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Abstract
Parkinson’s disease (PD) is a neurodegenerative disorder characterized by progressive motor disturbances 
and affects more than 1% of the worldwide population. Diagnosis of PD relies on clinical history and physical 
examination, but misdiagnosis is common in early stages. Despite considerable progress in understanding 
PD pathophysiology, including genetic and biochemical causes, diagnostic approaches lack accuracy and 
interventions are restricted to symptomatic treatments. Identification of biomarkers for PD may allow early and 
more precise diagnosis and monitoring of dopamine replacement strategies and disease-modifying treatments. 
Increasing evidence suggests that autophagic dysregulation causes the accumulation of abnormal proteins, 
such as aberrant α-synuclein, a protein critical to PD pathogenesis. Mutations in the GBA  gene are a major PD 
risk factor and β-glucocerebrosidase (GCase) is also emerging as an important molecule in PD pathogenesis. 
Consequently, proteins involved in the autophagy-lysosome pathway and GCase protein levels and activity are 
prime targets for the research and development of new PD biomarkers. The studies so far in PD biological material 
have yielded some consistent results, particularly regarding the levels of Hsc70, a component of the chaperone-
mediated autophagy pathway, and the enzymatic activity of GCase in GBA  mutation carriers. In the future, larger 
longitudinal studies, corroborating previous research on possible biomarker candidates, as well as extending the 
search for possible candidates for other lysosomal components, may yield more definitive results.
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INTRODUCTION
Parkinson’s disease (PD) is the most common neurodegenerative movement disorder affecting 
approximately 0.5% of the general population, with a prevalence of 3%-4% in people over 80 years old[1,2]. 
Typical PD symptoms include resting tremor, movement slowness, rigidity, and postural instability 
(motor symptoms)[3]. In addition, hyposmia, REM sleep behavior disorder, autonomic dysfunction and 
neuropsychiatric symptoms have more recently been recognized as equally important non-motor features 
of the disease[4]. The current diagnostic criteria for PD require the presence of parkinsonism, defined as the 
presence of bradykinesia with either resting tremor or rigidity[5]. There are currently no known disease-
modifying treatments, with the main therapeutic target being the management of dopamine deficiency[6]. 

Unfortunately, the first motor symptoms appear after there is already at least a 40% neuronal loss in the 
substantia nigra[7], which presents a significant barrier in the discovery and administration of disease-
modifying therapies. Therefore, the development of early diagnostic biomarkers able to accurately diagnose 
the disease years before the manifestation of the first symptoms is imperative. Recently, new criteria for 
prodromal PD have been proposed to facilitate PD biomarker and progression research to detect the 
earliest possible stage[8].

To better understand the nature of PD and develop successful biomarkers, and to find effective neuroprotective 
therapies as well, we need to focus on understanding the pathophysiology of the disease. PD is a 
neurodegenerative disease characterized by the accumulation of intracellular proteinacious inclusions 
known as Lewy bodies, a pathological hallmark of both sporadic and familial PD. These inclusions are 
positive for ubiquitin and α-synuclein (α-syn)[9,10]. α-Syn levels are critical to PD pathogenesis, and 
the accumulation of aberrant PD-linked forms of the protein may result from dysfunction of protein 
degradation pathways.

Although the exact function and mechanism of α-syn in degradation are not known, several molecular 
pathways have been associated with the emergence of Lewy-body pathology, including oxidative stress, 
mitochondrial function, endoplasmic reticulum stress, the ubiquitin-proteasome system, and the autophagy 
lysosomal pathway (ALP)[11,12]. ALP is one of the most important pathways in α-syn regulation, since it has 
been shown that wild-type α-syn is degraded via ALP subpathways in neuronal cells[13-15]. 

The lysosome is the cellular organelle responsible for the degradation and recycling of organelles and long-
lived proteins. It also takes part in the regulation of cellular membrane receptors and molecules[16]. ALP’s 
main function is to select the cellular components that need to be lysed and lead them to the lysosome 
for their final degradation[17]. This process can be activated by different cellular stress conditions such as 
nutrient deprivation[18], or stress derived from accumulated misfolded proteins[19]. This pathway differs 
from ubiquitin-proteasome system, with the most prominent way being the ability to degrade whole 
organelles[20].

The importance of lysosome impairment in PD is further supported by emerging evidence of the 
existence of a link between PD and lysosomal storage disorders. In the last decade, it became apparent 
that heterozygous mutations in the GBA gene, which encodes β-glucocerebrosidase (GCase), a lysosomal 
hydrolase, are the most common genetic risk factor for PD[21-24]. Heterozygous carriers of GBA mutations 
have an increased risk of developing PD, and subjects with GBA mutations who develop Parkinsonism 
demonstrate on autopsy the typical neuropathological hallmarks of PD[21]. Although GBA is the main focus 
of contemporary research, there is growing evidence that the genetic burden of gene variants in other 
lysosomal storage disorder genes is also associated with PD susceptibility[25].

There is a great wealth of information concerning different ALP components in brain cells, especially in the 
dopaminergic neurons of the substantia nigra, and their possible role in PD pathogenesis. We have chosen 
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to focus only on results concerning either peripheral human tissues, such as blood cells or skin fibroblasts, 
or readily accessible body fluids, such as plasma, serum or cerebrospinal fluid (CSF). The reasoning behind 
this was that a biomarker must be obtainable from an easily accessible source with minimally invasive 
techniques.

AUTOPHAGY-LYSOSOME PATHWAY
The main autophagy lysosomal pathways include microautophagy, macroautophagy, and chaperone-
mediated autophagy (CMA)[17,26]. Of these, microautophagy is the least understood process[27,28]. In 
macroautophagy, cup- or rod-shaped double-membrane sequestering structures, called phagophores, are 
first formed within the cell[17]. 

Cytosolic constituents such as organelles, proteins and lipids are engulfed by these structures[17,29]. The 
autophagosome fuses with lysosomes, creating a structure called the autophagolysosome, wherein the 
vesicular components are eventually degraded[30]. On the other hand, CMA is highly selective, since only 
cytosolic proteins bearing a KFERQ-like (CMA targeting) motif represent CMA substrates[31,32]. Wild-type 
α-syn bears such a motif and it has been shown to be degraded by the CMA pathway[14,33,34]. In fact, ALP is 
considered one of the major routes for the intracellular degradation of α-syn in cells[35,36].

CMA
CMA is a selective mechanism for the degradation of specific cytosolic proteins within lysosomes, and 
it does not involve vesicle formation. In this process, cytosolic proteins with the particular pentapeptide 
motif KFERQ or a biochemically related sequence are recognized by a complex of chaperones and 
cochaperones in the cytosol[31]; the chaperone–cochaperone complex involved in recognition is made up 
of the 70-kDa heat shock cognate protein (Hsc70), a cytosolic member of the Hsp70 chaperone family[37] 
and Hsp70 cochaperones (such as Hsp40, Hsp90, Hip, Hop and Bag-1). Following said recognition and 
binding, substrate proteins are then translocated one by one to the lysosomal membrane, where they bind 
to the lysosomal transmembrane protein lysosome-associated membrane protein type 2A (Lamp2A) and its 
surrounding complex, which includes, amongst other components, lysosomal Hsc70; importantly, Lamp2A 
is considered the rate-limiting step of the pathway, as CMA activity is directly dependent on Lamp2A levels 
at the lysosomal membrane[38]. Lamp2A is an alternatively spliced form of the LAMP2 gene, and the only 
one known to participate in CMA[39,40]. Through this binding, which leads to multimerization of Lamp2A 
and the formation of a cylindrical pore at the lysosomal membrane, substrate proteins are finally threaded 
into the lysosomes and degraded[32,34].

Consistent results using Western immunoblot analysis show that Hsc70 protein levels are decreased in 
peripheral blood mononuclear cells (PBMCs) from idiopathic PD (iPD) patients[41,42]. In addition, the same 
decrease is present in HSC70 mRNA levels in PBMCs from iPD patients. Likewise, PMBCs from genetic 
PD forms, i.e., PD carriers of the pathogenic A53T SNCA mutation or GBA mutations, also show decreased 
HSC70 protein levels[42], with no accompanying reduction in the respective mRNA levels. Despite the 
consistency of the results so far, the value of Hsc70 as a biomarker for PD appears rather low, as the 
differences between controls and PD are small, albeit highly statistically significant.

Because of its critical function as the rate-limiting step of CMA, Lamp2A represents a commonly used 
CMA marker. While one study found decreased Lamp2A protein and mRNA levels in the leukocytes of iPD 
patients compared to controls[43], no difference was evident in PBMCs of such patients in another study[42]. 
Moreover, there was no difference in Lamp2a protein or mRNA levels in PBMCs from A53T-SNCA or GBA 
mutation carriers[42].

Macroautophagy
Two important indices of macroautophagic activity levels are p62 (sequestosome-1 or ubiquitin-binding 
protein p62) and LC-3 (microtubule-associated protein 1A/1B light chain 3, MAP1LC3 or Atg8). LC-3 



mediates the further expansion of autophagosomes. This process begins with the establishment of a 
covalent link between LC-3 and phosphatidylethanolamine. This linkage leads to two changes that are 
useful as specific indices of macroautophagy: the change of LC3 labeling from a diffuse to a punctate 
pattern, which can be detected by immunostaining, and a shift of the apparent molecular mass of the 
protein, which can be detected on Western immunoblots as LC3-II[17]. On the other hand, p62 appears to be 
a substrate for macroautophagy; hence, its levels increase when macroautophagy is inhibited, and decrease 
when macroautophagy is induced[17,44]. 

Results from studies comparing p62 protein levels in PD and healthy controls are conflicting for both 
idiopathic and genetic PD cases. Most of these studies focused on fibroblasts, with little or no data on p62 
levels in PBMCs. In fibroblasts from iPD patients, p62 levels measured by Western immunoblotting showed 
no differences in one study[45] and were decreased in another[46]. p62 protein levels in fibroblasts derived 
from parkin (PRKN gene) mutation-carrying PD patients were found to be decreased compared to healthy 
controls[47], while no differences in p62 levels were found in fibroblasts grown from GBA mutation-carrying 
PD patients[48]. Finally, a CSF study did not find any difference in p62 levels[49]. It should be noted, however, 
that changes in p62 can also occur as a result of the Nrf2-Keap1-ARE pathway, associated with oxidative 
stress[50], and dysregulation of transcription factor EB, a key regulator of autophagic pathways[51]. Both of 
these pathways have been associated with PD and may contribute to any of the observed differences.

Similarly, LC-3 protein level studies have not produced any conclusive results. One study failed to 
demonstrate any difference in the ratio of LC-3-I to LC-3-II in PBMCs from iPD patients compared with 
healthy controls[52], while other studies showed an increase in total LC-3 levels[43,53] in PBMCs. Also, an 
increase in LC-3 mRNA levels has been found in PBMCs from iPD patients[43]. The same ambiguity exists 
in results from fibroblasts, where most studies showed no differences[45,54], while a single study found 
decreased LC-3 levels[46]. Some studies attempted to answer the same question in fibroblasts derived from 
genetic forms of PD. LC-3 protein levels from PD patients with PRKN mutations were decreased[48], while 
fibroblasts from PD patients with GBA mutations showed no such difference[47]. Overall, such studies have 
not shown any major alteration in core maroautophagy read-outs in the context of PD.

Although p62 and LC-3 remain the main targets for macroautophagy-related PD biomarker development 
in PBMCs, one study measured protein and mRNA levels of different molecules implicated in autophagy 
regulation and phagophore formation[52]. More specifically, the authors performed a whole-transcriptome 
assay, which revealed downregulation of mRNAs for 6 core regulators of autophagy [UNC-51-like kinase 
(ULK) 3, Atg2A, Atg4B, Atg5, Atg16L1, and histone deacetylase 6], while showing upregulated protein 
levels of ULK1, Beclin1, and autophagy/beclin1 regulator 1[52].

CASE OF GCASE
Homozygous and compound heterozygous GBA mutations cause an inherited autosomal recessive 
lysosomal storage disorder known as Gaucher disease (GD), characterized by a loss of function of GCase, 
a lysosomal enzyme involved in sphingolipid metabolism[55], leading to accumulation of its substrates 
glucosylceramide and glucosylsphingosine in different tissues and organs, such as the liver, blood, spleen, 
lungs, and nervous system[56,57]. It is estimated that up to 10% of iPD patients (i.e., patients without known 
family history) are carriers of GBA mutations[58], while asymptomatic carriers have an approximately 5-fold 
increased risk to develop PD[59,60]. In addition, GBA mutation carriers usually manifest a more severe form 
of PD with earlier onset, greater cognitive decline and faster progression[61-63].

In general, the results concerning GCase levels in different human samples have been inconclusive. GCase 
protein levels assessed by Western immunoblotting were decreased in monocytes of iPD patients compared 
to controls[64] and the same was seen in PBMCs derived from PD patients with the A53T mutation in the 
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SNCA gene and different mutations in the GBA gene, although no differences were found in the case of iPD 
patients[42]. For the case of GBA-PD patients specifically, both an accompanying increase in GBA mRNA 
levels[42] and a decrease have been reported[65]. 

In fibroblasts, most studies have focused on samples acquired from GBA mutation carriers, where both no 
difference[54] and a decrease[48] in GCase levels were reported. Also, lower GBA mRNA levels were found 
in patients harboring the L444P GBA mutation[48], while no differences were found in those carrying the 
N370S or homozygous E326K mutations[48]. 

Because GCase is an enzyme with known substrates, it is possible to measure directly its enzymatic 
activity instead of only measuring the respective protein levels, which might give us further insight into 
the different lysosomal processes implicated in PD pathogenesis and help in the development of clinically 
useful biomarkers.

Many studies have searched for differences in GCase activity in various different biological samples with 
conflicting results, mainly regarding GCase activity in PD patients. In CSF, some studies reported decreased 
enzyme activity[66-68], while other studies refute this finding[69]; similarly with dried blood spots, while one 
study found a reduction in activity[70], this was not reproduced in another study[71]. Finally, there are reports 
of decreased GCase activity in serum of iPD patients[66], but no differences seen in lymphocytes[72]. On 
the other hand, decreased GCase activity is a common finding in dried blood spots of GBA-PD patients, 
when compared with healthy controls or with PD patients without known mutations[70,71,73]. Surprisingly, 
increased GCase activity was found in dried blood spots of LRRK2 mutation carriers[70].

In PMBCs, GCase activity was found to be decreased only in GBA mutation carriers compared to healthy 
controls, with no difference in A53T mutation carriers or iPD patients[42]. Similarly, in another study in 
peripheral leukocytes, iPD and PRKN mutation carriers showed no differences in GCase activity compared 
to controls[74]. However, in a study that specifically assessed monocytes, iPD patients showed reduced 
GCase activity[64]. GCase activity was also lower in GBA-PD patients and in asymptomatic GBA mutation 
carriers[64].

Additionally, no difference in GCase activity was found in fibroblasts derived from iPD patients and 
healthy controls[48,54], but decreased activity was found in GBA mutation carriers, including PD patients, 
asymptomatic carriers and GD patients[48,54]. 

It therefore appears that a reduction in GCase activity, an assay that is relatively straightforward and easy to 
perform, in GBA-PD is a consistent finding emerging from a series of studies. Overall, there is a substantial 
decrease in activity, reaching 50% in some studies. Although values of controls and PD patients on the 
one hand and GBA-PD patients on the other do overlap to a certain extent, this test with reasonably high 
sensitivity and specificity may be able to serve as a screening tool for the identification of GBA-PD patients. 
Specific studies assessing the value of this test as a screening tool need to be conducted. 

A word of caution is warranted though; the observed differences in enzyme activities in studies performed 
by different laboratories could be due to the way enzyme activity is measured. What is observed in vitro 
may not be entirely reflective of the efficiency of the enzymatic reaction in vivo. This is especially important 
in PD research where diseased cells with presumably altered lysosomal activity are utilized.

Another, potentially more clinically relevant, use of this test may be the evaluation of enzymatic activity 
following therapeutic interventions aimed at enhancing GCase activity, e.g., administration of ambroxol. 
Such interventions are in the process of being evaluated in clinical trials[75,76]. In contrast, more work needs 
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to be done to ascertain whether GCase activity is indeed reduced, perhaps in a cell-specific manner, in 
peripheral tissues derived from iPD patients. 

As mentioned before, mutations in the GBA gene are a major genetic risk factor for developing PD. The 
actual mechanism through which GBA mutations predispose to PD is unknown, but a growing number 
of studies indicate that GCase malfunction may lead to α-syn accumulation, whereas at the same time 
increased/aberrant α-syn may inhibit normal GCase function, generating thus a bidirectional pathogenic 
loop[77]. As a result, many groups have proposed different oligomeric species of α-syn or lipid substrates of 
GCase as potential PD biomarkers in PD patients carrying mutations in the GBA gene (GBA-PD).

One study reported elevated α-syn levels in the plasma of GBA-PD patients, with no correlation between 
lysosomal hydrolases and α-syn levels in dry blood spots[71]. In contrast, α-syn levels in the plasma of 
healthy GBA carriers did not differ from plasma from non-carriers[78]. Dimer α-syn levels in erythrocyte 
membranes were higher in GBA-PD individuals compared to healthy controls[79], also seen in iPD 
patients[79]. Erythrocyte membrane-associated dimeric α-syn was also higher in GD, and correlated with 
glucosylceramide levels[80,81], suggesting that the conformation of α-syn may be altered in response to 
the accumulation of GCase substrates and the resultant change in the composition of the erythrocyte 
membrane. Additionally, a recent study found a decrease in CSF α-syn levels in GBA mutation-carrying 
patients in comparison with iPD patients and healthy controls[82]. In fact, this decrease was more prominent 
in GBA mutations associated with more severe forms of PD[82], which may also present in GBA-associated 
Lewy-body dementia[83].

As mentioned earlier GCase activity levels were reported to be decreased in monocytes of iPD patients. 
In the same study, a similar decrease in the levels of 36 out of 59 ceramide species in plasma was reported, 
with a positive correlation between GCase activity and ceramide species levels[64]. 

OTHER LYSOSOMAL COMPONENTS
Although an important link exists between GCase and the development of PD, GCase is not the only 
lysosomal enzyme studied in connection with PD. Other such proteins are in the families of galactosidases 
and cathepsins and the enzyme β-hexosaminidase. In addition, genetic loci implicated in other lysosomal 
storage disorders have been associated with increased PD risk, reinforcing the importance of lysosomal 
mechanisms in PD pathogenesis[25].

Mutations in the gene encoding α-galactosidase (GLA), a lysosomal glycoside hydrolase, result in the rare 
lysosomal storage disorder Fabry disease, with an X-linked inheritance pattern[84]. Although no indications 
have been uncovered for a direct link between mutations in the GLA gene and PD risk, α-galactosidase 
(α-gal) is an interesting candidate PD biomarker. Both α-gal protein levels and enzymatic activity were 
found to be decreased in leukocytes from iPD patients compared to healthy controls[43,85]. At the same time, 
the enzymatic activity of α-gal in dried blood spots was found to be either reduced[86] or not different[71,87] 
in iPD patients, and decreased in GBA mutation carriers[71]. In the same vein with GCase, increased activity 
was found in LRRK2 mutation carriers[86], suggesting the possibility that in these cases there is a general 
compensatory upregulation of lysosomal activity. 

Another member of the same family is β-galactosidase (β-gal). As with α-gal, the results of its enzymatic 
activity levels in iPD patients are mixed. There are reports of an increase in serum[87] and CSF[69], and of no 
difference again in serum[66] and CSF[66,67]. When compared with α-gal activity, β-gal activity was found to 
be elevated in serum samples from iPD patients[87]. 

In the cases of β-hexosaminidase and cathepsins D and E, the results are not very clear. There are 
conflicting accounts for the activity of cathepsins D and E in the CSF, with either no differences[69] or a 
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decrease in cathepsin D[68] and an increase in cathepsin E[69]. Regarding β-hexosaminidase, only one study 
reported an elevation in activity in the CSF of iPD patients[67], while most other studies uncovered no such 
difference in CSF[66,68,69], serum[87], or leukocytes[74,85].

TOTAL LYSOSOMAL FUNCTION
Although disturbances in the ALP subcomponents is the main focus of most PD biomarker studies, a 
number of interesting results have recently emerged measuring lysosomal activity as a whole. Such studies 
consider the properties of lysosomes as organelles and their ability to perform their main function of 
degrading and recycling cellular proteins.

A recent study from our laboratory showed a reduction in total lysosomal activity in PBMCs derived from 
iPD patients using 3H-leucine pulse-chase experiments, measuring the rate of long-lived intracellular 
proteins[88]. The same reduction was also apparent in the macroautophagy and CMA pathways[88]. Similar 
results were obtained with fibroblasts from PRKN mutation carriers, where compared to healthy controls, 
decreased proteolytic activity and decreased levels of lysosomal function markers such as RAB7A and 
ATP6V1G1 were found in PD patients[89]. In the same study, a possibly compensatory increase in lysosomal 
compartments (lysosome number and size), stained with lysosomal fluorescent markers, was reported[89].

CONCLUSION
Although ALP is firmly established as one of the main cellular mechanisms implicated in the pathogenesis 
of PD, the use of its component proteins as PD biomarkers cannot be clearly established with the present 
amount of information. The decrease in the essential CMA component Hsc70 in PBMCs of PD patients 
appears to be a robust finding, but it is not suitable as a biomarker, since differences between PD patients 
and controls, although significant, are relatively small. GCase activity, and possibly other biochemical 
indices resulting from GCase dysfunction, may prove useful in screening or following progression 
and response in disease-modifying treatments in GBA-PD patients, but this will require further study. 
Lysosomal proteolytic activity deserves further scrutiny as a potential biomarker that may be able to 
segregate different PD subtypes. Setting aside their usefulness as biomarkers, indices of ALP function in PD 
biological material deserve to be examined further, as they provide insights into disease pathogenesis and 
the development of novel disease-modifying treatments.
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