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Abstract

The discovery that patients with Gaucher Disease (GD), a rare lysosomal storage disorder, were 

developing symptoms similar to Parkinson Disease (PD) led to investigation of the relationship 

between the two seemingly unrelated pathologies. GD, an autosomal recessive disorder, is the 

result of a biallelic mutation in the gene GBA1, which encodes for the enzyme glucocerebrosidase 

(GCase). Since the observation of its relation to PD, GBA1 mutations have become recognized as 

the most common genetic risk factor for development of synucleinopathies such as PD and 

dementia with Lewy bodies. Although the exact mechanism by which GBA1 mutations promote 

PD is unknown, current understanding suggests that impaired GCase inhibits lysosomal activity 

and decreases the overall ability of the cell to degrade proteins, specifically the neuronal protein α 
-synuclein. Decreased elimination of α-synuclein can lead to its abnormal accumulation and 

aggregation, an important component of PD development. Further understanding of how decreased 

GCase activity increases risk for α-synuclein pathology can assist with the development of clinical 

biomarkers for early detection of synucleinopathies, as well as promote novel treatments tailored 

for people with a GBA1 mutation. Historically, α-synuclein has not been a reliable biomarker for 

PD. However, recent research on α-synuclein content within exosomes, which are small vesicles 

released by cells that carry specific cellular cargo, has yielded promising results. Moreover, 

decreased GCase activity has been shown to influence exosomal contents. Exosomes have 

emerged as a promising new avenue for the identification of novel biomarkers and therapeutic 

targets aimed at improving neuronal GCase function and limiting the development of 

synucleinopathies.
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1. Introduction

Gaucher Disease (GD), an autosomal recessive disorder with an incidence of approximately 

1 in every 40,000 – 60,000 live births, is the most prevalent of the over 50 lysosomal storage 

disorders. These disorders are characterized by genetic deficiencies in lysosomal enzymes 

[1]. The enzyme affected in GD is glucocerebrosidase (GCase), encoded by the gene GBA1, 

which catalyzes the breakdown of glucosylceramide (GlcCer) and its deacylated derivative 

glucosylsphingosine (GlcSph) [1]. The occurrence of GD is uniquely high in the Ashkenazi 

Jewish population, where it occurs in 1 out of every 800 births [2]. Symptom severity is 

highly variable, although the presence or absence of CNS manifestations allows 

classification into three clinical types [2]. The most common is type 1 GD (GD1), which is 

considered non-neuronopathic and is characterized by symptoms of hepatosplenomegaly, 

anemia, and osteological issues such as bone pain and osteoporosis [3]. However, 

symptomatology and severity are heterogeneous, and genotype is often an unreliable 

predictor of phenotype and prognosis [4]. Types 2 and 3 GD are the more severe, less 

common neuronopathic forms and due to differences in the rate of progression are denoted 

as acute neuronopathic and chronic neuronopathic, respectively [4]. Type 2 GD typically 

results in death in infancy, while type 3 has slower onset of neurologic symptoms such as 

ocular muscle apraxia (a defect in horizontal eye movement), ataxia, myoclonic epilepsy, 

and variable learning impairments, in addition to the skeletal and visceral symptoms found 

in GD1 [3]. While biallelic mutations in GBA1 causes GD, in the last decade it has become 

apparent that presence of even a single GBA1 mutation (designated carriers) is a significant 

risk factor for development of Parkinson disease (PD). PD is a neurological disease that 

initially presents as motor symptoms such as resting tremor and muscle rigidity, resulting 

from the degeneration of substantia nigra dopaminergic neurons, and progresses to more 

widespread neurodegeneration, severe motor impairment, non-motor symptoms such as 

cognitive and sleep dysfunction, and eventually death [5, 6]. Both patients with GD, 

including those with very little to no symptoms, and carriers that will include relatives of 

GD patients are at an increased risk for PD and an investigation of the relationship between 

these two disease states is warranted.

In this review, we will provide an overview of the impact of GBA1 mutations on the 

development of α-synuclein pathologies. Pathological α-synuclein is significant in PD, as 

α-synuclein aggregates are a major component of Lewy bodies - insoluble protein bodies 

that are a neuropathological hallmark of many synucleinopathies, as well as other 

neurological disorders [7]. Although α-synuclein aggregates were classically considered the 

primary component of Lewy bodies, recent findings indicate that they contain high 

quantities of dysmorphic organelles and lipid membranes as well [8]. Teasing apart the 

relationship between α-synuclein pathology and organelle dysfunction is a crucial step to 

understanding PD pathophysiology. It should be noted that many of the findings linking 

GBA1 mutations and PD have also been observed in other synucleinopathies, such as 

Johnson et al. Page 2

Mol Genet Metab. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dementia with Lewy bodies. However, for the purposes of this review we will focus only on 

GBA1 and PD. To date there are no validated clinical biomarkers for PD development. 

Circulating α-synuclein levels, though biologically relevant, have not been shown to be 

clinically viable as a biomarker due to inconsistent trends and the invasive techniques 

involved. The biology of exosomes, small extracellular vesicles that carry specific cellular 

cargo, is an emerging area of investigation in neurodegenerative disorders due to their ability 

to reflect changes in the central nervous system (CNS) [9]. Determining how GBA1 
mutations affect α-synuclein aggregation, exosome secretion, and exosomal contents can 

lead to a better understanding of PD development as well as identify novel biomarkers and 

therapeutic targets.

1.1 Association between GBA1 mutations and PD risk

More than 350 different mutations have been characterized in the GBA1 gene [10]. 

However, most patients with GD in North America and Europe have at least one of the two 

mutated alleles – N370S or L444P [10]. The most common GBA1 mutation is N370S, 

making up approximately 80% of mutations in the Ashkenazi Jewish population [11]. 

Homozygous and compound heterozygous N370S mutations are associated only with GD1 

symptomology [12]. Homozygous and compound non-N370S heterozygous L444P 

mutations are commonly found in patients with GD2 or GD3 [13]. Additionally, the GBA1 
mutations T369M and E326K, which are generally not associated with GD, are common 

variants found in the Caucasian population that increase the risk for PD [14]. For a full 

review of GBA1 mutation prevalence by ethnicity, see Migdalski & Shapiro, 2016 [15].

The effect of decreased GCase activity in GD1 is particularly evident in macrophages, which 

take on an enlarged foamy characteristic and are eponymously denoted Gaucher cells [16]. 

In addition to their enlarged size, these cells also present with their nuclei pushed to the cell 

boundary due to lysosomal build-up of GlcCer and take on a “crumpled tissue paper” 

appearance under light microscopy [16]. Gaucher cells primarily infiltrate the spleen, liver, 

and bone, resulting in the common visceral symptoms of GD1 [12]. Although the effects of 

GCase deficiency on the blood, bone, and viscera are relatively well characterized, the effect 

on neurons is not well known [12]. A clear understanding of how decreased GCase activity 

impairs neural function in both homozygous and heterozygous GBA1 mutations is crucial to 

unravel the link between GBA1 and PD.

The relationship between PD and GD was first observed in the late 1990s, when patients 

with GD1 were noticed to develop PD-like symptoms [17]. Subsequent studies corroborated 

these findings, suggesting increased PD risk for GD patients [18, 19]. It was then discovered 

that GBA1 mutations were also common in PD patients without GD [20, 21]. One of these 

studies also found that PD patients of Ashkenazi Jewish heritage had GBA1 mutations more 

frequently than non-Ashkenazi PD, demonstrating the increased mutation prevalence in this 

population. Additionally, risk to relatives of GD patients was quantified. A study done in the 

US and Israel population found approximately 25% of GD patients had a close relative with 

PD [22]. Following these preliminary studies, large cohort studies were undertaken that 

solidified this relationship, and GBA1 mutations are now considered to pose the greatest risk 

for PD development among all known genetic causes [23, 24].
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Although there are no immediately apparent clinical differences between idiopathic PD 

(iPD) and GBA-associated PD (GBA-PD), several differences in disease progression have 

been noted in the literature. The most prominent difference is that PD develops 1.7 – 6 years 

earlier in GBA-PD vs. iPD (average age of onset ~60 years), with the more severe GBA1 
mutations resulting in onset in the early 50s [25–28]. Additionally, the overall risk of 

developing GBA-PD appears to increase with the severity of mutation,, although the N370S 

allele is commonly observed among patients with GD who develop parkinsonian symptoms 

[26, 29]. Increased cognitive impairment and dementia has also been reported in GBA-PD 

[27, 30]. Further, histological investigation of patient brain samples revealed those with 

GBA-PD display a more diffuse neocortical Lewy body-type pathology compared to iPD, 

suggesting a potential mechanism for the increase in dementia and cognitive deficits [23]. 

Psychiatric symptoms in GBA-PD appear to be more severe as well, with hallucinations, 

depression, and psychosis appearing earlier and more often than iPD [30, 31]. Severe GBA1 
mutations also seem to increase the severity of all motor and non-motor symptoms [32, 33]. 

Collectively, understanding the basis for the reported differences in disease onset and 

manifestations between iPD and GBA-PD can provide insights related to pathophysiology of 

PD, leading to novel treatment strategies.

1.2 Role of glucocerebrosidase in α-synuclein pathology

The association between GBA1 mutations and PD is well established. However, the 

mechanisms that promote PD development in the presence of lower GCase activity are still 

relatively unknown. Although GBA1 mutations increase risk for developing PD, reduced 

GCase activity appears insufficient to cause PD. Indeed, only about 10% of GD patients will 

develop PD before the age of 80, leaving a vast majority unaffected [34]. This suggests 

lower GCase activity alone likely requires other downstream defects to progress to PD 

development. One theory explaining this discrepancy involves the protein α-synuclein.

Αlpha-synuclein is a 140 amino-acid protein predominantly present in neurons, although 

some can be detected in the periphery, such as red blood cells, platelets and plasma [35–37]. 

While not fully understood, under normal conditions α-synuclein is believed to play a role 

in presynaptic signaling and membrane trafficking [7, 35]. Based on the nature of its 

structure, α-synuclein is predisposed to abnormal aggregation [38]. Initial aggregation 

results in soluble oligomers, which appear to be the toxic component of PD pathogenesis 

and thus the most relevant therapeutic target [39]. These oligomers slowly coalesce into 

insoluble fibrils and eventually Lewy bodies [7, 39]. This abnormal aggregation appears to 

play a crucial role in the pathogenesis of PD, although the process is not completely 

understood. Moreover, loss of α-synuclein function may contribute to PD development, the 

extent of which is still unclear. Silencing of α-synuclein function in rats has been shown to 

lead to dopaminergic neuron degeneration [40]. Additionally, knocking out α-synuclein in 

apoE-TR mice enhanced the neuropathological effects of apoE4 neurodegenerative 

pathways [41]. However, α-synuclein knockout models do not appear to develop PD 

symptoms, such as altered motor activity [42]. It is likely that both pathological α-synuclein 

accumulation and aggregation as well as decreased function contribute to PD development. 

Decreased degradation has been hypothesized as one of the potential mechanisms by which 
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α-synuclein accumulates and aggregates [43]. GBA1 mutations appear to promote α-

synuclein accumulation, however the mechanism by which this occurs is still debated [44].

1.2.1 Loss-of-Function—The loss-of-function hypothesis suggests that low GCase 

activity decreases lysosomal function, impairing α-synuclein degradation and increasing its 

accumulation and aggregation (Fig. 1). This was demonstrated in a study where neuronal 

GCase knockdown models had a 40% decrease in the rate of lysosomal proteolysis and an 

increase in steady-state α -synuclein levels [45]. The authors further observed GD mouse 

models to have increased monomeric and oligomeric α-synuclein levels, potentially the 

consequence of the decreased proteolysis. Decreased lysosomal activity and a corresponding 

increase in α-synuclein has been demonstrated in human neuroblastoma cells with GBA1 
nonsense mutations as well as following GCase inhibition via conduritol beta-epoxide [46, 

47]. Additionally, in vivo GCase inhibition through conduritol beta-epoxide was shown to 

lead to α-synuclein aggregate accumulation and subsequent neuroinflammation and 

neurodegeneration [48]. Interestingly, the contrary has also been shown to be true; increased 

GCase activity in mouse models via either direct enzyme injection or gene therapy led to a 

decrease in oligomeric α-synuclein levels [49, 50].

Decreased GCase activity leads to accumulation of GlcCer and GlcSph, both of which can 

promote aggregation of α-synuclein by acting as a seed for oligomer formation [45, 53]. 

Further, these sphingolipid substrates can decrease autophagosome clearance [55]. While 

neuronal GCase knockdown models and neurons of GD mouse models show accumulation 

of these lipids, it is still unclear whether heterozygous GBA1 mutations increase neuronal 

GlcCer and GlcSph levels [45, 51, 52]. A study conducted in postmortem neurons of GBA-

PD patients found no difference in either substrate [56]. Experiments looking at GlcCer 

levels in iPS-derived neurons heterozygous for GBA1 mutations have shown mixed results 

[57, 58]. Elevated GlcCer substrate levels have also been reported in the blood of GBA-PD 

patients [59]. Interestingly, decreased GCase activity and increased GlcSph levels were 

observed in the substantia nigra and hippocampus in iPD patients, indicating GCase 

substrate accumulation can occur in the absence of a GBA1 mutation [60]. Dysfunction in 

GCase also suggests a potential decrease in the level of its product, ceramide. Increasing 

ceramide levels was shown to lower α-synuclein accumulation, indicating a role for 

ceramide [61]. However, GD mouse models failed to show decreased ceramide levels [45]. 

This may be due to synthesis of intracellular ceramide from alternate sources such as 

sphingomyelin. Future research in GBA1 carrier models should further investigate how the 

neuronal levels of these substrates are impacted as well as how the ratio of substrates to 

products affects α-synuclein accumulation.

1.2.2 Toxic Gain-of-Function—The previous studies provide evidence for a loss-of-

function mechanism to explain GBA-PD. However, only a small fraction of people with 

GBA1 mutations develop PD, indicating a more complex scenario. N-glycosylation and 

proper folding of GCase takes place in the endoplasmic reticulum (ER), after which it is 

exported via the Golgi bodies to the lysosome. If a protein is misfolded, it is “tagged” in the 

ER, transported back into the cytosol, and eliminated via the ubiquitin-proteasome system 

(UPS). This process is known as Endoplasmic Reticulum Associated Degradation (ERAD) 
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and has been demonstrated to be involved in the elimination of misfolded mutant GCase 

proteins [62]. The toxic gain-of-function hypothesis states that increased GCase misfolding 

puts more load and stress on the ER and UPS, resulting in impaired degradation of other 

misfolded proteins (Fig. 2). Mutant GCase associates with parkin, a ubiquitin E3 ligase 

which has also been implicated in PD pathophysiology [62]. Binding of parkin with mutated 

GCase decreases its ability to degrade other protein targets, whose accumulation is toxic to 

dopaminergic neurons [63, 64]. Interestingly, the degree of misfolded protein being 

eliminated via ERAD depends on the severity of GBA1 mutations, with L444P resulting in 

the most degradation [62, 65]. This may help explain the earlier onset of GBA-PD in severe 

mutations. The constant effort necessary to process misfolded GCase was shown to increase 

ER stress in a study using iPSC-derived dopaminergic neurons with an N370S mutation 

[58]. Multiple studies have also demonstrated increased ER calcium release in cell lines 

derived from GBA-PD patients [57, 66]. Deregulation of calcium homeostasis can alter the 

function of various cellular components and has been implicated in both PD and GD [66]. 

Lastly, mutated GCase may itself promote α-synuclein aggregation and inclusion body 

formation, as GCase is significantly more prevalent in the Lewy bodies of GBA-PD patients 

than in iPD [67]. One finding challenging the gain-of-function hypothesis is that 

heterozygous GD patients with a null allele mutation still develop PD and appear to have an 

earlier age of onset [68]. This is contradictory, as it shows PD still develops even in the 

absence of misfolded GCase and any associated increased ER stress. Understanding of the 

complex interplay of glycosphingolipid metabolism, GBA1 mutations, structural and 

conformational enzyme abnormalities, lysosomal and autophagic dysfunction, UPS, ERAD 

stress and α-synuclein accumulation continues to be a work in progress.

1.2.3 Additional Mechanisms—Although both mechanisms could lead to lysosomal 

and cellular dysfunction, it is more likely that both the loss-of-function and gain-of-function 

pathways, as well as other mechanisms, act in concert to bring about the cell death seen in 

GBA-PD. In the absence of a GBA1 mutation, iPD patients appear to have lower GCase 

activity compared to controls [69, 70]. Mazzulli et al., speculated that high α-synuclein 

levels may impair GCase translocation to the lysosome and lower enzyme activity [45]. This 

would result in a circular feedback loop in GD and GBA-PD, where loss of GCase function 

increases α-synuclein levels and aggregation, which in turn can decrease GCase activity [71, 

72]. However, to date this relationship has not been experimentally demonstrated and more 

research is required, especially since some mouse models expressing increased levels of α-

synuclein have failed to show decreased GCase activity [73, 74].

Given that in all previously discussed literature GCase dysfunction preceded α-synuclein 

accumulation, a more likely explanation is that an upstream mechanism in PD development 

results in decreased GCase activity, which could then contribute to α-synuclein 

accumulation. Further evidence of this is that there is a significant age-related risk for PD, 

and GCase activity in the substantia nigra and putamen appears to naturally decrease with 

age [60]. This age-related decrease was also demonstrated in wild-type mice, and coincided 

with increased GlcCer and GlcSph levels. Thus, it is possible that the presence of a GBA1 
mutation can contribute to α-synuclein accumulation in both an upstream and downstream 

manner, either giving rise to initial GCase dysfunction or exacerbating any spontaneous 
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dysfunction arising from a different mechanism. It should be noted that some studies have 

failed to find decreased GCase activity in iPD, which may be due to the extent of PD 

progression during sample collection, and is an area for future research [75, 76]. In addition 

to GCase deficiency, decreased activity in other lysosomal enzymes has been observed in 

iPD as well [77]. In fact, a recent study found that over 50% of PD cases in their sample 

contained at least one damaging mutation in a known lysosomal storage disorder gene [78]. 

These findings further highlight the importance of lysosomal dysfunction in PD 

pathophysiology and suggest impaired lysosomal flux is likely an important contributor to 

iPD development.

Lastly, mitochondrial dysregulation is believed to play a role in both GD pathophysiology 

and in the etiology of GBA-PD [79, 80]. Increased cytosolic calcium levels via ER stress 

produce mitochondrial dysfunction, causing reactive oxygen species (ROS) release and 

increasing oxidative stress [81]. These impaired mitochondria are funneled through the 

lysosomal-autophagy system and eliminated in a process called mitophagy [82]. The 

lysosomal impairment associated with GBA1 mutations potentially disrupts mitophagy, 

resulting in accumulation of defective mitochondria and increased ROS levels. This has been 

demonstrated in GD mouse models [83]. High α-synuclein levels can also induce 

mitochondrial dysfunction [84]. Additionally, oxidative stress has been demonstrated to 

promote α-synuclein aggregation, suggesting a potential positive feedback loop [85]. 

Although the exact mechanism is still unknown, GD models have demonstrated increased 

inflammation in affected neurons, leading to increased nitric oxide release, mitochondrial 

damage, and increased oxidative stress [86]. Taken together, these processes are thought to 

play a role in the dopaminergic cell death in GBA-PD, although the relative contribution is 

still controversial. For a more extensive review of mitochondrial dysfunction in GBA-PD, 

see Gegg et al. 2016 [86].

2. Alpha-synuclein as a biomarker

Despite rigorous efforts ongoing for decades to identify a biomarker for PD development, no 

reliable indicators have been discovered to date. This void prevents development of 

prophylactic interventions and restricts current PD treatment to symptom management. 

Unfortunately, symptoms do not typically develop until 60–80% of striatal dopaminergic 

neurons have already been lost [87]. This leaves a large gap between asymptomatic disease 

progression and treatment initiation to the detriment of patient quality of life and overall 

survival. Due to its well documented pathological role, α-synuclein has long been viewed as 

a potential biomarker for PD development. However, research regarding this hypothesis has 

generated inconsistent and at times conflicting results (Table 1).

Researchers first explored cerebrospinal fluid (CSF) for potential diagnostic surrogate 

biomarkers [88]. Some studies found total CSF α-synuclein levels to be lower in PD 

compared to healthy controls [89–91]. However, other studies failed to show this difference, 

leading to ambiguity [92, 93]. CSF α-synuclein oligomers have shown similar variability, 

with one study finding elevated levels in PD while another showed no difference [93, 94]. 

One meta-analysis concluded that total CSF α-synuclein is likely decreased in PD and 

suggested the observed discrepancies are due to differences in sample preparation and 
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variable antibody characteristics [95]. Taken together, total CSF α-synuclein appears to be a 

potential biomarker for PD, but further optimization and standardization is needed to 

confirm its clinical utility.

A major limitation of employing CSF is that it requires an invasive procedure. Detectable α-

synuclein differences in more accessible matrices would provide a more viable biomarker 

for PD monitoring. This has led to investigation of whole blood and blood plasma for 

biomarkers. Observations of total plasma α-synuclein have been controversial, with one 

study finding decreased α-synuclein [96] and others showing an increase [97, 98]. 

Furthermore, a third set of studies found no alterations [93, 99–102]. This inconsistency 

suggests total plasma α-synuclein is likely a poor choice for biomarker development. 

Similarly, plasma α-synuclein oligomer studies have yielded inconclusive results [93, 100, 

103]. It should be noted that in addition to neuronal synthesis, α-synuclein is also 

synthesized peripherally, mainly within red blood cells (RBC) [104]. This can interfere 

plasma α-synuclein measurements with red cell contamination, contributing to ambiguous 

values. There is evidence that RBC α-synuclein could potentially act as a biomarker for PD. 

One study showed that post-translational modification of blood derived α-synuclein is 

altered in PD and that these changes can be measured [105]. An increased ratio of α-

synuclein oligomer/total RBC proteins has also been demonstrated in PD [106]. These 

results indicate blood derived α-synuclein as an avenue for further study.

Until recently, most biomarker studies were done in PD patients with no attention to disease 

etiology. While there is currently no way to predict who will develop iPD, risk for GBA-PD 

is recognizable and GBA1 mutation carriers are concerned about their risk. Since only a 

small proportion of patients with a GBA1 mutation develop PD, development of a predictive 

clinical biomarker is crucial. With a clear relationship between GCase activity and α-

synuclein, it is prudent to study α-synuclein levels in GD1 and GBA-PD patients. Currently, 

only a few studies have investigated α-synuclein in these populations (Table 2). Pchelina et 

al. conducted a study with 41 GD patients and found higher oligomeric α-synuclein in the 

plasma of GD patients compared to controls [107]. Additionally, the red blood cell α-

synuclein dimer to monomer ratio was observed to be elevated in both GD and GBA-PD 

patients [108, 109]. It should be noted that in patients with GD, with or without PD, plasma 

α-synuclein levels may be affected by variable platelet counts and splenic platelet 

sequestration. Nonetheless, the more concrete nature of these findings suggests GBA1 
mutations may result in more detectable differences in α-synuclein oligomer levels. This 

represents a potential biomarker for development of GBA-PD and should be an area for 

continued study.

3. Extracellular Vesicles – a tool for biomarker discovery and target 

identification

Throughout their lifespan, cells release an abundance of extracellular vesicles (EVs) into the 

environment, a discovery that has been recognized in recent years and received the 2013 

Nobel Prize in Medicine [110]. These EVs typically contain a mixture of nucleic acids, 

lipids, and proteins, and this is now considered to be a common route by which cells 
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communicate and exchange materials, among other functions [111, 112]. They are found 

extensively throughout the body, can be isolated from all bodily fluids, and appear to be 

released by most, if not all cell types [113, 114]. In recent years, a specific subset of EVs 

known as exosomes have gained increased attention. Exosomes are classically defined as 

EVs of 30–150nm in diameter and originate from the invagination of an endosomal wall, 

resulting in an inward budding and formation of an intraluminal vesicle [111, 114]. The 

formation of multiple intraluminal vesicles within an endosome results in the formation of a 

multivesicular body (MVB), the functions of which have been extensively characterized 

[115, 116]. Once formed, an MVB can fuse with the cell membrane and release its 

intraluminal vesicles into the extracellular space, at which point they are deemed exosomes 

[111, 117]. Additionally, an MVB can fuse with the lysosome, resulting in the degradation 

of its contents [116]. Initially, it was believed the only role of exosomes was the removal of 

cellular waste from cells. However, they have since been discovered to carry out a diverse 

range of biological functions, such as proper immune function, and inflammatory signaling, 

as well as potentially contributing to the propagation of pathologies and cancer growth [110, 

111, 118]. Exosomes have been found to contain a diverse yet specific array of molecules, 

including lipids, mRNA, miRNA, proteins, and metabolites, as well as recognizable surface 

markers such as CD9, CD63, and CD81 [110, 117]. The molecular variety seen both within 

and on exosomes helps explain the broad yet targeted functionality they accomplish. For a 

complete review of exosome biogenesis and composition, see Raposo & Stoorvogel, 2013 

[110].

Due to their intracellular origin, variety of biochemical content, and ubiquitous distribution 

throughout the body, exosomes present an attractive avenue for detecting subtle changes in 

cellular function. A recent study showed that the presence of a pathology can alter exosomal 

content, suggesting potential diagnostic utility [119]. This would be especially useful in the 

early detection of neuronal pathologies, as exosomes pass through the blood-brain-barrier 

(BBB) and can be harvested from blood samples [114, 120]. Aberrant neural functioning 

could therefore result in recognizable changes in the content of neuronally derived plasma 

exosomes, allowing for noninvasive measurement of neuronal function and potential disease 

detection. This has already been demonstrated in Alzheimer’s disease and frontotemporal 

dementia, where patients were shown to have elevated levels of relevant pathogenic proteins 

[121]. Additionally, neuronal-derived exosomes isolated from blood samples of Alzheimer’s 

patients collected prior to disease onset showed elevated levels of pathogenic proteins as 

early as 10 years prior to diagnosis [121–123]. Exosomes also contribute to cell-to-cell 

transmission, as demonstrated in a recent study describing the mechanism by which 

occupational exposure to manganese, historically considered a risk factor for PD, can 

contribute to α-synuclein aggregation and neuroinflammation in welders [124]. This is 

another example of how studying exosomes peripherally can provide insight on CNS 

changes. Exosomes can also harbor promising markers for treatment response in the CNS. 

This was demonstrated in a study examining exenatide use in PD, where neuronally derived 

exosomes had altered contents related to insulin signaling following initiation of therapy 

[125]. Lastly, since exosomes can cross the BBB, they are being investigated as a CNS drug 

delivery mechanism [120]. Modification of the exosome surface is also being studied as a 

method to target specific cell types, potentially increasing treatment precision and limit off 
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target effects [120]. The field of exosome biology is evolving rapidly and shows immense 

potential in the areas of novel biomarker discovery and therapeutic targets. One major bottle-

neck hindering its development is the lack of an optimal, reproducible methodology for 

exosome isolation, an area that is still being debated and researched [126].

3.1 Exosomes: the missing link in GBA-PD?

Interest in the relationship between exosomes and PD initially stemmed from the question of 

how α-synuclein aggregation propagates to different neurons, which was demonstrated both 

in vivo and in vitro [127–129]. The discovery of α-synuclein in exosomes presented a 

potential means of transportation [130]. This hypothesis was further strengthened by the 

finding that encapsulation into exosomes further promotes α-synuclein misfolding and 

aggregation, increasing its pathogenicity [131]. It was also demonstrated that exosomal α-

synuclein oligomers were more likely to be taken up by recipient neurons compared to free 

oligomers [132]. Interestingly, α-synuclein secretion via exosomes increases in the presence 

of a lysosomal inhibitor [133]. This increase is likely an overcompensation by the cell due to 

its inability to properly dispose of waste, leading to MVBs normally targeted towards the 

lysosome being redirected to release their contents at the cell surface [134]. Furthermore, it 

has been demonstrated that genetically or chemically lowered GCase activity results in 

increased exosome secretion, as well as increased secretion of exosome-associated α-

synuclein oligomers [135–137]. These results suggest that the lysosomal dysfunction present 

in GBA1 mutations could potentially act to increase the propagation of α-synuclein 

aggregates via exosomes (Fig. 3).

It is important to note that there is currently no in vivo evidence showing that neuronal 

uptake of exosomes is a vehicle for transmission of α-synuclein aggregates, and no linkage 

between exosomal α-synuclein and PD has been established. It is also unclear whether 

direct cell-to-cell transmission of α-synuclein oligomers is a mechanism for PD progression. 

Nevertheless, exosomes and the variety of its contents may still contribute to PD through the 

initiation of other harmful triggers. For example, α-synuclein accumulation and aggregation 

can activate microglia [138]. This activation may in part be due to intracellular accumulation 

of α-synuclein in the microglia, which has been shown to increase the release of exosomes 

containing high levels of inflammatory factors that promote neuronal cell death [139, 140]. 

Additionally, neuronal α-synuclein accumulation in the substantia nigra has been shown to 

result in neuroinflammation and subsequent neurodegeneration in post-synaptic brain 

regions [141]. Taken together, these findings suggest that intraneuronal α-synuclein 

accumulation may result in release of α-synuclein, either through exosomes or exocytosis, 

into the extracellular space. This α-synuclein can then be taken up by microglia, leading to 

microglial α-synuclein accumulation, release of inflammatory factor containing exosomes 

and neuroinflammation. Further research is needed to better determine whether exosomal 

transport of α-synuclein aggregates contributes to PD as well as to better understand other 

roles that exosomes may play in PD development.

PD biomarker investigation has only recently begun focusing on exosomal content. To date, 

only three studies have looked at plasma exosomal α-synuclein in PD (Table 1). Two of 

these studies isolated neuronally derived plasma exosomes and collectively showed 
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increased levels of both α-synuclein and DJ-1 in PD patients compared to controls [142, 

143]. A third study by Cerri et al. found higher plasma exosomal α-synuclein levels in PD 

patients while also showing that the ratio of exosomal α-synuclein/total plasma α-synuclein 

in PD patients is directly correlated with disease severity and inversely correlated with 

GCase activity [144]. Furthermore, Cerri et al. measured total plasma exosomes and still 

showed increased exosomal α-synuclein in PD, indicating neuronal isolation might not be 

necessary. Of note, this study excluded GBA1 mutation carriers and to date there has been 

no investigation of plasma exosomal α-synuclein in this population or in GD. The above 

studies found no difference in total plasma α-synuclein between PD patients and controls, 

suggesting exosomal α-synuclein is a better biomarker candidate. Interestingly, a recent 

study investigating α-synuclein levels in CNS-derived exosomes in serum found that it was 

lower in PD patients than in controls [145], although there were no other markers, such as 

DJ-1, measured to confirm this finding. Moreover, no correlation was observed with disease 

duration or severity.

As shown in Figure 3, decreased lysosomal activity may act to increase the level of α-

synuclein containing exosomes in the plasma. Going forward, it will be interesting to 

examine how plasma and serum exosomal α-synuclein levels compare between GBA-PD 

and iPD, as well as how exosomal content in synucleinopathies changes in response to 

treatment. Further, exosomes offer the opportunity to investigate other glycosylated lipids or 

cholesterol esters that are known to be increased due to reduced GCase activity. For 

example, sterylglucosides are impacted by GBA mutations and are known to trigger 

synucleinopathies [146]. Investigation of the overall contents of exosomes isolated from 

GBA1 mutation carriers followed by pathway analyses to identify affected molecular 

signaling networks could further explain the link between lysosomal dysfunction and 

development of PD.

4. Therapeutic Strategies for GBA-PD

With better understanding of how GBA1 mutations lead to GBA-PD, there is increased need 

to consider therapeutic implications. One potential treatment strategy is to increase GCase 

function in neurons, thereby increasing lysosomal function and potentially lowering α-

synuclein aggregation. This is an attractive route, as medications enhancing intra-lysosomal 

GCase activity are already in routine clinical use for GD1. Enzyme replacement therapy 

(ERT) refers to periodic intravenous infusions of pharmacologic recombinant GCase 

engineered to target macrophage mannose receptors leading to targeted cellular uptake and 

increased functional lysosomal GCase. This medication has good efficacy for alleviating the 

peripheral symptoms of GD1. However, long term intravenous ERT treatment neither 

prevents development of GBA-PD nor ameliorates any neurologic manifestations [147]. This 

is due to the inability of these medications to cross the BBB. However, 

intracerebroventricular delivery of recombinant human GCase in neuronopathic GD mouse 

models resulted in widespread distribution throughout the brain as well as reduced GlcCer 

and GlcSph and increased life span [148]. This indicates that available ERTs are functionally 

incorporated by neuronal cells and could provide a basis for treating GBA-PD if the obstacle 

of the BBB can be overcome. Formulating the GCase enzyme within a vehicle that can cross 

the BBB, such as by sequestering into an exosome, is being investigated [149]. Another 
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approach to overcome the BBB and increase neural GCase activity is through the use of 

gene therapy. In a study by Rocha et al., vectors containing the coding sequence for human 

GBA1 were injected into various brain regions of mouse models overexpressing α-

synuclein, resulting in increased GCase activity, decreased α-synuclein, and decreased 

dopaminergic neuron degradation [50]. It should be noted that the mouse models did not 

have dysfunctional GCase, yet still demonstrated decreased α-synuclein with increased 

GCase activity. This finding provides early evidence for targeted GCase gene therapy as a 

potential treatment for PD, even in the absence of GCase deficiencies, and is an area for 

future study.

A second medication class currently used to treat GD1 is substrate reduction therapy (SRT). 

These therapies inhibit glucosylceramide synthase, lowering the amount of GCase substrate 

being synthesized and thus decreasing the load for any residual enzyme activity. 

Furthermore, accumulating GlcCer stabilizes α-synuclein oligomers, which then bind to 

mutated GCase and inhibit enzymatic activity, block trafficking of mutant GCase from the 

ER to the Golgi, and augment the unfolded protein stress response [12]. Thus, inhibition of 

glucosylceramide synthase also has the potential to interrupt this bidirectional pathogenic 

loop. SRT is also available as an oral formulation, eliminating the need for infusions and 

improving the quality of life for patients. Currently there are two FDA approved SRT 

medications for GD1: eliglustat and miglustat. These medications have both shown to 

improve α-synuclein pathology in vitro [150, 151]. However neither are effective in vivo: 

eliglustat, because therapeutic CNS concentrations cannot be achieved due to a drug-specific 

P-glycoprotein efflux pump; and miglustat, because of its relatively weak glucosylceramide 

synthase Ki and an unfavorable side effect profile at higher doses [152, 153]. Recently, the 

glucosylceramide synthase inhibitor ibiglustat (Genz-682452) was shown to effectively 

penetrate the CNS, decrease GlcCer levels, and improve neurologic symptoms in GD mouse 

models [154]. A phase 2 clinical trial designated as the MOVES-PD trial is currently 

investigating ibiglustat in GBA-PD patients [154, 155].

In recent years a greater emphasis has been placed on small molecular chaperones for 

potential neurologic GD treatment. Many GBA1 mutations result in misfolding of GCase, 

leading to premature degradation via ERAD and UPS [62]. These small chemical 

chaperones assist with protein folding and increase enzyme stability, lysosomal 

translocation, and catalytic activity [156]. Additionally, the improved translocation decreases 

ER stress and improves UPS functioning. Many candidate protein chaperones have been 

identified thus far and fall into two classes: inhibitory and non-inhibitory small molecules 

[157].

The inhibitory class is the larger of the two and is defined as a small molecule which binds 

at the active site and inhibits GCase function [158]. When a destabilizing mutation is 

present, binding of the chaperone in the active site can stabilize the enzyme and facilitate 

proper folding and lysosomal translocation. Once in the acidic environment of the lysosome, 

GlcCer can outcompete the small molecule and hopefully the residual enzyme activity will 

allow for adequate substrate catalyzation. Unfortunately, the competitive binding kinetics of 

this drug class makes development and dosing difficult, as the molecule can bind to GCase 

too tightly to be competed off at an effective rate. They are also ineffective if the mutation 
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alters the active site. Initially, the drug isofagomine held promise, as it increased GCase 

activity in mouse models of both N370S and L444P mutations and improved both 

neurologic and non-neurologic symptoms [159, 160]. However, in phase 2 clinical trials it 

failed to show clinical benefit, even for systemic manifestations in GD1 patients [158].

Ambroxol (ABX), historically used outside the United States as an expectorant, is a 

promising inhibitory small molecular chaperone of GCase [161]. Initial studies showed 

ABX increased both lysosomal translocation of GCase as well as overall enzyme activity in 

GD fibroblasts [65]. These results, plus reduced α-synuclein, have since been shown in 

GBA-PD fibroblasts. [162]. In fruit flies expressing mutated GBA, treatment with ABX (and 

with isofagomine) lowered ER stress and prevented loss of motor function [163]. Ambroxol 

also increased GCase activity in healthy nonhuman primates and decreased α-synuclein in 

GD mouse models [15, 164]. A pilot study on the efficacy of ABX in GD1 patients 

demonstrated improvements in at least one disease parameter but did not improve symptoms 

globally, indicating a potentially insufficient dose [165]. A subsequent open-label pilot study 

was conducted using a higher dose of ABX in five patients with either type 2 or 3 GD 

presenting neurological symptoms [166]. Ambroxol was found to be safe and tolerable, 

increased lymphocyte GCase activity, crossed the BBB, decreased CNS GlcSph levels, and 

improved neurologic symptoms. Although studies involving ABX have been positive, a 

recent study in mouse cortical neurons suggests it may also block macroautophagy flux and 

increase total α-synuclein levels, as well as promote exocytosis into the CSF via exosomes 

[167]. This was in contrast to a previous study showing increased autophagy and may likely 

be due to be dosing differences [167, 168]. If this is the case, certain dosage regimens may 

act to improve GD symptoms yet simultaneously trigger the development of GBA-PD. 

Clinical trials for high dose ABX use in PD are currently ongoing (ClinicalTrials.gov 

identifiers and ).

The second class of small molecular chaperones is non-inhibitory small molecules, which 

bind at areas of the enzyme other than the active site. This class is more attractive than the 

inhibitory class, as it leaves the active site open for substrates and permits the possibility of 

increasing residual enzyme activity through positive allosteric interaction. So far, thirty 

potential non-inhibitory small protein chaperones have been identified, from which 

additional protein analogues were constructed [158, 169]. Using iPSC-derived dopaminergic 

neurons from GD patients, two of these proteins (NCGC607 and NCGC00188758) have 

been shown to effectively increase GCase activity, decrease lipid storage, and decrease 

elevated α-synuclein [170–172]. N-acetylcysteine also acts as a non-inhibitory chaperone 

and can increase activity of mutated α-glucosidase, the enzyme implicated in the lysosomal 

storage disorder Pompe disease [173]. This enzyme and GCase are both glycoside hydrolase 

enzymes and have similar structures. We are currently conducting a clinical trial to examine 

whether oral N-acetylcysteine can alter measures of oxidative stress and inflammation in the 

blood and brain of patients with GD1 (ClinicalTrials.gov Identifier: ) [174]. Further, our 

preliminary investigations in GD1 fibroblasts show increased GCase activity following N-

acetylcysteine exposure, demonstrating the potential chaperone activity of this antioxidant 

(unpublished results). It will be prudent to also examine its effect on α-synuclein levels to 

evaluate its benefit for GBA-PD. Nevertheless, these small molecules present a promising 

avenue for future drug development and warrant further study.
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5. Knowledge Gaps in the Field

While multiple studies have demonstrated increased levels of α-synuclein within plasma 

exosomes, more research is required to further confirm its potential as a biomarker as well as 

eventually determine its predictability and utility for clinical use. One initial issue that needs 

to be solved is how to best isolate exosomes, as there is still considerable debate on the most 

effective protocol [126]. Additionally, there are multiple methodologies for isolating CNS-

derived exosomes, and more work needs to be done to determine what methodology 

provides the most consistent isolation [114, 142]. On this note, results from Cerri et al. 

suggest that it may not be necessary to isolate CNS-derived exosomes [144]. Future research 

should investigate whether measuring α-synuclein in CNS-derived exosomes provides 

benefit over total plasma exosomes. It would also be beneficial to investigate plasma 

exosomal α-synuclein levels in patients with GD, GBA1 carriers, and GBA-PD compared to 

iPD. If similar levels are observed in these groups, the next step would be a longitudinal 

study evaluating exosomal α-synuclein levels in middle-adulthood GBA1 carriers (40–50 

years old) and following them for 20–30 years to see if high initial levels predict PD 

development. This could provide an avenue for early treatment of PD in these populations 

and would justify the need to monitor these levels in the general population as well. Lastly, 

other pathologies have been shown to cause measurable changes in exosomal content [119]. 

Further investigation into exosomal protein and lipid concentrations in various disease states 

is needed, as it may provide avenues for future biomarker research.

5. Conclusion

Although the mechanistic relationship between GBA1 mutations and PD development is not 

yet fully understood, current research is beginning to uncover the underlying biochemistry 

and pathophysiology. So far, it appears that dysfunctional GCase can trigger interactions 

between a number of different pathways, culminating in PD. With the advent of new 

technologies and increasing interdisciplinary collaborations, researchers will continue to 

expand the knowledge of the complex biology behind these two different disease states. As 

personal genetic information becomes readily available to patients and their providers, a 

tailored approach can be taken to manage their total healthcare and specific morbidities. 

Hence it is imperative for individuals with GBA1 mutations as well as those with iPD that 

reliable, sensitive, inexpensive and less invasive GBA-PD biomarkers be discovered. Drugs 

designed to modulate GCase activity also present a unique opportunity for personalized or 

patient centric treatments, acting to specifically treat GBA-PD. Although this is a relatively 

new area of research, many great strides have already been made, and the future looks 

promising for this population.

Limitations

We have attempted to provide a concise review of this highly heterogenous topic. Each 

section of this paper warrants its own review article and thus only relevant research was 

discussed. With the long history of PD research, and rapidly appearing new developments, 

we realize that some remarkable studies were likely either overlooked or not cited. The 

purpose of this article is to give an overview of our best current understanding of how GBA1 
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mutations alter α-synuclein metabolism and its implications for detection, treatment, and 

prevention of GBA-PD. Additional information, such as other potential biomarkers or a 

more in-depth physiology discussion, was not included to maintain the focus of this review.
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Abbreviations

GD Gaucher Disease

PD Parkinson’s Disease

GCase Glucocerebrosidase

GlcCer Glucosylceramide

GlcSph Glucosylsphingosine

GD1 Type 1 Gaucher Disease

CNS Central Nervous System

iPD Idiopathic Parkinson’s Disease

GBA-PD GBA-associated Parkinson’s Disease

ER Endoplasmic Reticulum

UPS Ubiquitin-proteasome System

ERAD Endoplasmic Reticulum Associated Degradation

ROS Reactive Oxygen Species

CSF Cerebrospinal Fluid

RBC Red Blood Cell

EV Extracellular Vesicles
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MVB Multivesicular Body

BBB Blood-brain-barrier

ERT Enzyme Replacement Therapy

SRT Substrate Reduction Therapy

ABX Ambroxol
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Fig. 1: Role of GCase in α-synuclein pathology -the loss-of-function hypothesis.
1. Decreased GCase activity (shown with red X) leads to decreased degradation and 

accumulation of the substrates GlcCer and GlcSph. Up-regulation of GlcCer synthase also 

adds to the substrate load [51, 52]. 2. Decreased GCase (shown with red X) also affects the 

rate of total proteolysis, causing a build-up of α-synuclein [45, 48]. 3. The accumulated 

GlcCer and GlcSph can act as a seed for α-synuclein aggregation [45, 53]. 4. Accumulated 

α-synuclein increases the propensity to aggregate [54]. Evidence that has been 

experimentally proven in vivo is indicated with a solid arrow, while what has not yet been 

demonstrated is shown with a dashed arrow.
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Fig. 2: Role of GCase in α-synuclein pathology -the gain-of-function hypothesis.
A) In a wild-type cell, GCase is properly folded in the endoplasmic reticulum (ER) and 

successfully translocated through the Golgi into the lysosome. B) In the presence of a GBA1 
mutation, the ER cannot consistently fold GCase correctly [62]. While some are 

appropriately configured and translocated, many are misfolded and marked for degradation. 

These proteins are then exported into the cytosol and degraded via the ubiquitin-proteasome 

system (UPS). This process is called Endoplasmic Reticulum Associated Degradation 

(ERAD). The gain-of-function hypothesis states that GBA1 mutations and transcription/

translation of aberrant GCase greatly increases utilization of ERAD, creating and sustaining 

ER and UPS stress and thus impairing degradation of the total cell proteome and specifically 

α-synuclein oligomers [58, 66]. This can result in accumulation of these oligomers and 

aggregation into Lewy bodies. All evidence of this hypothesis has only been demonstrated in 
vitro.
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Fig. 3: Plasma exosomes as potential matrix for α-synuclein biomarker studies.
A) In normal conditions, a cell removes all waste being stored in a multi-vesicular body 

(MVB) by either transferring vesicles to the lysosome for degradation or exporting the 

vesicles via exocytosis into the CSF, at which point they are deemed exosomes [115]. These 

exosomes are then actively transported across the blood-brain barrier and enter the plasma 

[111]. B) If lysosome function is impaired, as when GBA1 mutations are present, the 

lysosome is not able to degrade the cellular wastes at the necessary rate [45, 47]. To 

compensate, the cell increases the number of vesicles that are being exported [134]. 

Additionally, decreased lysosomal function leads to α-synuclein accumulation, which gets 

re-packaged into vesicles and exported [135, 137]. These findings suggest that in the 

presence of lysosomal dysfunction, there is an increase in α-synuclein containing exosomes 

exported into the CSF, which can cross the blood-brain barrier and enter the plasma.
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Table 1:

Summary of α-synuclein biomarker studies done in PD

Authors (year) 
[reference number]

Matrix Measured PD 
(n)

Control (n) Methods α-synuclein PD vs. 
controls (p-value)

Mollenhauer et al. 
(2013) [89]

CSF Total α-synuclein 78 48 ELISA Lower in PD 
(p=0.002)

Kang et al. (2013) [90] CSF Total α-synuclein 63 39 ELISA Lower in PD 
(p=0.01)

Hong et al. (2010) [91] CSF Total α-synuclein 126 137 Luminex Lower in PD 
(p<0.001)

Ohrfelt etl a. (2009) [92] CSF Total α-synuclein 15 55 Western 
Blot

NS

Park et al. (2011) [93] CSF Plasma Total α-synuclein
Oligomeric α-synuclein
Total α-synuclein
Oligomeric α-synuclein

23 29 ELISA NS
Higher in PD 
(p=0.005)
NS
NS

Foulds et al. (2012) [94] CSF Total α-synuclein
Oligomeric α-synuclein

39 20 ELISA NS
NS

Gorostidi et al. (2012) 
[96]

Plasma Total α-synuclein 134 109 ELISA Lower in PD 
(p=0.010)

Duran et al. (2010) [97] Plasma Total α-synuclein 95 60 ELISA Higher in PD 
(p=0.0229)

Lee et al. (2006) [98] Plasma Total α-synuclein 105 51 ELISA Higher in PD 
(p<0.001)

Foulds et al. (2013) [99] Plasma Total α-synuclein 189 91 ELISA NS

Foulds et al. (2011) 
[100]

Plasma Total α-synuclein
Oligomeric α-synuclein

32 30 ELISA NS
NS

Malec-Litwinowisz et al. 
(2018) [101]

Plasma Total α-synuclein 58 38 ELISA NS

Caranci et al. (2013) 
[102]

Plasma Total α-synuclein 69 110 ELISA NS

El-Agnaf et al. (2006) 
(103]

Plasma Oligomeric α-synuclein 34 27 ELISA Higher in PD 
(p=0.002)

Vincente et al. (2017) 
[105]

Erythrocyte α-synuclein 
posttranslational 
modifications
pY125
PY39
AGE
SUMO

58 30 Western 
Blot

Higher in PD
(p<.0001)
(p=0.004)
(p<0.0001)
Lower in PD
(p=0.0082)

Wang et al. (2015) [106] Erythrocyte Oligomeric α-synuclein/tot 
al protein

100 102 ELISA Higher in PD 
(p<0.001)

Shi et al. (2014) [142] CNS-derived 
plasma 
exosomes
Plasma

Total α-synuclein (exosome)
Total α-synuclein (exosome 
+ plasma)

267 215 Luminex Higher in PD 
(p<0.0001)
NS

Zhao et al. (2019) [143] CNS-derived 
plasma 
exosomes
Plasma

Total α-synuclein (exosome)
Total α-synuclein (exosome 
+ plasma)

39 40 ELISA Higher in PD 
(P=0.018)
NS

Cerri et al. (2018) [144] Plasma 
exosomes
Plasma

Total α-synuclein (exosome)
Total α-synuclein (exosome 
+ plasma)

39 33 ELISA Higher in PD 
(p<0.001)
NS
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Authors (year) 
[reference number]

Matrix Measured PD 
(n)

Control (n) Methods α-synuclein PD vs. 
controls (p-value)

Si et al. (2019) [145] CNS-
derived serum 
exosomes

Total α-synuclein (exosome) 38 39 (18 
healthy 
controls & 
21 essential 
tremor 
patients)

ELISA Lower in PD 
(p=0.009)

Mol Genet Metab. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Johnson et al. Page 31

Table 2:

Summary of α-synuclein biomarker studies done in GD and GBA-PD.

Authors (year) 
(reference number)

Matrix Protein Measured GD/GBAPD Control Methods α-synuclein in GBA vs. 
controls (p-value)

Pchelina et. al (2014) 
[107]

Plasma Oligomeric α-synuclein GD: 41 40 ELISA Higher in GD (p<0.0001)

Papagiannakis et. al 
(2018) [108]

Erythrocyte Monomeric α-synuclein
Dimeric α-synuclein
α-synuclein Dimer/
Monomer ratio

GBA-PD: 18 56 Western 
Blot

NS
Higher in GBA-PD 
(p<0.01)
Higher in GBA-PD 
(p<0.01)

Argyriou et al. (2012) 
[109]

Erythrocyte Monomeric α-synuclein
α-synuclein Dimer/
Monomer ratio

GD: 27 32 Western 
Blot

NS
Higher inGD (p=0.0135)
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