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Comorbidity is a common phenotype in Parkinson’s disease (PD). Patients with 
PD not only have motor deficit symptoms, but also have heterogeneous non-
motor symptoms, including cognitive impairment and emotional changes, which 
are the featured symptoms observed in patients with Alzheimer’s disease (AD), 
frontotemporal dementia (FTD) and cerebrovascular disease. Moreover, autopsy 
studies have also confirmed the concomitant protein pathogenesis, such as 
the co-existences of α-synuclein, amyloid-β and tau pathologies in PD and AD 
patients’ brains. Here, we  briefly summarize the recent reports regarding the 
comorbidity issues in PD from both clinical observations and neuropathological 
evidences. Furthermore, we  provide some discussion about the perspective 
potential mechanisms underlying such comorbidity phenomenon, with a focus 
on PD and related neurodegenerative diseases.
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1. Introduction

Comorbidities are prevalent in many neurodegenerative diseases. The symptoms of patients 
with certain neurodegenerative disease are frequently mixed with similar symptoms that are 
featured by another neurodegenerative disease. The pathologies presented in the brains of the 
patients with neurodegenerative diseases frequently include more than one hallmark proteins 
(Gorell et al., 1994; Lomen-Hoerth et al., 2002; Bahia et al., 2013; Irwin et al., 2013; Robinson 
et al., 2021). Moreover, studies have reported the protein–protein interactions among these 
neuropathological hallmark proteins, suggesting certain mechanisms underlying the 
pathogenesis of concomitant protein pathogenesis (Giasson et al., 2003; Badiola et al., 2011; 
Nonaka et al., 2018; Bassil et al., 2020, 2021; Dhakal et al., 2022). Here, we summarize recent 
data about this comorbidity issue in Parkinson’s disease, from clinical overlapped symptoms, to 
molecular synergistic interactions, hoping to inspire the efforts to understand the mechanisms 
and biological implications of the comorbidities in PD and other related 
neurodegenerative diseases.
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2. The PD-related comorbidities

2.1. PD-related symptomatic comorbidities

2.1.1. PD-like motor symptoms in other diseases
PD is one of the most common neurodegenerative diseases, that 

is characterized clinically by the motor deficit, and neuropathologically 
by the neuronal α-synuclein deposits and dopaminergic neuronal loss. 
PD-related symptoms include tremor, slow movement, rigid muscle 
and other motor deficit symptoms, which together are usually referred 
as Parkinsonism. However, the Parkinsonism is also implicated in 
many other neurodegenerative diseases, such as multiple system 
atrophy (MSA), amyotrophic lateral sclerosis (ALS), FTD, and AD.

MSA is an atypical movement disorder, and its neurohistological 
features are the pathological α-synuclein in neuron as Lewy body 
(LB), and in oligodendrocyte as glial cytoplasmic inclusion (GCI). 
MSA could be  classified into two main subtypes based on the 
predominant symptoms: MSA predominant Parkinsonism (MSA-P), 
and MSA predominant cerebellar ataxia (MSA-C). MSA-P is the most 
common type, and the clinical symptoms of the MSA-P patients are 
similar to typical PD patients (Wenning et  al., 1997), making it 
difficult to clinically distinguish MSA-P from PD patients.

Motor deficits are also shared symptoms in patients with other 
neurodegenerative diseases that are not synucleinopathies, such as 
FTD. The neuropathological term for FTD patients is frontotemporal 
lobar degeneration (FTLD). According to the predominant pathological 
protein types, that is either microtubule binding protein tau or TAR 
DNA-binding protein 43 (TDP-43), it could be grouped into two main 
subtypes, FTLD-tau and FTLD-TDP. Patients with FTLD-Tau 
frequently have abnormalities in behaviors and personalities, which are 
similar to some PD patients (Bahia et  al., 2013). FTLD-tau could 
be  further classified into several subtypes, including corticobasal 
degeneration (CBD), progressive supranuclear palsy (PSP), and Pick’s 
disease (PiD). CBD is featured by asymmetric motor abnormalities, 
such as rigidity, bradykinesia and gait disorder (Murray et al., 2007). 
Patients with PSP variably show postencephalitic parkinsonism, gait 
disturbance and asymmetric dystonia, hard to be distinguished from 
PD by clinical symptoms (Williams and Lees, 2009).

Motor deficits are also seen in patients with FTLD-TDP, which is 
also often referred as FTD with motor neuron disease (MND). 
According to clinical studies, approximately 15% patients that were 
diagnosed as FTD met the criteria for MND/FTD (Hodges et al., 
2003). MND is a group of disorders clinically featured by weakness, 
muscular wasting, fasciculations, spasticity, as well as breathing and 
swallowing problems. Along these symptoms, there are motor neuron 
loss. ALS is the most common MND pathologically featured by the 
ubiquitinated cytoplasmic inclusions of TDP-43. Progressive motor 
neuron loss in ALS patients leads to motor deficit, that is similar to PD 
and FTD-MND (Lillo and Hodges, 2009). In addition, parkinsonism 
is also a common secondary symptom in many other diseases, such as 
cerebrovascular disease (also called vascular parkinsonism), traumatic 
injury and cerebroma (Stephen and Williamson, 1984; Krauss et al., 
1995; Nanhoe-Mahabier et  al., 2009; McKee et  al., 2012; Tansey 
et al., 2022).

2.1.2. Non-motor abnormalities in PD
Although classically considered as a movement disorder, PD 

patients also frequently present various non-motor abnormalities, 
including cognitive impairment, depression and sleep disorder, 

which are often regarded as key features in other disease, like AD 
and FTD. Moreover, these non-motor abnormalities seem 
correlate with disease progress and patient survival (Irwin 
et al., 2013).

Cognitive impairment is frequently observed in PD patients, 
which are recognized as Parkinson’s disease with dementia (PDD). It 
is reported that almost 24% PD patients have cognitive impairment at 
the initial diagnosis, and approximately 80% PD patients have 
cognitive issue over the course of their diseases (Irwin et al., 2013). 
Thus, cognitive dysfunction is also regarded as a natural consequence 
at later stage of PD, which shares some similarities as in AD and FTD 
patients (Bang et al., 2015; Knopman et al., 2021).

Depression is a common symptom in elderly people as well as in 
many other chronic or disabling diseases. However, it is reported that 
PD patients have a higher incidence of depression (Nilsson et al., 
2002). The incidence of clinically relevant depression symptoms in PD 
patients is around 35% (Aarsland et al., 2011). Moreover, depression 
has been proposed to facilitate PD disease progression (Nilsson et al., 
2001; Aarsland et al., 2011; Roos et al., 2016; Caraci et al., 2018), that 
PD patients with depression are reported to have a higher risk for 
developing cognitive impairment.

Despite usually not being considered as a non-motor symptoms 
of PD, diabetes, especially the type 2 diabetes mellitus (T2DM) is 
noteworthy to be associated with PD, as well as AD and ALS (Akter 
et al., 2011; Santiago and Potashkin, 2013; Kioumourtzoglou et al., 
2015). Accumulating epidemiological studies show that PD patients 
with T2DM have more severe motor symptoms, and the accelerated 
disease progression (Xu et al., 2011).

Other non-motor complications are also reported in PD patients, 
including anemia, cancer, sleep disorders, hyposmia and so on 
(Santiago et al., 2017). It is notable that symptomatic comorbidities are 
common and implicated in many other neurodegenerative diseases as 
well, such as AD, FTD and ALS. In this mini-review, we just focus on 
PD-related comorbidities.

2.2. PD-related neuropathological 
comorbidities

2.2.1. PD-related protein pathologies
PD is pathologically featured by α-synuclein aggregate within 

neurons, which are often in the form of LB and Lewy neurites (LN) 
(Goedert et al., 2013). In PD brain, it is believed that α-synuclein 
pathology spreads from brainstem to limbic and neocortical cortex 
(Braak et al., 2003). The spread of pathological α-synuclein in cortical 
regions is more extensive and severe in PDD than in PD patients, 
which is possibly correlated with the fact that the cognitive 
impairments are more frequently observed in PDD than in PD 
patients (Irwin et al., 2013). Neuropathogenesis in PD and PDD is 
heterogeneous. The frequency of comorbid AD pathologies, such as 
amyloid-β (Aβ) plaques and neurofibrillary tau tangles, is reported to 
be about 10% in PD, 35% in PDD and 70% in Dementia with Lewy 
body (DLB) (Smith et al., 2019). Moreover, the tau pathology in the 
regions with pathological α-synuclein, such as substantia nigra, 
thalamus, and medulla, is frequently more than that in the 
corresponding regions in the cases without α-synuclein pathology. 
Similarly, in PDD and DLB patients with concomitant AD pathologies, 
the abundance of Aβ plaques is also positively correlated with 
α-synuclein pathology in the cortical regions (Bassil et al., 2020).
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The presence of TDP-43 positive inclusions is also reported in PD 
and DLB cases. Almost 30% DLB/AD cases have the concomitant 
TDP-43 protein pathology (Nakashima-Yasuda et  al., 2007). 
Furthermore, there is a significant positive correlation between TDP-43 
lesion and pathological feature in DLB, indicating a synergistic effect 
of TDP-43 in DLB disease progression. Although TDP-43 pathogenesis 
is present in DLB cases, most TDP-43 aggregates are not co-localized 
with α-synuclein in these cases, except the rare colocalization of 
TDP-43 and α-synuclein in dystrophic neurites (Koga et al., 2018).

MSA is featured by the GCI synuclein pathology enriched in 
striatonigral and olivopontocerebellar regions (Goedert et al., 2013). 
In some rare cases, TDP-43 aggregates are reported to be present in 
the dystrophic neurites and perivascular in the medial temporal lobe 
and subcortical regions of the MSA brains. It is also reported that the 
colocalizations between pathological α-synuclein and TDP-43 are 
detected inside the GCIs (Koga et al., 2018).

2.2.2. Synuclein pathology in AD
The neuropathological hallmarks of AD are the accumulation of 

pathological Aβ plaques and tau tangles in the brain. However, the 
presence of α-synuclein or/and TDP-43 in AD have also been well 
observed. The prevalence of aggregated α-synuclein in AD brains is 
more than 50% (Robinson et al., 2021). Besides the stereotypical spread 
pattern from brainstem to neocortex, the presence of LB pathology is 
also reported in the medial temporal lobe, where typical AD 
pathologies are (Montine et al., 2012). Such differential distributions of 
LB and AD pathologies indicate neocortical and amygdala predominant 
LBs might be  an AD pathology induced α-synuclein pathology in 
disease progression rather than an age-related incidental pathology.

2.2.3. Synuclein pathology in FTLD/CTE
The common neuropathological feature of FTLD is the 

degeneration of frontal or temporal lobes. Based on protein deposits, 
and regional and cellular distribution patterns, FTLD is classified into 
FTLD-Tau, FTLD-TDP and the fused in sarcoma protein (FUS) in 
FTLD, FTLD-FUS (Bahia et al., 2013). FTLD-Tau and FTLD-TDP, 
respectively, represents around 45% of total FTLD cases, and FTLD-FUS 
accounts about 5% FTLD cases. Study has reported the existence of 
α-synuclein pathology in the granule cells of the dentate gyrus and the 
CA1/Subiculum region of FTLD-Tau cases (Rohan et al., 2015).

Chronic traumatic encephalopathy (CTE) is another tauopathy 
disease, initially described in the case of dementia pugilistica boxers 
with neurofibrillary tangles in neocortical areas (Corsellis et al., 1973). 
Parkinsonism is frequently observed in CTE patients, and the autopsy 
studies report neuronal loss in the substantia nigra in their brains. 
CTE cases are heterogeneous, in addition to tau, 37% CTE patients is 
found to have other abnormally aggregated proteins, including 
TDP-43, Aβ and α-synuclein, among which, 22% patients developed 
LB pathologies (McKee et al., 2012).

2.2.4. Synuclein pathology in TDP-43 
proteinopathy

TDP-43 proteinopathy is a group of disease featured by TDP-43 
pathogenesis, such as ALS and FTLD-TDP, although TDP-43 
pathogenesis is also observed in AD and CTE. Several cases of ALS 
and parkinsonism-dementia complex (ALS/PDC) reported in the Kii 
Peninsula in Japan showed the phosphorylated α-synuclein in the 
brainstem and limbic system, with the amygdala as the most severely 

affected region. Furthermore, the co-existence of TDP-43 inclusion 
with the neurofibrillary tau tangle, or LB in the same neuron have 
been reported in these ALS/PDC cases (Kuzuhara, 2007). In addition 
to ALS, the colocalization between TDP-43 and α-synuclein also have 
been reported in DLB patients (Higashi et al., 2007).

3. The Synergistic Interactions between 
synuclein pathology and other 
concomitant protein pathologies

3.1. α-synuclein and Aβ

In addition to the hallmarks Aβ and tau, approximately 50% AD 
cases also exhibit α-synuclein pathology (Robinson et  al., 2021). 
Meanwhile, in addition to featured α-synuclein pathology, Aβ 
pathology is also detected in DLB cases (Kantarci et al., 2020). The 
prevalence of the concomitant pathological Aβ and α-synuclein in AD 
and DLB cases suggests there are synergistic pathogenesis effects 
between these two proteins in different diseases. In vitro studies have 
shown that α-synuclein and Aβ could form hetero-oligomers and 
facilitate the aggregation of each other. In vivo studies also have shown 
the present of Aβ pathology facilitates α-synuclein transmission and 
toxicity (Masliah et al., 2001; Tsigelny et al., 2008; Ono et al., 2012; 
Chia et al., 2017; Bassil et al., 2020).

Conversely, α-synuclein also exerts effect on Aβ pathogenesis. 
Introducing transgenic mutant α-synuclein into the 3xTransgenic (Tg) 
AD mouse model, which contains three mutations associated with 
familial AD (APP Swedish, MAPT P301L, and PSEN1 M146V) and 
mainly shows progressive Aβ pathogenesis, accelerated Aβ pathology 
(Clinton et  al., 2010). On the other hand, reducing α-synuclein 
expression in an AD mouse model reversed the associated 
neurodegenerative phenotype. In APP Tg mice, knocking out 
endogenous α-synuclein prevented the degeneration of cholinergic 
neurons and improved the behavioral deficits of APP Tg mice, 
although the changes in APP gene expression or the Aβ plaque burden 
were not detected (Spencer et  al., 2016). Together, these results 
indicate that α-synuclein participates in Aβ pathogenesis, and possibly 
causes cell vulnerability of specific neuronal population in AD.

3.2. α-synuclein and tau

In vitro studies have shown α-synuclein and tau have 
synergistic fibrilization effect on each other (Giasson et al., 2003; 
Badiola et al., 2011; Guo et al., 2013; Pan et al., 2022). Moreover, 
α-synuclein has been also shown to induce tau aggregation in a 
process termed cross-seeding (Giasson et al., 2003; Guo et al., 
2013; Bassil et al., 2020). In vivo studies in DLB and AD animal 
models have indicated a synergistic relationship between 
α-synuclein and tau (Masliah et  al., 2001; Frasier et  al., 2005; 
Höglinger et  al., 2005; Duka et  al., 2009; Clinton et  al., 2010; 
Khandelwal et al., 2010; Emmer et al., 2011; Haggerty et al., 2011; 
Morris et al., 2011; Wills et al., 2011; Masuda-Suzukake et al., 
2014). Double transgenic mice with both tau and α-synuclein 
transgenes exhibited increased pathologies of each other 
compared to the mice with only one transgene (Masliah et al., 
2001; Clinton et al., 2010). However, the interactions between 
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α-synuclein and tau seem not so straight forward. In Tg mouse 
models, reducing the expression of α-synuclein in a tau transgenic 
mouse or reducing tau expression in an α-synuclein transgenic 
mouse did not decrease pathogenesis of the other protein (Morris 
et al., 2011). In seeding mouse models, seeding human derived 
pathological tau into WT or Aβ biogenic mouse model, that 
could induce pathological tau comprised of endogenous murine 
tau, failed to induce α-synuclein pathogenesis simultaneously 
(He et  al., 2018). However, in another experiment, the 
co-injection of the mixture of α-synuclein PFFs and human 
brain-derived pathological tau induced more tau pathology than 
the injection of human brain-derived pathological tau alone in 
the WT mice. Moreover, knocking out α-synuclein decreased the 
induced tau pathology burden in non-tau Tg mice by inoculation 
of human brain-derived pathological tau. Interestingly, such 
synergistic effect seems not bidirectional, as the level of 
α-synuclein pathology remains unaffected when the α-synuclein 
PFFs were injected into the WT mice with or without the 
induction of endogenous tau pathogenesis by human brain-
derived pathological tau. Similarly, knocking out tau did not 
affect the induced synuclein pathology by inoculation of 
α-synuclein PFF (Bassil et  al., 2020). Thus, α-synuclein is 
considered as a modulator in tau pathogenesis and spreading, 
whereas tau might play much less similar roles in modulating 
α-synuclein pathogenesis and spreading.

3.3. α-synuclein and TDP-43

The synergistic interactions between α-synuclein and TDP-43 
have also been reported in terms of their fibril assembly and cellular 
cytotoxicity. Notably, although either soluble or pathological 
α-synuclein promoted the fibrillization and liquid droplets formation 
of the C-terminal domain of TDP-43 (TDP-43 PrLD), TDP-43 PrLD 
fibrils failed to templating α-synuclein in in vitro experiments, 
indicating a non-bidirectional modulation on the pathogenesis 
between α-synuclein and TDP43, similar to the interaction between 
α-synuclein and tau as summarized above (Dhakal et al., 2021, 2022). 
However, in vivo evidence supports a mutual synergistic interaction 
between them. More α-synuclein pathogenesis and neurodegeneration 
was detected in the C. elegans with the co-expression of transgenic 
TDP-43 and α-synuclein than in the worms that only had α-synuclein 
transgenic expression (Shen et  al., 1866). Furthermore, double 
transgenic mice with both mutant human TDP-43 and mutant 
α-synuclein showed enhanced dopaminergic neuronal degeneration 
compared to the transgenic mice that only overexpress α-synuclein 
(Tian et al., 2011).

Conversely, it is reported that α-synuclein fibrils promote the 
phosphorylation and aggregation of TDP-43 protein. In SH-SY5Y cells 
expressing nuclear localization signal (TDP dNLS)-deleted TDP-43 
truncation and α-synuclein, preformed synthetic α-synuclein fibrils 
were sufficient to induce abundant aggregates of phosphorylated 
TDP-43, which were partially co-localized with phosphorylated 
α-synuclein. In vivo study also showed the presence of phosphorylated 
TDP-43 in wild type mouse brains 1 month after the inoculation of 
preformed mouse α-synuclein fibrils, which were also rarely 
co-localized with α-synuclein pathology (Masuda-Suzukake 
et al., 2014).

4. Perspective mechanisms underlying 
co-pathologies

4.1. Potential mechanisms underlying 
synucleinopathies

α-synuclein pathology is present in almost all the PD patients, 
including sporadic and familial patients, and the pathological 
burden correlates with clinical symptoms (Poulopoulos et  al., 
2012), indicating its key roles in dopamine (DA) neuron 
degeneration and parkinsonism phenotype. In genome-wide 
association studies (GWAS) analysis, the mutations and 
overexpression of α-synuclein encoding gene SNCA have been 
reported in both familial and sporadic PD patients (Singleton et al., 
2003; Simon-Sanchez et al., 2009), indicating a causal link between 
synuclein pathology and PD. The disease-associated mutants and 
misfolding have been shown sufficient to induce synuclein 
pathogenesis (Dawson et al., 2010; Luk et al., 2012). Mechanisms 
have been proposed to for such process, including the initial 
formation, subsequent spread and the clearance of aggregated 
α-synuclein. Genetic mutation in SNCA is one of the most accepted 
mechanisms that account for initial α-synuclein pathogenesis. 
SNCA Glu46Lys, Ala53Thr are two well-known pathogenic 
mutations identified in early familial PD patients. In vitro assays 
showed such mutations could accelerate α-synuclein aggregation 
(Giasson et  al., 2002; Emmer et  al., 2011). Transgenic mice, 
respectively, overexpressing each of these mutant synuclein 
developed abundant α-synuclein pathology in vivo (Rochet et al., 
2004; Forman et al., 2005; Savitt et al., 2006). Besides the disease 
causal SNCA mutations, there are other genetic risk factors for PD, 
including E3 ubiquitin-protein ligase parkin (parkin), Serine/
threonine-protein kinase PINK1 (PINK1), Parkinson disease 
protein 7 (DJ-1), Leucine-rich repeat serine/threonine-protein 
kinase 2 (LRRK2) and glucocerebrosidase (GBA).

Parkin is associated with protein clearance pathways, and is 
reported to co-localize with α-synuclein within the LB inclusions. 
Parkin mutations are involved in the aggregation of misfolded 
α-synuclein within neurons in the substantia nigra pars compacta 
(SNpc) (Schlossmacher et al., 2002). Moreover, Parkin mutations are 
reported to significantly decrease the proteasomal degradation process 
by regulating ubiquitin-ligase enzymatic activities (Shimura et al., 
2000, 2001), which are involved in the process of 
α-synuclein pathogenesis.

GBA encodes the lysosomal enzyme glucocerebrosidase (GCase). 
Mutations in GBA are linked to PD and DLB. The GBA mutants are 
reported to cause alterations in lipid levels and are associate with 
α-synuclein pathogenesis (Velayati et al., 2010). Nearly all patients that 
carried GBA mutations eventually developed α-synuclein pathology. 
Importantly, GCase loss of activity impairs the autophagy lysosomal 
pathway, and GCase deficiency enhanced spreading of α-synuclein 
pathology (Gegg et al., 2020; Henderson et al., 2020).

DJ-1 has been shown to be involved in many signaling pathways, 
including cell survival (PI3K/Akt pathway), transcriptional regulation, 
anti-oxidation and protein degradation pathways. DJ-1 can bind to 
several chaperones, including HSP70, carboxy-terminus of HSP70-
interacting protein (CHIP), and mitochondrial HSP70/mortalin/
Grp75. The co-localization of DJ-1 and α-synuclein indicates a 
potential role of DJ-1 in α-synuclein pathogenesis, although their clear 
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connections remain to be  elusive (Cardinale et  al., 2014; 
Blaszczyk, 2016).

PINK1 is a serine/threonine-protein kinase which is reported to 
exert a potential neuronal protective function in response to stress-
induced mitochondrial damage (Wu et al., 2015). Mutations in PINK1 
gene are linked to mitochondrial dysfunctions and the SNpc neuronal 
degeneration, which is directly associated with the development of PD 
symptoms. However, the neuropathological data from autopsies of 
patients carrying PINK1 mutations are very limited, and it is unclear 
whether PINK1 is associated with α-synuclein pathogenesis 
in patients.

LRRK2 is another common genetic risk of PD, although the effects 
of different LRRK2 mutations on PD pathogenesis are inconclusive. It 
has been reported that LRRK2 activity does not alter seeded 
α-synuclein pathologenesis in primary neurons and non-transgenic 
mice (Henderson et al., 2018, 2019). Moreover, a subset of patients 
with LRRK2 mutations showed the absence of LB pathology at 
autopsy, not suggesting a direct relationship between LRRK2 and the 
synuclein pathogenesis (O'Hara et al., 2020).

Besides genetic factors, cell biological processes are also proposed 
to play important roles in PD pathogenesis, including mitochondrial 
damage, oxidative stress, neuroinflammation, lipid metabolism and 
protein degradation (Goedert et al., 2013). Mitochondrial impairment 
and oxidative stress are believed to be  involved in PD-related 
dopaminergic neuronal loss. It is reported that the transplantation of 
PD patient-derived mitochondrial DNA (mtDNA) into neuroblastoma 
cells lead to the detection of LB-like pathology in the cells (Wilkins 
et al., 2014).

Ubiquitin-Proteasome System (UPS) is one of the protein 
degradation pathways that are responsible for eliminating misfolded 
proteins (Tan et al., 2008; Deleidi and Maetzler, 2012; Tanik et al., 
2013; Liu et al., 2016; Yu et al., 2019; Bassil et al., 2020). Failures of this 
critical cellular system have been observed in PD, which could account 
for the aggregation of misfolded amyloid proteins. The PD risk genes, 
such as Parkin and UCH-L1, along with UPS, are all involved in the 
degradation of misfolded α-synuclein. Inhibition of proteasome 
system by Lactacystin resulted in LB-like deposits in the fetal rat 
ventral mesencephalic cells (McNaught et al., 2002; Rideout et al., 
2005). Low level proteasome inhibition by MG115  in human 
neuroblastoma cells (SH-SY5Y) for several weeks resulted in 
mitochondrial damage, elevated protein oxidation and aggregates 
(Ding et al., 2003; Sullivan et al., 2004).

Molecular chaperones have also been shown to bind to 
α-synuclein oligomers or pre-fibrillar structures, and are supposed 
to reduce their toxicity. In particular, the overexpression of 
chaperone heat shock protein 110 (HSP110) in α-synuclein 
transgenic mice prevented the formation of α-synuclein aggregation 
in the brain (Taguchi et al., 2019). In addition, HSPs also play pivotal 
roles in the function of ubiquitin proteasome and the autophagy-
lysosomal pathways. Large protein debris, such as fibrils of 
α-synuclein, could not be  efficiently degraded through 
UPS. Chaperone-mediated autophagy (CMA) executes protein 
degradation with the aid of heat-shock cognate protein (HSC70), 
which specifically bind to proteins to be  degraded via specific 
pentapeptide targeting motif (KFERQ). Experimental evidence 
showed that down-regulation of autophagy-related genes, Atg5 or 
Atg7, in the CNS lead to the aggregation of poly-ubiquitinated 
protein debris in neurodegenerative disease animal models 

(Komatsu et al., 2006). Thus, the CMA deficit could decrease the 
efficiency of degrading large protein aggregates, such as pathological 
α-synuclein, causing excess accumulation of protein aggregates in 
neural cells.

In addition, low pH is reported to increase fibril fragmentation, 
mimic the scenario of the synuclein pathogenesis inside the 
endosomes and lysosomes, where the environment is acidic (Buell 
et al., 2014). Many posttranslational modification are also reported to 
promote in vitro fibrillation of α-synuclein, such as N-terminal and 
C-terminal truncation (Terada et  al., 2018). However, the Ser129 
phosphorylation on synuclein monomer is reported to inhibit the 
synuclein fibrillation in the in vitro experimental system (Ghanem 
et al., 2022). Other factors affecting α-synuclein fibrillation include 
certain glycosaminoglycans, such as heparin; metals, such as 
aluminum, copper and iron; and oxidative/nitrative challenge, such as 
hydrogen peroxide and peroxynitrite treatment. These co-factors or 
microenvironmental changes could facilitate the conformational 
transformation of α-synuclein, through the changes in electrostatic 
interactions between synuclein and other environment factors, or 
among α-synuclein monomers (Fink, 2006).

4.2. Perspective mechanisms underlying 
synucleinopathy-related co-pathogenesis

Although PD is a featured synucleinopathy, the concomitant 
protein pathogenesis is prevalent in PD-related neurodegenerative 
diseases. Here we provide a perspective discussion about the potential 
mechanisms underlying the presence of synuclein-related 
co-pathogenesis.

4.2.1. Defective global protein degradation
The postmitotic status of neuron increases their vulnerability to 

malfunction in proteome homeostasis (proteostasis). The deficiencies 
of protein degradation systems are frequently reported in neural cells 
in neurodegenerative disease patients and animal models. Alternations 
in the autophagy-lysosomal pathway, UPS, and CMA have been 
reported along with the presence of α synuclein, tau, Aβ pathologies 
(Cuervo et al., 2004; Bassil et al., 2020; Bourdenx et al., 2021). CMA 
and UPS play primary roles in degrading soluble proteins, and 
macroautophagy participates in sequestering and clearing larger 
protein inclusions (Bourdenx et  al., 2021). In the cases with 
co-pathologies of both α synuclein and tau, UPS is altered, as indicated 
by the increase of UPS markers, including ubiquitin, K48 and K63 
polyubiquitin chains. Moreover, autophagy machinery is also 
impaired in the present of such co-pathologies, as indicated by the 
increase in LC3-II and P62 (Bassil et al., 2020).

In addition to autophagy-lysosomal pathway, the CMA or UPS 
pathways may be also involved in the pathogenesis in another way, 
that the presence of one pathological protein could compromise the 
degradation of the physiological form of the other protein, by 
consuming extra CMA or UPS resources, resulting in the abnormal 
enrichment of the other protein. Certain protein, such as tau, at higher 
concentration is prone to adopt abnormal conformation and proceed 
into misfolding assembly and pathological transformation (Santacruz 
et  al., 2005; Adams et  al., 2009; DeVos et  al., 2017). Thus, global 
protein degradation impairments could be  involved in the 
co-pathogenesis process (Figure 1A).
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4.2.2. Cross-seeding and co-deposition
The hallmark proteins in many neurodegenerative diseases are 

intrinsic disorder protein without well-defined secondary or tertiary 
structures under physiological conditions, but could acquire specific 
pathogenic conformations and exert distinct toxicities under pathological 
conditions. Studies from in vitro fibrilization reactions, culture cells, and 
in vivo mouse models have demonstrated the prion-like propagation of 
these pathogenic protein, that the protein with misfolded conformations 
could be amplified without nuclear acid materials. As long as the protein 
acquired the disease-associated conformation, it could function as the 
seed to template and transform the same protein to change from 
physiological status into pathological status. Moreover, it has been 
reported that many pathological proteins in different neurodegenerative 
diseases share the common β-pleated sheet conformation, which provides 
the capacity to cross-seed other protein that have the potential to undergo 
pathological transformation (Giasson et al., 2003; Mandal et al., 2006; 
Tsigelny et al., 2008; Ono et al., 2012; Guo et al., 2013). It is noticeable that, 
although pathological strains could be assembled by the same monomer 
protein, the seeding abilities of these strains are different, indicating the 
cross-seeding ability is correlated with specific conformation or other 
co-factors, in addition to the shared β-pleated sheet conformation (Guo 
et al., 2013). Structural studies of the pathological protein fibrils derived 
from patients’ postmortem tissues showed the presence of different 
pathological strains in these diseases (Strohaker et al., 2019; Lovestam 

et al., 2022; Yang et al., 2022), supporting that fibril structure determines 
its seeding and pathogenic ability (Figure 1B).

4.2.3. Limited chaperone function
Molecular chaperone is an important element in controlling the 

protein quality (Hartl et al., 2011). Several proteins have been reported to, 
respectively, bind and exert chaperone functions in the aggregation of 
α-synuclein, tau, TDP-43 and FUS amyloids (Burmann et al., 2020; Li 
et al., 2022; Lu et al., 2022; Zhang et al., 2022). For example, Hsp27 is 
reported to effectively reduce the aggregation of tau in vitro (Baughman 
et al., 2018), and rescue tau pathology in transgenic drosophila and mouse 
models (Abisambra et al., 2010; Zhang et al., 2022). It is possible that those 
molecular chaperones could bind and stabilize different proteins, but the 
chaperon functions are variable to different proteins, leading to the 
co-pathogenesis. In PD and DLB, the co-pathogenesis of α-synuclein and 
tau is possible due to differential effects on each of them by the same 
chaperon. Such chaperone might bind to both α-synuclein and tau 
protein, with different affinities. Moreover, it’s binding affinity for 
α-synuclein or tau differs between their soluble and insoluble phases, with 
higher binding affinity to the aggregated form. When α-synuclein 
undergoes pathogenesis, more chaperone would be recruited to bind such 
pathological α-synuclein in order to prevent its misfolding and 
aggregation. On the other hand, the same chaperone that originally also 
bind to and stabilize tau, although with a lower affinity, would be reduced 

FIGURE 1

Potential mechanisms underlying comorbid pathogenesis in neurodegenerative diseases. (A) Protein aggregation caused by defective global protein 
degradation. (B) Specific conformational strain cross-seeding the other amyloid protein. (C) Loss of protein quality control due to limited chaperone 
molecule. (D) Shared regulation pathway and posttranslational modification facilitate the aggregation of the other protein.
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due to limited total amount, leading to the vulnerability of tau 
pathogenesis (Figure 1C). 14-3-3 might be one of such chaperons, as it 
shares a homology region with α-synuclein, and is also shown to 
potentially bind tau (Ostrerova et al., 1999; Chen et al., 2019).

4.2.4. Shared regulatory pathways and 
posttranslational modifications

Shared protein–protein interaction (PPI) could be  another 
potential mechanism underlying co-pathology. It has been shown that 
tubulin could be destabilized by α synuclein, resulting in the increase 
of unbound and destabilized tau, making it prone to form tau 
aggregation (Esposito et al., 2007; Moussaud et al., 2014). Thus, the 
destabilization of microtubules might contribute to the tau 
pathogenesis in the synucleinopathies.

Besides, kinase-dependent mechanisms might also mediate tau 
aggregation in synucleinopathies. Tau has been found to 
be hyperphosphorylated in α synuclein transgenic mice, in which the 
activities of ERK and JNK, which are kinases able to phosphorylate tau, 
are increased (Frasier et al., 2005; Kaul et al., 2011; Oaks et al., 2013). In 
vitro studies also reported another two tau kinases GSK3β and protein 
kinase A (PKA) could be  activated by α synuclein, and promote tau 
phosphorylation at their specific phosphorylation sites (Jensen et al., 1999; 
Duka et al., 2006, 2009).

Moreover, recent studies reported an asparagine endopeptidase 
(AEP) with broad cleavage substrates, including APP, tau, α-synuclein 
and TDP-43. And the truncated products have higher tendency to 
form aggregation (Zhang et al., 2016). Thus, the activation of AEP and 
upstream C/EBPβ/δ-secretase pathway may also be involved in the 
copathogenesis of α synuclein and tau (Figure 1D).

5. Summary

Accumulating attentions have been raised on the concomitant 
protein pathogenesis issues in recent neurodegenerative disease 
studies. Patients with PD and related DLB are frequently reported to 
have overlapped syndromes and neuropathologies with other 
neurodegenerative diseases. Experimental studies have demonstrated 
the synergistic interactions between α-synuclein and other 
neuropathologic proteins. Simultaneous development of different 
pathologies accelerates the disease progression. Although the 
treatment of levodopa and deep brain stimulation (DBS) could 
improve the clinical symptom of PD, the intervention of the 
α-synuclein pathogenesis progress inside the patients’ brains is still 
very limited, which eventually would make the patients’ conditions 
worsen. Currently, many clinical trials for such neurodegenerative 
diseases are targeting single pathological protein. However, the 
outcomes are not very encouraging yet. Thus, it needs to consider 
new strategies with targeting multiple concomitant pathological 
proteins in treating such devastating diseases. Targeting different 
concomitant protein pathogenesis could hopefully decrease their 
synergistic interaction to each other, delay the disease progression, 

and relieve the patients’ symptoms. However, the mechanisms 
underlying the co-pathogenesis in different neurodegenerative 
diseases remain largely unclear, and need to be addressed before 
we could develop more effective therapeutic approaches.

In this mini-review, we  briefly summarize the concomitant 
protein pathogenesis phenotypes in PD and related diseases. Current 
studies have reported the complicated interactions between synuclein 
pathology and other concomitant protein pathologies. However, the 
underlying mechanisms of the comorbid pathogenesis remain to 
be further studied. Thus, we propose several perspective mechanisms 
based on related studies. We suggest that maintaining cellular protein 
homeostasis; inhibiting overactivated kinases that are involved in 
disease pathogenesis; normalizing cellular environment, like 
stabilizing microtubule, could be potential therapeutic interventions 
of PD and related neurodegenerative diseases.

Author contributions

YH wrote the initial draft. ZH revised the manuscript. All authors 
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science 
Foundation of China grant 82171413 (ZH), Science and Technology 
Commission of Shanghai Municipality (STCSM) grant 21ZR1482900 
(ZH) and 2019SHZDZX02 (ZH).

Acknowledgments

We thank the BioRender for providing illustration software tool. 
We thank the BioRender for providing illustration software tool, 
created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Aarsland, D., Pahlhagen, S., Ballard, C. G., Ehrt, U., and Svenningsson, P. (2011). 

Depression in Parkinson disease--epidemiology, mechanisms and management. Nat. 
Rev. Neurol. 8, 35–47. doi: 10.1038/nrneurol.2011.189

Abisambra, J. F., Blair, L. J., Hill, S. E., Jones, J. R., Kraft, C., Rogers, J., et al. (2010). 
Phosphorylation dynamics regulate Hsp27-mediated rescue of neuronal plasticity deficits in 
tau transgenic mice. J. Neurosci. 30, 15374–15382. doi: 10.1523/JNEUROSCI.3155-10.2010

https://doi.org/10.3389/fnagi.2023.1189809
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://BioRender.com
https://doi.org/10.1038/nrneurol.2011.189
https://doi.org/10.1523/JNEUROSCI.3155-10.2010


Han and He 10.3389/fnagi.2023.1189809

Frontiers in Aging Neuroscience 08 frontiersin.org

Adams, S. J., Crook, R. J., Deture, M., Randle, S. J., Innes, A. E., Yu, X. Z., et al. (2009). 
Overexpression of wild-type murine tau results in progressive tauopathy and 
neurodegeneration. Am. J. Pathol. 175, 1598–1609. doi: 10.2353/ajpath.2009.090462

Akter, K., Lanza, E. A., Martin, S. A., Myronyuk, N., Rua, M., and Raffa, R. B. (2011). 
Diabetes mellitus and Alzheimer’s disease: shared pathology and treatment? Br. J. Clin. 
Pharmacol. 71, 365–376. doi: 10.1111/j.1365-2125.2010.03830.x

Badiola, N., de Oliveira, R. M., Herrera, F., Guardia-Laguarta, C., Gonçalves, S. A., 
Pera, M., et al. (2011). Tau enhances α-synuclein aggregation and toxicity in cellular 
models of synucleinopathy. PLoS One 6:e26609. doi: 10.1371/journal.pone.0026609

Bahia, V. S., Takada, L. T., and Deramecourt, V. (2013). Neuropathology of 
frontotemporal lobar degeneration: a review. Dementia Neuropsychol. 7, 19–26. doi: 
10.1590/S1980-57642013DN70100004

Bang, J., Spina, S., and Miller, B. L. (2015). Frontotemporal dementia. Lancet 386, 
1672–1682. doi: 10.1016/S0140-6736(15)00461-4

Bassil, F., Brown, H. J., Pattabhiraman, S., Iwasyk, J. E., Maghames, C. M., 
Meymand, E. S., et al. (2020). Amyloid-Beta (Abeta) plaques promote seeding and 
spreading of alpha-synuclein and tau in a mouse model of lewy body disorders with 
abeta pathology. Neuron 105, 260–275.e6. doi: 10.1016/j.neuron.2019.10.010

Bassil, F., Meymand, E. S., Brown, H. J., Xu, H., Cox, T. O., Pattabhiraman, S., et al. 
(2021). Alpha-synuclein modulates tau spreading in mouse brains. J. Exp. Med. 
218:e20192193. doi: 10.1084/jem.20192193

Baughman, H. E. R., Clouser, A. F., Klevit, R. E., and Nath, A. (2018). HspB1 and 
Hsc70 chaperones engage distinct tau species and have different inhibitory effects on 
amyloid formation. J. Biol. Chem. 293, 2687–2700. doi: 10.1074/jbc.M117.803411

Blaszczyk, J. W. (2016). Parkinson’s disease and neurodegeneration: GABA-collapse 
hypothesis. Front. Neurosci. 10:269. doi: 10.3389/fnins.2016.00269

Bourdenx, M., Martin-Segura, A., Scrivo, A., Rodriguez-Navarro, J. A., Kaushik, S., 
Tasset, I., et al. (2021). Chaperone-mediated autophagy prevents collapse of the 
neuronal metastable proteome. Cells 184, 2696–2714.e25. doi: 10.1016/j.
cell.2021.03.048

Braak, H., Del Tredici, K., Rüb, U., de Vos, R. A., Jansen Steur, E. N., and Braak, E. 
(2003). Staging of brain pathology related to sporadic Parkinson's disease. Neurobiol. 
Aging 24, 197–211. doi: 10.1016/S0197-4580(02)00065-9

Buell, A. K., Galvagnion, C., Gaspar, R., Sparr, E., Vendruscolo, M., Knowles, T. P., 
et al. (2014). Solution conditions determine the relative importance of nucleation and 
growth processes in alpha-synuclein aggregation. Proc. Natl. Acad. Sci. U. S. A. 111, 
7671–7676. doi: 10.1073/pnas.1315346111

Burmann, B. M., Gerez, J. A., Matecko-Burmann, I., Campioni, S., Kumari, P., 
Ghosh, D., et al. (2020). Regulation of alpha-synuclein by chaperones in mammalian 
cells. Nature 577, 127–132. doi: 10.1038/s41586-019-1808-9

Caraci, F., Spampinato, S. F., Morgese, M. G., Tascedda, F., Salluzzo, M. G., 
Giambirtone, M. C., et al. (2018). Neurobiological links between depression and AD: 
the role of TGF-beta1 signaling as a new pharmacological target. Pharmacol. Res. 130, 
374–384. doi: 10.1016/j.phrs.2018.02.007

Cardinale, A., Chiesa, R., and Sierks, M. (2014). Protein misfolding and 
neurodegenerative diseases. Int. J. Cell Biol. 2014:217371. doi: 10.1155/2014/ 
217371

Chen, Y., Chen, X., Yao, Z., Shi, Y., Xiong, J., Zhou, J., et al. (2019). 14-3-3/tau 
interaction and tau amyloidogenesis. J. Mol. Neurosci. 68, 620–630. doi: 10.1007/
s12031-019-01325-9

Chia, S., Flagmeier, P., Habchi, J., Lattanzi, V., Linse, S., Dobson, C. M., et al. (2017). 
Monomeric and fibrillar α-synuclein exert opposite effects on the catalytic cycle that 
promotes the proliferation of Aβ42 aggregates. Proc. Natl. Acad. Sci. 114, 8005–8010. 
doi: 10.1073/pnas.1700239114

Clinton, L. K., Blurton-Jones, M., Myczek, K., Trojanowski, J. Q., and LaFerla, F. M. 
(2010). Synergistic interactions between Abeta, tau, and alpha-synuclein: acceleration 
of neuropathology and cognitive decline. J. Neurosci. 30, 7281–7289. doi: 10.1523/
JNEUROSCI.0490-10.2010

Corsellis, J. A., Bruton, C. J., and Freeman-Browne, D. (1973). The aftermath of 
boxing. Psychol. Med. 3, 270–303. doi: 10.1017/S0033291700049588

Cuervo, A. M., Stefanis, L., Fredenburg, R., Lansbury, P. T., and Sulzer, D. (2004). 
Impaired degradation of mutant alpha-synuclein by chaperone-mediated autophagy. 
Science 305, 1292–1295. doi: 10.1126/science.1101738

Dawson, T. M., Ko, H. S., and Dawson, V. L. (2010). Genetic animal models of 
Parkinson’s disease. Neuron 66, 646–661. doi: 10.1016/j.neuron.2010.04.034

Deleidi, M., and Maetzler, W. (2012). Protein clearance mechanisms of alpha-
synuclein and amyloid-Beta in lewy body disorders. Int. J. Alzheimers Dis. 2012:391438. 
doi: 10.1155/2012/391438

DeVos, S. L., Miller, R. L., Schoch, K. M., Holmes, B. B., Kebodeaux, C. S., 
Wegener, A. J., et al. (2017). Tau reduction prevents neuronal loss and reverses 
pathological tau deposition and seeding in mice with tauopathy. Sci. Transl. Med. 
9:eaag0481. doi: 10.1126/scitranslmed.aag0481

Dhakal, S., Robang, A. S., Bhatt, N., Puangmalai, N., Fung, L., Kayed, R., et al. 
(2022). Distinct neurotoxic TDP-43 fibril polymorphs are generated by heterotypic 
interactions with alpha-synuclein. J. Biol. Chem. 298:102498. doi: 10.1016/j.
jbc.2022.102498

Dhakal, S., Wyant, C. E., George, H. E., Morgan, S. E., and Rangachari, V. (2021). 
Prion-like C-terminal domain of TDP-43 and alpha-synuclein interact synergistically 
to generate neurotoxic hybrid fibrils. J. Mol. Biol. 433:166953. doi: 10.1016/j.
jmb.2021.166953

Ding, Q., Dimayuga, E., Martin, S., Bruce-Keller, A. J., Nukala, V., Cuervo, A. M., et al. 
(2003). Characterization of chronic low-level proteasome inhibition on neural 
homeostasis. J. Neurochem. 86, 489–497. doi: 10.1046/j.1471-4159.2003.01885.x

Duka, T., Duka, V., Joyce, J. N., and Sidhu, A. (2009). Alpha-synuclein contributes to 
GSK-3beta-catalyzed tau phosphorylation in Parkinson’s disease models. FASEB J. 23, 
2820–2830. doi: 10.1096/fj.08-120410

Duka, T., Rusnak, M., Drolet, R. E., Duka, V., Wersinger, C., Goudreau, J. L., et al. 
(2006). Alpha-synuclein induces hyperphosphorylation of tau in the MPTP model of 
parkinsonism. FASEB J. 20, 2302–2312. doi: 10.1096/fj.06-6092com

Emmer, K. L., Waxman, E. A., Covy, J. P., and Giasson, B. I. (2011). E46K human 
alpha-synuclein transgenic mice develop lewy-like and tau pathology associated with 
age-dependent, detrimental motor impairment. J. Biol. Chem. 286, 35104–35118. doi: 
10.1074/jbc.M111.247965

Esposito, A., Dohm, C. P., Kermer, P., Bähr, M., and Wouters, F. S. (2007). α-synuclein 
and its disease-related mutants interact differentially with the microtubule protein tau 
and associate with the actin cytoskeleton. Neurobiol. Dis. 26, 521–531. doi: 10.1016/j.
nbd.2007.01.014

Fink, A. L. (2006). The aggregation and fibrillation of alpha-synuclein. Acc. Chem. Res. 
39, 628–634. doi: 10.1021/ar050073t

Forman, M. S., Lee, V. M., and Trojanowski, J. Q. (2005). Nosology of Parkinson’s 
disease: looking for the way out of a quagmire. Neuron 47, 479–482. doi: 10.1016/j.
neuron.2005.07.021

Frasier, M., Walzer, M., McCarthy, L., Magnuson, D., Lee, J. M., Haas, C., et al. (2005). 
Tau phosphorylation increases in symptomatic mice overexpressing A30P alpha-
synuclein. Exp. Neurol. 192, 274–287. doi: 10.1016/j.expneurol.2004.07.016

Gegg, M. E., Verona, G., and Schapira, A. H. V. (2020). Glucocerebrosidase deficiency 
promotes release of alpha-synuclein fibrils from cultured neurons. Hum. Mol. Genet. 29, 
1716–1728. doi: 10.1093/hmg/ddaa085

Ghanem, S. S., Majbour, N. K., Vaikath, N. N., Ardah, M. T., Erskine, D., Jensen, N. M., 
et al. (2022). α-synuclein phosphorylation at serine 129 occurs after initial protein 
deposition and inhibits seeded fibril formation and toxicity. Proc. Natl. Acad. Sci. U. S. 
A. 119:e2109617119. doi: 10.1073/pnas.2109617119

Giasson, B. I., Duda, J. E., Quinn, S. M., Zhang, B., Trojanowski, J. Q., and Lee, V. M. 
(2002). Neuronal alpha-synucleinopathy with severe movement disorder in mice 
expressing A53T human alpha-synuclein. Neuron 34, 521–533. doi: 10.1016/
S0896-6273(02)00682-7

Giasson, B. I., Forman, M. S., Higuchi, M., Golbe, L. I., Graves, C. L., Kotzbauer, P. T., 
et al. (2003). Initiation and synergistic fibrillization of tau and alpha-synuclein. Science 
300, 636–640. doi: 10.1126/science.1082324

Goedert, M., Spillantini, M. G., Del Tredici, K., and Braak, H. (2013). 100 years of lewy 
pathology. Nat. Rev. Neurol. 9, 13–24. doi: 10.1038/nrneurol.2012.242

Gorell, J. M., Johnson, C. C., and Rybicki, B. A. (1994). Parkinson’s disease and its 
comorbid disorders. An analysis of Michigan mortality data, 1970 to 1990. Neurology 
44, 1865–1868.

Guo, J. L., Covell, D. J., Daniels, J. P., Iba, M., Stieber, A., Zhang, B., et al. (2013). 
Distinct alpha-synuclein strains differentially promote tau inclusions in neurons. Cells 
154, 103–117. doi: 10.1016/j.cell.2013.05.057

Haggerty, T., Credle, J., Rodriguez, O., Wills, J., Oaks, A. W., Masliah, E., et al. (2011). 
Hyperphosphorylated tau in an α-synuclein-overexpressing transgenic model of 
Parkinson’s disease. Eur. J. Neurosci. 33, 1598–1610. doi: 10.1111/j.1460-9568.2011.07660.x

Hartl, F. U., Bracher, A., and Hayer-Hartl, M. (2011). Molecular chaperones in protein 
folding and proteostasis. Nature 475, 324–332. doi: 10.1038/nature10317

He, Z., Guo, J. L., McBride, J. D., Narasimhan, S., Kim, H., Changolkar, L., et al. (2018). 
Amyloid-β plaques enhance Alzheimer’s brain tau-seeded pathologies by facilitating 
neuritic plaque tau aggregation. Nat. Med. 24, 29–38. doi: 10.1038/nm.4443

Henderson, M. X., Peng, C., Trojanowski, J. Q., and Lee, V. M. Y. (2018). LRRK2 
activity does not dramatically alter α-synuclein pathology in primary neurons. Acta 
Neuropathol. Commun. 6:45. doi: 10.1186/s40478-018-0550-0

Henderson, M. X., Sedor, S., McGeary, I., Cornblath, E. J., Peng, C., Riddle, D. M., et al. 
(2020). Glucocerebrosidase activity modulates neuronal susceptibility to pathological 
α-synuclein insult. Neuron 105, 822–836.e7. doi: 10.1016/j.neuron.2019.12.004

Henderson, M. X., Sengupta, M., McGeary, I., Zhang, B., Olufemi, M. F., Brown, H., 
et al. (2019). LRRK2 inhibition does not impart protection from α-synuclein pathology 
and neuron death in non-transgenic mice. Acta Neuropathol. Commun. 7:28. doi: 
10.1186/s40478-019-0679-5

Higashi, S., Iseki, E., Yamamoto, R., Minegishi, M., Hino, H., Fujisawa, K., et al. (2007). 
Concurrence of TDP-43, tau and alpha-synuclein pathology in brains of Alzheimer’s 
disease and dementia with lewy bodies. Brain Res. 1184, 284–294. doi: 10.1016/j.
brainres.2007.09.048

Hodges, J. R., Davies, R., Xuereb, J., Kril, J., and Halliday, G. (2003). Survival in 
frontotemporal dementia. Neurology 61, 349–354. doi: 10.1212/01.
WNL.0000078928.20107.52

https://doi.org/10.3389/fnagi.2023.1189809
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.2353/ajpath.2009.090462
https://doi.org/10.1111/j.1365-2125.2010.03830.x
https://doi.org/10.1371/journal.pone.0026609
https://doi.org/10.1590/S1980-57642013DN70100004
https://doi.org/10.1016/S0140-6736(15)00461-4
https://doi.org/10.1016/j.neuron.2019.10.010
https://doi.org/10.1084/jem.20192193
https://doi.org/10.1074/jbc.M117.803411
https://doi.org/10.3389/fnins.2016.00269
https://doi.org/10.1016/j.cell.2021.03.048
https://doi.org/10.1016/j.cell.2021.03.048
https://doi.org/10.1016/S0197-4580(02)00065-9
https://doi.org/10.1073/pnas.1315346111
https://doi.org/10.1038/s41586-019-1808-9
https://doi.org/10.1016/j.phrs.2018.02.007
https://doi.org/10.1155/2014/217371
https://doi.org/10.1155/2014/217371
https://doi.org/10.1007/s12031-019-01325-9
https://doi.org/10.1007/s12031-019-01325-9
https://doi.org/10.1073/pnas.1700239114
https://doi.org/10.1523/JNEUROSCI.0490-10.2010
https://doi.org/10.1523/JNEUROSCI.0490-10.2010
https://doi.org/10.1017/S0033291700049588
https://doi.org/10.1126/science.1101738
https://doi.org/10.1016/j.neuron.2010.04.034
https://doi.org/10.1155/2012/391438
https://doi.org/10.1126/scitranslmed.aag0481
https://doi.org/10.1016/j.jbc.2022.102498
https://doi.org/10.1016/j.jbc.2022.102498
https://doi.org/10.1016/j.jmb.2021.166953
https://doi.org/10.1016/j.jmb.2021.166953
https://doi.org/10.1046/j.1471-4159.2003.01885.x
https://doi.org/10.1096/fj.08-120410
https://doi.org/10.1096/fj.06-6092com
https://doi.org/10.1074/jbc.M111.247965
https://doi.org/10.1016/j.nbd.2007.01.014
https://doi.org/10.1016/j.nbd.2007.01.014
https://doi.org/10.1021/ar050073t
https://doi.org/10.1016/j.neuron.2005.07.021
https://doi.org/10.1016/j.neuron.2005.07.021
https://doi.org/10.1016/j.expneurol.2004.07.016
https://doi.org/10.1093/hmg/ddaa085
https://doi.org/10.1073/pnas.2109617119
https://doi.org/10.1016/S0896-6273(02)00682-7
https://doi.org/10.1016/S0896-6273(02)00682-7
https://doi.org/10.1126/science.1082324
https://doi.org/10.1038/nrneurol.2012.242
https://doi.org/10.1016/j.cell.2013.05.057
https://doi.org/10.1111/j.1460-9568.2011.07660.x
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nm.4443
https://doi.org/10.1186/s40478-018-0550-0
https://doi.org/10.1016/j.neuron.2019.12.004
https://doi.org/10.1186/s40478-019-0679-5
https://doi.org/10.1016/j.brainres.2007.09.048
https://doi.org/10.1016/j.brainres.2007.09.048
https://doi.org/10.1212/01.WNL.0000078928.20107.52
https://doi.org/10.1212/01.WNL.0000078928.20107.52


Han and He 10.3389/fnagi.2023.1189809

Frontiers in Aging Neuroscience 09 frontiersin.org

Höglinger, G. U., Lannuzel, A., Khondiker, M. E., Michel, P. P., Duyckaerts, C., 
Féger, J., et al. (2005). The mitochondrial complex I inhibitor rotenone triggers a cerebral 
tauopathy. J. Neurochem. 95, 930–939. doi: 10.1111/j.1471-4159.2005.03493.x

Irwin, D. J., Lee, V. M. Y., and Trojanowski, J. Q. (2013). Parkinson’s disease dementia: 
convergence of α-synuclein, tau and amyloid-β pathologies. Nat. Rev. Neurosci. 14, 
626–636. doi: 10.1038/nrn3549

Jensen, P. H., Hager, H., Nielsen, M. S., Hojrup, P., Gliemann, J., and Jakes, R. (1999). 
Alpha-synuclein binds to tau and stimulates the protein kinase A-catalyzed tau 
phosphorylation of serine residues 262 and 356. J. Biol. Chem. 274, 25481–25489. doi: 
10.1074/jbc.274.36.25481

Kantarci, K., Lowe, V. J., Chen, Q., Przybelski, S. A., Lesnick, T. G., Schwarz, C. G., 
et al. (2020). Beta-amyloid PET and neuropathology in dementia with lewy bodies. 
Neurology 94, e282–e291. doi: 10.1212/WNL.0000000000008818

Kaul, T., Credle, J., Haggerty, T., Oaks, A. W., Masliah, E., and Sidhu, A. (2011). 
Region-specific tauopathy and synucleinopathy in brain of the alpha-synuclein 
overexpressing mouse model of Parkinson’s disease. BMC Neurosci. 12:79. doi: 
10.1186/1471-2202-12-79

Khandelwal, P. J., Dumanis, S. B., Feng, L. R., Maguire-Zeiss, K., Rebeck, G., 
Lashuel, H. A., et al. (2010). Parkinson-related parkin reduces α-synuclein 
phosphorylation in a gene transfer model. Mol. Neurodegener. 5:47. doi: 
10.1186/1750-1326-5-47

Kioumourtzoglou, M. A., Rotem, R. S., Seals, R. M., Gredal, O., Hansen, J., and 
Weisskopf, M. G. (2015). Diabetes mellitus, obesity, and diagnosis of amyotrophic lateral 
sclerosis: a population-based study. JAMA Neurol. 72, 905–911. doi: 10.1001/
jamaneurol.2015.0910

Knopman, D. S., Amieva, H., Petersen, R. C., Chételat, G., Holtzman, D. M., 
Hyman, B. T., et al. (2021). Alzheimer disease. Nat. Rev. Dis. Primers. 7:33. doi: 10.1038/
s41572-021-00269-y

Koga, S., Lin, W. L., Walton, R. L., Ross, O. A., and Dickson, D. W. (2018). TDP-43 
pathology in multiple system atrophy: colocalization of TDP-43 and α-synuclein in glial 
cytoplasmic inclusions. Neuropathol. Appl. Neurobiol. 44, 707–721. doi: 10.1111/
nan.12485

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J.-i., Tanida, I., et al. (2006). Loss 
of autophagy in the central nervous system causes neurodegeneration in mice. Nature 
441, 880–884. doi: 10.1038/nature04723

Krauss, J. K., Paduch, T., Mundinger, F., and Seeger, W. (1995). Parkinsonism and rest 
tremor secondary to supratentorial tumours sparing the basal ganglia. Acta Neurochir. 
133, 22–29. doi: 10.1007/BF01404943

Kuzuhara, S. (2007). ALS-parkinsonism-dementia complex of the Kii peninsula of 
Japan (Muro disease). Historical review, epidemiology and concept. Rinsho Shinkeigaku 
47, 962–965.

Li, Y., Gu, J., Wang, C., Hu, J., Zhang, S., Liu, C., et al. (2022). Hsp70 exhibits a liquid-
liquid phase separation ability and chaperones condensed FUS against amyloid 
aggregation. iScience 25:104356. doi: 10.1016/j.isci.2022.104356

Lillo, P., and Hodges, J. R. (2009). Frontotemporal dementia and motor neurone 
disease: overlapping clinic-pathological disorders. J. Clin. Neurosci. 16, 1131–1135. doi: 
10.1016/j.jocn.2009.03.005

Liu, W. J., Ye, L., Huang, W. F., Guo, L. J., Xu, Z. G., Wu, H. L., et al. (2016). p62 links 
the autophagy pathway and the ubiqutin-proteasome system upon ubiquitinated protein 
degradation. Cell. Mol. Biol. Lett. 21:29. doi: 10.1186/s11658-016-0031-z

Lomen-Hoerth, C., Anderson, T., and Miller, B. (2002). The overlap of amyotrophic 
lateral sclerosis and frontotemporal dementia. Neurology 59, 1077–1079. doi: 10.1212/
WNL.59.7.1077

Lovestam, S., Koh, F. A., van Knippenberg, B., Kotecha, A., Murzin, A. G., Goedert, M., 
et al. (2022). Assembly of recombinant tau into filaments identical to those of 
Alzheimer’s disease and chronic traumatic encephalopathy. Elife 11:e76494. doi: 10.7554/
eLife.76494

Lu, S., Hu, J., Arogundade, O. A., Goginashvili, A., Vazquez-Sanchez, S., Diedrich, J. K., 
et al. (2022). Heat-shock chaperone HSPB1 regulates cytoplasmic TDP-43 phase 
separation and liquid-to-gel transition. Nat. Cell Biol. 24, 1378–1393. doi: 10.1038/
s41556-022-00988-8

Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J. Q., et al. (2012). 
Pathological alpha-synuclein transmission initiates Parkinson-like neurodegeneration 
in nontransgenic mice. Science 338, 949–953. doi: 10.1126/science.1227157

Mandal, P. K., Pettegrew, J. W., Masliah, E., Hamilton, R. L., and Mandal, R. (2006). 
Interaction between Abeta peptide and alpha synuclein: molecular mechanisms in 
overlapping pathology of Alzheimer’s and Parkinson’s in dementia with lewy body 
disease. Neurochem. Res. 31, 1153–1162. doi: 10.1007/s11064-006-9140-9

Masliah, E., Rockenstein, E., Veinbergs, I., Sagara, Y., Mallory, M., Hashimoto, M., 
et al. (2001). Beta-amyloid peptides enhance alpha-synuclein accumulation and 
neuronal deficits in a transgenic mouse model linking Alzheimer’s disease and 
Parkinson’s disease. Proc. Natl. Acad. Sci. U. S. A. 98, 12245–12250. doi: 10.1073/
pnas.211412398

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Kubo, M., Shimozawa, A., 
Akiyama, H., et al. (2014). Pathological alpha-synuclein propagates through neural 
networks. Acta Neuropathol. Commun. 2:88. doi: 10.1186/s40478-014-0088-8

McKee, A. C., Stein, T. D., Nowinski, C. J., Stern, R. A., Daneshvar, D. H., Alvarez, V. E., 
et al. (2012). The spectrum of disease in chronic traumatic encephalopathy. Brain 136, 
43–64. doi: 10.1093/brain/aws307

McNaught, K. S., Mytilineou, C., Jnobaptiste, R., Yabut, J., Shashidharan, P., Jennert, P., 
et al. (2002). Impairment of the ubiquitin-proteasome system causes dopaminergic cell 
death and inclusion body formation in ventral mesencephalic cultures. J. Neurochem. 
81, 301–306. doi: 10.1046/j.1471-4159.2002.00821.x

Montine, T. J., Phelps, C. H., Beach, T. G., Bigio, E. H., Cairns, N. J., Dickson, D. W., 
et al. (2012). National Institute on Aging-Alzheimer's Association guidelines for the 
neuropathologic assessment of Alzheimer's disease: a practical approach. Acta 
Neuropathol. 123, 1–11. doi: 10.1007/s00401-011-0910-3

Morris, M., Koyama, A., Masliah, E., and Mucke, L. (2011). Tau reduction does not 
prevent motor deficits in two mouse models of Parkinson’s disease. PLoS One 6:e29257. 
doi: 10.1371/journal.pone.0029257

Moussaud, S., Jones, D. R., Moussaud-Lamodière, E. L., Delenclos, M., Ross, O. A., 
and McLean, P. J. (2014). Alpha-synuclein and tau: teammates in neurodegeneration? 
Mol. Neurodegener. 9:43. doi: 10.1186/1750-1326-9-43

Murray, R., Neumann, M., Forman, M. S., Farmer, J., Massimo, L., Rice, A., et al. 
(2007). Cognitive and motor assessment in autopsy-proven corticobasal degeneration. 
Neurology 68, 1274–1283. doi: 10.1212/01.wnl.0000259519.78480.c3

Nakashima-Yasuda, H., Uryu, K., Robinson, J., Xie, S. X., Hurtig, H., Duda, J. E., et al. 
(2007). Co-morbidity of TDP-43 proteinopathy in lewy body related diseases. Acta 
Neuropathol. 114, 221–229. doi: 10.1007/s00401-007-0261-2

Nanhoe-Mahabier, W., de Laat, K. F., Visser, J. E., Zijlmans, J., de Leeuw, F. E., and 
Bloem, B. R. (2009). Parkinson disease and comorbid cerebrovascular disease. Nat. Rev. 
Neurol. 5, 533–541. doi: 10.1038/nrneurol.2009.136

Nilsson, F. M., Kessing, L. V., and Bolwig, T. G. (2001). Increased risk of developing 
Parkinson’s disease for patients with major affective disorder: a register study. Acta 
Psychiatr. Scand. 104, 380–386. doi: 10.1111/j.1600-0447.2001.00372.x

Nilsson, F. M., Kessing, L. V., Sørensen, T. M., Andersen, P. K., and Bolwig, T. G. 
(2002). Major depressive disorder in Parkinson's disease: a register-based study. Acta 
Psychiatr. Scand. 106, 202–211. doi: 10.1034/j.1600-0447.2002.02229.x

Nonaka, T., Masuda-Suzukake, M., and Hasegawa, M. (2018). Molecular mechanisms 
of the co-deposition of multiple pathological proteins in neurodegenerative diseases. 
Neuropathology 38, 64–71. doi: 10.1111/neup.12427

Oaks, A. W., Frankfurt, M., Finkelstein, D. I., and Sidhu, A. (2013). Age-dependent 
effects of A53T alpha-synuclein on behavior and dopaminergic function. PLoS One 
8:e60378. doi: 10.1371/journal.pone.0060378

O'Hara, D. M., Pawar, G., Kalia, S. K., and Kalia, L. V. (2020). LRRK2 and alpha-
synuclein: distinct or synergistic players in Parkinson’s disease? Front. Neurosci. 14:577. 
doi: 10.3389/fnins.2020.00577

Ono, K., Takahashi, R., Ikeda, T., and Yamada, M. (2012). Cross-seeding effects of 
amyloid beta-protein and alpha-synuclein. J. Neurochem. 122, 883–890. doi: 
10.1111/j.1471-4159.2012.07847.x

Ostrerova, N., Petrucelli, L., Farrer, M., Mehta, N., Choi, P., Hardy, J., et al. (1999). 
α-synuclein shares physical and functional homology with 14-3-3 proteins. J. Neurosci. 
19, 5782–5791. doi: 10.1523/JNEUROSCI.19-14-05782.1999

Pan, L., Li, C., Meng, L., Tian, Y., He, M., Yuan, X., et al. (2022). Tau accelerates 
α-synuclein aggregation and spreading in Parkinson’s disease. Brain 145, 3454–3471. 
doi: 10.1093/brain/awac171

Poulopoulos, M., Levy, O. A., and Alcalay, R. N. (2012). The neuropathology of genetic 
Parkinson’s disease. Mov. Disord. 27, 831–842. doi: 10.1002/mds.24962

Rideout, H. J., Lang-Rollin, I. C., Savalle, M., and Stefanis, L. (2005). Dopaminergic 
neurons in rat ventral midbrain cultures undergo selective apoptosis and form 
inclusions, but do not up-regulate iHSP70, following proteasomal inhibition. J. 
Neurochem. 93, 1304–1313. doi: 10.1111/j.1471-4159.2005.03124.x

Robinson, J. L., Richardson, H., Xie, S. X., Suh, E., Van Deerlin, V. M., Alfaro, B., et al. 
(2021). The development and convergence of co-pathologies in Alzheimer’s disease. 
Brain 144, 953–962. doi: 10.1093/brain/awaa438

Rochet, J. C., Outeiro, T. F., Conway, K. A., Ding, T. T., Volles, M. J., Lashuel, H. A., 
et al. (2004). Interactions among alpha-synuclein, dopamine, and biomembranes: some 
clues for understanding neurodegeneration in Parkinson’s disease. J. Mol. Neurosci. 23, 
23–34. doi: 10.1385/JMN:23:1-2:023

Rohan, Z., Rahimi, J., Weis, S., Kapas, I., Auff, E., Mitrovic, N., et al. (2015). Screening 
for [alpha]-synuclein immunoreactive neuronal inclusions in the hippocampus allows 
identification of atypical MSA (FTLD-synuclein). Acta Neuropathol. 130, 299–301. doi: 
10.1007/s00401-015-1455-7

Roos, E., Mariosa, D., Ingre, C., Lundholm, C., Wirdefeldt, K., Roos, P. M., et al. 
(2016). Depression in amyotrophic lateral sclerosis. Neurology 86, 2271–2277. doi: 
10.1212/WNL.0000000000002671

Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M., et al. (2005). 
Tau suppression in a neurodegenerative mouse model improves memory function. 
Science 309, 476–481. doi: 10.1126/science.1113694

Santiago, J. A., Bottero, V., and Potashkin, J. A. (2017). Biological and clinical 
implications of comorbidities in Parkinson’s disease. Front. Aging Neurosci. 9:394. doi: 
10.3389/fnagi.2017.00394

https://doi.org/10.3389/fnagi.2023.1189809
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/j.1471-4159.2005.03493.x
https://doi.org/10.1038/nrn3549
https://doi.org/10.1074/jbc.274.36.25481
https://doi.org/10.1212/WNL.0000000000008818
https://doi.org/10.1186/1471-2202-12-79
https://doi.org/10.1186/1750-1326-5-47
https://doi.org/10.1001/jamaneurol.2015.0910
https://doi.org/10.1001/jamaneurol.2015.0910
https://doi.org/10.1038/s41572-021-00269-y
https://doi.org/10.1038/s41572-021-00269-y
https://doi.org/10.1111/nan.12485
https://doi.org/10.1111/nan.12485
https://doi.org/10.1038/nature04723
https://doi.org/10.1007/BF01404943
https://doi.org/10.1016/j.isci.2022.104356
https://doi.org/10.1016/j.jocn.2009.03.005
https://doi.org/10.1186/s11658-016-0031-z
https://doi.org/10.1212/WNL.59.7.1077
https://doi.org/10.1212/WNL.59.7.1077
https://doi.org/10.7554/eLife.76494
https://doi.org/10.7554/eLife.76494
https://doi.org/10.1038/s41556-022-00988-8
https://doi.org/10.1038/s41556-022-00988-8
https://doi.org/10.1126/science.1227157
https://doi.org/10.1007/s11064-006-9140-9
https://doi.org/10.1073/pnas.211412398
https://doi.org/10.1073/pnas.211412398
https://doi.org/10.1186/s40478-014-0088-8
https://doi.org/10.1093/brain/aws307
https://doi.org/10.1046/j.1471-4159.2002.00821.x
https://doi.org/10.1007/s00401-011-0910-3
https://doi.org/10.1371/journal.pone.0029257
https://doi.org/10.1186/1750-1326-9-43
https://doi.org/10.1212/01.wnl.0000259519.78480.c3
https://doi.org/10.1007/s00401-007-0261-2
https://doi.org/10.1038/nrneurol.2009.136
https://doi.org/10.1111/j.1600-0447.2001.00372.x
https://doi.org/10.1034/j.1600-0447.2002.02229.x
https://doi.org/10.1111/neup.12427
https://doi.org/10.1371/journal.pone.0060378
https://doi.org/10.3389/fnins.2020.00577
https://doi.org/10.1111/j.1471-4159.2012.07847.x
https://doi.org/10.1523/JNEUROSCI.19-14-05782.1999
https://doi.org/10.1093/brain/awac171
https://doi.org/10.1002/mds.24962
https://doi.org/10.1111/j.1471-4159.2005.03124.x
https://doi.org/10.1093/brain/awaa438
https://doi.org/10.1385/JMN:23:1-2:023
https://doi.org/10.1007/s00401-015-1455-7
https://doi.org/10.1212/WNL.0000000000002671
https://doi.org/10.1126/science.1113694
https://doi.org/10.3389/fnagi.2017.00394


Han and He 10.3389/fnagi.2023.1189809

Frontiers in Aging Neuroscience 10 frontiersin.org

Santiago, J. A., and Potashkin, J. A. (2013). Shared dysregulated pathways lead to 
Parkinson’s disease and diabetes. Trends Mol. Med. 19, 176–186. doi: 10.1016/j.
molmed.2013.01.002

Savitt, J. M., Dawson, V. L., and Dawson, T. M. (2006). Diagnosis and treatment of Parkinson 
disease: molecules to medicine. J. Clin. Invest. 116, 1744–1754. doi: 10.1172/JCI29178

Schlossmacher, M. G., Frosch, M. P., Gai, W. P., Medina, M., Sharma, N., Forno, L., 
et al. (2002). Parkin localizes to the lewy bodies of Parkinson disease and dementia with 
lewy bodies. Am. J. Pathol. 160, 1655–1667. doi: 10.1016/S0002-9440(10)61113-3

Shen, L., Wang, C., Chen, L., Leung, K. L., Lo, E., Lakso, M., et al. (1866). TDP-1/
TDP-43 potentiates human alpha-synuclein (HASN) neurodegeneration in 
Caenorhabditis elegans. Biochim. Biophys. Acta Mol. Basis Dis. 2020:165876.

Shimura, H., Hattori, N., Kubo, S., Mizuno, Y., Asakawa, S., Minoshima, S., et al. 
(2000). Familial Parkinson disease gene product, parkin, is a ubiquitin-protein ligase. 
Nat. Genet. 25, 302–305. doi: 10.1038/77060

Shimura, H., Schlossmacher, M. G., Hattori, N., Frosch, M. P., Trockenbacher, A., 
Schneider, R., et al. (2001). Ubiquitination of a new form of alpha-synuclein by parkin 
from human brain: implications for Parkinson’s disease. Science 293, 263–269. doi: 
10.1126/science.1060627

Simon-Sanchez, J., Schulte, C., Bras, J. M., Sharma, M., Gibbs, J. R., Berg, D., et al. 
(2009). Genome-wide association study reveals genetic risk underlying Parkinson’s 
disease. Nat. Genet. 41, 1308–1312. doi: 10.1038/ng.487

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., et al. 
(2003). Alpha-synuclein locus triplication causes Parkinson’s disease. Science 302:841. 
doi: 10.1126/science.1090278

Smith, C., Malek, N., Grosset, K., Cullen, B., Gentleman, S., and Grosset, D. G. (2019). 
Neuropathology of dementia in patients with Parkinson's disease: a systematic review of 
autopsy studies. J. Neurol. Neurosurg. Psychiatry 90, 1234–1243. doi: 10.1136/jnnp-2019-321111

Spencer, B., Desplats, P. A., Overk, C. R., Valera-Martin, E., Rissman, R. A., Wu, C., 
et al. (2016). Reducing endogenous α-synuclein mitigates the degeneration of selective 
neuronal populations in an Alzheimer’s disease transgenic mouse model. J. Neurosci. 36, 
7971–7984. doi: 10.1523/JNEUROSCI.0775-16.2016

Stephen, P., and Williamson, J. (1984). Drug-induced parkinsonism in the elderly. 
Lancet 324, 1082–1083. doi: 10.1016/S0140-6736(84)91516-2

Strohaker, T., Jung, B. C., Liou, S. H., Fernandez, C. O., Riedel, D., Becker, S., et al. 
(2019). Structural heterogeneity of alpha-synuclein fibrils amplified from patient brain 
extracts. Nat. Commun. 10:5535. doi: 10.1038/s41467-019-13564-w

Sullivan, P. G., Dragicevic, N. B., Deng, J. H., Bai, Y., Dimayuga, E., Ding, Q., et al. 
(2004). Proteasome inhibition alters neural mitochondrial homeostasis and 
mitochondria turnover. J. Biol. Chem. 279, 20699–20707. doi: 10.1074/jbc.M313579200

Taguchi, Y. V., Gorenberg, E. L., Nagy, M., Thrasher, D., Fenton, W. A., 
Volpicelli-Daley, L., et al. (2019). Hsp110 mitigates alpha-synuclein pathology in vivo. 
Proc. Natl. Acad. Sci. U. S. A. 116, 24310–24316. doi: 10.1073/pnas.1903268116

Tan, J. M., Wong, E. S., Kirkpatrick, D. S., Pletnikova, O., Ko, H. S., Tay, S. P., et al. 
(2008). Lysine 63-linked ubiquitination promotes the formation and autophagic 
clearance of protein inclusions associated with neurodegenerative diseases. Hum. Mol. 
Genet. 17, 431–439. doi: 10.1093/hmg/ddm320

Tanik, S. A., Schultheiss, C. E., Volpicelli-Daley, L. A., Brunden, K. R., and Lee, V. M. 
(2013). Lewy body-like α-synuclein aggregates resist degradation and impair 
macroautophagy. J. Biol. Chem. 288, 15194–15210. doi: 10.1074/jbc.M113.457408

Tansey, M. G., Wallings, R. L., Houser, M. C., Herrick, M. K., Keating, C. E., and 
Joers, V. (2022). Inflammation and immune dysfunction in Parkinson disease. Nat. Rev. 
Immunol. 22, 657–673. doi: 10.1038/s41577-022-00684-6

Terada, M., Suzuki, G., Nonaka, T., Kametani, F., Tamaoka, A., and Hasegawa, M. 
(2018). The effect of truncation on prion-like properties of α-synuclein. J. Biol. Chem. 
293, 13910–13920. doi: 10.1074/jbc.RA118.001862

Tian, T., Huang, C., Tong, J., Yang, M., Zhou, H., and Xia, X. G. (2011). TDP-43 
potentiates alpha-synuclein toxicity to dopaminergic neurons in transgenic mice. Int. J. 
Biol. Sci. 7, 234–243. doi: 10.7150/ijbs.7.234

Tsigelny, I. F., Crews, L., Desplats, P., Shaked, G. M., Sharikov, Y., Mizuno, H., et al. 
(2008). Mechanisms of hybrid oligomer formation in the pathogenesis of combined 
Alzheimer’s and Parkinson’s diseases. PLoS One 3:e3135. doi: 10.1371/journal.
pone.0003135

Velayati, A., Yu, W. H., and Sidransky, E. (2010). The role of glucocerebrosidase 
mutations in Parkinson disease and Lewy body disorders. Curr. Neurol. Neurosci. Rep. 
10, 190–198. doi: 10.1007/s11910-010-0102-x

Wenning, G. K., Tison, F., Ben Shlomo, Y., Daniel, S. E., and Quinn, N. P. (1997). 
Multiple system atrophy: a review of 203 pathologically proven cases. Mov. Disord. 12, 
133–147. doi: 10.1002/mds.870120203

Wilkins, H. M., Carl, S. M., and Swerdlow, R. H. (2014). Cytoplasmic hybrid (cybrid) 
cell lines as a practical model for mitochondriopathies. Redox Biol. 2, 619–631. doi: 
10.1016/j.redox.2014.03.006

Williams, D. R., and Lees, A. J. (2009). Progressive supranuclear palsy: 
clinicopathological concepts and diagnostic challenges. Lancet Neurol. 8, 270–279. doi: 
10.1016/S1474-4422(09)70042-0

Wills, J., Credle, J., Haggerty, T., Lee, J. H., Oaks, A. W., and Sidhu, A. (2011). 
Tauopathic changes in the striatum of A53T α-synuclein mutant mouse model of 
Parkinson’s disease. PLoS One 6:e17953. doi: 10.1371/journal.pone.0017953

Wu, H. Y., Chen, S. F., Hsieh, J. Y., Chou, F., Wang, Y. H., Lin, W. T., et al. (2015). 
Structural basis of antizyme-mediated regulation of polyamine homeostasis. Proc. Natl. 
Acad. Sci. U. S. A. 112, 11229–11234. doi: 10.1073/pnas.1508187112

Xu, Q., Park, Y., Huang, X., Hollenbeck, A., Blair, A., Schatzkin, A., et al. (2011). 
Diabetes and risk of Parkinson’s disease. Diabetes Care 34, 910–915. doi: 10.2337/
dc10-1922

Yang, Y., Shi, Y., Schweighauser, M., Zhang, X., Kotecha, A., Murzin, A. G., et al. 
(2022). Structures of α-synuclein filaments from human brains with lewy pathology. 
Nature 610, 791–795. doi: 10.1038/s41586-022-05319-3

Yu, A., Fox, S. G., Cavallini, A., Kerridge, C., O'Neill, M. J., Wolak, J., et al. (2019). Tau 
protein aggregates inhibit the protein-folding and vesicular trafficking arms of the 
cellular proteostasis network. J. Biol. Chem. 294, 7917–7930. doi: 10.1074/jbc.
RA119.007527

Zhang, Z., Xie, M., and Ye, K. (2016). Asparagine endopeptidase is an innovative 
therapeutic target for neurodegenerative diseases. Expert Opin. Ther. Targets 20, 
1237–1245. doi: 10.1080/14728222.2016.1182990

Zhang, S., Zhu, Y., Lu, J., Liu, Z., Lobato, A. G., Zeng, W., et al. (2022). Specific binding 
of Hsp27 and phosphorylated tau mitigates abnormal tau aggregation-induced 
pathology. Elife 11:e79898. doi: 10.7554/eLife.79898

https://doi.org/10.3389/fnagi.2023.1189809
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.molmed.2013.01.002
https://doi.org/10.1016/j.molmed.2013.01.002
https://doi.org/10.1172/JCI29178
https://doi.org/10.1016/S0002-9440(10)61113-3
https://doi.org/10.1038/77060
https://doi.org/10.1126/science.1060627
https://doi.org/10.1038/ng.487
https://doi.org/10.1126/science.1090278
https://doi.org/10.1136/jnnp-2019-321111
https://doi.org/10.1523/JNEUROSCI.0775-16.2016
https://doi.org/10.1016/S0140-6736(84)91516-2
https://doi.org/10.1038/s41467-019-13564-w
https://doi.org/10.1074/jbc.M313579200
https://doi.org/10.1073/pnas.1903268116
https://doi.org/10.1093/hmg/ddm320
https://doi.org/10.1074/jbc.M113.457408
https://doi.org/10.1038/s41577-022-00684-6
https://doi.org/10.1074/jbc.RA118.001862
https://doi.org/10.7150/ijbs.7.234
https://doi.org/10.1371/journal.pone.0003135
https://doi.org/10.1371/journal.pone.0003135
https://doi.org/10.1007/s11910-010-0102-x
https://doi.org/10.1002/mds.870120203
https://doi.org/10.1016/j.redox.2014.03.006
https://doi.org/10.1016/S1474-4422(09)70042-0
https://doi.org/10.1371/journal.pone.0017953
https://doi.org/10.1073/pnas.1508187112
https://doi.org/10.2337/dc10-1922
https://doi.org/10.2337/dc10-1922
https://doi.org/10.1038/s41586-022-05319-3
https://doi.org/10.1074/jbc.RA119.007527
https://doi.org/10.1074/jbc.RA119.007527
https://doi.org/10.1080/14728222.2016.1182990
https://doi.org/10.7554/eLife.79898

	Concomitant protein pathogenesis in Parkinson’s disease and perspective mechanisms
	1. Introduction
	2. The PD-related comorbidities
	2.1. PD-related symptomatic comorbidities
	2.1.1. PD-like motor symptoms in other diseases
	2.1.2. Non-motor abnormalities in PD
	2.2. PD-related neuropathological comorbidities
	2.2.1. PD-related protein pathologies
	2.2.2. Synuclein pathology in AD
	2.2.3. Synuclein pathology in FTLD/CTE
	2.2.4. Synuclein pathology in TDP-43 proteinopathy

	3. The Synergistic Interactions between synuclein pathology and other concomitant protein pathologies
	3.1. α -synuclein and A β 
	3.2. α -synuclein and tau
	3.3. α -synuclein and TDP-43

	4. Perspective mechanisms underlying co-pathologies
	4.1. Potential mechanisms underlying synucleinopathies
	4.2. Perspective mechanisms underlying synucleinopathy-related co-pathogenesis
	4.2.1. Defective global protein degradation
	4.2.2. Cross-seeding and co-deposition
	4.2.3. Limited chaperone function
	4.2.4. Shared regulatory pathways and posttranslational modifications

	5. Summary
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

