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 Abstract
Parkinson disease (PD) is the second most common neurodegenerative disorder after Alzheimer disease with 

no definitive neuroprotective therapies. Previous studies have demonstrated that Catechol tetra hydroisoquinolines 
(CTIQs) are toxic to dopaminergic neurons. These toxins can induce mitochondrial dysfunction, which consequently 
contributes to the pathogenesis of PD. Unlike external neurotoxins, such as agrochemicals and MPTP, CTIQs can 
be synthesized in the brains of human based on the dopamine and the particular aldehyde. Besides, aggregated 
α-synuclein (α-syn), one of the hallmarks of PD, has been proved to be a key contributor in the development of PD 
and can be affected by many neurotoxins. Some studies have presented that CTIQs enhanced the aggregation of 
α-syn and increased the neurotoxin of α-syn, which might be the pathological mechanism of PD. Therefore, this 
chapter will reveal the role of CTIQs and α-syn and try to clarify the relationship between them.
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Introduction
Parkinson disease (PD) is the second most common multisystem 

neurodegenerative disease after Alzheimer disease, whose incidence 
rates are around 1% and 4% of the population above the age of 60 and 
80 years, respectively [1]. It is a progressive movement disorder, which 
is clinically manifested by resting tremor, rigidity, postural instability 
and akinesia/bradykinesia usually along with cognitive impairment. 
T﻿﻿﻿﻿he major hallmarks of PD are the loss of dopaminergic neurons and 
formation of Lewy Bodies (LBs) in the substantia nigra pars compacta 
(SNpc). The dopamine(DA) replacement therapy with levodopa(L-
DOPA) is a milestone in the treatment of PD. However, L-DOPA can 
induce motor fluctuation and dyskinesias after several years of treatment 
[2,3]. So it is of important realistic significance to explore effective 
approaches for prevention, diagnosis and treatment of PD through 
clarifying its pathological mechanism.

α-syn was the first reported gene, the mutation of which was 
described in a family with dominantly inherited PD in 1997 [4]. α-syn 
was believed as the key protein involved in PD, overexpression of which 
has been wildly used as PD models [5]. Although increasing studies on 
the physiological and pathological roles of α-syn popped up in recent 
years, the exact mechanism of α-syn aggregation in PD is still elusive. 
Approximately 5%-10% cases of PD are familial, while the majority 
cases of PD are sporadic. The sporadic cases of PD are believed to result 
from the combination of genetic differences and environmental factors. 
And the studies have proven that many neurotoxins can facilitate the 
formation of abnormal α-syn [6,7]. So it is important to understand how 
the environment can influence the function of α-syn to explore the exact 
mechanism of abnormal aggregation of α-syn. Various epidemiologic 

elements have been proposed as risk factors in PD, including genetic 
mutations, head trauma, bacterial or viral infections and environmental 
toxins. Since exogenous neurotoxin, 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), was discovered to induce PD-like syndrome 
in peoples, neurotoxins have been paid more attention and extensively 
investigated. In recent years, endogenous neurotoxins, CTIQs, were 
considered as the risk factors potentially involved in the pathogenesis 
of PD [8,9]. Unlike exogenous neurotoxins, CTIQs is a group of 
products which could be synthesized in the brain of human based on 
the condensation of DA and some certain aldehydes. So it is proposed 
that they might be the key factors involved in α-syn aggregation [10-12] 
In this review, we will describe the relationship between CTIQs and the 
abnormal aggregation of α-syn and try to provide a helpful insight into 
therapeutic approaches for PD.

Endogenous Catechol Tetrahydroisoquinolines
A body of evidences proved that the CTIQs are a group of important 

endogenous compounds that are discovered in the mammalian brain 
especially in PD patients [11,13,14]. CTIQs and their derivatives can 
be synthesized based on different active aldehydic derivatives and 
DA product or its metabolites, such as 1-methyl-6,7-dihydroxyl-
1,2,3,4-tetrahydroisoquinoline(Sasolinol,Sal),1-acetyl-6,7-dihydroxyl-
1,2,3,4-tetrahydroisoqu-inoline (ADTIQ) and 6,7-dihydroxyl-1,2,3,4-
tetrahydro- isoquinoline (norsalsolinol,norsal) [12,15,16]. These CTIQs 
listed above could be reacted into N-methylnorsalsolinol (NM-NorSal), 
N-methylsalsolinol (NM-Sal) and N-methyl-ADTIQ (NM-ADTIQ)
by nitrogen methyltransferase respectively, and then generated to ion
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oxides of MeDHIQ+, DiMeDHIQ+ and MeAcDHIQ+ by MAO enzyme 
respectively [17]. CTIQs together with their nitrogen methylation and 
oxidation products are the structure analogs of MPTP and MPP+. So 
we have known that these CTIQs are the products of DA that would be 
a reasonable explanation for the specific degeneration of dopaminergic 
neurons in PD patients [10]. Also, there is a chiral c enantiomer in the 
C1 location of CTIQ, which is the reason of existence of (R) and (S)-
enantiomer of CTIQ. In the mammalian brain, they were synthesized 
by an enzymatic and non-enzymatic Pictet-Spengler condensation of 
neuroamines with aldehydes [12]. The chemical formulae, synthesis 
and metabolism of common CTIQs are shown in Figure 1.

It is known that the aldehydic compounds are usually derived from 
lipid peroxidation in which the polyunsaturated fatty acid is peroxidized 
under the condition of oxidative stress [18]. And oxidative stress has 
been deemed as one of the important contributors to the death of 
nigral neurons in PD patients [19,20]. In general, oxidative stress can 
generate much more reactive oxygen species (ROS) and further induce 
mitochondrial damage. In turn, damaged mitochondria can cause 
the generation of excessive superoxide, which further results in the 
mitochondrial dysfunction and finally cell death. This progress makes a 
vicious cycle [21]. However, the exact pathogenesis mechanism of this 
vicious cycle in PD is still not clear. Recently, Deng’s group confirmed 
the existence of Sal synthetase, that is a thermostable enzyme, and the 
higher enzymatic condensation reaction of DA and acetaldehyde was 
detected in the striatum and substantia nigra of rat brains [22,23]. Of 

CTIQs, Sal is a representative neurotoxin, which presents a high level 
in brains of PD patients and has been shown to increase ROS, inhibit 
mitochondrial function and cell injury [24-26]. Therefore, we have a 
hypothesis of CTIQs induced PD that when oxidative stress occurs, 
the aldehydic product of lipid peroxidation condenses with DA to 
form a series of CTIQs such as Sal in DA neurons. These CTIQs can 
cause the mitochondrial toxicity, which in turn induces the generation 
of excessive oxidative stresses in DA neurons. This process makes a 
vicious cycle, finally resulting in the death of DA neurons. Although 
some researchers found that there was an increase of CTIQs in the 
cerebrospinal fluid(CSF) of PD patients [27,28], the CTIQs may not be 
much higher in PD patients than that in the normal people since they 
do not stay at some stage and are always in the processes of metabolism.

Neurotoxins of CTIQs Potentially Involved in PD
In recent years, environmental toxins are considered as important 

factors in the pathogenesis of PD. The neurotoxins are divided into 
two groups: exogenous neurotoxins and endogenous neurotoxins. 
Exogenous neurotoxins primarily include agrochemicals such as MPTP, 
rotenone, and paraquat, while endogenous neurotoxins mainly include 
tetrahydroisoquinoline (TIQ) compounds and β-carboline derivatives. 
Although exogenous neurotoxins have been proven to be involved in the 
development of PD, there is still small chance that general population 
are exposed to them. Therefore, endogenous neurotoxins have caused 
widespread concern.

Figure 1: The chemical structures and synthesis of MPP+ and isoquinoline neurotoxins. A: MPTP is catalyzed to MPP+ by a monoamine oxidase. B: A potential 
endogenous pathway for Salsolinol. C: A potential endogenous pathway for metabolic process of norsalsolinol. D: The synthesis of ADTIQ.
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The major neurotoxic CTIQs

1-methyl-4-phenyl-2,3-dihydropyridium(MPTP) is a well-known 
exogenous neurotoxin, which has been widely used in animal models of 
PD [29-32]. MPTP was first discovered in the drugs, which made many 
addicts show signs of parkinsonism-like symptoms after they smoked 
them [33]. When MPTP enters to our blood system, it can easily cross 
the BBB and then be converted to the dihydropyridinium ion (MPDP+), 
which further oxidizes into 1-methyl-4-phenylpyridinium (MPP+) by 
astrocytic monoamine oxidase B(MAOB) [34]. MPP+ can increase the 
synthesis of ROS by inducing the mitochondrial damage including 
decreased mitochondrial membrane potential, impaired respiratory 
chain complexes and release of cytochrome C [35-37]. T﻿﻿he symptoms 
induced by MPTP are very similar to that of PD [29], suggesting 
that a long-term accumulation of certain endogenous neurotoxins, 
which have similar structure or function with MPTP, will lead to PD. 
Therefore, dopamine-derived alkaloids have been proposed as potential 
endogenous neurotoxins. So far, some naturally generated neurotoxins, 
similar to MPTP, have been discovered, which are divided into two main 
categories: the tetrahydroisoquinolines (TIQs) and the β-carbolines. 
The most attractive endogenous neurotoxins are TIQs. Among TIQs, 
CTIQ compounds are members of isoquinoline derivatives. Their 
nitrogen methylation and oxidation products are the structure analogs 
of MPTP and MPP+. All of them have been proposed as endogenous 
neurotoxin candidates, which are intensively investigated both in vitro 
and in vivo experiments and they perform severe toxicity on cellular 
and animal models of PD [8,9,38].

Among the CTIQs, 1-methyl-6,7-phenyl-1,2,3,4 –
tetrahydroisoquinoline (Salsolinol, Sal) and its derivatives can cause the 
prominent toxic effect on the nervous system [24] Sal derivatives were 
the first isoquinoline compounds found in the urine and brain of PD 
patients who received the treatment of L-DOPA [13]. Sal is known to be 
synthesized from DA and acetaldehyde (AcH) and has two enantiomers, 
(S)-Sal and (R)-Sal. (R)-Sal is dominant, which can be further catalyzed 
to N-methyl-(R)-salsolinol (NM(R)Sal) by N-methyltransferase and then 
oxidize into 1,2-dimethyl-6,7-dihydroxyisoquinolinium ion (DMDHIQ+) 
[39]. Sal can be detected in various regions of human brain, but it is highly 
concentrated in the striatum and substantia nigra [40,41]. Several studies 
have confirmed that Sal is toxic to dopaminergic neurons in particular. As 
demonstrated by in vivo studies, chronic administration of Sal can cause the 
degeneration of striatal dopaminergic neurons [42]. And Sal can decrease 
the DA levels in these regions possibly through inhibiting the rate-limiting 
enzyme of dopamine synthesis, tyrosine hydroxylase (TH) [43,44]. In vitro 
experiments, Sal has been shown to reduce the viability of SH-SY5Y cells 
in a dose-dependent manner by activating caspase-3 [45,46]. Moreover, 
Sal has also been demonstrated to cause the morphological changes, 
mitochondrial impairment and apoptotic cell death in neural stem cells 
(NSCs) [47]. The neurotoxicity of Sal has been believed to associate 
with the generation of oxidative stress. Recently, Kang observed that Sal 
induced the oligomerization of cytochrome c possibly through increasing 
oxidative stress, indicating that Sal might participate in the pathogenesis 
of PD by blocking energy supply from mitochondria [38]. Later on, Kang 
et al. found that Sal could induce human ceruloplasmin(hCP) aggregation 
by increasing free radical generation, which might be involved in the 
pathogenesis of PD [48]. Several data indicated that the link between Sal 
and oxidative stress could be the mitochondrial impairment, of which 
the manifestations include the inhibition of ATP levels, mitochondrial 
membrane potential loss, cristae disruption and the release of cytochrome 
c [25,46,47,49,50]. However, in another study, Sal was considered to play 
a two-phase opposing action in the central nervous system. Sal in the low 
concentrations (50 and 100 µM) activated as a neuroprotective factor; 

however, at its tenfold concentration (500 µM) it activated as a neurotoxic 
factor, which significantly enhanced the glutamate-induced neurotoxicity 
[25]. Similar data of Sal were observed in MTT assay [51]. The opposite 
effects of Sal suggest that its toxic role might be exerted along with its 
accumulation of mitochondrial damage after the vicious cycle we proposed 
occurs.

Norsal is one of Sal derivatives, which and its derivatives have 
also been detected in the urines and CSFs of PD patients [52,53]. 
Musshoff et al. discovered the norsal in DA-rich areas of the basal 
ganglia [54]. Recently, norsal has also been found in the Drosophila 
head using Micellar Electrokinetic Capillary Chromatography 
[55]. Several evidences showed that norsal had the cytotoxic effects 
[56,57] and induced the apoptosis of SH-SY5Y cells by increasing 
cytochrome c release and activating caspase3, in which ROS was a 
significant contributor [58]. In addition, Nagasawa et al. isolated the 
Sal and norsal from the Marine Sponge Xestospongia cf. vansoesti and 
demonstrated that they were proteasome inhibitors, which may be the 
mechanism of DA neuron death [53]. N-methyl-norsal (NM-norSal) 
is the N-methylated product of norsal, which inhibited TH, the key 
enzyme in dopamine synthesis and therefore was possibly contributed 
to the depletion of DA in PD [59,60]. However, the data from HPLC-
ECD showed that NM-norSal was located in the widespread neuronal 
regions of several mammalian species, which revealed that NM-norSal 
might be a week neurotoxin and its contribution in the pathobiology of 
PD could come out after years of its accumulation [16].

NM-Sal is another crucial neurotoxin which can be catalyzed by 
N-methyltransferase based on Sal. It is reported that there was an 
increase of N-methyltransferase activity in the peripheral lymphocytes 
and the brain in the unilateral 6-hydroxydopamine lesion rat model 
compared with that in control [61]. NM-Sal, other than Sal, is located 
selectively in the nigrostriatum [62,63], which has also been determined 
in the human intraventricular fluid [64]. And NM-Sal is considered 
to be a stronger neurotoxin than Sal and is capable of inhibiting 
mitochondrial functions and thus inducing apoptosis of dopaminergic 
cells [65,66]. And the (R)-enantiomer of NM-Sal can cause more 
severe DNA damage than the (S)-enantiomer [67]. So far, NM-Sal was 
expected to be the most toxic CTIQ.SH-SY5Y cells treated with NM-Sal 
exhibited significant apoptosis, while the cells treated with Sal or MPP+ 
exhibited moderate apoptosis. Also, MTT assays indicated that the 
50% cell death rate of MPP+, Sal and NM-Sal were 250, 1000 and 750 
uM, respectively [68]. Another report demonstrated that both Sal and 
NM-Sal were responsible for mitochondrial membrane potential loss, 
cytochrome c release and cristae disruption in parkin-deficient PC12 
cells after H2O2 exposure [50]. Otherwise, in some oxidative stress 
conditions, the levels of Sal and NM-Sal could be synthesized in vivo. 
For instance, after ethanol exposure, Sal and NM-Sal were generated in 
fetal brains of rats probably by increasing the level of AcH [69]. And Sal 
and NM-Sal were also upregulated in the dopamine and Fe2+ impaired 
SH-SY5Y cells, which could be served as the oxidative stress model 
[70]. Consistent with these, the CTIQs were also generated under the 
oxidative stress condition induced by manganese in PC12 cells [71].

ADTIQ is a link between PD and diabetes 

1-acetyl-6,7-dihydroxy-1,2,3,4-tetrahydro-isoquinoline(ADTIQ) is a 
Sal-like compound which was detected in the putamen, caudate nucleus, 
frontal cortex, substantia nigra and cerebellum of PD patients [72]. In 
vivo study, HPLC-ESI-MS/MS results showed that the concentration of 
ADTIQ was 63.6 ± 4.6 fM/mg wet tissue in the substantia nigra of rat [73]. 
In putamen of PD patients, the level of ADTIQ was higher than that in 
controls, which suggested that this novel compound might be related to 
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PD [15]. And ADTIQ is endogenously synthesized from the condensation 
of dopamine and methylglyoxal (MGO). MGO is a well-known toxic 
compound in diabetic neuropathy and can increase ROS and inhibit 
mitochondrial respiration in SH-SY5Y cells [74,75]. MGO increased the 
levels of DA and Sal, contributing to neuronal cell death [76]. Moreover, 
the elevated levels of ADTIQ and MGO were observed in the cell model of 
hyperglycemia and the brains of rats with diabetes [77]. Figure 2 showed 
significantly increased levels of ADTIQ and MGO in the striatum of SD 
rats with type2 diabetes. Otherwise, ADTIQ induced mitochondrial 
damage and reduced cell viability in SH-SY5Y cells, indicating that ADTIQ 
is involved in the pathogenesis of PD [78].These results implicate that 
ADTIQ may be a link between diabetes and PD.

TIQs-like candidates of endogenous neurotoxins

There are still other TIQs-like candidates for the endogenous 
neurotoxins that contributed to the pathogenesis of PD. 1-benzyl-1,2,3,4- 
tetrahydroisoquinoline (1BnTIQ) has been reported in vivo and in vitro 
studies and proved to possess the neurotoxic effects [79-81]. However, the 
neurotoxic effect of 1BnTIQ is dependent on its concentration:1BnTIQ 
in a low concentration(50 μM) played a neuroprotective role, whereas in 
10 times higher concentration (500 μM) it played a neurotoxic role by 
increasing apoptosis markers [81]. Recently, Kotake et al. detected a novel 
metabolite of 1BnTIQ, 1-benzyl-3,4-dihydroisoquinoline (1BnDIQ) in rat 
liver S9 and demonstrated that 1BnDIQ is more toxic than 1BnTIQ [82,83]. 
In addition, the analog of 1BnTIQ, 1-(3’,4’-dihydroxybenzyl)-1,2,3,4-
tetrahydroisoquinoline (3’,4’DHBn TIQ) also exerted the DA neurotoxic 
effect and reduced cell viability as a potential endogenous parkinsonism 
inducer [84]. Importantly, the mechanism of these TIQ derivatives induced 
neurotoxicity may be related to the inhibition of mitochondrial function 
[82].

α-synuclein Aggregation and Parkinson Disease
For many neurodegenerative diseases including PD, it is a typical 

characteristic that protein aggregate from monomer to β-sheet-rich 
amyloid fibrils.α-syn, known as a central component of LBs, is a 
synaptic protein with the tendency of misfolding and aggregation [85]. 
Although α-syn was first discovered in patients with familial forms of 
PD and its A53T, E46K and A30P mutations had also been shown to 
be related to the familial form of PD [4,86], α-syn appeared to be a 
vital genetic factor of PD pathology both in familial and sporadic cases. 
Its expression level was positively correlated with the severity of PD 

[87]. Accumulating evidences proved that the abnormal deposit of 
α-syn could result in neurotoxicity through a gain-of-function manner 
[88-90]. The research carried out by Recasens et al. [91] showed that 
the nigrostriatal neurons in mice and monkeys appeared to degenerate 
slowly after injection of Lewy bodies extracted from patients with PD. 
And the endogenous α-syn had also been prone to aggregate triggered by 
exogenous human α-syn. Besides, slight loss of dopaminergic neurons 
and significant reduction of DA were observed in the SNpc of α-syn 
transgenic mice. And the transgenic mice exhibited progressive PD-
like motor deficits and anxiety, in the brain of which there exist α-syn 
aggregates [92]. Our previous studies indicated that overexpression of 
α-syn induced the production of oxidative stress, intracytoplasmic DA 
and endogenous neurotoxins, which may further cause cell death [49].

Based on the impact of LBs in the development of PD, the 
inclination for α-syn to aggregation has been explored intensely. 
Multiple lines of proofs have shown that α-syn can be transformed 
from its normal structure into an unusual disease-associated structure 
influenced by many factors containing inhesion factors and external 
factors [6,7,88,93,94]. On the one hand, within α-syn itself, some of its 
mutations can induce a more toxic effect on DA neurons and were more 
vulnerable to aggregation [88,95,96]. For example, A53T mutant-type 
α-syn protein had the higher propensity to aggregate compared with the 
wild-type α-syn protein, as a result of the increased β-sheet formation 
and lack of strong intramolecular long-range interactions in the 
N-terminal region [96]. On the other hand, a lot of evidences indicated 
that aggregated α-syn could be facilitated by many environmental 
neurotoxins. Agrochemicals such as paraquat(PQ), rotenone, 
maneb were believed to be important factors that gave rise to the 
accumulation and aggregation of α-syn and could be the contributors 
to the occurrence and development of PD [97-100]. Moreover, heavy 
metals have also been paid more attention, because α-syn has multiple 
binding sites of metal [101]. Many types of research showed that the 
high metal ions could aggravate the formation of α-syn fibrillation and 
aggregation, result in the cell injury and consequently contribute to the 
progressive of PD [7,102-106]. And MPTP, a well-known neurotoxin, 
is also associated with the aggregation of α-syn, which was confirmed 
by a study that the oligomers of SNCA (51 kD) increased in the SNpc of 
monkeys administrated intravenously with MPTP (0.3 mg/kg) twice a 
week for three months [107]. Moreover, there are other environmental 
factors including solvents and nanoparticles that have been proved to 
be associated with α-syn aggregation. For example, when the animals 

Figure 2: ADTIQ and methylglyoxal levels in streptozotocin-treated diabetic rats. ADTIQ and methylglyoxal levels in the striatum were determined using LC-MS/MS 
and HPLC-ECD. 
The data represent the mean ± S.E.M. (n ¼ 5). **p<0.05 vs. control. This figure was originated from Deng et al. [78] with permission
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were exposed to Trichloroethylene (TCE), one kind of solvents, they 
showed the nigrostriatal degeneration, the onset of parkinsonian 
features, a loss of nigral dopaminergic neurons and increased nigral 
accumulation of α-syn [108,109]. Now, nanoparticles (NPs) have been 
used as new approaches for the treatment of PD [110,111]. However, 
in some conditions, the NPs can induce the adverse effect on the DA 
neurons and may accelerate the development of PD possibly through 
decreasing DA concentration and TH levels, increasing oxidative stress, 
changing mitochondrial metabolism, inhibiting cell proliferation 
and enhancing cell apoptosis [112-114]. It is worthy to note that NPs 
can also regulate the expression and aggregation of α-syn [115-117].
These data above implicated that the neurotoxicity induced by internal 
and external factors was ascribed to the formation of aberrant α-syn. 
T﻿﻿herefore, growing α-syn aggregation is a crucial procedure in the 
development of PD. 

The evidences above have demonstrated that soluble a-syn 
monomers can be triggered by multiple environmental factors to 
transform into fibrillation and aggregation. But the reason for this 
convention induced by these factors needs to be addressed. In recent 
years, the epigenetic mechanism has been thought as a potential 
mechanism involved in PD and could be a link between environmental 
factors and α-syn aggregation. Epigenetic mechanism is a mechanism 
that regulates gene expression but not affects DNA sequence, including 
DNA methylation, histone modification and noncoding RNA 
regulation. Firstly, the effect of DNA methylation on α-syn aggregation 
mainly focuses on the regulation of its gene SNCA. There is evidence 
that human SNCA intron 1 is hypomethylated in sporadic PD patients’ 
brain including substantia nigra, putamen, and cortex, resulting in the 
activation of SNCA expression [118]. Later on, Tan et al. detected the 
methylation of SNCA CpG-2 including the 2nd, 4th and 9th CpG sites. 
They found that the methylation levels of each CpG2 sites were all 
significantly reduced in leukocytes of PD patients compared with that 
in healthy controls, especially in the 4th CpG site [119]. Also, Desplats 
et al. found that the accumulation and/or aggregation of α-syn may shift 
DNMT1 subcellular location from the nuclear to the cytoplasm, which 
might directly cause a decay for DNA methylation of PD related genes 
such as SNCA, SEPW1 and PRKAR2A [120]. These evidences provide 
the possibility that reduced methylation of SNCA promoter induced 
by certain factors can activate the α-syn expression and then the 
increased α-syn can decrease its DNA methylation, finally resulting in 
α-syn aggregation. Secondly, histone modification is also an important 
mechanism of α-syn aggregation, and its effect mainly focuses on the 
histone acetylation [121]. Recently, the team from Freed, presented that 

long-term administration of a histone deacetylase (HDAC) inhibitor, 
phenylbutyrate, reduced α-syn aggregation in the brain and improved 
motor and cognitive function in aged transgenic mice expressing a 
tyrosine to cysteine mutant human α-syn [122]. Similarly, Valproic acid, 
an inhibitor of histone deacetylase, counteracted the alteration of α-syn, 
the death of nigral neurons and the declined levels of striatal DA in the 
rotenone-treated rats [123]. Nevertheless, there were some evidences 
showing that the inhibition of HDAC6 exerted the detrimental 
effects including the accumulation of α-syn oligomers, the aggravated 
degeneration of nigrostriatal DA neurons and behavioral deficits [124-
126]. In this line, HDAC or its inhibitors have been shown to exert 
effective roles in the inhibition of α-syn misfolding and treatment of PD. 
Thirdly, the physiologic and physiopathologic roles of noncoding RNAs 
(ncRNAs), especially microRNAs (miRNAs), have been investigated 
intensively because of their diagnosis and therapeutic features of the 
neurodegenerative diseases including PD [127-129]. Accumulating 
evidences demonstrated that several miRNAs could regulate the 
expression of α-syn, which is involved in the neurotoxin of α-syn to DA 
neurons [130-136]. For example, overexpression of miR-21 promoted 
the expression of α-syn protein, while inhibition of miR-21 effectively 
decreased the expression of α-syn [135]. Also, Niu et al. observed that 
miR-133b ameliorated the axon degeneration in PC12 cells treated with 
MPP+ by decreasing α-syn expression and increasing Bcl-2/Bax ratio, 
indicating that miR-133b is implicated in the pathogenesis of PD [134]. 
Therefore, miRNAs could be another mechanism of α-syn aggregation 
and provide new diagnostic and therapeutic avenues for PD. 

Although it is known that aggregated α-syn is a clinicopathological 
feature of PD, its exact mechanism for DA neuron degeneration and 
death in Parkinson disease has not yet been clarified. One of the popular 
hypotheses for the pathogenic mechanism of α-syn is that aggregated 
α-syn can inhibit the function of mitochondria, which further leads to 
the death of dopaminergic neurons. Many mitochondria exist in the 
synapses of Dopaminergic neurons, the impairment of which is an 
initial step for cell apoptosis. In this mechanism, aggregated α-syn can 
interact with mitochondrial membranes and further induce the release 
of respiratory protein cytochrome c, an increase of mitochondrial 
calcium, complex I dysfunction, a decrease of membrane potential 
and mitochondrial swelling, finally leading to the mitochondrial 
dysfunction [137-140]. And mitochondrial dysfunction can generate 
the excessive ROS and eventually induce death of dopaminergic neuron 
[141]. Figure 3 showed a decreased mitochondrial membrane potential 
in PC12 cells with α-syn overexpression compared to that in controls, 
and this tendency was intensified after exposure to Sal and NM-Sal 

Figure 3: The suppression of mitochondrial membrane potential in PC12 with α-syn overexpression (PC12-α-syn). A: Loss of mitochondrial membrane potential 
observed in PC12-α cells. B: Further decreasing of the mitochondrial membrane potential in the PC12-α-syn cell after exposure to Sal and NM-Sal. 
This figure was originated from Deng et al. [49] with permission
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[49].These findings suggested that the mitochondrial dysfunction is the 
key link between the neurotoxin of α-syn and PD.

CTIQs and α-syn Aggregation
Although exogenous neurotoxins exert the multiple effects in the 

pathogenesis of PD, most of people have less chance to contact with 

them. For this reason, endogenous neurotoxins might be the central 
hub in the pathogenesis of PD. However, it is still not clear that how 
these CTIQs perform their neurotoxic role in PD patients. According to 
the information in part one, the groups of CTIQs can be biosynthesized 
in human brain by the certain synthetase, which has been evidenced by 
the fact that Deng’s team confirmed the existence of Sal synthetase [22]. 

Since the CTIQs and α-syn are both crucial elements in the 
pathogenesis of PD, we anticipate that there is a relationship between 
them. Recently, Kurnik et al. demonstrated a similar phenomenon. They 
discovered that Sal led to the generation of pathological aggregates of 
α-syn and initiated cell apoptosis in the myenteric neurons [142]. A 
few years ago, Kheradpezhouh et al. indicated that the expression of 
α-syn also increased in human dopaminergic SK-N-SH cells treated 
with different doses of Sal for 24 h [143]. In this line, we observed that 
Sal and NM-Sal could also enhance the aggregation of α-syn in SH-
SY5Y cells with α-syn overexpression. The pictures from confocal laser 
scanning microscope showed that the number of the α-syn aggregates 
increased both in Sal and NM-Sal treated SH-SY5Y cells with α-syn WT 
and A30P overexpression compared with that in control cells (Figure 
4). And MTT assay displayed that the cell viabilities were significantly 
inhibited in SH-SYBY cells with α-syn WT and A30P overexpression 
compared with that in control cells after treatment with different doses 
of Sal and NM-Sal (Figure 5). Similar results were also observed in 
PC12 cells with α-syn overexpression after treatment with Sal (Figure 
6). These results above suggest that CTIQs enhanced the neurotoxin of 
α-syn.

On the other hand, our group also found that the overexpression 
of a-syn induced the production of Sal and NM-Sal [49] (Figure 7). It 
may be a bridge between α-syn and cell death. Similar results were also 
observed in a transgenic mice model. The levels of DA, Sal and NM-Sal 
were all elevated in the brain of α-syn transgenic mice compared with 
that of control mice (Figure 8). It is reported that the approaches for 

Figure 4: The effect of Sal and NM-Sal on α-syn aggregation detected by the 
confocal laser scanning microscope. The number of α-syn aggregates both 
increased in Sal and NM-Sal treated SH-SY5Y cells with WT and A30P α-syn 
overexpression compared with that in control cells. 
(bar: 10 um)

Figure 5: The cell viability of SH-SY5Y cells treated with Sal(A) and NM-Sal(B).
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the degradation of α-syn mainly contain autophagy-lysosomal pathway 
(ALP) and ubiquitin-proteasome pathway (UPP) [144]. Therefore, after 
inhibition of both pathways, we detected the levels of NM-Sal by HPLC-
QQQ-MS. The results indicated that the levels of NM-Sal increased in 
UPP inhibition cells compared with that in control cells, suggesting that 
the elevated expression of α-syn due to the inhibition of UPP increased 
the levels of NM-Sal in PC12 cells (Figure 9). Also, there is a report 
that the concentration of ADTIQ was upregulated significantly in 
the brain of A53T or A30P α-syn transgenic mice. And in vitro, SH-
SY5Y cells treated with ADTIQ displayed a decreased viability with 
mitochondrial damage. Both data implicated the interaction between 
ADTIQ and α-syn [78]. These data above give us insight that the 
neurotoxins induced by the elevated expression of α-syn may ascribe to 
the generation of CTIQs.

Deeply, according to the information above, the mitochondrial 
dysfunction exists both in α-syn overexpression models and in CTIQs 
treated models [25,38,46,47,49,50,65,66,78,82,137-140]. Therefore, 
the contribution of α-syn and CTIQs to the pathogenesis of PD could 
both ascribe to the damaged mitochondria, which further verified the 
interrelation between CTIQs and α-syn.

Conclusion
The two pathological hallmarks of PD are the selective loss of 

DA neurons in the SNpc and accumulation of LBs and Lewy neurites 
[145]. Since the first literary description of PD in 1817 [146], the 
investigations on pathological mechanisms of PD keep emerging in an 
endless stream, however, its exact mechanisms are still unclear. PD is a 
kind of multifactor diseases, the etiology of which cannot be entirely 
explained by any single factor. It is generally accepted that PD results 
from the combination of genetic and environmental factors.

It is evident that the combined impact of genetic and environmental 
factors on PD was far beyond that of either alone. Since α-syn 
aggregation has been shown to be one of the hallmarks in PD, the 
efforts on the pathological role of α-syn sprung up. Although many 
data revealed that environmental factors such as agrochemicals, MPTP 
were involved in the misfolding of α-syn, few people have a chance of 
exposure to them. Recently, endogenous neurotoxins such as Sal and 
NM-Sal are believed to play a crucial role in the pathogenesis of PD, 
especially in the aggregation of α-syn, as result of their biosynthetic 

Figure 6: The cell viability of PC12 cells treated with Sal. The cells with α-syn overexpression had low cell survival rate compared with that in control cells.

Figure 7: Additional generation of endogenous Sal and NM-Sal was detected 
in the PC12-α-syn cell. The levels of intracellular Sal and NM-Sal were 
measured by HPLC–MS. NM-Sal could not be detected in PC12 cells.
Values are means ± SEM (n=5). *P<0.05 compared with PC12 cells. This 
figure was originated from Deng et al. [49] with permission

Figure 8: The levels of DA, Sal and NM-Sal. The levels of DA, Sal and NM-Sal 
in the brain of control and α-syn transgenic mice were detected using HPLC-
QQQ-MS.
*P<0.05
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property in vivo. 

According to the previous studies, we developed a hypothesis 
that when oxidative stress occurs, the aldehydic product of lipid 
peroxidation condenses with DA to form a series of CTIQs such as 
Sal in DA neurons. The production of CTIQs induced by the oxidative 
stress enhances the misfolding of α-syn, in turn, overexpression of 
α-syn further upregulates the levels of CTIQs. This progress makes a 
vicious cycle, which induces the mitochondrial damage, finally leading 

to the death of dopaminergic neurons (Figure 10). Therefore, these 
continuing explorations provide the possibility of discovering new 
biomarkers for early diagnosis and establishing a novel interventional 
therapy for PD.
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Figure 9: The expression of α-syn increased the levels of NM-Sal in PC12 cells after inhibition of UPP. (A) The expression of α-syn increased significantly in cells with 
inhibition of UPP, whereas it did not change in cells with inhibition of ALP compared with control cells. (B) The concentration of NM-Sal was the highest in cells with 
inhibition of UPP, whereas it did not change in cells with inhibition of ALP compared with control cells.
*P<0.05

Figure 10: The hypothesis of the development of PD caused by the interaction between CTIQs and α-syn aggregation involved in PD.
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