz-Breton M, Leitges M, Schwegmann A, Brombacher 
F. PKCδ regulates IL-12p40/p70 production by macrophages and dendritic cells, driving a type 
1 healer phenotype in cutaneous leishmaniasis. Eur J Immunol. 2011;41(3):706–15. https://doi.
org/10.1002/eji.201040985.

Guo B, Rothstein TL.  A novel Lyn-protein kinase Cδ/ε-protein kinase D axis is activated in 
B cells by signalosome-independent alternate pathway BCR signaling. Eur J Immunol. 
2013;43(6):1643–50. https://doi.org/10.1002/eji.201242830.

Hanrott K, Murray TK, Orfali Z, Ward M, Finlay C, O’Neill MJ, Wonnacott S. Differential acti-
vation of PKCδ in the substantia nigra of rats following striatal or nigral 6-hydroxydopamine 
lesions. Eur J Neurosci. 2008;27(5):1086–96. https://doi.org/10.1111/j.1460- 9568.2008.
06097.x.

Harischandra DS, Kondru N, Martin DP, Kanthasamy A, Jin H, Anantharam V, Kanthasamy 
AG. Role of proteolytic activation of protein kinase Cδ in the pathogenesis of prion disease. 
Prion. 2014;8(1):143. https://doi.org/10.4161/pri.28369.

Harischandra DS, Jin H, Anantharam V, Kanthasamy A, Kanthasamy AG. α-Synuclein protects 
against manganese neurotoxic insult during the early stages of exposure in a dopaminergic 
cell model of Parkinson’s disease. Toxicol Sci. 2015;143(2):454–68. https://doi.org/10.1093/
toxsci/kfu247.

Harischandra DS, Ghaisas S, Rokad D, Kanthasamy AG.  Exosomes in toxicology: relevance 
to chemical exposure and pathogenesis of environmentally linked diseases. Toxicol Sci. 
2017;158(1):3–13. https://doi.org/10.1093/toxsci/kfx074.

Harischandra DS, Ghaisas S, Zenitsky G, Jin H, Kanthasamy A, Anantharam V, Kanthasamy 
AG.  Manganese-induced neurotoxicity: new insights into the triad of protein misfolding, 
mitochondrial impairment, and neuroinflammation. Front Neurosci. 2019;13:654. https://doi.
org/10.3389/fnins.2019.00654.

Herranz G, Aguilera P, Dávila S, Sánchez A, Stancu B, Gómez J, Fernández-Moreno D, de Martín 
R, Quintanilla M, Fernández T, Rodríguez-Silvestre P, Márquez-Expósito L, Bello-Gamboa A, 
Fraile-Ramos A, Calvo V, Izquierdo M. Protein kinase C δ regulates the depletion of actin at the 

Z. Riaz et al.

https://doi.org/10.1016/j.sbi.2006.10.006
https://doi.org/10.1016/0006-2952(96)00046-9
https://doi.org/10.1158/1541-7786.MCR-06-0255
https://doi.org/10.1128/mcb.01436-14
https://doi.org/10.1124/mol.110.064535
https://doi.org/10.1186/1742-2094-9-82
https://doi.org/10.1186/1742-2094-9-82
https://doi.org/10.1016/j.nbd.2016.04.008
https://doi.org/10.1016/j.nbd.2016.04.008
https://doi.org/10.1002/eji.201040985
https://doi.org/10.1002/eji.201040985
https://doi.org/10.1002/eji.201242830
https://doi.org/10.1111/j.1460-9568.2008.06097.x
https://doi.org/10.1111/j.1460-9568.2008.06097.x
https://doi.org/10.4161/pri.28369
https://doi.org/10.1093/toxsci/kfu247
https://doi.org/10.1093/toxsci/kfu247
https://doi.org/10.1093/toxsci/kfx074
https://doi.org/10.3389/fnins.2019.00654
https://doi.org/10.3389/fnins.2019.00654


123

immunological synapse required for polarized exosome secretion by T cells. Front Immunol. 
2019;10:851. https://doi.org/10.3389/fimmu.2019.00851.

Horovitz-Fried M, Jacob AI, Cooper DR, Sampson SR. Activation of the nuclear transcription fac-
tor SP-1 by insulin rapidly increases the expression of protein kinase C delta in skeletal muscle. 
Cell Signal. 2007;19(3):556–62. https://doi.org/10.1016/j.cellsig.2006.08.005.

Humphries MJ, Ohm AM, Schaack J, Adwan TS, Reyland ME. Tyrosine phosphorylation regu-
lates nuclear translocation of PKCδ. Oncogene. 2008;27(21):3045–53. https://doi.org/10.1038/
sj.onc.1210967.

Jiang K, Apostolatos AH, Ghansah T, Watson JE, Vickers T, Cooper DR, Epling-Burnette PK, 
Patel NA. Identification of a novel antiapoptotic human protein kinase C δ isoform, PKCδVIII 
in NT2 cells. Biochemistry. 2008;47(2):787–97. https://doi.org/10.1021/bi7019782.

Jin H, Kanthasamy A, Anantharam V, Rana A, Kanthasamy AG. Transcriptional regulation of pro- 
apoptotic protein kinase Cδ: implications for oxidative stress-induced neuronal cell death. J 
Biol Chem. 2011a;286(22):19840–59. https://doi.org/10.1074/jbc.M110.203687.

Jin H, Kanthasamy A, Ghosh A, Yang Y, Anantharam V, Kanthasamy AG. α-Synuclein negatively 
regulates protein kinase Cδ expression to suppress apoptosis in dopaminergic neurons by 
reducing p300 histone acetyltransferase activity. J Neurosci. 2011b;31(6):2035–51. https://doi.
org/10.1523/JNEUROSCI.5634- 10.2011.

Jin H, Kanthasamy A, Harischandra DS, Kondru N, Ghosh A, Panicker N, Anantharam V, Rana 
A, Kanthasamy AG. Histone hyperacetylation up-regulates protein kinase Cδ in dopaminer-
gic neurons to induce cell death: relevance to epigenetic mechanisms of neurodegeneration 
in Parkinson disease. J Biol Chem. 2014;289(50):34743–67. https://doi.org/10.1074/jbc.
M114.576702.

Kajimoto T, Sawamura S, Tohyama Y, Mori Y, Newton AC. Protein kinase C δ-specific activity 
reporter reveals agonist-evoked nuclear activity controlled by Src family of kinases. J Biol 
Chem. 2010;285(53):41896–910. https://doi.org/10.1074/jbc.M110.184028.

Kanthasamy AG, Kitazawa M, Kanthasamy A, Anantharam V. Role of proteolytic activation of pro-
tein kinase Cδ in oxidative stress-induced apoptosis. Antioxid Redox Signal. 2003;5(5):609–20. 
https://doi.org/10.1089/152308603770310275.

Kanthasamy AG, Kitazawa M, Kanthasamy A, Anantharam V. Dieldrin-induced neurotoxicity: rel-
evance to Parkinson’s disease pathogenesis. Neurotoxicology. 2005;26(4):701–19. https://doi.
org/10.1016/j.neuro.2004.07.010.

Kanthasamy AG, Anantharam V, Zhang D, Latchoumycandane C, Jin H, Kaul S, Kanthasamy 
A. A novel peptide inhibitor targeted to caspase-3 cleavage site of a proapoptotic kinase protein 
kinase C delta (PKCδ) protects against dopaminergic neuronal degeneration in Parkinson’s 
disease models. Free Radic Biol Med. 2006;41(10):1578–89. https://doi.org/10.1016/j.
freeradbiomed.2006.08.016.

Kanthasamy AG, Kitazawa M, Yang Y, Anantharam V, Kanthasamy A. Environmental neurotoxin 
dieldrin induces apoptosis via caspase-3-dependent proteolytic activation of protein kinase 
C delta (PKCdelta): implications for neurodegeneration in Parkinson’s disease. Mol Brain. 
2008;1:12. https://doi.org/10.1186/1756- 6606- 1- 12.

Kaul S, Kanthasamy A, Kitazawa M, Anantharam V, Kanthasamy AG. Caspase-3 dependent pro-
teolytic activation of protein kinase Cδ mediates and regulates 1-methyl-4- phenylpyridinium 
(MPP+)-induced apoptotic cell death in dopaminergic cells: relevance to oxidative stress in 
dopaminergic degeneration. Eur J Neurosci. 2003;18(6):1387–401. https://doi.org/10.1046/j.1 
460- 9568.2003.02864.x.

Kaul S, Anantharam V, Yang Y, Choi CJ, Kanthasamy A, Kanthasamy AG. Tyrosine phosphoryla-
tion regulates the proteolytic activation of protein kinase Cδ in dopaminergic neuronal cells. J 
Biol Chem. 2005;280(31):28721–30. https://doi.org/10.1074/jbc.M501092200.

Kawaguchi T, Niino Y, Ohtaki H, Kikuyama S, Shioda S. New PKCδ family members, PKCδIV, δV, 
δVI, and δVII are specifically expressed in mouse testis. FEBS Lett. 2006;580(10):2458–64. 
https://doi.org/10.1016/j.febslet.2006.03.084.

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants

https://doi.org/10.3389/fimmu.2019.00851
https://doi.org/10.1016/j.cellsig.2006.08.005
https://doi.org/10.1038/sj.onc.1210967
https://doi.org/10.1038/sj.onc.1210967
https://doi.org/10.1021/bi7019782
https://doi.org/10.1074/jbc.M110.203687
https://doi.org/10.1523/JNEUROSCI.5634-10.2011
https://doi.org/10.1523/JNEUROSCI.5634-10.2011
https://doi.org/10.1074/jbc.M114.576702
https://doi.org/10.1074/jbc.M114.576702
https://doi.org/10.1074/jbc.M110.184028
https://doi.org/10.1089/152308603770310275
https://doi.org/10.1016/j.neuro.2004.07.010
https://doi.org/10.1016/j.neuro.2004.07.010
https://doi.org/10.1016/j.freeradbiomed.2006.08.016
https://doi.org/10.1016/j.freeradbiomed.2006.08.016
https://doi.org/10.1186/1756-6606-1-12
https://doi.org/10.1046/j.1460-9568.2003.02864.x
https://doi.org/10.1046/j.1460-9568.2003.02864.x
https://doi.org/10.1074/jbc.M501092200
https://doi.org/10.1016/j.febslet.2006.03.084


124

Kent JD, Sergeant S, Burns DJ, McPhail LC.  Identification and regulation of protein kinase 
C-delta in human neutrophils. J Immunol. 1996;157(10):4641–7. http://www.ncbi.nlm.nih.
gov/pubmed/8906844

Kikkawa U, Matsuzaki H, Yamamoto T. Protein kinase Cδ (PKCδ): activation mechanisms and 
functions. J Biochem. 2002;132(6):831–9. https://doi.org/10.1093/oxfordjournals.jbchem.
a003294.

Kilpatrick LE, Song YH, Rossi MW, Korchak HM. Serine phosphorylation of p60 tumor necrosis 
factor receptor by PKC-delta in TNF-alpha-activated neutrophils. Am J Physiol Cell Physiol. 
2000;279(6):C2011–8. https://doi.org/10.1152/ajpcell.2000.279.6.C2011.

Kilpatrick LE, Lee JY, Haines KM, Campbell DE, Sullivan KE, Korchak HM. A role for PKC-δ 
and PI 3-kinase in TNF-α-mediated antiapoptotic signaling in the human neutrophil. Am J 
Physiol Cell Physiol. 2002;283(1):C48–57. https://doi.org/10.1152/ajpcell.00385.2001.

Kilpatrick LE, Sun S, Mackie D, Baik F, Li H, Korchak HM.  Regulation of TNF mediated 
antiapoptotic signaling in human neutrophils: role of δ-PKC and ERK1/2. J Leukoc Biol. 
2006;80(6):1512–21. https://doi.org/10.1189/jlb.0406284.

Kilpatrick LE, Sun S, Li H, Vary TC, Korchak HM. Regulation of TNF-induced oxygen radical 
production in human neutrophils: role of δ-PKC. J Leukoc Biol. 2010;87(1):153–64. https://
doi.org/10.1189/jlb.0408230.

Kilpatrick LE, Standage SW, Li H, Raj NR, Korchak HM, Wolfson MR, Deutschman CS. Protection 
against sepsis-induced lung injury by selective inhibition of protein kinase C-δ (δ-PKC). J 
Leukoc Biol. 2011;89(1):3–10. https://doi.org/10.1189/jlb.0510281.

Kim YK, Hammerling U. The mitochondrial PKCδ/retinol signal complex exerts real-time control 
on energy homeostasis. Biochim Biophys Acta Mol Cell Biol Lipids. 2020;1865(11):158614. 
https://doi.org/10.1016/j.bbalip.2020.158614.

Kitazawa M, Anantharam V, Kanthasamy AG. Dieldrin induces apoptosis by promoting caspase- 3- 
dependent proteolytic cleavage of protein kinase Cδ in dopaminergic cells: relevance to oxi-
dative stress and dopaminergic degeneration. Neuroscience. 2003;119(4):945–64. https://doi.
org/10.1016/S0306- 4522(03)00226- 4.

Konishi H, Tanaka M, Takemura Y, Matsuzaki H, Ono Y, Kikkawa U, Nishizuka Y. Activation of 
protein kinase C by tyrosine phosphorylation in response to H2O2. Proc Natl Acad Sci U S 
A. 1997;94(21):11233–7. https://doi.org/10.1073/pnas.94.21.11233.

Kronfeld I, Kazimirsky G, Lorenzo PS, Garfield SH, Blumberg PM, Brodie C. Phosphorylation 
of protein kinase Cδ on distinct tyrosine residues regulates specific cellular functions. J Biol 
Chem. 2000;275(45):35491–8. https://doi.org/10.1074/jbc.M005991200.

Kwakye GF, Jiménez JA, Thomas MG, Kingsley BA, McIIvin M, Saito MA, Korley 
EM. Heterozygous huntingtin promotes cadmium neurotoxicity and neurodegeneration in stri-
atal cells via altered metal transport and protein kinase C delta dependent oxidative stress and 
apoptosis signaling mechanisms. Neurotoxicology. 2019;70:48–61. https://doi.org/10.1016/j.
neuro.2018.10.012.

Langlois A, Chouinard F, Flamand N, Ferland C, Rola-Pleszczynski M, Laviolette M.  Crucial 
implication of protein kinase C (PKC)-, PKC-, ERK-1/2, and p38 MAPK in migration of 
human asthmatic eosinophils. J Leukoc Biol. 2009;85(4):656–63. https://doi.org/10.1189/
jlb.0808492.

Lasfer M, Davenne L, Vadrot N, Alexia C, Sadji-Ouatas Z, Bringuier AF, Feldmann G, Pessayre 
D, Reyl-Desmars F. Protein kinase PKC delta and c-Abl are required for mitochondrial apop-
tosis induction by genotoxic stress in the absence of p53, p73 and Fas receptor. FEBS Lett. 
2006;580(11):2547–52. https://doi.org/10.1016/j.febslet.2006.03.089.

Latchoumycandane C, Anantharam V, Kitazawa M, Yang Y, Kanthasamy A, Kanthasamy 
AG. Protein kinase Cδ is a key downstream mediator of manganese-induced apoptosis in dopa-
minergic neuronal cells. J Pharmacol Exp Ther. 2005;313(1):46–55. https://doi.org/10.1124/
jpet.104.078469.

Latchoumycandane C, Anantharam V, Jin H, Kanthasamy A, Kanthasamy A. Dopaminergic neuro-
toxicant 6-OHDA induces oxidative damage through proteolytic activation of PKCδ in cell cul-

Z. Riaz et al.

http://www.ncbi.nlm.nih.gov/pubmed/8906844
http://www.ncbi.nlm.nih.gov/pubmed/8906844
https://doi.org/10.1093/oxfordjournals.jbchem.a003294
https://doi.org/10.1093/oxfordjournals.jbchem.a003294
https://doi.org/10.1152/ajpcell.2000.279.6.C2011
https://doi.org/10.1152/ajpcell.00385.2001
https://doi.org/10.1189/jlb.0406284
https://doi.org/10.1189/jlb.0408230
https://doi.org/10.1189/jlb.0408230
https://doi.org/10.1189/jlb.0510281
https://doi.org/10.1016/j.bbalip.2020.158614
https://doi.org/10.1016/S0306-4522(03)00226-4
https://doi.org/10.1016/S0306-4522(03)00226-4
https://doi.org/10.1073/pnas.94.21.11233
https://doi.org/10.1074/jbc.M005991200
https://doi.org/10.1016/j.neuro.2018.10.012
https://doi.org/10.1016/j.neuro.2018.10.012
https://doi.org/10.1189/jlb.0808492
https://doi.org/10.1189/jlb.0808492
https://doi.org/10.1016/j.febslet.2006.03.089
https://doi.org/10.1124/jpet.104.078469
https://doi.org/10.1124/jpet.104.078469


125

ture and animal models of Parkinson’s disease. Toxicol Appl Pharmacol. 2011;256(3):314–23. 
https://doi.org/10.1016/j.taap.2011.07.021.

Lawana V, Singh N, Sarkar S, Charli A, Jin H, Anantharam V, Kanthasamy AG, Kanthasamy 
A. Involvement of c-Abl kinase in microglial activation of NLRP3 inflammasome and impair-
ment in autolysosomal system. J Neuroimmune Pharmacol. 2017;12(4):624–60. https://doi.
org/10.1007/s11481- 017- 9746- 5.

Lee C, Low CYB, Wong SY, Lai MKP, Tan MGK. Selective induction of alternatively spliced 
FynT isoform by TNF facilitates persistent inflammatory responses in astrocytes. Sci Rep. 
2017;7:43651. https://doi.org/10.1038/srep43651.

Lee SJ, Kim SJ, Lee HS, Kwon OS. PKCδ mediates NF-κB inflammatory response and down-
regulates SIRT1 expression in liver fibrosis. Int J Mol Sci. 2019;20(18):4607. https://doi.
org/10.3390/ijms20184607.

Leibersperger H, Gschwendt M, Gernold M, Marks F.  Immunological demonstration of a 
calcium- unresponsive protein kinase C of the δ-type in different species and murine tissues. 
Predominance in epidermis. J Biol Chem. 1991;266(22):14778–84.

Li L, Lorenzo PS, Bogi K, Blumberg PM, Yuspa SH. Protein kinase C targets mitochondria, alters 
mitochondrial membrane potential, and induces apoptosis in normal and neoplastic  keratinocytes 
when overexpressed by an adenoviral vector. Mol Cell Biol. 1999;19(12):8547–58. https://doi.
org/10.1128/mcb.19.12.8547.

Li M, Vienberg SG, Bezy O, O’Neill BT, Kahn CR. Role of PKCδ in insulin sensitivity and skel-
etal muscle metabolism. Diabetes. 2015;64(12):4023–32. https://doi.org/10.2337/db14- 1891.

Limnander A, Zikherman J, Lau T, Leitges M, Weiss A, Roose JP. Protein kinase Cδ promotes 
transitional B cell-negative selection and limits proximal B cell receptor signaling to enforce 
tolerance. Mol Cell Biol. 2014;34(8):1474–1485. https://doi.org/10.1128/mcb.01699-13.

Lin M, Chandramani-Shivalingappa P, Jin H, Ghosh A, Anantharam V, Ali S, Kanthasamy AG, 
Kanthasamy A. Methamphetamine-induced neurotoxicity linked to ubiquitin-proteasome sys-
tem dysfunction and autophagy related changes that can be modulated by protein kinase C delta 
in dopaminergic neuronal cells. Neuroscience. 2012;210:308–32. https://doi.org/10.1016/j.
neuroscience.2012.03.004.

Liu J, Yang D, Minemoto Y, Leitges M, Rosner MR, Lin A. NF-κB is required for UV-induced 
JNK activation via induction of PKCδ. Mol Cell. 2006;21(4):467–80. https://doi.org/10.1016/j.
molcel.2005.12.020.

Lu YT, Li LZ, Yang YL, Yin X, Liu Q, Zhang L, Liu K, Liu B, Li J, Qi LW. Succinate induces 
aberrant mitochondrial fission in cardiomyocytes through GPR91 signaling article. Cell Death 
Dis. 2018;9(6):672. https://doi.org/10.1038/s41419- 018- 0708- 5.

Lu Q, Davel AP, McGraw AP, Rao SP, Newfell BG, Jaffe IZ. PKCδ mediates mineralocorticoid 
receptor activation by angiotensin II to modulate smooth muscle cell function. Endocrinology. 
2019;160(9):2101–14. https://doi.org/10.1210/en.2019- 00258.

Ma JSY, Haydar TF, Radoja S.  Protein kinase C δ localizes to secretory lysosomes in CD8 + 
CTL and directly mediates TCR signals leading to granule exocytosis-mediated cytotoxicity. J 
Immunol. 2008;181(7):4716–22. https://doi.org/10.4049/jimmunol.181.7.4716.

Majumder PK, Pandey P, Sun X, Cheng K, Datta R, Saxena S, Kharbanda S, Kufe D. Mitochondrial 
translocation of protein kinase C δ in phorbol ester-induced cytochrome c release and apopto-
sis. J Biol Chem. 2000;275(29):21793–6. https://doi.org/10.1074/jbc.C000048200.

Malavez Y, Gonzalez-Mejia E, Doseff AI.  Gene section atlas of genetics and cytogenetics in 
oncology and haematology. OPEN ACCESS JOURNAL AT INIST-CNRS.  PRKCD (pro-
tein kinase C, delta). Atlas Genet Cytogenet Oncol Haematol. 2009;13(1). https://doi.
org/10.4267/2042/44382

Matassa AA, Carpenter L, Biden TJ, Humphries MJ, Reyland ME.  PKCδ is required 
for mitochondrial- dependent apoptosis in salivary epithelial cells. J Biol Chem. 
2001;276(32):29719–28. https://doi.org/10.1074/jbc.M100273200.

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants

https://doi.org/10.1016/j.taap.2011.07.021
https://doi.org/10.1007/s11481-017-9746-5
https://doi.org/10.1007/s11481-017-9746-5
https://doi.org/10.1038/srep43651
https://doi.org/10.3390/ijms20184607
https://doi.org/10.3390/ijms20184607
https://doi.org/10.1128/mcb.19.12.8547
https://doi.org/10.1128/mcb.19.12.8547
https://doi.org/10.2337/db14-1891
https://doi.org/10.1128/mcb.01699-13
https://doi.org/10.1016/j.neuroscience.2012.03.004
https://doi.org/10.1016/j.neuroscience.2012.03.004
https://doi.org/10.1016/j.molcel.2005.12.020
https://doi.org/10.1016/j.molcel.2005.12.020
https://doi.org/10.1038/s41419-018-0708-5
https://doi.org/10.1210/en.2019-00258
https://doi.org/10.4049/jimmunol.181.7.4716
https://doi.org/10.1074/jbc.C000048200
https://doi.org/10.4267/2042/44382
https://doi.org/10.4267/2042/44382
https://doi.org/10.1074/jbc.M100273200


126

Mecklenbräuker I, Saijo K, Zheng NY, Leitges M, Tarakhovsky A.  Protein kinase Cδ con-
trols self-antigen-induced B-cell tolerance. Nature. 2002;416(6883):860–5. https://doi.
org/10.1038/416860a.

Mecklenbräuker I, Kalled SL, Lettges M, Mackay F, Tarakhovsky A. Regulation of B-cell survival 
by BAFF-dependent PKCδ-mediated nuclear signalling. Nature. 2004;431(7007):456–61. 
https://doi.org/10.1038/nature02955.

Merighi S, Bencivenni S, Vincenzi F, Varani K, Borea PA, Gessi S.  A2B adenosine receptors 
stimulate IL-6 production in primary murine microglia through p38 MAPK kinase pathway. 
Pharmacol Res. 2017;117:9–19. https://doi.org/10.1016/j.phrs.2016.11.024.

Miller RL, Sun GY, Sun AY. Cytotoxicity of paraquat in microglial cells: involvement of PKCδ- 
and ERK1/2-dependent NADPH oxidase. Brain Res. 2007;1167(1):129–39. https://doi.
org/10.1016/j.brainres.2007.06.046.

Misuth M, Joniova J, Horvath D, Dzurova L, Nichtova Z, Novotova M, Miskovsky P, Stroffekova 
K, Huntosova V. The flashlights on a distinct role of protein kinase C δ: phosphorylation of reg-
ulatory and catalytic domain upon oxidative stress in glioma cells. Cell Signal. 2017;34:11–22. 
https://doi.org/10.1016/j.cellsig.2017.02.020.

Miyamoto A, Nakayama K, Imaki H, Hirose S, Jiang Y, Abe M, Tsukiyama T, Nagahama H, Ohno 
S, Hatakeyama S, Nakayama KI. Increased proliferation of B cells and auto-immunity in mice 
lacking protein kinase Cδ. Nature. 2002;416(6883):865–9. https://doi.org/10.1038/416865a.

Mondrinos MJ, Kennedy PA, Lyons M, Deutschman CS, Kilpatrick LE.  Protein kinase C and 
acute respiratory distress syndrome. Shock. 2013;39(6):467–79. https://doi.org/10.1097/
SHK.0b013e318294f85a.

Nagatsu T, Sawada M.  Biochemistry of postmortem brains in Parkinson’s disease: histori-
cal overview and future prospects. J Neural Transm Suppl. 2007;72:113–20. https://doi.
org/10.1007/978- 3- 211- 73574- 9_14.

Pabla N, Dong G, Jiang M, Huang S, Kumar MV, Messing RO, Dong Z.  Inhibition of PKCδ 
reduces cisplatin-induced nephrotoxicity without blocking chemotherapeutic efficacy in mouse 
models of cancer. J Clin Investig. 2011;121(7):2709–22. https://doi.org/10.1172/JCI45586.

Panicker N, Saminathan H, Jin H, Neal M, Harischandra DS, Gordon R, Kanthasamy K, Lawana 
V, Sarkar S, Luo J, Anantharam V, Kanthasamy AG, Kanthasamy A.  Fyn kinase regulates 
microglial neuroinflammatory responses in cell culture and animal models of Parkinson’s dis-
ease. J Neurosci. 2015;35(27):10058–77. https://doi.org/10.1523/JNEUROSCI.0302- 15.2015.

Panicker N, Sarkar S, Harischandra DS, Neal M, Kam TI, Jin H, Saminathan H, Langley M, Charli 
A, Samidurai M, Rokad D, Ghaisas S, Pletnikova O, Dawson VL, Dawson TM, Anantharam 
V, Kanthasamy AG, Kanthasamy A. Fyn kinase regulates misfolded α-synuclein uptake and 
NLRP3 inflammasome activation in microglia. J Exp Med. 2019;216(6):1411–30. https://doi.
org/10.1084/jem.20182191.

Pappa H, Murray-Rust J, Dekker L v, Parker PJ, McDonald NQ.  Crystal structure of the C2 
domain from protein kinase C-δ. Structure. 1998;6(7):885–94. https://doi.org/10.1016/
s0969- 2126(98)00090- 2.

Parihar SP, Ozturk M, Marakalala MJ, Loots DT, Hurdayal R, Maasdorp DB, van Reenen M, Zak 
DE, Mbandi SK, Darboe F, Penn-Nicholson A, Hanekom WA, Leitges M, Scriba TJ, Guler R, 
Brombacher F. Protein kinase C-delta (PKCδ), a marker of inflammation and tuberculosis dis-
ease progression in humans, is important for optimal macrophage killing effector functions and 
survival in mice. Mucosal Immunol. 2018;11(2):496–511. https://doi.org/10.1038/mi.2017.68.

Park CH, Kim KT. Apoptotic phosphorylation of histone H3 on Ser-10 by protein kinase Cδ. PLoS 
One. 2012;7(9):e44307. https://doi.org/10.1371/journal.pone.0044307.

Patel NA, Song SS, Cooper DR. PKCδ alternatively spliced isoforms modulate cellular apoptosis 
in retinoic acid-induced differentiation of human NT2 cells and mouse embryonic stem cells. 
Gene Expr. 2005;13(2):73–84. https://doi.org/10.3727/000000006783991890.

Patel R, Apostolatos A, Carter G, Ajmo J, Gali M, Cooper DR, You M, Bisht KS, Patel NA, Haley 
JA. Protein kinase C delta (PKCδ) splice variants modulate apoptosis pathway in 3T3L1 cells 
during adipogenesis: identification of PKCδII inhibitor. J Biol Chem. 2013;288(37):26834–46. 
https://doi.org/10.1074/jbc.M113.482638.

Z. Riaz et al.

https://doi.org/10.1038/416860a
https://doi.org/10.1038/416860a
https://doi.org/10.1038/nature02955
https://doi.org/10.1016/j.phrs.2016.11.024
https://doi.org/10.1016/j.brainres.2007.06.046
https://doi.org/10.1016/j.brainres.2007.06.046
https://doi.org/10.1016/j.cellsig.2017.02.020
https://doi.org/10.1038/416865a
https://doi.org/10.1097/SHK.0b013e318294f85a
https://doi.org/10.1097/SHK.0b013e318294f85a
https://doi.org/10.1007/978-3-211-73574-9_14
https://doi.org/10.1007/978-3-211-73574-9_14
https://doi.org/10.1172/JCI45586
https://doi.org/10.1523/JNEUROSCI.0302-15.2015
https://doi.org/10.1084/jem.20182191
https://doi.org/10.1084/jem.20182191
https://doi.org/10.1016/s0969-2126(98)00090-2
https://doi.org/10.1016/s0969-2126(98)00090-2
https://doi.org/10.1038/mi.2017.68
https://doi.org/10.1371/journal.pone.0044307
https://doi.org/10.3727/000000006783991890
https://doi.org/10.1074/jbc.M113.482638


127

Ponassi R, Terrinoni A, Chikh A, Rufini A, Lena AM, Sayan BS, Melino G, Candi 
E. p63 and p73, members of the p53 gene family, transactivate PKCδ. Biochem Pharmacol. 
2006;72(11):1417–22. https://doi.org/10.1016/j.bcp.2006.07.031.

Popoff IJ, Deans JP. Activation and tyrosine phosphorylation of protein kinase C δ in response 
to B cell antigen receptor stimulation. Mol Immunol. 1999;36(15–16):1005–16. https://doi.
org/10.1016/S0161- 5890(99)00128- 5.

Przedborski S.  The two-century journey of Parkinson disease research. Nat Rev Neurosci. 
2017;18(4):251–9. https://doi.org/10.1038/nrn.2017.25.

Qi X, Inagaki K, Sobel RA, Mochly-Rosen D.  Sustained pharmacological inhibition of δPKC 
protects against hypertensive encephalopathy through prevention of blood-brain barrier break-
down in rats. J Clin Investig. 2008;118(1):173–82. https://doi.org/10.1172/JCI32636.

Qi X, Disatnik MH, Shen N, Sobel RA, Mochly-Rosen D. Aberrant mitochondrial fission in neu-
rons induced by protein kinase Cδ under oxidative stress conditions in vivo. Mol Biol Cell. 
2011;22(2):256–65. https://doi.org/10.1091/mbc.E10- 06- 0551.

Ren J, Wang Q, Morgan S, Si Y, Ravichander A, Dou C, Kent KC, Liu B. Protein kinase C-δ 
(PKCδ) regulates proinflammatory chemokine expression through cytosolic interaction with 
the NF-κB subunit p65 in vascular smooth muscle cells. J Biol Chem. 2014;289(13):9013–26. 
https://doi.org/10.1074/jbc.M113.515957.

Reynolds AD, Glanzer JG, Kadiu I, Ricardo-Dukelow M, Chaudhuri A, Ciborowski P, Cerny 
R, Gelman B, Thomas MP, Mosley RL, Gendelman HE. Nitrated alpha-synuclein-activated 
microglial profiling for Parkinson’s disease. J Neurochem. 2008;104(6):1504–25. https://doi.
org/10.1111/j.1471- 4159.2007.05087.x.

Rodríguez A, Martín M, Albasanz JL, Barrachina M, Espinosa JC, Torres JM, Ferrer 
I.  Group I mGluR signaling in BSE-infected bovine-PrP transgenic mice. Neurosci Lett. 
2006;410(2):115–20. https://doi.org/10.1016/j.neulet.2006.09.084.

Romanova LY, Holmes G, Bahte SK, Kovalchuk AL, Nelson PJ, Ward Y, Gueler F, Mushinski 
JF. Phosphorylation of paxillin at threonine 538 by PKCδ regulates LFA1-mediated adhesion 
of lymphoid cells. J Cell Sci. 2010;123(9):1567–77. https://doi.org/10.1242/jcs.060996.

Rué L, Alcalá-Vida R, López-Soop G, Creus-Muncunill J, Alberch J, Pérez-Navarro E. Early down- 
regulation of PKCδ as a pro-survival mechanism in Huntington’s disease. Neuromolecular 
Med. 2014;16(1):25–37. https://doi.org/10.1007/s12017- 013- 8248- 8.

Rybin VO, Guo J, Harleton E, Feinmark SJ, Steinberg SF. Regulatory autophosphorylation sites on 
protein kinase C-δ at threonine-141 and threonine-295. Biochemistry. 2009;48(21):4642–51. 
https://doi.org/10.1021/bi802171c.

Sakurai Y, Onishi Y, Tanimoto Y, Kizaki H. Novel protein kinase C δ isoform insensitive to cas-
pase- 3. Biol Pharm Bull. 2001;24(9):973–7. https://doi.org/10.1248/bpb.24.973.

Salzer E, Santos-Valente E, Keller B, Warnatz K, Boztug K.  Protein kinase C δ: a gatekeeper 
of immune homeostasis. J Clin Immunol. 2016;36(7):631–40. https://doi.org/10.1007/
s10875- 016- 0323- 0.

Saminathan H, Asaithambi A, Anantharam V, Kanthasamy AG, Kanthasamy A.  Environmental 
neurotoxic pesticide dieldrin activates a non receptor tyrosine kinase to promote pkcδ- 
mediated dopaminergic apoptosis in a dopaminergic neuronal cell model. Neurotoxicology. 
2011;32(5):567–77. https://doi.org/10.1016/j.neuro.2011.06.009.

Serrero M, Planès R, Bahraoui E. PKC-δ isoform plays a crucial role in Tat-TLR4 signalling path-
way to activate NF-κB and CXCL8 production. Sci Rep. 2017;7(1). https://doi.org/10.1038/
s41598- 017- 02468- 8.

Shabrova E, Hoyos B, Vinogradov V, Kim YK, Wassef L, Leitges M, Quadro L, Hammerling 
U. Retinol as a cofactor for PKCd-mediated impairment of insulin sensitivity in a mouse model 
of diet-induced obesity. FASEB J. 2016;30(3):1339–55. https://doi.org/10.1096/fj.15- 281543.

Sharma S, Carlson S, Puttachary S, Sarkar S, Showman L, Putra M, Kanthasamy AG, Thippeswamy 
T. Role of the Fyn-PKCδ signaling in SE-induced neuroinflammation and epileptogenesis in 
experimental models of temporal lobe epilepsy. Neurobiol Dis. 2018;110:102–21. https://doi.
org/10.1016/j.nbd.2017.11.008.

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants

https://doi.org/10.1016/j.bcp.2006.07.031
https://doi.org/10.1016/S0161-5890(99)00128-5
https://doi.org/10.1016/S0161-5890(99)00128-5
https://doi.org/10.1038/nrn.2017.25
https://doi.org/10.1172/JCI32636
https://doi.org/10.1091/mbc.E10-06-0551
https://doi.org/10.1074/jbc.M113.515957
https://doi.org/10.1111/j.1471-4159.2007.05087.x
https://doi.org/10.1111/j.1471-4159.2007.05087.x
https://doi.org/10.1016/j.neulet.2006.09.084
https://doi.org/10.1242/jcs.060996
https://doi.org/10.1007/s12017-013-8248-8
https://doi.org/10.1021/bi802171c
https://doi.org/10.1248/bpb.24.973
https://doi.org/10.1007/s10875-016-0323-0
https://doi.org/10.1007/s10875-016-0323-0
https://doi.org/10.1016/j.neuro.2011.06.009
https://doi.org/10.1038/s41598-017-02468-8
https://doi.org/10.1038/s41598-017-02468-8
https://doi.org/10.1096/fj.15-281543
https://doi.org/10.1016/j.nbd.2017.11.008
https://doi.org/10.1016/j.nbd.2017.11.008


128

Sherer TB, Betarbet R, Greenamyre JT.  Environment, mitochondria, and Parkinson’s disease. 
Neuroscientist. 2002;8(3):192–7. https://doi.org/10.1177/1073858402008003004.

Shibata N, Kobayashi M. The role for oxidative stress in neurodegenerative diseases. Brain Nerve. 
2008;60(2):157–70. https://doi.org/10.5607/en.2015.24.4.325.

Shin SY, Kim CG, Ko J, Min DS, Chang JS, Ohba M, Kuroki T, Choi YB, Kim YH, Na DS, 
Kim JW, Lee YH.  Transcriptional and post-transcriptional regulation of the PKCδ gene by 
etoposide in L1210 murine leukemia cells: implication of PKCδ autoregulation. J Mol Biol. 
2004;340(4):681–93. https://doi.org/10.1016/j.jmb.2004.04.006.

Shin EJ, Shin SW, Nguyen TTL, Park DH, Wie MB, Jang CG, Nah SY, Yang BW, Ko SK, 
Nabeshima T, Kim HC. Ginsenoside Re rescues methamphetamine-induced oxidative damage, 
mitochondrial dysfunction, microglial activation, and dopaminergic degeneration by inhibit-
ing the protein kinase Cδ gene. Mol Neurobiol. 2014;49(3):1400–21. https://doi.org/10.1007/
s12035- 013- 8617- 1.

Shin EJ, Dang DK, Hwang YG, Tran HQ, Sharma N, Jeong JH, Jang CG, Nah SY, Nabeshima 
T, Yoneda Y, Cadet JL, Kim HC. Significance of protein kinase C in the neuropsychotoxic-
ity induced by methamphetamine-like psychostimulants. Neurochem Int. 2019;124:162–70. 
https://doi.org/10.1016/j.neuint.2019.01.014.

Singh N, Lawana V, Luo J, Phong P, Abdalla A, Palanisamy B, Rokad D, Sarkar S, Jin H, 
Anantharam V, Kanthasamy AG, Kanthasamy A.  Organophosphate pesticide chlorpyrifos 
impairs STAT1 signaling to induce dopaminergic neurotoxicity: implications for  mitochondria 
mediated oxidative stress signaling events. Neurobiol Dis. 2018;117:82–113. https://doi.
org/10.1016/j.nbd.2018.05.019.

Slepchenko KG, Holub JM, Li YV. Intracellular zinc increase affects phosphorylation state and 
subcellular localization of protein kinase C delta (δ). Cell Signal. 2018;44:148–57. https://doi.
org/10.1016/j.cellsig.2018.01.018.

Song C, Kanthasamy A, Jin H, Anantharam V, Kanthasamy AG.  Paraquat induces epigenetic 
changes by promoting histone acetylation in cell culture models of dopaminergic degeneration. 
Neurotoxicology. 2011;32(5):586–95. https://doi.org/10.1016/j.neuro.2011.05.018.

Song C, Charli A, Luo J, Riaz Z, Jin H, Anantharam V, Kanthasamy A, Kanthasamy AG. Mechanistic 
interplay between autophagy and apoptotic signaling in endosulfan-induced dopaminergic neu-
rotoxicity: relevance to the adverse outcome pathway in pesticide neurotoxicity. Toxicol Sci. 
2019;169(2):333–52. https://doi.org/10.1093/toxsci/kfz049.

Soroush F, Tang Y, Guglielmo K, Engelmann A, Liverani E, Patel A, Langston J, Sun S, Kunapuli S, 
Kiani MF, Kilpatrick LE. Protein kinase C-delta (PKCδ) tyrosine phosphorylation is a critical 
regulator of neutrophil-endothelial cell interaction in inflammation. Shock. 2019;51(5):538–47. 
https://doi.org/10.1097/SHK.0000000000001247.

Steinberg SF. Distinctive activation mechanisms and functions for protein kinase Cδ. Biochem 
J. 2004;384(Pt 3):449–59. https://doi.org/10.1042/BJ20040704.

Steinberg SF.  Structural basis of protein kinase C isoform function. Physiol Rev. 
2008;88(4):1341–78. https://doi.org/10.1152/physrev.00034.2007.

Steinberg SF. Mechanisms for redox-regulation of protein kinase C. Front Pharmacol. 2015;6:128. 
https://doi.org/10.3389/fphar.2015.00128.

Suh KS, Tatunchak TT, Crutchley JM, Edwards LE, Marin KG, Yuspa SH. Genomic structure 
and promoter analysis of PKC-δ. Genomics. 2003;82(1):57–67. https://doi.org/10.1016/
S0888- 7543(03)00072- 7.

Sun F, Kanthasamy A, Song C, Yang Y, Anantharam V, Kanthasamy AG. Proteasome inhibitor- 
induced apoptosis is mediated by positive feedback amplification of PKCδ proteolytic acti-
vation and mitochondrial translocation. J Cell Mol Med. 2008;12(6A):2467–81. https://doi.
org/10.1111/j.1582- 4934.2008.00293.x.

Tang Y, Soroush F, Sun S, Liverani E, Langston JC, Yang Q, Kilpatrick LE, Kiani MF. Protein 
kinase C-delta inhibition protects blood-brain barrier from sepsis-induced vascular damage.  
J Neuroinflammation. 2018;15(1):309. https://doi.org/10.1186/s12974- 018- 1342- y.

Z. Riaz et al.

https://doi.org/10.1177/1073858402008003004
https://doi.org/10.5607/en.2015.24.4.325
https://doi.org/10.1016/j.jmb.2004.04.006
https://doi.org/10.1007/s12035-013-8617-1
https://doi.org/10.1007/s12035-013-8617-1
https://doi.org/10.1016/j.neuint.2019.01.014
https://doi.org/10.1016/j.nbd.2018.05.019
https://doi.org/10.1016/j.nbd.2018.05.019
https://doi.org/10.1016/j.cellsig.2018.01.018
https://doi.org/10.1016/j.cellsig.2018.01.018
https://doi.org/10.1016/j.neuro.2011.05.018
https://doi.org/10.1093/toxsci/kfz049
https://doi.org/10.1097/SHK.0000000000001247
https://doi.org/10.1042/BJ20040704
https://doi.org/10.1152/physrev.00034.2007
https://doi.org/10.3389/fphar.2015.00128
https://doi.org/10.1016/S0888-7543(03)00072-7
https://doi.org/10.1016/S0888-7543(03)00072-7
https://doi.org/10.1111/j.1582-4934.2008.00293.x
https://doi.org/10.1111/j.1582-4934.2008.00293.x
https://doi.org/10.1186/s12974-018-1342-y


129

Tysnes OB, Storstein A.  Epidemiology of Parkinson’s disease. J Neural Transm (Vienna). 
2017;124(8):901–5. https://doi.org/10.1007/s00702- 017- 1686- y.

Ueyama T, Ren Y, Ohmori S, Sakai K, Tamaki N, Saito N. cDNA cloning of an alternative splic-
ing variant of protein kinase C δ (PKC δIII), a new truncated form of PKCδ, in rats. Biochem 
Biophys Res Commun. 2000;269(2):557–63. https://doi.org/10.1006/bbrc.2000.2331.

Wang Q, Chu CH, Qian L, Chen SH, Wilson B, Oyarzabal E, Jiang L, Hong JS, Ali S, 
Robinson B, Kim HC.  Substance P exacerbates dopaminergic neurodegeneration through 
neurokinin-1 receptor-independent activation of microglial NADPH oxidase. J Neurosci. 
2014;34(37):12490–503. https://doi.org/10.1523/JNEUROSCI.2238- 14.2014.

Wie SM, Adwan TS, DeGregori J, Anderson SM, Reyland ME. Inhibiting tyrosine phosphoryla-
tion of protein kinase Cδ (PKCδ) protects the salivary gland from radiation damage. J Biol 
Chem. 2014;289(15):10900–8. https://doi.org/10.1074/jbc.M114.551366.

Wu-Zhang AX, Murphy AN, Bachman M, Newton AC.  Isozyme-specific interaction of protein 
kinase Cδ with mitochondria dissected using live cell fluorescence imaging. J Biol Chem. 
2012;287(45):37891–906. https://doi.org/10.1074/jbc.M112.412635.

Yang Y, Kaul S, Zhang D, Anantharam V, Kanthasamy AG. Suppression of caspase-3-dependent 
proteolytic activation of protein kinase Cδ by small interfering RNA prevents MPP+-induced 
dopaminergic degeneration. Mol Cell Neurosci. 2004;25(3):406–21. https://doi.org/10.1016/j.
mcn.2003.11.011.

Yang YC, Tsai CY, Chen CL, Kuo CH, Hou CW, Cheng SY, Aneja R, Huang CY, Kuo 
WW.  Pkcδ activation is involved in ROS-mediated mitochondrial dysfunction and apop-
tosis in  cardiomyocytes exposed to advanced glycation end products (AGEs). Aging Dis. 
2018;9(4):647–63. https://doi.org/10.14336/AD.2017.0924.

Ye Y, He X, Lu F, Mao H, Zhu Z, Yao L, Luo W, Sun X, Wang B, Qian C, Zhang Y, Lu G, Zhang 
S. A lincRNA-p21/miR-181 family feedback loop regulates microglial activation during sys-
temic LPS- and MPTP-induced neuroinflammation. Cell Death Dis. 2018;9(8):803. https://doi.
org/10.1038/s41419- 018- 0821- 5.

Yoshida K. Nuclear trafficking of pro-apoptotic kinases in response to DNA damage. Trends Mol 
Med. 2008;14(7):305–13. https://doi.org/10.1016/j.molmed.2008.05.003.

Yoshida K, Miki Y, Kufe D. Activation of SAPK/JNK signaling by protein kinase Cδ in response to 
DNA damage. J Biol Chem. 2002;277(50):48372–8. https://doi.org/10.1074/jbc.M205485200.

Yoshida K, Wang HG, Miki Y, Kufe D.  Protein kinase Cδ is responsible for constitutive and 
DNA damage-induced phosphorylation of Rad9. EMBO J. 2003;22(6):1431–41. https://doi.
org/10.1093/emboj/cdg134.

Yoshida K, Liu H, Miki Y.  Protein kinase C δ regulates Ser46 phosphorylation of p53 tumor 
suppressor in the apoptotic response to DNA damage. J Biol Chem. 2006a;281(9):5734–40. 
https://doi.org/10.1074/jbc.M512074200.

Yoshida K, Yamaguchi T, Shinagawa H, Taira N, Nakayama KI, Miki Y. Protein kinase C activates 
topoisomerase II to induce apoptotic cell death in response to DNA damage. Mol Cell Biol. 
2006b;26(9):3414–31. https://doi.org/10.1128/mcb.26.9.3414- 3431.2006.

Zhang D, Anantharam V, Kanthasamy A, Kanthasamy AG. Neuroprotective effect of protein kinase 
Cδ inhibitor rottlerin in cell culture and animal models of Parkinson’s disease. J Pharmacol Exp 
Ther. 2007;322(3):913–22. https://doi.org/10.1124/jpet.107.124669.

Zhang T, Sell P, Braun U, Leitges M.  PKD1 protein is involved in reactive oxygen species- 
mediated mitochondrial depolarization in cooperation with protein kinase Cδ (PKCδ). J Biol 
Chem. 2015;290(16):10472–85. https://doi.org/10.1074/jbc.M114.619148.

Zhang J, Liu J, Ren L, Wei J, Zhang F, Li Y, Guo C, Duan J, Sun Z, Zhou X. Silica nanopar-
ticles induce abnormal mitosis and apoptosis via PKC-δ mediated negative signaling path-
way in GC-2 cells of mice. Chemosphere. 2018a;208:942–50. https://doi.org/10.1016/j.
chemosphere.2018.05.178.

Zhang M, Tang J, Shan H, Zhang Q, Yang X, Zhang J, Li Y. p66Shc mediates mitochondrial dys-
function dependent on PKC activation in airway epithelial cells induced by cigarette smoke. 
Oxid Med Cell Longev. 2018b;2018:5837123. https://doi.org/10.1155/2018/5837123.

PKC-Delta Is a Major Molecular Target for Diverse Dopaminergic Toxicants

https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1006/bbrc.2000.2331
https://doi.org/10.1523/JNEUROSCI.2238-14.2014
https://doi.org/10.1074/jbc.M114.551366
https://doi.org/10.1074/jbc.M112.412635
https://doi.org/10.1016/j.mcn.2003.11.011
https://doi.org/10.1016/j.mcn.2003.11.011
https://doi.org/10.14336/AD.2017.0924
https://doi.org/10.1038/s41419-018-0821-5
https://doi.org/10.1038/s41419-018-0821-5
https://doi.org/10.1016/j.molmed.2008.05.003
https://doi.org/10.1074/jbc.M205485200
https://doi.org/10.1093/emboj/cdg134
https://doi.org/10.1093/emboj/cdg134
https://doi.org/10.1074/jbc.M512074200
https://doi.org/10.1128/mcb.26.9.3414-3431.2006
https://doi.org/10.1124/jpet.107.124669
https://doi.org/10.1074/jbc.M114.619148
https://doi.org/10.1016/j.chemosphere.2018.05.178
https://doi.org/10.1016/j.chemosphere.2018.05.178
https://doi.org/10.1155/2018/5837123


131© Springer Nature Switzerland AG 2022
N. M. Filipov (ed.), Parkinsonism and the Environment, Molecular and  
Integrative Toxicology, https://doi.org/10.1007/978-3-030-87451-3_6

Pesticides Exposures and Parkinsonism: 
Experimental and Epidemiological 
Evidence of Association

Nikolay M. Filipov

Abstract Pesticide exposures have has been linked to parkinsonism and/or 
Parkinson’s Disease (PD) epidemiologically and experimentally. Epidemiological 
evidence is from geographically-diverse, occupational and non-occupational cohorts, 
with some studies identifying certain pesticide groups and/or individual pesticides as 
risk factors for the disease. Additionally, several gene variants implicated in PD 
interact with some pesticides and modify PD risk. Rotenone, paraquat, and dieldrin 
are examples of pesticides implicated in PD epidemiologically that have also been 
studied extensively in laboratory settings. Mitochondrial dysfunction, oxidative 
stress, proteasome dysfunction, and neuroinflammation are at the core of parkinson-
ism pathogenesis. Some, or all, of these pathogenic mechanisms are targeted by 
rotenone, paraquat, dieldrin and other pesticides (organophosphates, organochlo-
rines, pyrethroids, fungicides, triazines). Interaction between epidemiological and 
laboratory studies is bidirectional, which is beneficial in context of providing human 
health relevance with mechanistic underpinnings. Updated regulations, application 
practices, and product availability constantly impact and change the landscape of 
pesticide use and consequent exposure potential over time. These changes will likely 
affect the strength and constituency of the pesticide-PD risk link in the future; thus, 
periodic re-evaluation of the link will be important and worthwhile.

Keywords Pesticides · Parkinson’s disease · Parkinsonism · Rotenone · Paraquat · 
Dieldrin · Organochlorines · Organophosphates · Pyrethroids · Fungicides

 Introduction

Advances in medicine, health care, nutrition, and a number of sociodemographic 
factors have decreased global disability associated with non-neurological disorders. 
According to the Institute for Health Metrics and Evaluation (IHME) Burden of 
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Disease study, compared to 1990, the overall global burden of disease has declined 
48% in 2017 (Roser and Ritchie 2018). Consequently, neurodegenerative disorders 
are now the dominant source of global disability (Collaborators 2018). Parkinson’s 
disease (PD) and related disorders are major components of the disability-causing 
neurodegenerative diseases; the global PD burden has more than doubled from 1990 
to 2016 (2.5 vs. 6.1 million) and the projection is for at least another doubling in the 
next 30-year period (Collaborators 2018; Rocca 2018).

Besides PD, parkinsonism is a common manifestation of other neurodegenera-
tive disorders that exhibit some feature overlap clinically and pathologically (Savica 
et  al. 2013). Among these disorders, synucleinopathies, with their characteristic 
Lewy bodies due to accumulation of abnormal alpha-synuclein protein, are the 
most common (Galasko 2017). Clinically, in order for parkinsonism to be desig-
nated as a non-PD or atypical, lack of responsiveness to L-DOPA and/or very early 
postural instability must be present, but definitive diagnosis necessitates neuro-
pathological confirmation (Bhidayasiri et al. 2019a, b; Rizzo et al. 2016). The pres-
ence of considerable clinical and pathological heterogeneity of parkinsonism in 
general and of PD specifically likely indicates gene × environment (G × E), pesti-
cides included, interaction underpinnings (Fleming 2017). However, within the 
context of pesticides, separation of PD from atypical parkinsonism is not estab-
lished well in the epidemiological and clinical literature and most of the reports are 
on PD. Hence, in this chapter, the link between pesticide exposures and parkinson-
ism or PD will not be discussed separately, but together, with the two terms used 
interchangeably.

Excessive exposure to pesticides has been linked to parkinsonism and/or PD for 
quite some time. However, earlier evidence was not mechanistically-anchored or 
based on robust epidemiological studies. Nonetheless, case reports of occupational 
overexposures begun to emerge as early as the 70s. One example is the suggested 
organophosphorus insecticide-induced parkinsonism in a crop duster (Davis et al. 
1978). Besides suggesting the pesticide overexposure-parkinsonism link, this study 
(Davis et al. 1978), is one of the first ones hinting that agricultural workers might 
have increased risk of developing parkinsonism/PD. Subsequently, the link between 
pesticides and PD in agricultural settings was not only strengthened, but expanded 
to agricultural worker families and non-occupational exposures in areas with heavy 
pesticide use, i.e., (Kamel 2013; Kamel et al. 2007). Importantly, the increased risk 
of developing PD due to exposure to pesticides is now very well established as it 
will be highlighted later in the chapter; it is not affected by the type of study (cross- 
sectional, cohort, or case-control) or gender and the increased overall risk is at least 
50% (Gunnarsson and Bodin 2017). Moreover, while correlations between pesti-
cide exposures and other neurodegenerative diseases, such as Alzheimer’s and 
amyotrophic lateral sclerosis (ALS), have been suggested, the epidemiological evi-
dence is most robust for PD (Gunnarsson and Bodin 2019). This evidence, for 
pesticides overall, and for specific pesticide groups or individual pesticides, is 
elaborated on next.

Nikolay M. Filipov



133

 Pesticides and Parkinsonism: Epidemiological  
and Clinical/Biomarker Data

The idea that toxicants, namely pesticides, might play a role in the pathogenesis of 
PD and parkinsonism was precipitated by the seminal discovery that inadvertent 
administration of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) by intra-
venous drug users results in parkinsonism clinically aligned with PD (Langston 
et al. 1983). It was the structural and/or functional similarities of multiple pesticides 
to MPTP that brought about this idea (Brown et al. 2006). However, it was not until 
the hallmark twin study suggesting that genetics do not play a major role for PD 
with a disease onset after the age of 50 (Tanner et al. 1999), which is the dominant 
form of the disease, that pesticides truly emerged as being one of the key non- 
genetic (environmental) contributors to the disorder. Examples of important reports 
based on epidemiological data for the PD-pesticide exposure relationship follow.

Even prior to the Tanner et al. twin study (Tanner et al. 1999), there were several 
reports where the association between PD and pesticide exposure was examined. 
Meta-analysis of 19 such studies between 1989 and 1999 was performed and 
reported (Priyadarshi et al. 2000). Elevated risk of PD due to pesticide exposure was 
a consistent finding and the risk was slightly higher in US cohorts (Priyadarshi et al. 
2000). While the PD risk increased as a function of exposure duration, there were 
not specific types of pesticides that were singled out (Priyadarshi et  al. 2000). 
Nevertheless, Canadian population based case-control study from that period not 
only reported increased PD risk associated with cumulative lifetime exposure to 
crop or grain farming, but it also found that occupational use of herbicides, as a 
pesticide group, increased the risk for PD significantly (Semchuk et al. 1992). When 
mortality rates amongst PD cases in California were assessed, they were higher in 
agricultural pesticide use counties than in the counties where pesticides are not in 
use agriculturally (Ritz and Yu 2000). Of note, prior insecticide use was the type of 
pesticides positively associated with increased PD mortality (Ritz and Yu 2000). 
This is one the first epidemiological studies where insecticides, as a group, were 
implicated in PD.

As an extension, polymorphisms of CYP2D6 resulting in poor metabolism of 
several pesticides, mostly organophosphate or organochlorine insecticides, increase 
the risk of PD (Deng et al. 2004; Elbaz et al. 2004). One specific variant of this gene 
polymorphism, CYP2D6*4, results in undetectable enzymatic activity and it was 
associated with increased PD incidence and a possible earlier onset of the disease in 
a pesticide-exposed population (Anwarullah et  al. 2017). Another important 
enzyme, paraoxonase, detoxifies organophosphates and its polymorphisms have 
been investigated in the context of PD and parkinsonism. Earlier study did not find 
differential allele frequency distribution of paraoxonase genotypes between PD 
cases and controls in a Caucasian population that included individuals with reported 
exposure to pesticides (Taylor et al. 2000). Similar findings, i.e., a strong associa-
tion between pesticide exposure and PD, but a lack of significant contribution of 
paraoxonase polymorphism (of PON1), in a Taiwanese population were also 
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reported (Fong et al. 2005). However, when additional polymorphisms were exam-
ined more closely, both positive and negative associations with PD in a pesticide 
exposure context were found. Thus, minor, better metabolizing allele was more 
common in controls than in PD cases, which suggests that this particular polymor-
phism is protective (Belin et  al. 2012). On the other hand, another study, while 
documenting that household use of pesticides also increases the odds of PD, reported 
that the largest odds ratios were for frequent organophosphate insecticide users who 
were carriers of a paraoxonase genetic variant known to be slower organophosphate 
detoxifier (Narayan et al. 2013). An extension of this finding is that specific PON1 
variant L55M affects the rate of symptom progression in organophosphate exposed 
individuals not only within the motor domain, but in cognitive and mood aspects of 
PD symptomatology (Paul et al. 2017).

Polymorphisms of pesticide metabolizing enzymes are not the only ones associ-
ated with differential pesticide contribution to PD risk. For example, several reports 
have suggested that certain variants of the xenobiotic transporter ABCB1 (a 
P-glycoprotein, which controls blood-brain barrier transport) strengthen the pesti-
cide exposure-PD link. Specifically, the odds ratios of PD for individuals occupation-
ally exposed to organophosphate and/or organochlorine insecticides were increased 
the most in homozygous carriers of both variants that were studied in a Californian 
cohort (Narayan et al. 2015). Given that neuroinflammation and oxidative/nitrosative 
stress are prominent features of PD and are associated with exposures to several 
pesticides, nitric oxide synthase (NOS) variants were examined as contributors to PD 
risk from organophosphate overexposure while controlling for paraoxonase (PON1) 
polymorphism. Organophosphate insecticides associated stronger with PD in cases 
where the NOS variant was present supporting the notion that NOS polymorphism is 
a risk modifier of PD risk in organophosphate exposed populations (Paul et al. 2016). 
Other genes explored for G × E interactions in PD within pesticide exposure context 
include genes important for dopamine homeostasis, i.e., the dopamine transporter 
DAT/SLC6A3 and the dopamine metabolizing enzyme ALDH2, genes affecting the 
proteasome, such as SKP1, and the immune function regulator HLA-DR (Ritz et al. 
2016). In the case of HLA-DR, a pro-inflammatory variant increased the PD risk in 
individuals exposed to a newer and increasing-in-use insecticide class, the pyre-
throids (Kannarkat et al. 2015). Overall, polymorphisms in multiple genes interact 
with pesticides, in some cases with specific pesticide groups or classes, to increase 
the risk of PD and parkinsonism.

As mentioned earlier, pesticide exposure contributes to PD risk regardless of 
exposure type, i.e., occupational or not. This finding was confirmed in a large pro-
spective study with participants in the Cancer Prevention Study II Nutrition Cohort 
(Ascherio et al. 2006). In this study, pesticide exposure led to 70% higher incidence 
of PD, but the increase was similar in farming and non-farming individuals 
(Ascherio et al. 2006). Regarding the types of pesticides that increase PD risk, asso-
ciations with herbicides and insecticides, but not with fungicides, are reported in 
multiple studies from the late 90s and early 2000s (Brown et al. 2006). Herbicides 
and insecticides, including two specific insecticide classes, organochlorines and 
organophosphates were significantly associated with PD in a different report 
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(Hancock et al. 2008). However, within the Agricultural Health Study, where expo-
sures to pesticide applicators, framers and their families are much better character-
ized, specific herbicides, such as paraquat and cyanazine, insecticides, i.e., lindane, 
and, notably, fungicides, i.e., benomyl, increased the odds ratios for incident or 
prevalent PD (Kamel et al. 2007). Fungicides were also implicated as a pesticide 
group contributing to increased PD risk in a French population-based case-control 
study with male farmers and agricultural workers (Moisan et al. 2015). Interestingly, 
in this study, high intensity insecticide or fungicide exposures were both significant 
contributors, but pesticide group-specific effects appeared to be independent from 
each other (Moisan et al. 2015).

The number of epidemiological studies where a specific pesticide has been found 
to heighten the risk for PD is increasing steadily. Given that mitochondrial dysfunc-
tion and oxidative stress are part of PD pathogenesis and of the mechanism of action 
of multiple pesticides, several epidemiological studies have focused on pesticides 
that have such toxic mechanism. Examples include rotenone, paraquat, dieldrin, and 
chlorpyrifos. In a study evaluating the risk of PD in a Texan population, the risk was 
increased by rotenone or chlorpyrifos use (Dhillon et al. 2008). In a different, larger 
study, both the risk of contaminated well water consumption and of six specific 
pesticides was evaluated within the Parkinson’s Environment and Genes Study 
(PEG). Exposure to more water-soluble pesticides and organophosphates increased 
the relative risk of PD (Gatto et al. 2009). Chlorpyrifos was one of three individual 
pesticides with significantly increased odds ratio (Gatto et al. 2009).

When G × E was examined in the context of dopamine transported (DAT) poly-
morphism and residential or occupational exposures to the herbicide paraquat and 
the fungicide maneb in a rural California case-control study, gene dosing effect was 
observed regardless of pesticide source (Ritz et al. 2009). This study (Ritz et al. 
2009) is very interesting in that if points to specific pesticides interacting with sus-
ceptibility gene variants, DAT variants in this case, in a possible bi-directional and 
dose-response fashion. Despite the increased number of studies where the relation-
ship between pesticide exposure and PD is being explored in a G × E context, more 
studies, in larger and well-characterized populations, are needed (Freire and 
Koifman 2012).

In another interesting case-control study nested in the AHS, lifetime use of pes-
ticides grouped by shared mechanism of action, mitochondrial dysfunction and/or 
oxidative stress, was assessed as PD risk (Tanner et al. 2011). Rotenone was one of 
the mitochondrial complex I inhibitors while paraquat was in the oxidative stress- 
inducing group of pesticides that positively associated with PD (Tanner et al. 2011). 
In addition to being an important epidemiological study, this work provided vital 
correlates between epidemiology and experimental research as it connected mecha-
nisms with disease pathogenesis (see Fig. 1 in the Conversion of Epidemiological 
and Experimental Data Section). Maneb and paraquat increased the risk of PD in 
another study focused on ambient residential or occupational pesticide exposure in 
California (Wang et al. 2011). Of note, another fungicide, ziram, was added to the 
list of specific pesticides as PD risk factors and the greatest risk was in individuals 
exposed to all three (Wang et al. 2011). This suggests that while some pesticides 
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(pesticide classes) may be independent risk factors, others, which share/overlap 
mechanistically, pose cumulative risk. Dithiocarbamate fungicides, which maneb 
and ziram are, together with rotenone and paraquat (its cousin diquat was also 
implicated), associated with increased risk of PD in the French agricultural cohort 
AGRICAN; the association was strongest in the farmers with longest exposures 
(Pouchieu et al. 2018).

A way to further implicate pesticides in parkinsonism pathogenesis is to investi-
gate the association in an occupational setting while accounting for workers’ adher-
ence to safety and hygiene protocols. The Farming and Movement Evaluation 
(FAME) study was such nested case-control study within the AHS (Furlong et al. 
2015). Except rotenone, which was associated with PD regardless of glove use, 
paraquat and the pyrethroid permethrin no longer associated with PD if proper pro-
tection was used. This study also provided additional evidence about pyrethroids as 
an insecticide group associated with increased risk of PD (Furlong et al. 2015). If 
recently reported significant associations of pyrethroids and organochlorines with a 
key feature of the prodromal PD feature REM sleep behavior disorder (RBD), are 
considered (Shrestha et  al. 2018) in conjunction with the positive association of 
HLA-DR variant with pyrethroids (Kannarkat et al. 2015), additional attention to 
this widely used pesticide class should be given within the pesticide exposure-PD 
risk framework.

Overall, in terms of the individual pesticide (class) association with PD/parkin-
sonism, epidemiological data are most robust for paraquat, rotenone, organophos-
phates, and organochlorines. Key supportive studies for paraquat and rotenone are 
highlighted in Kamel (2013). However, as pointed out above, pyrethroids are emerg-
ing as another pesticide class of concern. Additionally, some newer studies have 
found associations with the most widely used herbicide in the world, glyphosate, 
and with atrazine, the herbicide most frequently found in US ground water. For 
example, land-use glyphosate increased the odds of premature mortality from PD in 
Washington State, while effects of atrazine were trending in the same direction, but 
were not significant (Caballero et al. 2018). Interestingly, in a large cross-sectional 
study or Medicare beneficiaries from Colorado, PD association with groundwater 
pesticide levels was assessed; higher age-standardized PD prevalence ratios were 
associated with increasing levels of groundwater pesticides (James and Hall 2015). 
Of the four pesticides that were measured, atrazine, on its own, also increased PD 
prevalence (James and Hall 2015). For glyphosate, atrazine and several other pesti-
cides where the data are not robust, additional epidemiological studies are needed.

As for any disease, development and validation of reliable biomarkers for PD that 
can (a) differentiate it from other similar diseases, (b) allow for prodromal diagnosis 
and/or (c) track treatment success, continue to be explored. Some success has been 
achieved at the clinical, genetic, imaging, and biochemical levels, with multi- modal 
and multi-omics biomarker approaches being the current frontier (Emamzadeh and 
Surguchov 2018). However, for many of the pesticides implicated in the pathogen-
esis of PD and parkinsonism, due to lack of persistence, rapid metabolism, and/or 
absence of patient sample material at the time of exposures, patient biomarkers sup-
porting the pesticide-PD like are unavailable. Organophosphates, pyrethroids, rote-
none, and paraquat are examples of such pesticides. One pesticide class, the 
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organochlorine insecticides, are a notable exception: they are highly persistent and, 
as briefly reviewed below, have been measured in patient material for association 
with PD. In one of the earlier studies, both a DDT metabolite (pp′-DDE) and dieldrin 
were increased in post mortem PD brain samples, with the association between PD 
diagnosis and dieldrin being highly significant (Fleming et  al. 1994). In another 
study, dieldrin levels were also higher in the striatum (caudate) of PD patients’ post 
mortem samples compared to controls and the trend for the DDT metabolite was in 
the same direction (Corrigan et al. 1998). In a subsequent study from the same group, 
elevated dieldrin levels in the substantia nigra of PD brains compared to that in 
brains from controls and from Alzheimer’s patients were reported (Corrigan et al. 
2000). PD brain lindane was also significantly higher in this study (Corrigan et al. 
2000). That organochlorines, such as dieldrin, can reach and remain in the brain is 
not surprising when their ability to cross the blood brain barrier and accumulate in 
lipid-rich tissues (Kanthasamy et al. 2005) is considered. It is also noteworthy that 
when brain samples collected from within the Honolulu-Asia Aging Study were 
analyzed for a heptachlor metabolite and several other organochlorines, Lewy 
pathology was associated significantly with the metabolite heptachlor epoxide (Ross 
et al. 2019). The significant association remained even after removal of PD cases, 
suggesting that non-PD synucleinopathies might be increased by organochlorine 
compounds, such as heptachlor, a pesticide extensively used in Hawaii (Ross 
et al. 2019).

Post mortem brain levels of organochlorines are very informative and supportive 
of their role in PD pathogenesis, but have little value in earlier stages of the disease 
for the living patient. This is why, subsequent studies have examined the pesticide-
 PD link by measuring specific organochlorines in serum. When 16 different organo-
chlorines were measured in the sera of controls, PD patients, and in patients with 
Alzheimer’s, β-Hexachlorocyclohexane (β-HCH) was not only higher in patients 
with PD than in the other two groups, but it was also a significant predictor for PD 
(Richardson et al. 2009). This finding was replicated in a larger case-control study 
with two geographically-separated sets of participants (Richardson et  al. 2011). 
Besides confirming that elevated serum β-HCH is associated with increased risk of 
PD, this latter study demonstrated that this association was present for serum sam-
ples collected about 5 years apart (Richardson et  al. 2011). In a Finnish cohort, 
archived serum samples were analyzed for organochlorine pesticides more than 
30 years post collection (Weisskopf et al. 2010). Higher serum dieldrin concentra-
tions associated with increased odds of PD, but only in non-smokers (Weisskopf 
et al. 2010), suggesting that, as for PD in general, positive risk modifiers can affect 
the pesticide-PD link. In a recent study with Greek population cohort, eight differ-
ent organochlorines were measured in the blood and then tested for association with 
PD; dieldrin and β-HCH were not among the eight selected analytes (Dardiotis et al. 
2020). Interestingly, peripheral p,p′-DDE levels were higher in PD patients in this 
study (Dardiotis et al. 2020), which corrobates the earlier post mortem brain find-
ings (Fleming et al. 1994). Given that serum p,p′-DDE is a good indicator of organo-
chlorine and (possibly) other pesticides exposures when they are estimated with 
Geographic Information Systems (GIS)-based exposure assessment models (Ritz 
and Costello 2006), the fact that it also associates with increased PD risk is 
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important. In terms of serum organochlorines/metabolites with the strongest asso-
ciations to PD, evidence for β-HCH and dieldrin is most robust (Richardson et al. 
2009, 2011; Weisskopf et al. 2010) and it was replicated in a cohort from Northern 
India as well (Chhillar et  al. 2013). Other organochlorines, such as heptachlor, 
might be important contributors to PD/parkinsonism risk in a more geographic 
region- specific manner (Ross et al. 2019) and the association of serum metabolites 
of this pesticide with parkinsonism is yet-to-be examined in detail.

 Pesticides and Parkinsonism: Experimental Data 
with Specific Pesticides

Many different pesticides have been investigated in laboratory settings for their 
potential contribution to PD/parkinsonism by evaluating their ability cause 
PD-relevant dysfunction at the molecular, cellular, and whole organism level. 
Among them, the breadth and depth of experimental data for rotenone, paraquat 
(alone or in combination with maneb), and dieldrin are most robust. Hence, labora-
tory findings, including some newer ones, with these three pesticides are elaborated 
on next.

 Rotenone

Rotenone, a botanical insecticide and a potent mitochondrial complex I inhibitor, 
was implicated in PD pathogenesis epidemiologically, i.e., Tanner et al. (2011), but 
its ability to produce parkinsonian phenotype after chronic systemic administration 
to rats was reported a decade earlier (Betarbet et al. 2000). In this study, hallmark 
parkinsonian features at structural, functional, and neurochemical level were 
observed post rotenone treatment (Betarbet et al. 2000). After this study, systemic 
rotenone administration is amongst the most popular models of PD, but has under-
gone modifications to increase its reproducibility, construct validity, and, impor-
tantly, exposure relevance. One marked improvement of the model was the switch 
to daily intraperitoneal administration of the insecticide, which, among others, led 
to high reproducibility of PD-like effects (Cannon et al. 2009). Nigral dopamine 
neuron loss, a cardinal feature of PD, caused by systemic rotenone treatment has 
been reported consistently, i.e., Cannon et al. (2009). Corroborating in vitro data 
with primary ventral mesencephalon cultures indicated that the dopaminergic toxic-
ity of rotenone was selective, led to apoptotic loss of dopamine (TH+) neurons, and 
notably, was caused by low, nanomolar rotenone concentrations (Ahmadi et  al. 
2003). The latter was an indication of rotenone’s environmental relevance as a con-
tributor to PD risk.

As addressed earlier, G × E interactions as they relate to PD risk have been exam-
ined in multiple epidemiological studies, i.e., (Narayan et al. 2015; Paul et al. 2017). 
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Such interactions, as well as how rotenone’s dopaminergic toxicity is affected by 
other environmental factors, has been evaluated experimentally as well. For exam-
ple, when primary mesencephalic cultures were exposed to threshold concentra-
tions of rotenone and lipopolysaccharide (LPS, a component of the cell wall of 
gram negative bacteria that is ubiquitous in agricultural settings), synergistic loss of 
TH+ neurons was observed (Gao et  al. 2003). Notably, these synergistic effects 
were dependent on microglia-derived, NADPH oxidase-mediated, oxidative stress 
(Gao et al. 2003). This is one of the early studies connecting multiple PD-relevant 
mechanisms (mitochondrial dysfunction, oxidative stress, neuroinflammation), to 
pesticide-inflammagen exposure. To study the interaction between PD-associated 
genes/proteins and rotenone, adeno-associated virus (AAV)-alpha-synuclein deliv-
ery into the substantia nigra followed by either central (to the same site) (Mulcahy 
et al. 2012) or systemic (osmotic pump) (Mulcahy et al. 2013) rotenone administra-
tion was tested. In both cases, combined effects of alpha-synuclein and rotenone 
were significantly greater than the effect of either agent alone (Mulcahy et al. 2012, 
2013). Bilateral and peripheral, non-specific effects were observed in the systemic 
rotenone study (Mulcahy et al. 2013), but the study did not rely on the more repro-
ducible, optimized systemic rotenone model (Cannon et al. 2009). In a similar, more 
detailed study, sequential administration of AAV2/5-alpha-synuclein (intranigral) 
followed by rotenone (intrastriatal) let to a significant exacerbation of nigrostriatal 
neurodegeneration and impaired motor function well above the effects of either 
agent alone (Naughton et al. 2017).

After microglia were implicated in the mechanism of rotenone neurotoxicity 
(Gao et al. 2003), direct effects of rotenone on microglia and signaling pathways 
affected were explored. Known inflammatory cytokines (TNF-α, IL-1β) and inflam-
matory signaling pathways (NFκB, MAP kinases p38 and JNK), were increased/
activated by rotenone (Yuan et  al. 2013). Some of these mechanisms, in a more 
specific manner, are used by rotenone to target directly the dopamine neurons them-
selves (Choi et al. 2015). Thus, one specific isoform of JNK, JNK3, is activated by 
rotenone in dopamine neurons and it leads to microtubule destabilization, inhibition 
of VMAT-2, accumulation of cytosolic dopamine, and ensuing oxidative stress- 
dependent cytotoxicity (Choi et  al. 2015). Another interesting G × E interaction 
example pertains to P-glycoprotein, the transport protein already implicated in PD 
epidemiologically (Narayan et  al. 2015). When transport activity was evaluated 
in vitro in the presence of several pesticides, rotenone and another pesticide, diazi-
non, were singled out as substrates for this important transport protein (Lacher et al. 
2015). The latter is clear example of experimental evidence alignment with epide-
miological findings.

Additional relevance for rotenone as a PD risk factor was obtained in a study 
were rotenone was administered via placement in a rotenone-containing novel envi-
ronment (Liu et al. 2015). In this study, rotenone-exposed mice showed not only 
classic signs of nigrostriatal dysfunction, but also prodromal (gastrointestinal [GI], 
olfactory) deficits. All of these were in the absence of measurable systemic effects 
(Liu et al. 2015). Similar to the novel environment rotenone administration para-
digm (Liu et  al. 2015), when rotenone was administered orally to mice, GI and 
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olfactory deficits, including a decrease in olfactory TH+ positive neurons, were 
observed (Morais et  al. 2018). Both gut-brain axis dysfunction and nigrostriatal 
deficits caused by oral rotenone treatment were enhanced markedly by chronic 
stress (Dodiya et al. 2020). Mechanistically, stress potentiated rotenone’s effects by 
causing greater intestinal barrier dysfunction and gut dysbiosis leading to pro- 
inflammatory peripheral conditions that extended into the brain (Dodiya et  al. 
2020). Besides supporting gut-brain axis involvement in PD experimentally, these 
studies affirm that rotenone exposure leads to PD-associated pathology outside of 
the nigrostriatal dopamine pathway and is modulated by other environmental fac-
tors, i.e., chronic stress. Dysfunctional autophagy is implicated in the mechanism of 
dopamine neuron demise caused by rotenone and in PD in general, but newer evi-
dence suggests that rotenone might impair autophagy, in part, by increasing opti-
neurin (OPTN, an autophagy cargo adapter protein), in brain areas that are outside 
of the substantia nigra and striatum, but are affected in PD (Wise et al. 2018).

Newer evidence provides mechanistic correlates between rotenone induced 
mitochondrial dysfunction and neuroinflammation and extends the knowledge on 
G × E interaction pertaining to this pesticide. Evidence that mitochondrial dysfunc-
tion in an early event and likely precedes neuroinflammation was reported by Zhang 
et al. (2020). Focusing specifically on rotenone-induced olfactory dysfunction, the 
authors demonstrated that rotenone also triggered Drp1-mediated mitochondrial fis-
sion, which then led to mitochondrial damage, inflammasome activation, and 
increased neuroinflammation. Importantly, when selective Drp1 inhibitor was used, 
mitochondrial structural integrity was preserved and inflammatory signaling was 
blocked (Zhang et  al. 2020). Given the clinical evidence that MHC-II polymor-
phisms play a role in PD pathogenesis (Kannarkat et al. 2015), immunoproteasome 
status in the rotenone model was investigated (Sun et al. 2020). This specialized 
proteasome is important in protein processing for antigen presentation and it was 
highly upregulated in rotenone-exposed rats; the upregulation occurred in conjunc-
tion with increased levels of both MHC-I and MHC-II, suggesting that the immuno-
proteasome and antigen presentation capacity are both upregulated by rotenone 
(Sun et al. 2020). Rotenone can also influence the inflammatory: anti- inflammatory 
balance by preventing normal anti-inflammatory responsiveness to stimuli such as 
IL-4 (Rabaneda-Lombarte et  al. 2020). By inhibiting anti- inflammatory factor 
expression and associated microglia function, rotenone might tip the balance 
towards inflammation and precipitate inflammation-associated PD neuropathology 
(Rabaneda-Lombarte et al. 2020).

Overall, experimental in vitro and in vivo findings are in line with the epidemio-
logical data that overexposure to this pesticide is a risk factor for PD, with mito-
chondrial dysfunction being the likely mechanistic trigger of subsequent 
parkinsonian dysfunction. Given rotenone’s short persistence in treated waters 
(when used as a piscicide), and intermediate persistence in sediments, risk of his-
torical exposures and bioaccumulation is low (Vasquez et al. 2012). The use of this 
pesticide is declining in the United States (1992–2017 data available at: USGS pes-
ticide use maps; https://water.usgs.gov/nawqa/pnsp/usage/maps/) and rotenone was 
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withdrawn from the EU (Tanner et al. 2011); if these declining use trends continue, 
the overall importance of rotenone as a PD risk factor for future generations will 
likely decrease, but this remains to be seen.

 Paraquat

Paraquat (PQ) is a widely-used nonselective herbicide that was identified as a risk 
factor for PD (Tanner et al. 2011). In part due to its structural resemblance to MPTP, 
PQ has been studied in the context of parkinsonism extensively using in vitro and 
in  vivo approaches; sometimes PQ has been tested in combination with another 
pesticide, i.e., the fungicide maneb, or in a G × E paradigm. In one of the earlier 
in vitro studies, oxidative stress, depleted antioxidant potential, and mitochondrial 
dysfunction were identified as ways PQ causes dopaminergic toxicity (Yang and 
Tiffany-Castiglioni 2005). Interestingly, much like MPTP, PQ’s effects on dopami-
nergic cells were dependent upon functional DAT (Yang and Tiffany-Castiglioni 
2005). In contrast to the specific inhibition of complex I by rotenone, PQ inhibits 
mitochondrial respiration non-selectiv (Gomez et al. 2007). In vivo, repeated intra-
peritoneal injections of PQ led to selective loss of dopamine neurons in the substan-
tia nigra in the absence of decreases in striatal dopamine (McCormack et al. 2002). 
When PQ is delivered in a more sustained manner, multiple progressive features of 
parkinsonism are recapitulated (Cristovao et al. 2020). With this chronic PQ admin-
istration paradigm, in addition to significant loss of TH+ neurons in the substantia 
nigra, there was a progressive decrease of striatal dopamine and accompanying 
decreases of motor function. Additionally, PQ treatment led to microglia activation, 
increased oxidative stress, and synucleinopathy (Cristovao et al. 2020).

In multiple studies PQ was tested in combination with the fungicide maneb due 
to application overlap and possibilities for co-exposures. For example, ability of this 
pesticide combination to cause nigrostriatal dysfunction and/or prime the host for 
subsequent insults in a developmental exposure paradigm was tested (Cory-Slechta 
et al. 2005). The two pesticide combination caused parkinsonian-like dysfunction at 
multiple levels and it also increased animal’s susceptibility to adult challenges 
(Cory-Slechta et al. 2005). In a more recent iteration of this PQ-Maneb exposure 
paradigm, treatment window was limited to the early postnatal period (days 5–19), 
with subset of the mice re-challenged with the same pesticides in adulthood (Colle 
et al. 2020). While a number nigrostriatal deficits were observed in both exposure 
groups, there were greater in mice exposed to PQ and maneb both postnatally and 
in adulthood (Colle et al. 2020). As pointed out for rotenone, PQ/PQ-maneb also 
interacts with other etiologic factors for PD. One such example is the interaction 
with aberrant alpha synuclein (Norris et al. 2007). When mice harboring the A53T 
mutant human alpha-synuclein were treated with PQ and maneb, the disease onset 
was accelerated and, importantly, synucleinopathy was observed prior to overt 
motor dysfunction (Norris et al. 2007). Parkinsonian-like neuropathology caused by 
PQ in vivo exhibits similar sex/gender selectivity as PD itself. One reason for the 
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decreased sensitivity of females to PQ might be their ability to mount robust neuro-
protective response, such as increased brain-derived neurotrophic factor (BDNF), 
which will mitigate PQ’s neurotoxic effects (Litteljohn et al. 2011).

At the cellular level, important mechanisms that PQ alone or in combination with 
maneb uses to cause dopaminergic toxicity or to engage non-dopaminergic, non- 
neuronal cells in the neurotoxic process have been investigated. In addition to con-
firming dopaminergic cell oxidative stress as a major outcome of PQ exposure, 
oxidation of specific redox-sensitive proteins, thioredoxin-2 and peroxiredoxin-3, 
preferentially in the mitochondria, was observed (Roede et  al. 2011). In another 
interesting study, ability of PQ/maneb to increase cytochrome c’s function as a per-
oxidase and facilitate alpha-synuclein oligomerization was investigated (Kumar 
et al. 2016). Increased alpha-synuclein co-localization with cytochrome c and its 
oligomerization, an early sign of synucleinopathy, was observed in PQ/maneb- 
exposed mice, suggesting increased peroxidase activity of cytochrome c is a com-
ponent of PQ/Maneb’s mechanism of dopaminergic toxicity (Kumar et al. 2016). 
Amongst the ways PQ causes dopaminergic dysfunction is targeting of the ubiquitin 
(Ub)-dependent protein degradation pathways (Navarro-Yepes et  al. 2016). 
Proteasome inhibition by PQ was a late event and separate from oxidation and other 
modifications of key mitochondrial proteins, but it interfered with autophagy 
(Navarro-Yepes et al. 2016). Both in vitro and in vivo, PQ increased glucose uptake 
and activated the adenosine monophosphate-activated protein kinase (AMPK), with 
the latter likely being an early protective mechanism, as AMPK inhibition increased 
dopaminergic cell’s sensitivity to PQ (Anandhan et al. 2017). In line with the devel-
opmental effects of PQ and maneb, exposure of a developing nervous system sur-
rogate, embryonic neural stem cells, to PQ alone or in combination with maneb 
caused expected oxidative stress, but it also led to decreased cell proliferation and 
corresponding alterations in cell cycle proteins; these effects were eliminated by an 
anti-oxidant treatment, signifying the importance of oxidative stress in PQ’s patho-
genic mechanism (Colle et al. 2018).

Other mechanisms, such as dysregulated long noncoding RNAs (lncRNAs), have 
been implicated in neurodegeneration and parkinsonism. LncRNAs related to the 
key transcriptional regulator of oxidative stress Nrf2 were investigated after PQ 
exposure (Wang et al. 2018). In vivo PQ exposure affected several lncRNAs that 
intersect with Nrf2 and related pathways indicating they might play roles in the 
development of parkinsonian phenotype after PQ treatment (Wang et al. 2018). An 
additional lncRNA, AK039862, was evaluated for its role in PQ toxicity in vivo and 
in vitro in dopaminergic cells, microglia, and co-cultures (Zhang et al. 2021). This 
lncRNAs was found to modulate the interaction between microglia and dopaminer-
gic cells treated with PQ and affect the PQ-induced neuroinflammation and ensuing 
cell damage (Zhang et al. 2021). Outside of lncRNAs, several studies have explored 
the ability of PQ to cause neuroinflammation and the role neuroinflammation plays 
in PQ-induced neurodegeneration. In the “classic” PQ model of PD, microglial acti-
vation and increased NADPH oxidase precede dopaminergic cell loss (Purisai et al. 
2007). Notably, if microglia are activated by different means in vivo, i.e., by injec-
tion of LPS, a single administration of PQ is sufficient to cause dopamine neuron 
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loss that is dependent on functional NADPH oxidase presence (Purisai et al. 2007). 
The way PQ activates microglia is through activation of the toll-like receptor-4 
(TLR-4) and the NFκB pathway (Wang et al. 2020). Additionally, similar to rote-
none, PQ activates p38, JNK, and ERK mitogen-activated protein kinases leading to 
increased inflammatory cytokine production that is mitigated by individual MAPK 
inhibitors and almost completely blocked by an upstream inhibition at the level of 
TLR-4 (Wang et al. 2020). Importance of TLR-4 for PQ induced microglia activa-
tion was supported in studies with microglia where TLR-4 was knocked down 
(Huang et  al. 2020b). In the absence of functional TLR-4, PQ-induced M1-like 
(pro- inflammatory) polarization did not take place, suggesting that modulating this 
regulatory inflammatory molecule may be used as a protection against PQ neuro-
toxicity (Huang et  al. 2020b). How exactly PQ activates TLR-4  in microglia is 
unclear, but the mechanism is likely indirect and involves activation of one or more 
of the endogenous TLR ligands. In support, one such ligand, the high-mobility 
group box 1 (HMGB1), was increased and secreted by SH-SY5Y treated with PQ 
(Huang et al. 2020a). Downstream inflammatory signaling (p38, NFκB) was also 
increased, suggesting that this may be cell type-independent means PQ uses to pro-
mote neuroinflammation (Huang et al. 2020a).

In terms of G × E studies with PQ, in addition to alpha-synuclein, interactions of 
PQ with LRRK2 and parkin, two PD susceptibility genes have been examined. In an 
LPS followed by PQ exposure paradigm, ablation of LRRK2 prevented structural 
(dopamine neuron loss) and functional (motor) damages caused by LPS and PQ, 
while it also shifted microglia phenotype away from inflammatory (Dwyer et al. 
2020). Using permanent lymphocyte lines established from the peripheral blood of 
PD patients, PARK2 mutation carriers, and healthy controls, susceptibility to PQ 
was evaluated (Ming et al. 2020). Not surprisingly, predisposing conditions, such as 
PD and parkin mutation presence, increased susceptibility to PQ reflected by 
increased oxidative stress and decreased mitochondrial function (Ming et al. 2020). 
When G × E was examined in PQ-maneb exposed animals, multiple genes associ-
ated with neurogenesis were affected the most in animals overexpressing human 
alpha synuclein or the G2019S mutation of LRRK2 (Desplats et al. 2012). The latter 
study suggests that in addition to direct effect on dopaminergic neurons and microg-
lia activation, PQ exposure causes damage by interfering with compensatory mech-
anisms, such as neurogenesis, and is doing so especially in susceptible genotypes 
(Desplats et al. 2012). In support, RNAseq analysis of nigrostriatal tissue from PQ/
maneb treated mice identified several pathways that relate to neurogenesis to be 
negatively impacted by this pesticide combination (Gollamudi et al. 2012).

Overall, experimental data on PQ are rich and include highly mechanistic stud-
ies. Oxidative stress is a key mechanistic feature and PQ’s effects on microglia and 
neuroinflammation are examined in greater detail than they are for rotenone. PQ, 
like rotenone is not a highly persistent pesticide. However, contrary to rotenone, its 
use, at least in the United States, has increased steadily (1992–2017 data available 
at: USGS pesticide use maps; https://water.usgs.gov/nawqa/pnsp/usage/maps/) and 
the likelihood for exposure in the (at least) immediate future is high. There are 
recent regulatory steps in the United States for re-evaluation of PQ for its 
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relationship to PD, which have resulted in updated EPA guidelines for its use with-
out establishing definitive relationship between PQ and PD (https://www.epa.gov/
ingredients- used- pesticide- products/paraquat- dichloride#safely). At a minimum, 
the updated guidelines, while limited in their nature, should encourage safer appli-
cation and use practices in occupational settings. Based on the FAME study within 
the AHS, protection, e.g., glove use, is sufficient to eliminate PQ’s association with 
PD (Furlong et al. 2015). If the updated EPA guidelines will have any effect on the 
posited relationship between non-occupational PQ exposures and PD risk is 
unknown at this time.

 Dieldrin

Dieldrin, an organochlorine, and a member of the so called ‘legacy pesticides’ 
group, which has been banned but still persists in the environment, has been inves-
tigated more extensively for its ability to elicit PD-like pathology in in vivo and 
in vitro studies after the report of positive association between elevated dieldrin in 
post mortem brains and PD diagnosis (Fleming et  al. 1994). Because another 
organochlorine, lindane, was also higher in PD brains (Corrigan et al. 2000), some 
experimental studies have combined dieldrin with lindane in the exposure para-
digm. As an organochlorine, dieldrin readily crosses the blood brain barrier and 
accumulates there. These properties of dieldrin and similar organochlorines, 
together with already reported associations with PD, make it relevant to be studied 
in the context of PD pathogenesis (Kanthasamy et al. 2005).

In vivo, perinatal (gestational-lactational) exposure of mice to dieldrin not only 
altered dopamine homeostasis on its own, but it also sensitized the exposed off-
spring to MPTP administered in adulthood (Richardson et al. 2006). Besides more 
pronounced reductions of striatal dopamine, perinatal dieldrin also exacerbated 
markers of inflammation and synucleinopathy after MPTP (Richardson et al. 2006). 
When dieldrin was administered to adult mice, striatal dopamine metabolism was 
dysregulated in conjunction with increased alpha-synuclein and indices of oxida-
tive stress, but in the absence of significant loss of dopamine neurons in the sub-
stantia nigra (Hatcher et  al. 2007). In a more recent work, role of epigenetic 
modifications in the effects of developmental dieldrin exposure, including differen-
tial sex sensitivity, were investigated (Kochmanski et al. 2019). Differential, sex-
specific DNA methylation patterns of genes important for dopamine neuron 
development and maintenance were observed after dieldrin exposure, suggesting 
that dieldrin targets the epigenome (Kochmanski et al. 2019) in addition to the clas-
sic mechanisms highlighted later in this section. Developmental dieldrin exposure 
also potentiated the dopaminergic toxicity of intrastriatal administration of alpha-
synuclein pre- formed fibrils (PFF; Gezer et  al. 2020). Much like the study with 
MPTP (Kochmanski et  al. 2019), developmental dieldrin exposure exacerbated 
PFF-induced behavioral and biochemical deficits in male mice only, but it did not 
exacerbate TH+ neuron loss or synuclein aggregation (Gezer et al. 2020).
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Oxidative stress, mitochondrial dysfunction, alpha-synuclein aggregation, and 
apoptotic neuronal death, the pathological sequela implicated in PD, are employed 
by dieldrin in its toxic mechanism (Kanthasamy et  al. 2005). In vitro, dieldrin 
caused oxidative stress, mitochondrial dysfunction, and apoptotic pathway activa-
tion in dopaminergic cells (Sharma et al. 2010). All of these effects were potentiated 
if lindane was added to dieldrin and the fact that antioxidant (NAC) treatment was 
neuroprotective (Sharma et al. 2010) points to oxidative stress being early, likely 
initiating molecular event in the dopaminergic toxicity of dieldrin and lindane. The 
dieldrin-lindane combination also activates NADPH oxidase in dopaminergic neu-
ronal cells (Sharma et al. 2018). This enzyme is a source of reactive oxygen species 
(ROS) and, in the brain, is typically associated with microglia. However, it was a 
major source of the dieldrin-lindane induced ROS, as NADPH inhibitors attenuated 
ROS production and ensuing neurotoxicity (Sharma et al. 2018). In dopamine neu-
rons and, likely, in tissues where dopamine is abundant, dieldrin and similar organo-
chlorines cause oxidative stress, which alters dopamine catabolism in a way that 
causes elevated levels of the toxic metabolite, 3,4-dihydroxyphenylacetaldehyde 
(Allen et al. 2013). Notably, some dieldrin metabolites are more toxic than dieldrin 
itself (Allen et al. 2013). Like rotenone and paraquat discussed earlier, G × E labo-
ratory studies for dieldrin have reported important, epidemiologically-anchored 
interactions. One such interaction is with aldehyde dehydrogenase (ALDH). 
Dieldrin was one of several pesticides, but the only tested organochlorine that inhib-
ited ALDH activity (Fitzmaurice et al. 2014). Interestingly, it was calculated that 
exposure to ALDH- inhibiting pesticides would increase PD risk two- to sixfold and 
an activity- modifying genetic mutation of ALDH2 interacts with such pesticides to 
exacerbate PD risk (Fitzmaurice et  al. 2014). To identify critical pathways and 
genes of relevance to PD that are affected by dieldrin, a genome-wide CRISPR/
Cas9 screen in human dopaminergic SH-SY5Y cells exposed to a chronic dieldrin 
treatment was carried out (Russo et  al. 2020). PD-related pathways, i.e., the Ub 
proteasome system, protein degradation pathways, and components of the mTOR 
pathway, were affected by the chronic dieldrin treatment (Russo et al. 2020).

Dieldrin appears to engage microglia in its effects on the nigrostriatal dopami-
nergic pathway and on other areas affected in PD. In part, this engagement is by 
stimulating microglia to produce ROS by activating the NADPH oxidase (Mao et al. 
2007). Dieldrin’s effect on glial cells, at least in terms of NADPH activation, is 
limited to microglia (Mao et al. 2007). Given the direct effects of dieldrin on neuro-
nal cells and the role of injured neurons in eliciting and maintaining abnormal 
microglia activation, key secreted neuronal factor, cystatin C, was identified (Dutta 
et al. 2012). Thus, dieldrin could involve microglia in the neurodegenerative process 
by both activating them directly and by injuring dopamine neurons and causing 
secretion of microglia activating molecules, such as cystatin C (Dutta et al. 2012).

Overall, despite the discontinued use of dieldrin, its lasting presence in the envi-
ronment and ability to accumulate in the brain are indications that it may continue 
to be a risk factor for PD. The duration of this increased risk is unknown, but it may 
decrease over time. In indirect support, studies with another organochlorine, β-HCH, 
reported time-dependent decreases of this organochlorine in the serum and a 
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concomitant decreased, yet still significant, risk of PD (Richardson et  al. 2011). 
Mechanistically, oxidative stress, mitochondrial dysfunction and direct and indirect 
microglia activation are among the ways dieldrin exposure leads to parkinsonian 
pathology.

 Other Pesticides

There are number of other pesticides, including herbicides, insecticides, and fungi-
cides that target the mitochondria and/or the proteasome, dysfunction of which is at 
the core of parkinsonism (Chen et  al. 2017). Pyrethroids not only have similar 
insecticidal mechanism to organochlorines, but are capable to cause dopaminergic 
toxicity in a similar manner (Costa 2015). In addition to the epidemiological evi-
dence linking organophosphate pesticides with increased PD risk, laboratory stud-
ies report on their dopaminergic toxicity. One example is the inflammation-dependent 
nigrostriatal toxicity of postnatal administration of chlorpyrifos (Zhang et al. 2015). 
Atrazine is an example of a widely used herbicide and a frequent ground water 
contaminant that causes dopaminergic toxicity in vivo (Coban and Filipov 2007; 
Rodriguez et al. 2005), including when exposure is during development (Sun et al. 
2014), and in vitro (Lin et al. 2013). For these, and other, including emerging pesti-
cides, (a) the amount of experimental data is adequate, but epidemiological findings 
are limited, (b) multiple epidemiology reports for association with PD risk are avail-
able, but mechanistic, PD-specific experimental data are limited, or (c) both epide-
miological and experimental data are limited. The pesticide use and, by extension, 
exposure landscape changes with time and these changes will likely affect the pes-
ticide-PD risk link at multiple levels (strength/type of association, pesticide groups 
and individual pesticides that associate with PD risk, mechanisms of parkinsonian 
toxicity, etc.)

 Pesticides and Parkinsonism: Conversion of Epidemiological 
and Experimental Data

For pesticides where both epidemiology and laboratory findings are substantial, one 
way to determine how the two communicate and inform each other is by using scien-
tometrics to analyze and visualize co-referenced articles. There are several tools 
available for such analyses. One of them is CiteSpace (Chen and Chen 2005). This 
tool, which interrogates databases such as Web of Science, Scopus, or PubMed, was 
used recently to analyze and visualize research focused on the PD-pesticide exposure 
link (Liu et al. 2020). As an extension of this work, and to demonstrate the conver-
gence and bidirectional feedback between epidemiology and laboratory investiga-
tions, analysis on the relationship between PD/parkinsonism and rotenone was 
performed (Web of Science was quarried on April 15, 2021 for the analysis and 
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visualization, with period restricted to 1993–2021). Graphical representation of the 
outcome of this analysis is Fig.  1. Several conclusions can be drawn from this 
CiteSpace analysis. First, there are several highly integrated network clusters with 
either epidemiological, i.e. Tanner et al. (2011), or laboratory (Betarbet et al. 2000; 
Cannon et al. 2009) reports at the core of the network. Second, a more detailed analy-
sis of the network map indicates that these references (Betarbet et al. 2000; Cannon 
et al. 2009; Tanner et al. 2011), have the top 3 centrality (index of betweenness) and 
sigma (index combining the betweenness centrality and citation burst) measures. 
Third, the same three articles were in the top 4 in terms of citation counts. Considering 
that these three articles represent the early publication on the rotenone model of PD 
(Betarbet et al. 2000), its optimization, leading to increased reproducibility (Cannon 
et al. 2009), and the key epidemiological evidence linking rotenone with PD risk 
(Tanner et al. 2011), their placement and importance for the network is not surpris-
ing. Similar co-reference networks can be constructed for other individual pesticides 
or pesticide groups or types and trends can be tracked in a temporal manner. However, 
this is only feasible if sufficient data, i.e., robust co-reference history, are available.

As with any other environmental contaminant(s) of anthropogenic origin with 
possible association with a disease or adverse health outcome, taking into account 
both epidemiological and experimental data for risk assessment and subsequent 
regulatory and health decisions is the gold standard. Ways to best do this are 

Fig. 1 Co-reference network map for rotenone and PD/Parkinsonism constructed in CiteSpace
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constantly being improved; key constraint is to scientifically establish causality in 
epidemiological associations (Pelkonen et al. 2019; Terron et al. 2018). The adverse 
outcome pathway (AOP) approach, which allows for linking the available epide-
miological, clinical, and experimental information mechanistically, has been applied 
to parkinsonism (Terron et al. 2018). With this approach, an AOP linking one of the 
key mechanisms implicated in PD pathogenesis, mitochondrial dysfunction (bind-
ing of complex I inhibitor, such as rotenone, being the molecular initiating event, 
with a parkinsonian adverse outcome (AO), motor deficits, was developed and dem-
onstrated mechanistic plausibility for the epidemiological data associating pesti-
cides with elevated risk for Parkinson’s disease development (Terron et al. 2018). 
Suggested adoption of the AOP approach for toxicological risk assessment of plant 
protection products, which many pesticides are, by key regulatory agencies, such 
EFSA in the European Union (Pelkonen et al. 2019), could potentialy transform the 
way pesticides are regulated and, by extension, mitigate the increased risk of par-
kinsonism associated with some of them.
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