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Abstract
Parkinson’s disease (PD) ranks first in the world as a neurodegenerative movement disorder and occurs most commonly in an 
idiopathic form. PD patients may have motor symptoms, non-motor symptoms, including cognitive and behavioral changes, 
and symptoms related to autonomic nervous system (ANS) failures, such as gastrointestinal, urinary, and cardiovascular 
symptoms. Unfortunately, the diagnostic accuracy of PD by general neurologists is relatively low. Currently, there is no 
objective molecular or biochemical test for PD; its diagnosis is based on clinical criteria, mainly by cardinal motor symp-
toms, which manifest when patients have lost about 60–80% of dopaminergic neurons. Therefore, it is urgent to establish a 
panel of biomarkers for the early and accurate diagnosis of PD. Once the disease is accurately diagnosed, it may be easier 
to unravel idiopathic PD’s pathogenesis, and ultimately, finding a cure. This review discusses several biomarkers’ potential 
to set a panel for early idiopathic PD diagnosis and future directions.
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disease after Alzheimer’s but ranks first in 
the world as neurodegenerative movement disorder [1]. The 
various monogenic forms of PD account for a minority of 
PD cases. PD most commonly occurs in an idiopathic form, 
where genetics, environmental exposure, and aging are 
related risk factors [2, 3].

PD’s pathological characteristics include dopaminergic 
neuronal loss in the substantia nigra at the central nervous 
system (CNS), the subsequent dopamine (DA) level reduc-
tion affecting motor function, and Lewy bodies’ presence [4, 
5]. Also, mitochondrial dysfunction, oxidative stress (OS), 
and abnormal protein accumulation are involved in PD’s 
pathogenesis [6].

PD patients may suffer from motor and non-motor symp-
toms (cognitive and behavioral) and those related to the 
autonomic nervous system (ANS) [7]. PD cardinal motor 
symptoms are tremor, bradykinesia, rigidity, and postural 
instability [8]. Some pathologic changes that may appear up 
to 20 years before the motor symptoms onset [7] are related 
to ANS failures, including gastrointestinal, urinary, and car-
diovascular symptoms, which increase with age, the severity 
of the disease, and higher dopaminergic medication doses 
[9]. Constipation is an early gastrointestinal symptom that 
precedes motor symptoms. Men with less than one bowel 
movement per day have 4.1 times the risk of developing PD 
compared to men who have two bowel movements per day, 
and the risk increases 4.5 times compared to men who have 
more than two bowel movements per day [10]. There, the 
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importance of non-motor symptoms as a potential warning 
for PD progression since they can precede motor symptoms 
by decades.

Paradoxically, although the current technological 
advances are rapidly growing, the generation of new effec-
tive disease-modifying treatment is not yet available in the 
clinic. The current dopaminergic replacement therapy for 
PD prevails 60 years after the dopaminergic deficit discovery 
[11]. Although there are several FDA-approved medications 
for PD (anticholinergics, carbidopa/levodopa, catechol-o-
methyl transferase (COMT) inhibitors, dopamine agonists, 
MAO-B inhibitors, and NMDA receptor inhibitor), all of 
them target symptomatology, primarily motor symptoms 
[12].

Several biomolecules, including non-enzymatic antioxi-
dants, and synthetic drugs, have yielded positive outcomes 
in PD models. However, they have failed to reproduce such 
results in clinical trials [13]. Besides, numerous drugs are 
still under evaluation in clinical trials [14]. Nonetheless, 
there are currently no PD-modifying treatments [15].

Current Diagnosis of Parkinson’s Disease

Despite advances in neurodegenerative disease research and 
improved neuroimaging and genetic studies, PD diagnosis 
remains mainly dependent on observational clinical crite-
ria, mostly clinical motor symptoms [16] manifesting when 
patients have lost about 60–80% of dopaminergic neurons 
[17].

Since the development of the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS) in the 1980s, the Movement 
Disorder Society (MDS) has evaluated [18] and updated the 
diagnostic criteria to include also the non-motor symptoms 
[19]. An update for the research criteria for prodromal PD 
has also been published to achieve an early diagnosis [20]. 
Prodromal PD encompasses patients in a stage where they 
do not fulfill diagnostic criteria for PD but exhibit nonmotor 
signs and symptoms, increasing the risk of developing motor 
skills symptoms and PD in the future. Among prodromal PD 
symptoms are hyposmia, constipation, mood disorders, and 
REM sleep behavior disorder (RBD), which significantly 
impact the life quality early and once the disease has pro-
gressed to motor PD [21]. However, these criteria only allow 
a phenotypic clinical classification of PD that includes the 
subtypes of tremor dominant (TD), postural instability-gait 
disorder (PIGD), nonmotor mild cognitive impairment (PD-
MCI), and dementia (PDD).

Notwithstanding the effort to improve the diagnosis accu-
racy, it is not yet satisfying. The diagnosis accuracy is 75% 
for general neurologists [22] and 79% for movement disor-
ders experts. The overall validity of clinical diagnosis has 
not improved in the last 25 years [23].

Currently, clinical diagnosis is supported by imaging 
studies, including (1) computed tomography (CT) scan, 
consisting of passing X-rays from different angles to obtain 
brain cross-sectional images, helps to rule out other diseases 
with similar symptoms to those of PD [24]. (2) Magnetic 
resonance imaging (MRI) scan obtains weighted images by 
measuring the tissues’ water diffusion speed. Because of 
the dopaminergic neuronal death and the reduction of the 
region’s volume in PD, a greater water molecule diffusiv-
ity occurs, helping to distinguish PD from similar diseases 
[25]. (3) Dopamine transporter single-photon emission com-
puted tomography (DaTSCAN™ SPECT) scan requires the 
intravenous administration of ioflupane 123I as 123I-FP-CIT, 
which binds to the DA transporter (DAT) in the dopaminer-
gic neurons presynaptic membrane, making evident the loss 
of dopaminergic neurons in PD [26]. (4) Positron emission 
tomography (PET) scan uses radiotracers that emit positrons 
to evaluate the presynaptic DAT presence. The radiotracers 
employed are 18F or 11C radiolabeled DA analogs. Besides, 
the vesicular monoamine transporter 2, which also transports 
DA, can be assessed using radiolabeled dihydrotetrabena-
zine (DTBZ) [25]. Since the specific patterns of regional 
glucose metabolism are known, the 18F-FDG radiotracer is 
used to evaluate the brain’s glucose metabolism as a neu-
ronal function marker to detect PD’s specific alterations 
due to synaptic dysfunction, allowing differential diagno-
sis between parkinsonism and PD [27]. (5) Scintigraphy of 
cardiac 123I-metaiodobenzylguanidina (123I-MIBG), which 
is a synthetic analog of norepinephrine, allows differential 
diagnosis of PD and MSA (multiple system atrophy) and is 
based on postganglionic sympathetic neurons integrity. In 
PD, pre and postganglionic autonomic neurons are affected 
by α-synuclein; therefore, cardiac 123I-MIBG uptake is dis-
rupted. In contrast, in MSA, where autonomic deterioration 
is mainly preganglionic, uptake of 123I-MIBG is assumed to 
be preserved [28].

However, all these imaging techniques have some dis-
advantages when used in PD diagnosis. For instance, CT 
and MRI scans are used for differential diagnosis but not to 
confirm PD. DaTSCAN™ SPECT and PET scan evaluate 
DATs. Therefore, they can detect the first signs of dopa-
minergic damage but cannot differentiate PD from atypical 
parkinsonism with dopaminergic dysfunction [25]. Further-
more, DaTSCAN™ SPECT and PET scans are costly, and of 
limited access, so the latter is mainly used in research. In the 
case of cardiac MIBG scintigraphy, its specificity is limited 
in the presence of cardiac damage such as cardiomyopathy 
and myocardial infarction, in addition to peripheral nerve 
diseases such as diabetes and other polyneuropathies [29].

The main obstacles to finding a cure for PD are inac-
curate diagnosis and deficient availability of high-quality 
human tissues [22]. Therefore, pursuing the identification of 
biomarkers for early PD diagnosis is critical; with effective, 
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not invasive biomarkers, a chemical test could be created, so 
those at risk could be identified and treated before any overt 
signs or symptoms.

Biomarkers

Biomarkers are defined as a characteristic that can be objec-
tively measured and evaluated as an indicator of normal or 
pathogenic processes or pharmacological responses to thera-
pies [30]. Biomarkers can be cells, lipids, proteins, genes, 
or metabolites; their presence; variation in concentration; or 
even their molecular modification [31]. Biomarkers can be 
detected and measured in biological samples such as tissues, 
cells, or ideally in body fluids (blood, plasma, saliva, urine) 
due to their easy access [32].

Pursuing an ideal PD biomarker is challenging, mainly 
when signs and symptoms take decades to appear, and even 
more, to chase early stages or predictive biomarkers when 
there are no signs of disease and its origin is idiopathic. 
Therefore, it is likely that a panel of biomarkers will provide 
greater diagnostic accuracy than any single marker.

Major concerns related to biomarkers search are individ-
ual or group variability, sensitivity, specificity, and effect 
modifiers. Therefore, reliability is essential, which is usually 
affected by differences in storage, transport, methods, and 
instruments [33].

Herein, we discuss integrating multiple candidate bio-
markers, proposing those less invasive and more reliable, to 
form a potential panel of early PD diagnosis and its progres-
sion. Therefore, CSF biomarkers are not addressed since 
CSF sampling is an invasive outpatient procedure that has 
to be performed by an experienced and specialized physician 
and may not be performed in developing countries as easily 
as in developed countries. Besides, CSF biomarkers were 
recently reviewed by Parnetti et al. [34]. Establishing a vali-
dated biomarker panel for early PD diagnosis ideally may 
allow treatment of patients before or at the earliest stages 
of a diagnosable form of the disease and interventions tar-
geting specific biological processes associated with disease 
progression [35].

Potential Biomarkers for the Diagnosis of PD

Is α‑Synuclein the Leading PD Candidate Biomarker?

α-Synuclein (α-Syn) is the main component of Lewy bod-
ies, whose presence is one of the primary PD’s patho-
logical characteristics [5]. α-Syn is encoded by the SNCA 
gene, which has three main domains: (1) the N-terminal 
domain, which has a multiple repeat consensus sequence 
(KTKEGV); (2) the central domain, called non-amyloid β 

component (NAC), which is highly hydrophobic and par-
ticipates in α-Syn aggregation when it acquires the struc-
ture of the β-sheet; and (3) the C-terminal domain, enriched 
in proline residues and negatively charged, which provides 
flexibility [36]. α-Syn has dynamic conformations stabilized 
by long-range interactions between the C-terminal end and 
the NAC region, and between the N and C-terminal ends, 
probably due to hydrophobic and electrostatic contacts that 
may prevent aggregation [37]. SNCA gene multiplication 
and point mutations, environmental changes, and post-trans-
lational modifications can alter the α-Syn native structure, 
inducing misfolding and aggregation [38, 39]. Among the 
post-translational modifications, phosphorylation affects the 
α-Syn function [38], and OS increases phosphorylated α-Syn 
at S129 (pS129-α-Syn) and inclusion formation [40]. Also, 
pS129-α-Syn is found abundantly in various synucleopa-
thies, including PD [41]. It has been reported that α-Syn 
is not a sensitive biomarker for PD diagnosis in the early 
stages when analyzed using the immunohistochemical stain-
ing method in the skin and submandibular gland (invasive 
examination), obtaining a sensitivity of 24.1% and 56.1%, 
respectively [42]. Interestingly, an increase of α-Syn has 
been found in peripheral tissues and fluids using other meth-
ods, including real-time quaking-induced conversion (RT-
QuIC) and protein misfolding cyclic amplification (PMCA), 
which are described below, along with other promising PD 
biomarkers (Fig. 1).

Skin Biomarkers

The skin is a promising organ for the biomarkers search for 
diagnosing PD because it shares the embryological origin 
(ectoderm) with neural tissue, is highly innervated, easily 
accessible, and its fibroblasts reflect environmental and 
aging changes [43, 44].

The association between the brain and the skin was evi-
denced by detecting α-Syn inclusions in the epidermis and 
skin appendages of PD patients while they were absent in 
control subjects. Besides, relatively high α-Syn levels were 
observed in PD patients’ skin, while atypical parkinson-
ism patients had few inclusions, providing a guideline to 
diagnose PD and differentiate between these two movement 
disorders [45].

Recently, α-Syn has also been detected in the skin 
through the RT-QuIC and PMCA techniques. In the RT-
QuIC, a soluble recombinant prion protein (rPrP-sen) is used 
as a substrate to amplify minute amounts of the abnormal 
prion protein (PrPSc) with vigorous intermittent shaking 
that induces rPrP-sen aggregation, forming fibrils. Then, 
protease-resistant rPrP fibrils (rPrP-res) are detected with 
thioflavin T fluorescent dye [46].

Similarly, the PMCA takes advantage of the nuclea-
tion-dependent prion replication process to accelerate the 
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conversion of cellular prion protein (PrPC) to PrPSc but 
using ultrasound waves to fragment the PrPSc polymers 
and increasing the number of seeds present in the infected 
sample without affecting its ability to act as a conversion 
nucleus. The final result is detected by western blot [47].

Through RT-QuIC, α-Syn differences between post-
mortem skin samples of PD patients and control subjects 
were detected with high sensitivity and specificity, vary-
ing depending on the sample fixation method. Formalin-
fixed and paraffin-embedded skin sections showed 75% 
sensitivity and 83% specificity, whereas frozen skin tissues 
had 96% sensitivity and specificity [48]. In another study, 
skin samples from PD patients were analyzed by the RT-
QuIC and PMCA techniques, obtaining 95% sensitivity and 
100% specificity for RT-QuIC, and 80% sensitivity and 90% 
specificity for PMCA [49]. In addition, PMCA has a lower 
sensitivity and specificity; as a disadvantage, it allows the 
detection of approximately 1 attogram (10−21 kg) of PrPSc in 
approximately 3 weeks, while RTQuIC can detect approxi-
mately one lethal prion dose in one day [50].

Additionally, increased α-Syn deposition was found in 
cutaneous sympathetic adrenergic and cholinergic periph-
eral nerve fibers of PD patients related to higher autonomic 
dysfunction in advanced PD [51]. Also, skin fibroblasts from 
PD patients could be used to monitor alterations in morphol-
ogy, growth patterns, mitochondrial function, autophagy, 
and OS [44].

Recently, a hyperosmic or “super smeller” individual 
contributed to identifying a distinctive signature of volatile 

metabolites from the skin’s sebum in PD patients. This 
PD distinctive signature consists of the perillic aldehyde 
decrease and the eicosane increase compared to the controls, 
resulting in a slight modification in people’s aroma [52]. 
Therefore, skin biopsies may be a non-invasive alternative 
for PD diagnosis.

Digestive System Biomarkers

The search for biomarkers in the digestive system is crucial 
because PD patients can suffer early intestinal inflammation 
and dysfunction [53]. Up to 30% of PD patients report gas-
trointestinal symptoms, commonly observed at all stages of 
the disease but frequently precede motor symptoms, indicat-
ing an early digestive tract involvement in the pathological 
process [54]. Indeed, there is a direct relationship between 
the gut and the CNS through the “gut-brain axis,” which is 
bidirectional [55].

Exosomal α‑Syn

Exosomes are cell-derived vesicles (30–100 nm) generated 
by the endosomal pathway and released through exocytosis 
to the extracellular space and circulation [56]. Exosomes 
enclose specific macromolecules mirroring the cytosol con-
tent of their cellular origin [57]. They are secreted by many 
cells, including neurons, astrocytes, endothelial [58, 59], and 
abundant in distant cells and different body fluids, such as 
saliva [60].

Fig. 1   Potential systemic 
biomarkers for the diagnosis 
of Parkinson’s disease. *The 
fibroblasts of PD patients 
reflect the changes observed in 
dopaminergic neurons during 
the development of PD, such 
as OS and mitochondrial and 
autophagy dysfunction. Created 
with Biorender.com

5520 Molecular Neurobiology (2021) 58:5517–5532



1 3

Most proteins involved in neurodegenerative diseases 
are transported in exosomes [61]. Cerebrospinal fluid 
(CSF) α-Syn was transported towards blood, with a small 
portion being contained in exosomes relatively specific to 
the CNS [62]. α-Syn oligomers were found outside and 
inside exosomes, probably as a clearance mechanism, 
particularly when autophagy is altered. These exosomes 
are more likely to be internalized by recipient cells and 
are more toxic than free α-Syn oligomers [63]. Exosomes 
found in saliva samples from PD patients contained a 
higher proportion of oligomeric α-Syn than controls [64]. 
Another study showed that total α-Syn levels in saliva 
from early, moderate, and advanced PD patients were not 
significantly different between PD and healthy groups [42].

Oral Microbiota

The oral cavity has a moist and warm, suitable environ-
ment for microbiota adhesion and colonization [65]. 
Salivary antimicrobials are critical to maintaining a 
symbiotic relationship between the host and its resident 
microbiota [66]. Some oral bacteria routinely survive 
transit to the gut, and their functional activity is signifi-
cantly reduced [67]. From oral to the gut, the increased 
microbial transmission was observed in diseased patients 
[68]. Early-stage PD patients have shown changes in the 
oral cavity’s microbiome, most frequently in the taxa 
abundance. Among the significantly increased bacteria 
were Acidaminococcus, Bifidobacterium, Brucella, Cel-
lulosimicrobium, Clavibacter, Gardnerella, Lactobacil-
lus, Methylobacterium, Rhodococcus, and Scardovia, 
while Buchnera, Chryseobacterium, and Wenyingzhuan-
gia were significantly decreased compared to the controls. 
The bacteriophage Streptococcus phage PhiSpn 200 was 
significantly decreased, while the yeasts Candida albi-
cans, C. dubliniensis, and Saccharomyces cerevisiae 
were increased in PD subjects. The microbial metabolic 
pathways related to serine metabolism, glycolysis, and 
pentose phosphate showed an increased expression, while 
the tryptophan’s metabolism and tricarboxylic acid cycle 
pathways decreased in PD subjects [69]. A strong separa-
tion of groups was achieved using a microbiota data set 
transformed in 5 proportions of 11 taxa in total, and only 
13 subjects were misclassified from a total of 84 subjects, 
with an overall precision of 84.5%. A partial least squares 
discriminant analysis (PLSDA) showed almost complete 
separation of PD and control subjects when examined in 
a multidimensional setting [69]. Saliva might then be a 
feasible alternative for studying oral microbiota in health 
and disease [70]. However, there are currently few stud-
ies on the analysis of the oral microbiota in PD, so there 

is a long way to go before they can be used for the early 
diagnosis of PD.

Intestinal Permeability and Inflammation

Intestinal inflammation has been detected in PD patients 
in ascending colon biopsies [71]. The inflammatory pro-
cess and intestinal barrier dysfunction are interrelated. The 
intestinal mucosal barrier’s integrity depends mainly on the 
epithelium tight junctions (TJ), which regulate the biomole-
cules’ paracellular transport. When the intestinal epithelium 
is damaged, serum proteins diffuse into the gut lumen. Intes-
tinal permeability is reversibly regulated by zonulin (pre-
haptoglobin 2) modulating TJ [72]. Upon intestinal exposure 
to enteric bacteria, zonulin is secreted to the lumen, followed 
by an increased intestinal permeability because of the zonula 
occludens 1 protein dissociation from the TJ complex [73]. 
The protease α-1 antitrypsin is also produced in the liver; 
it plays an immunomodulatory function by inhibiting neu-
trophil elastase and may reach the intestinal lumen, mainly 
when there is damage [74]. Therefore, elevated concentra-
tions of fecal zonulin and α-1 antitrypsin reflect an increased 
intestinal permeability.

The loss of the intestinal barrier’s integrity leads to 
inflammation. Neutrophils are the first to arrive at the 
inflammation sites; monocytes/macrophages follow them 
and together orchestrate immune responses against infec-
tions [75]. Upon stimulation, neutrophils and monocytes/
macrophages release calprotectin, a calcium binding-protein 
that belongs to the S100 protein family [76, 77]. Calprotectin 
regulates myeloid cell adhesion to endothelium and extracel-
lular matrix and has antimicrobial properties by sequester-
ing zinc [78, 79]. Likewise, lactoferrin is an iron-binding 
glycoprotein that belongs to the transferrin family; it is also 
secreted by activated neutrophils and has a critical role in the 
innate immunity as bactericidal [80]. Since calprotectin and 
lactoferrin stability and presence in feces are proportional 
to neutrophil migration to the gastrointestinal tract and the 
inflammation degree, both are considered inflammation bio-
markers [81, 82].

The four biomarkers described above were evaluated in 
PD patients’ stool samples. Zonulin, α-1-antitrypsin, and 
calprotectin were significantly elevated in PD patients than 
age-matched controls, while lactoferrin showed a non-signif-
icant trend towards elevated concentrations. However, none 
of the four fecal biomarkers correlated with disease sever-
ity, subtype, dopaminergic therapy, or constipation [83]. No 
significant differences were observed in zonulin in another 
study, but calprotectin levels were significantly higher in 
PD patients than in healthy subjects. However, there was no 
correlation between the calprotectin level and the disease 
duration [84].
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α‑Syn in the Gastrointestinal‑Nervous System

Lewy bodies containing α-Syn have been found in the 
mucosa, submucosal, and myenteric plexus in the enteric 
nervous system (ENS) of PD patients [85, 86]. α-Syn pres-
ence in the ENS was higher in the stomach, intestine, and 
appendix biopsies from PD patients than controls [87]. PD 
patients’ intestinal hyperpermeability significantly corre-
lated with bacterial invasion, OS, and α-Syn accumulation in 
the intestinal mucosa [88]. Besides, a large-scale study found 
that α-Syn accumulation in the gastrointestinal tract occurs 
before the motor symptoms onset and principally consists 
of pS129-α-Syn [86].

Intestinal Microbiota

The brain and gut are connected through the ENS, the vagus 
nerve, the immune system, and the microbiota’s metabo-
lites. Intestinal microbiota affects the development and 
function of the CNS through the microbiota-gut-brain axis 
[55]. Upon vagotomy, the therapeutic effects on the brain 
caused by probiotic bacteria such as Lactobacillus rhamno-
sus and Bifidobacterium longum are absent [89, 90]. Using 
transgenic mice overexpressing α-Syn, it was demonstrated 
that gut microbiota is essential for motor deficits, microglia 
activation, and α-Syn accumulation. Antibiotic treatment 
mitigated, while microbial recolonization promoted the 
pathology. Besides, oral administration of specific micro-
bial metabolites to germ-free mice promoted neuroinflam-
mation and motor symptoms. Also, colonization of α-Syn-
overexpressing mice with microbiota from PD patients 
intensified physical impairments compared to microbiota 
transplants from healthy donors [91]. The intestinal micro-
biota also plays an essential role in the microglia maturation 
and proper function in the CNS. A study showed that germ-
free mice had microglia with an immature phenotype and 
altered cell ratios, resulting in an impaired innate immune 
response. Microglia also were defective in mice in which the 
microbiota was temporarily depleted or had limited com-
plexity. On the contrary, after recolonization with complex 
intestinal microbiota, the microglia were partially restored. 
Furthermore, these effects are regulated by the short-chain 
fatty acids (SCFA) that are produced from the dietary fib-
ers during bacterial fermentation in the large intestine [92].

Interestingly, the elderly has unusual microbiota pro-
portions and extreme variability [93]. Modifications in the 
intestinal microbiota profile in PD patients have also been 
reported. So far, due to the intestinal microbiota’s complex-
ity, it has not been possible to establish a specific composi-
tion as a biomarker for this disease. However, few studies 
in different populations have shown modifications in the 
intestinal microbiota composition in PD patients (Table 1). 
Among the more consistent modifications of the intestinal 

microbiota, the families Lactobacillaceae, Enterococcaceae, 
Christensenellaceae, Verrucomicrobiaceae, and Enterobac-
teriaceae were increased.

In contrast, Bacteroidetes, the family Prevotellaceae, and 
Lachnospiraceae were decreased in PD patients compared 
to control subjects (Table 1), and the fecal SCFA were also 
reduced [94]. Fecal SCFA includes acetate, propionate, and 
butyrate [95]. Butyrate plays a vital role in intestinal mucosa 
homeostasis as it reduces OS by increasing glutathione and 
exerts an effect on the ENS [96, 97].

Interestingly, modifications in the microbiota are cor-
related with mitochondrial metabolism and mitochondrial 
DNA (mtDNA) haplogroup variants [98, 99], which may be 
explained because both mtDNA and microbiota are inherited 
from the mother [100, 101]. Also, mitochondrial redox sta-
tus and reactive oxygen species (ROS) production changes 
are associated with intestinal microbiota modifications, indi-
cating that mitochondrial function controls the microbiota 
composition [102].

Blood Biomarkers

Seeking blood biomarkers has excellent advantages like easy 
sample obtention, minimal invasion, and low cost [103].

Erythrocyte α‑Syn

α-Syn can be detected in the blood, which is higher in indi-
viduals with SNCA gene multiplication [104]. More than 
99% of α-Syn in the blood is localized in erythrocytes [105]. 
Total and aggregated α-Syn is higher in the erythrocyte 
membrane, while pS129-α-Syn is higher in the cytosolic 
compartment of PD patients than in control subjects [106]. 
However, a recent study found that total α-Syn levels in 
blood from early, moderate, and advanced PD patients were 
not significantly different between PD and healthy groups 
[42].

Nonmercaptalbumin

Albumin is one of the primary antioxidants in human serum 
(HAS) capable of scavenging hydroxyl radicals through its 
reduced cysteine residue (Cys34). Human albumin with the 
reduced cysteine thiol group is known as human mercap-
talbumin (HMA), while the oxidized form is called human 
nonmercaptalbumin (HNA). Because albumin is widely 
distributed intravascularly and extravascularly, its oxidation 
reflects a systemic oxidative state [107].

Therefore, the redox ratio of HNA to HSA, defined as % 
HNA, was investigated in patients with idiopathic PD and 
autosomal recessive familial PD due to parkin mutations 
(PARK2). Patients with idiopathic PD had a higher % HNA 
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than healthy controls, while patients with PARK2 mutations 
did not show a significant difference compared to controls 
[108].

Neurofilament Light Chain

Neurofilament light chain (NfL) is a neuronal cytoplasmic 
protein highly expressed in large-caliber myelinated axons 
[109]. Under normal conditions, axons constantly release 
NfL in an age-dependent manner to release the highest levels 
at older ages [110, 111]. However, NfL release increases in 
response to axonal damage due to inflammatory or neuro-
degenerative injury in the CNS [109]. Therefore, NfL levels 
have been evaluated in several studies in the blood of PD 
and atypical parkinsonism patients. Unfortunately, there is 
no consensus because of the inconsistency of the results. In 
some studies, differences were found in blood NfL levels 
between PD patients and healthy subjects [112, 113], while 
others did not find differences [111, 114, 115]. However, an 
increase in NfL was reported in patients with atypical par-
kinsonism (such as progressive supranuclear palsy, multiple 

system atrophy, and corticobasal syndrome) compared to 
healthy subjects and even to PD patients [111, 114, 115]. 
Differences between the results may be due to variations 
between populations, as demonstrated in a study where NfL 
levels were analyzed in PD patients from Sweden and Lon-
don. Significant differences were found between PD patients 
and control subjects in the London population, while no sig-
nificant differences were detected in the Switzerland popula-
tion [116]. Furthermore, NfL levels are directly related to 
the prognosis of PD patients [111, 117].

Mesencephalic Astrocyte‑Derived Neurotrophic Factor

Mesencephalic astrocyte-derived neurotrophic factor 
(MANF) is an 18-kDa arginine-rich soluble protein localized 
in the endoplasmic reticulum (ER), but it is also secreted 
upon ER stress-induction [118]. MANF exerts a selective 
protective role on dopaminergic neurons [119]. Its neuro-
protective effects may occur through the ER stress pathway 
[120] induced by unfolded protein accumulation and leading 
to unfolded protein response (UPR). The UPR increases the 

Table 1   Modifications to the PD-associated microbiota

Microbiota modifications in PD patients Method n Population Reference

Lactobacillaceae, Barnesiellaceae, and Enterococcacea 
increased.

Sequencing V1–V2 region (16S rRNA) Ctrl = 29
PD = 29

German [127]

Clostridium IV, Aquabacterium, Holdemania, Sphingo-
monas, Clostridium XVIII, Butyricicoccus, and Anaer-
otruncus increased.

Escherichia/Shigella negatively associated with disease 
duration.

Sequencing V3–V4 region (16S rRNA) Ctrl = 45
PD = 45

Chinese [128]

Lactobacillaceae increased, and Lachnospiraceae 
decreased.

Christensenellaceae associated with a worse clinical profile 
(high frequencies of cognitive impairment, gait distur-
bances, and postural instability).

Sequencing V3–V4 region (16S rRNA) Ctrl = 113
PD = 193

Italian [129]

Ruminococcaceae, Verrucomicrobiaceae, Porphyromon-
daceae, Hydrogenoanaerobacterium, and Lachno-
spiraceae NK4A increased; Bacteroides and Prevotel-
laceae decreased.

Sequencing V3–V4 region (16S rRNA) Ctrl = 10
PD = 10

Chinese [130]

Lactobacillaceae, Enterobacteriaceae, and Enterococcaceae 
increased; and Lachnospiraceae decreased.

Sequencing V3–V4 region (16S rRNA) Ctrl = 72
PD = 80

Italian [131]

Enterobacteriaceae increased; Bacteroidetes and Prevotel-
laceae decreased.

Real-time quantitative PCR Ctrl = 34
PD = 34

German [78]

Blautia, Coprococcus, and Roseburia decreased in feces.
Ralstonia increased and Faecalibacterium decreased in the 

mucosa.

Sequencing V4 region (16S rRNA) Ctrl = 34
PD = 38

American [132]

Prevotellaceae decreased.
Enterobacteriaceae associated with the severity of postural 

instability and gait difficulty.

Pyrosequencing V1–V3 regions (16S rRNA) Ctrl = 72
PD = 72

Finnish [133]

Bifidobacteriaceae, Lactobacillaceae, Tissierellaceae, 
Christensenellaceae, and Verrucomicrobiaceae increased; 
Lachnospiraceae and Pasteurellaceae decreased.

Sequencing (16S rRNA) Ctrl = 130
PD = 197

American [134]

Akkermansia and Prevotella increased. Sequencing V4 region (16S/18S rRNA) Ctrl = 78
PD = 76

German [135]
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protein folding capacity and the misfolded proteins’ degrada-
tion to counterbalance ER stress [121]. Importantly, MANF 
has immune-modulatory properties. Its levels decline with 
age in serum [122], which correlates with some PD patho-
genesis features, like misfolded protein aggregation and 
inflammation. However, MANF serum concentration was 
elevated in PD patients [123], probably to counteract mis-
folded protein aggregation and inflammation.

Resolvin D1

Pro-resolving mediators, including resolvins, stimulate the 
inflammation resolution in PD models and modulate the 
disease progression of PD patients [124]. The resolvin D1 
(RvD1) is an anti-inflammatory lipid mediator [125]. The 
evidence suggests a strong link between RvD1 and mito-
chondrial homeostasis. In a recent study, where mice with 
traumatic brain injury were treated with RvD1, damaged 
mitochondria and mitochondrial ROS were eliminated by 
mitophagy in astrocytes [126]. Also, plasma RvD1 levels 
were drastically reduced in early PD patients (duration of 
symptoms 13 ± 5 months) compared to control subjects 
[127]. However, it needs to be validated in a larger group.

Urate and Homocysteine

Since OS plays a crucial role in PD dopaminergic neuronal 
loss [128], it is not surprising that antioxidant levels are 
altered in PD patients. In humans, urate is the end prod-
uct of purine metabolism and is present intracellularly and 
in body fluids as the anionic form of uric acid [129]. Uric 
acid circulates in the blood at high concentrations near its 
solubility limits with a physiological range between 240 
and 350 µM [130] and represents 60% of the antioxidant 
capacity of plasma [131]. Its decrease has been related to a 
greater susceptibility to OS and is a high-risk predictor for 
developing PD [132]. Also, postmortem substantia nigra of 
PD patients showed 54% less uric acid levels than control 
subjects [133]. However, the association of low urate levels 
with a higher risk of PD and the faster progression of the 
disease have been observed only in men [134, 135] but not 
in women [136, 137]. Therefore, this metabolite may not be 
useful in the diagnosis of PD in women.

On the other hand, homocysteine (Hcy) is an amino acid 
that contains a thiol group generated through methionine 
demethylation. Methionine reacts with ATP to produce 
S-adenosyl-L-methionine, which is then demethylated to 
form Hcy [138]. It is present in plasma in three forms: bound 
to proteins through disulfide linkage (~ 70–80%), as free Hcy 
in a reduced form (~ 2%), and the remaining portion cor-
respond to Hcy-cysteine disulfide [139]. Total Hcy ranges 
between 5 and 15 µmol/L in healthy individuals [140]. 
Elevated Hcy in plasma has been associated with cognitive 

impairment and dementia [141]. Notably, the total mean Hcy 
was significantly elevated in idiopathic PD patients’ plasma 
than controls [142]. Recently, low urate and high Hcy serum 
levels were associated with decreased motor function, while 
only high Hcy serum levels were associated with cognitive 
decline in early PD progression [143].

Mitochondrial Creatine Kinase

Creatine kinase (CK) is a central controller of cellular energy 
homeostasis by catalyzing a phosphoryl group’s reversible 
transfer from MgATP to creatine, producing phosphocre-
atine and MgADP [144]. There are four major CK isoen-
zymes: two cytosolic forms, the muscle (MMCK) and brain 
(BBCK) forms [145], and two mitochondrial forms (MtCK), 
the sarcomeric (sMtCK) and the ubiquitous (uMtCK) forms 
[146]. MtCK is highly susceptible to reactive oxygen and 
nitrogen species damage since most of them originate from 
the mitochondrial respiratory chain [147]. Since the patho-
genesis of PD is linked to mitochondrial dysfunction, MtCK 
is a potential PD biomarker [148]. A recent study found no 
differences in PD patient’s serum sMtCK activity. In con-
trast, a significant decrease in uMtCK activity was observed 
compared to the control group, associated with the disease 
progression rate [149].

Metabolomic Profiling

The metabolomic profile comprises a large-scale analysis 
of metabolites and is widely applied as a comprehensive 
diagnostic tool because it is a chemical reflection of a phe-
notype of a particular biological system. Therefore, it is 
implemented to understand the pathophysiological processes 
involved in the progression of the disease and search for 
new diagnostic or prognostic biomarkers of various diseases 
[150].

Several studies have evaluated the metabolomic profile 
in serum of PD patients. Among the metabolites that have 
found increased in PD patients compared to healthy sub-
jects are glutathione, which is a non-enzymatic antioxidant 
[151]; pyruvate, which is involved in the energy metabolism 
[152]; amino acids, such as methionine, threonine, alanine, 
and serine [153]; bile acids like cholic acid, deoxycholic 
acid, and lithocholic acid [154, 155]; and pyroglutamate, 
which is a metabolite of glutathione [153]. The metabolites 
that have been found decreased in PD patients are uric acid, 
which is a non-enzymatic antioxidant [151, 156]; hypox-
anthine, a metabolite of purine [156]; galactitol, glycerol, 
methylamine, trimethylamine, ethanolamine, suberate, glu-
tarate, malate, methylmalonate, succinate, acetate, gluco-
nate, threonate, glucolate, ascorbate, isocitrate, and citrate, 
which is involved in the energy metabolism [152]; caffeine 
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metabolites [155]; and C16-C18 saturated and unsaturated 
fatty acids [153].

Also, fatty acid 14:1 was associated with disease severity, 
while its levels and those of phosphatidylcholine 34:2, and 
indolelactic acid were associated with the disease duration 
[155].

MicroRNAs

MicroRNAs (miRNAs) are endogenous non-coding RNA 
molecules, approximately 21 to 24 nucleotides in length, 
that play a role in the post-transcriptional regulation of gene 
expression during development [157]. The first miRNA (lin-
4) was discovered in Caenorhabditis elegans [158]. Several 
miRNAs are essential neuroinflammation regulators. Inflam-
matory and neurodegenerative disorders have display varia-
tions in microRNA [159, 160]. Therefore, a study evaluated 
miRNAs’ expression profiles related to aging and cellular 
senescence in peripheral blood mononuclear cells from PD 
patients. The expression of miR-885 and miR-17 increased 
along with PD’s severity.

In contrast, the expression of miR-361 decreased in PD 
patients compared to controls. Furthermore, the lowest miR-
361 levels were observed in the initial stages, while the high-
est levels were detected in the disease’s advanced stages. 
Combining detection of these three miRNAs provides a set 
of biomarkers that allows discrimination of PD patients from 
healthy subjects [161].

Urine Biomarkers

The urine is another non-invasive sample with diagnostic 
value for searching PD biomarkers. Importantly, urine is not 
subject to homeostatic mechanisms as blood and accumu-
lates many changes that may reflect the body’s status [162].

As mentioned before, OS is involved in the loss of dopa-
minergic neurons. The increase in ROS causes oxidative 
modifications in lipids, proteins, and DNA. Heterocyclic 
bases in DNA are prone to oxidative damage, particularly 
guanine, which is more susceptible to form 8-hydroxyde-
oxyguanosine (8-OHdG) [163]. Then, 8-OHdG was evalu-
ated in PD patients’ urine, whose concentration was higher 
and dependent on disease progression than control subjects 
[164]. Also, there was a positive correlation between urine 
8-OHdG levels and the hallucinations presented in PD 
patients [165].

Another potential urine biomarker associated with OS is 
kynurenine, a tryptophan metabolite. In mammalian cells, 
tryptophan is degraded mainly by the kynurenine pathway, 
where the following metabolites are included: kynurenic acid 
(KYNA), quinolinic acid (QUIN), 3-hydroxyquinurenine 
(3-HK), and picolinic acid (PIC). KYNA and QUIN are con-
sidered neuroactive, while 3-HK and PIC have pro-oxidant 

and antioxidant properties. Therefore, the kynurenine path-
way may play an essential role in PD pathogenesis [166]. 
Kynurenine concentration in PD patients’ urine was signifi-
cantly higher than in control samples, and it was associated 
with the severity of the disease [167].

Also, the metabolic phenotype analysis in urine samples 
using high-performance liquid chromatography coupled 
with high-resolution mass spectrometry has yielded signifi-
cant differences between PD patients and control subjects. 
Differences in related metabolic pathways were observed, 
including steroidogenesis, β-oxidation of fatty acids, metab-
olism of histidine, phenylalanine, tryptophan, tyrosine, and 
nucleotide, generating a panel of altered metabolites associ-
ated with PD [168]. On the other hand, proteomic analysis 
of urine exosomes from patients has identified synaptoso-
mal-associated protein 23 (SNAP23), a component of the 
SNARE complex, and calbindin, a calcium-binding pro-
tein, as novel PD biomarkers [169]. Perturbations of some 
metabolites and protein levels in PD patients’ urine indicate 
that these can be used as a potential biomarker signature 
and may help in PD diagnosis and searching for a potential 
therapeutic target.

Concluding Remarks

The early PD diagnosis biomarker pursuing is an arduous 
task that still has a long way to go. Several biomarkers can 
be used to evaluate the prognosis and development of the 
disease. Some of them are related to the disease’s predomi-
nant pathophysiological characteristics, including mitochon-
drial damage, OS, and protein accumulation (Fig. 2), which 
have been detected in both the CNS and systemically in a 
wide variety of samples in PD patients, indicating that the 
study and diagnosis of PD should not only focus on the CNS 
but should be approached systemically. Many potential bio-
markers in non-invasive samples have been reported and are 
summarized in this review.

α-Syn seems to be the leading candidate biomarker for 
PD detection, as it can be found in diverse tissue and fluid 
samples, including skin, saliva, blood, and urine. How-
ever, there is still controversy regarding its sensitivity and 
specificity. Increasing evidence supports that microbiota 
influences α-Syn accumulation in the gut, from where it 
travels through the vagus nerve to the CNS; there, it starts 
aggregating and forming Lewy bodies until they cross the 
blood–brain barrier and disseminate systemically.

Significant progress has been achieved on the human 
metabolome in the last decade. Without a doubt, metabo-
lomic profiles are a promising diagnostic tool of a dis-
eased state as they reflect the metabolic state. Changes 
in biofluid metabolites seem to be a potential biomarker 
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profile given the ease of obtaining the sample. However, 
these profiles have only been analyzed in patients who 
already present one or more motor symptoms. Still, there 
is a long way to find a biomarker profile for early idi-
opathic PD diagnosis.

PD patients suffer from early intestinal inflammation 
and dysfunction. In agreement with the gut-brain axis 
bidirectionality and its implication in PD pathogenesis, it 
is reasonable to hypothesize that the biomarkers with the 
best potential for early idiopathic PD diagnosis are those 
found in feces. Feces represent a non-invasive sample, 
where zonulin, α-1 antitrypsin, and calprotectin are sta-
ble and reflect increased intestinal permeability, damage, 
and inflammation. However, these biomolecules are not 
specific for PD by themselves, but they are connected to 
the gut modifications that PD patient suffers years before 
clinical symptoms are present.

The intestinal microbiota plays a crucial role in PD 
development. Despite intestinal microbiota’s complexity, 
some bacteria families have been found to increase or 
decrease in two or three PD patients’ population groups 
compared to control subjects (Table 1). Microbiota varia-
tions in the reported populations (German, Chinese, Ital-
ian, American, and Finnish) need to be validated in more 
diverse populations; other and additional differences 
could be present and be population-specific. To deploy 
a more precise medicine, potential confounders such as 
medications, diet, gastrointestinal symptoms, demograph-
ics, and others, can be controlled through a systematic 
approach [170]. Further studies are crucial to assure this 

biomarker panel sensitivity, specificity, repeatability, and 
reliability.

Can We Exploit These Biomarkers as a Diagnostic 
Approach?

Probably, a panel consisting of zonulin, α-1 antitrypsin, 
and calprotectin, which are related to early intesti-
nal inflammation and dysfunction, along with Lacto-
bacillaceae, Enterococcaceae,  Christensenellaceae, 
Verrucomicrobiaceae,  Enterobacteriaceae, Prevotel-
laceae, Lachnospiraceae, and Bacteroidetes quantification, 
all of which can be detected from feces, have an excellent 
potential for early idiopathic PD diagnosis. Protein bio-
marker modification can be detected with specific antibod-
ies, while microbiota alterations can be simultaneously 
detected by real-time multiplex PCRs of the 16S rRNA 
gene with family-specific oligonucleotide sets. Further 
studies are crucial to assure this biomarker panel sensitiv-
ity, specificity, repeatability, and reliability. Additionally, 
particular caution must be exercised in PD patients since 
substantial variability was observed in PD subtype clas-
sification within 1 year of analysis in a Parkinson’s Pro-
gression Markers Initiative (PPMI) [171]. Hopefully, this 
biomarker panel may help identify subjects in the early 
stages of the illness and reduce the heterogeneity of dis-
ease patients in clinical trials or epidemiologic studies, 
leading to a better understanding of PD pathogenesis.

Fig. 2   Potential biomarkers 
and their relationship with 
predominant pathophysiological 
characteristics of Parkinson’s 
disease. Mitochondrial dysfunc-
tion, OS, and abnormal protein 
accumulation are involved in 
dopaminergic neuronal death 
in PD pathogenesis. Biomark-
ers related to these events are 
shown, including the sample 
type for their detection. Created 
with Biorender.com
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Giardiello A, Zecca C, Blennow K, et al (2017) Serum neurofila-
ment light: a biomarker of neuronal damage in multiple sclerosis. 
Ann Neurol 81(6):857–870. https://​doi.​org/​10.​1002/​ana.​24954

	111.	 Lin YS, Lee WJ, Wang SJ, Fuh JL (2018) Levels of plasma neu-
rofilament light chain and cognitive function in patients with 
Alzheimer or Parkinson disease. Sci Rep 8(1):17368. https://​doi.​
org/​10.​1038/​s41598-​018-​35766-w

	112.	 Lin CH, Chiu MJ (2020) Author response: Blood NfL: a bio-
marker for disease severity and progression in Parkinson dis-
ease. Neurology 95(14):658. https://​doi.​org/​10.​1212/​WNL.​00000​
00000​010664

	113.	 Sampedro F, Pérez-González R, Martínez-Horta S, Marín-Lahoz 
J, Pagonabarraga J, Kulisevsky J (2020) Serum neurofilament 
light chain levels reflect cortical neurodegeneration in de novo 
Parkinson’s disease. Parkinsonism Relat Disord 74:43–49. 
https://​doi.​org/​10.​1016/j.​parkr​eldis.​2020.​04.​009

	114.	 Marques TM, van Rumund A, Oeckl P, Kuiperij HB, Esselink 
RAJ, Bloem BR, Otto M, Verbeek MM (2019) Serum NFL 
discriminates Parkinson disease from atypical parkinsonisms. 
Neurology 92(13):e1479–e1486. https://​doi.​org/​10.​1212/​WNL.​
00000​00000​007179

	115.	 Chung CC, Chan L, Chen JH, Bamodu OA, Hong CT (2020) 
Neurofilament light chain level in plasma extracellular 
vesicles and Parkinson’s disease. Ther Adv Neurol Disord 
13:1756286420975917. https://​doi.​org/​10.​1177/​17562​86420​
975917

	116.	 Hansson O, Janelidze S, Hall S, Magdalinou N, Lees AJ, 
Andreasson U, Norgren N, Linder J, et al (2017) Blood-based 
NfL: A biomarker for differential diagnosis of parkinsonian dis-
order. Neurology 88(10):930–937. https://​doi.​org/​10.​1212/​WNL.​
00000​00000​003680

	117.	 Bäckström D, Linder J, Jakobson Mo S, Riklund K, Zetterberg H, 
Blennow K, Forsgren L, Lenfeldt N (2020) NfL as a biomarker 
for neurodegeneration and survival in Parkinson disease. Neurol-
ogy 95(7):e827–e838. https://​doi.​org/​10.​1212/​WNL.​00000​00000​
010084

	118.	 Mizobuchi N, Hoseki J, Kubota H, Toyokuni S, Nozaki J, Naitoh 
M, Koizumi A, Nagata K (2007) ARMET is a soluble ER protein 
induced by the unfolded protein response via ERSE-II element. 
Cell Struct Funct 32(1):41–50. https://​doi.​org/​10.​1247/​csf.​07001

	119.	 Petrova P, Raibekas A, Pevsner J, Vigo N, Anafi M, Moore MK, 
Peaire AE, Shridhar V, et al (2003) MANF: a new mesence-
phalic, astrocyte-derived neurotrophic factor with selectivity for 
dopaminergic neurons. J Mol Neurosci 20(2):173–188. https://​
doi.​org/​10.​1385/​jmn:​20:2:​173

	120.	 Zhang GL, Wang LH, Liu XY, Zhang YX, Hu MY, Liu L, Fang 
YY, Mu Y, et al (2018) Cerebral dopamine neurotrophic factor 

5530 Molecular Neurobiology (2021) 58:5517–5532

https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1073/pnas.1000097107
https://doi.org/10.1016/j.parkreldis.2016.08.019
https://doi.org/10.1016/j.parkreldis.2016.08.019
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1016/j.clnu.2008.11.002
https://doi.org/10.1111/j.1469-7793.1999.0533t.x
https://doi.org/10.1111/j.1469-7793.1999.0533t.x
https://doi.org/10.3389/fphys.2017.00319
https://doi.org/10.1186/1471-2164-15-257
https://doi.org/10.1073/pnas.77.11.6715
https://doi.org/10.1073/pnas.77.11.6715
https://doi.org/10.1126/science.aat7164
https://doi.org/10.1126/scisignal.aaw3159
https://doi.org/10.1016/S1353-8020(13)70025-7
https://doi.org/10.1016/S1353-8020(13)70025-7
https://doi.org/10.1212/01.wnl.0000127517.33208.f4
https://doi.org/10.1212/01.wnl.0000127517.33208.f4
https://doi.org/10.1159/000112832
https://doi.org/10.1186/s40035-019-0155-y
https://doi.org/10.1186/s40035-019-0155-y
https://doi.org/10.1016/j.febslet.2008.04.057
https://doi.org/10.1016/j.febslet.2008.04.057
https://doi.org/10.1002/acn3.50990
https://doi.org/10.1002/acn3.50990
https://doi.org/10.1136/jnnp-2018-320106
https://doi.org/10.1002/ana.24954
https://doi.org/10.1038/s41598-018-35766-w
https://doi.org/10.1038/s41598-018-35766-w
https://doi.org/10.1212/WNL.0000000000010664
https://doi.org/10.1212/WNL.0000000000010664
https://doi.org/10.1016/j.parkreldis.2020.04.009
https://doi.org/10.1212/WNL.0000000000007179
https://doi.org/10.1212/WNL.0000000000007179
https://doi.org/10.1177/1756286420975917
https://doi.org/10.1177/1756286420975917
https://doi.org/10.1212/WNL.0000000000003680
https://doi.org/10.1212/WNL.0000000000003680
https://doi.org/10.1212/WNL.0000000000010084
https://doi.org/10.1212/WNL.0000000000010084
https://doi.org/10.1247/csf.07001
https://doi.org/10.1385/jmn:20:2:173
https://doi.org/10.1385/jmn:20:2:173


1 3

(CDNF) has neuroprotective effects against cerebral ischemia 
that may occur through the endoplasmic reticulum stress path-
way. Int J Mol Sci 19(7):1905. https://​doi.​org/​10.​3390/​ijms1​
90719​05

	121.	 Volmer R, van der Ploeg K, Ron D (2013) Membrane lipid satu-
ration activates endoplasmic reticulum unfolded protein response 
transducers through their transmembrane domains. Proc Natl 
Acad Sci U S A 110(12):4628–4633. https://​doi.​org/​10.​1073/​
pnas.​12176​11110

	122.	 Sousa-Victor P, Neves J, Cedron-Craft W, Ventura PB, Liao CY, 
Riley RR, Soifer I, van Bruggen N, et al (2019) MANF regu-
lates metabolic and immune homeostasis in ageing and protects 
against liver damage. Nat Metab 1(2):276–290. https://​doi.​org/​
10.​1038/​s42255-​018-​0023-6

	123.	 Galli E, Planken A, Kadastik-Eerme L, Saarma M, Taba P, 
Lindholm P (2019) Increased serum levels of mesencephalic 
astrocyte-derived neurotrophic factor in subjects with Parkin-
son’s disease. Front Neurosci 13:929. https://​doi.​org/​10.​3389/​
fnins.​2019.​00929

	124.	 Shang P, Zhang Y, Ma D, Hao Y, Wang X, Xin M, Zhu M, Feng 
J (2019) Inflammation resolution and specialized pro-resolving 
lipid mediators in CNS diseases. Expert Opin Ther Targets 
23(11):967–986. https://​doi.​org/​10.​1080/​14728​222.​2019.​16915​
25

	125.	 Abdolmaleki F, Kovanen PT, Mardani R, Gheibi-Hayat SM, Bo 
S, Sahebkar A (2020) Resolvins: emerging players in autoim-
mune and inflammatory diseases. Clin Rev Allergy Immunol 
58(1):82–91. https://​doi.​org/​10.​1007/​s12016-​019-​08754-9

	126.	 Ren YZ, Zhang BZ, Zhao XJ, Zhang ZY (2020) Resolvin D1 
ameliorates cognitive impairment following traumatic brain 
injury via protecting astrocytic mitochondria. J Neurochem 
154(5):530–546. https://​doi.​org/​10.​1111/​jnc.​14962

	127.	 Krashia P, Cordella A, Nobili A, La Barbera L, Federici M, Leuti 
A, Campanelli F, Natale G, et al (2019) Blunting neuroinflam-
mation with resolvin D1 prevents early pathology in a rat model 
of Parkinson’s disease. Nat Commun 10(1):3945. https://​doi.​org/​
10.​1038/​s41467-​019-​11928-w

	128.	 Jenner P, Olanow CW (1996) Oxidative stress and the pathogen-
esis of Parkinson’s disease. Neurology 47(6 Suppl 3):S161-170. 
https://​doi.​org/​10.​1212/​wnl.​47.6_​suppl_3.​161s

	129.	 Cipriani S, Chen X, Schwarzschild MA (2010) Urate: a novel 
biomarker of Parkinson’s disease risk, diagnosis and prognosis. 
Biomark Med 4(5):701–712. https://​doi.​org/​10.​2217/​bmm.​10.​94

	130.	 Hediger MA, Johnson RJ, Miyazaki H, Endou H (2005) Molecu-
lar physiology of urate transport. Physiology (Bethesda) 20:125–
133. https://​doi.​org/​10.​1152/​physi​ol.​00039.​2004

	131.	 Yeum KJ, Russell RM, Krinsky NI, Aldini G (2004) Biomarkers 
of antioxidant capacity in the hydrophilic and lipophilic compart-
ments of human plasma. Arch Biochem Biophys 430(1):97–103. 
https://​doi.​org/​10.​1016/j.​abb.​2004.​03.​006

	132.	 de Lau LM, Koudstaal PJ, Hofman A, Breteler MM (2005) 
Serum uric acid levels and the risk of Parkinson disease. Ann 
Neurol 58(5):797–800. https://​doi.​org/​10.​1002/​ana.​20663

	133.	 Church WH, Ward VL (1994) Uric acid is reduced in the substan-
tia nigra in Parkinson’s disease: effect on dopamine oxidation. 
Brain Res Bull 33(4):419–425. https://​doi.​org/​10.​1016/​0361-​
9230(94)​90285-2

	134.	 Davis JW, Grandinetti A, Waslien CI, Ross GW, White LR, 
Morens DM (1996) Observations on serum uric acid levels 
and the risk of idiopathic Parkinson’s disease. Am J Epidemiol 
144(5):480–484. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​aje.​
a0089​54

	135.	 Weisskopf MG, O’Reilly E, Chen H, Schwarzschild MA, Asche-
rio A (2007) Plasma urate and risk of Parkinson’s disease. Am J 
Epidemiol 166(5):561–567. https://​doi.​org/​10.​1093/​aje/​kwm127

	136.	 O’Reilly EJ, Gao X, Weisskopf MG, Chen H, Schwarzschild MA, 
Spiegelman D, Ascherio A (2010) Plasma urate and Parkinson’s 
disease in women. Am J Epidemiol 172(6):666–670. https://​doi.​
org/​10.​1093/​aje/​kwq195

	137.	 Gao X, O’Reilly É, Schwarzschild MA, Ascherio A (2016) Pro-
spective study of plasma urate and risk of Parkinson disease in 
men and women. Neurology 86(6):520–526. https://​doi.​org/​10.​
1212/​WNL.​00000​00000​002351

	138.	 Cantoni GL (1953) The nature of the active methyl donor formed 
enzymatically from L-methionine and adenosinetriphosphate. J 
Amer Chem Soc 74:2942–2943. https://​doi.​org/​10.​1021/​ja011​
31a519

	139.	 Silla Y, Varshney S, Ray A, Basak T, Zinellu A, Sabareesh V, 
Carru C, Sengupta S (2019) Hydrolysis of homocysteine thiolac-
tone results in the formation of Protein-Cys-S-S-homocysteinyla-
tion. Proteins 87(8):625–634. https://​doi.​org/​10.​1002/​prot.​25681

	140.	 Hasan T, Arora R, Bansal AK, Bhattacharya R, Sharma GS, 
Singh LR (2019) Disturbed homocysteine metabolism is associ-
ated with cancer. Exp Mol Med 51(2):1–13. https://​doi.​org/​10.​
1038/​s12276-​019-​0216-4

	141.	 Quadri P, Fragiacomo C, Pezzati R, Zanda E, Forloni G, Tet-
tamanti M, Lucca U (2004) Homocysteine, folate, and vitamin 
B-12 in mild cognitive impairment, Alzheimer disease, and vas-
cular dementia. Am J Clin Nutr 80(1):114–122. https://​doi.​org/​
10.​1093/​ajcn/​80.1.​114

	142.	 Kuhn W, Roebroek R, Blom H, van Oppenraaij D, Przuntek 
H, Kretschmer A, Büttner T, Woitalla D, et al (1998) Elevated 
plasma levels of homocysteine in Parkinson’s disease. Eur Neurol 
40(4):225–227. https://​doi.​org/​10.​1159/​00000​7984

	143.	 Sleeman I, Lawson RA, Yarnall AJ, Duncan GW, Johnston F, 
Khoo TK, Burn DJ (2019) Urate and homocysteine: predicting 
motor and cognitive changes in newly diagnosed Parkinson’s 
disease. J Parkinsons Dis 9(2):351–359. https://​doi.​org/​10.​3233/​
JPD-​181535

	144.	 McLeish MJ, Kenyon GL (2005) Relating structure to mecha-
nism in creatine kinase. Crit Rev Biochem Mol Biol 40(1):1–20. 
https://​doi.​org/​10.​1080/​10409​23059​09185​77

	145.	 Eppenberger HM, Dawson DM, Kaplan NO (1967) The com-
parative enzymology of creatine kinases. I. Isolation and 
characterization from chicken and rabbit tissues. J Biol Chem 
242(2):204–209

	146.	 Wyss M, Smeitink J, Wevers RA, Wallimann T (1992) Mitochon-
drial creatine kinase: a key enzyme of aerobic energy metabo-
lism. Biochim Biophys Acta 1102(2):119–166. https://​doi.​org/​
10.​1016/​0005-​2728(92)​90096-k

	147.	 Schlattner U, Tokarska-Schlattner M, Wallimann T (2006) Mito-
chondrial creatine kinase in human health and disease. Biochim 
Biophys Acta 1762(2):164–180. https://​doi.​org/​10.​1016/j.​bbadis.​
2005.​09.​004

	148.	 Beal MF (2000) Energetics in the pathogenesis of neurodegenera-
tive diseases. Trends Neurosci 23(7):298–304. https://​doi.​org/​10.​
1016/​s0166-​2236(00)​01584-8

	149.	 Xu J, Fu X, Pan M, Zhou X, Chen Z, Wang D, Zhang X, Chen 
Q, et al (2019) Mitochondrial creatine kinase is decreased in 
the serum of idiopathic Parkinson’s disease patients. Aging Dis 
10(3):601–610. https://​doi.​org/​10.​14336/​AD.​2018.​0615

	150.	 Bujak R, Struck-Lewicka W, Markuszewski MJ, Kaliszan 
R (2015) Metabolomics for laboratory diagnostics. J Pharm 
Biomed Anal 113:108–120. https://​doi.​org/​10.​1016/j.​jpba.​2014.​
12.​017

	151.	 Bogdanov M, Matson WR, Wang L, Matson T, Saunders-Pull-
man R, Bressman SS, Flint Beal M (2008) Metabolomic profil-
ing to develop blood biomarkers for Parkinson’s disease. Brain 
131(Pt 2):389–396. https://​doi.​org/​10.​1093/​brain/​awm304

5531Molecular Neurobiology (2021) 58:5517–5532

https://doi.org/10.3390/ijms19071905
https://doi.org/10.3390/ijms19071905
https://doi.org/10.1073/pnas.1217611110
https://doi.org/10.1073/pnas.1217611110
https://doi.org/10.1038/s42255-018-0023-6
https://doi.org/10.1038/s42255-018-0023-6
https://doi.org/10.3389/fnins.2019.00929
https://doi.org/10.3389/fnins.2019.00929
https://doi.org/10.1080/14728222.2019.1691525
https://doi.org/10.1080/14728222.2019.1691525
https://doi.org/10.1007/s12016-019-08754-9
https://doi.org/10.1111/jnc.14962
https://doi.org/10.1038/s41467-019-11928-w
https://doi.org/10.1038/s41467-019-11928-w
https://doi.org/10.1212/wnl.47.6_suppl_3.161s
https://doi.org/10.2217/bmm.10.94
https://doi.org/10.1152/physiol.00039.2004
https://doi.org/10.1016/j.abb.2004.03.006
https://doi.org/10.1002/ana.20663
https://doi.org/10.1016/0361-9230(94)90285-2
https://doi.org/10.1016/0361-9230(94)90285-2
https://doi.org/10.1093/oxfordjournals.aje.a008954
https://doi.org/10.1093/oxfordjournals.aje.a008954
https://doi.org/10.1093/aje/kwm127
https://doi.org/10.1093/aje/kwq195
https://doi.org/10.1093/aje/kwq195
https://doi.org/10.1212/WNL.0000000000002351
https://doi.org/10.1212/WNL.0000000000002351
https://doi.org/10.1021/ja01131a519
https://doi.org/10.1021/ja01131a519
https://doi.org/10.1002/prot.25681
https://doi.org/10.1038/s12276-019-0216-4
https://doi.org/10.1038/s12276-019-0216-4
https://doi.org/10.1093/ajcn/80.1.114
https://doi.org/10.1093/ajcn/80.1.114
https://doi.org/10.1159/000007984
https://doi.org/10.3233/JPD-181535
https://doi.org/10.3233/JPD-181535
https://doi.org/10.1080/10409230590918577
https://doi.org/10.1016/0005-2728(92)90096-k
https://doi.org/10.1016/0005-2728(92)90096-k
https://doi.org/10.1016/j.bbadis.2005.09.004
https://doi.org/10.1016/j.bbadis.2005.09.004
https://doi.org/10.1016/s0166-2236(00)01584-8
https://doi.org/10.1016/s0166-2236(00)01584-8
https://doi.org/10.14336/AD.2018.0615
https://doi.org/10.1016/j.jpba.2014.12.017
https://doi.org/10.1016/j.jpba.2014.12.017
https://doi.org/10.1093/brain/awm304


1 3

	152.	 Ahmed SS, Santosh W, Kumar S, Christlet HT (2009) Metabolic 
profiling of Parkinson’s disease: evidence of biomarker from 
gene expression analysis and rapid neural network detection. J 
Biomed Sci 16:63. https://​doi.​org/​10.​1186/​1423-​0127-​16-​63

	153.	 Trupp M, Jonsson P, Ohrfelt A, Zetterberg H, Obudulu O, Malm 
L, Wuolikainen A, Linder J, et al (2014) Metabolite and peptide 
levels in plasma and CSF differentiating healthy controls from 
patients with newly diagnosed Parkinson’s disease. J Parkinsons 
Dis 4(3):549–560. https://​doi.​org/​10.​3233/​JPD-​140389

	154.	 Yakhine-Diop SMS, Morales-García JA, Niso-Santano M, 
González-Polo RA, Uribe-Carretero E, Martinez-Chacon G, 
Durand S, Maiuri MC, et al (2020) Metabolic alterations in 
plasma from patients with familial and idiopathic Parkinson’s 
disease. Aging (Albany NY) 12(17):16690–16708. https://​doi.​
org/​10.​18632/​aging.​103992

	155.	 Shao Y, Li T, Liu Z, Wang X, Xu X, Li S, Xu G, Le W (2021) 
Comprehensive metabolic profiling of Parkinson’s disease by 
liquid chromatography-mass spectrometry. Mol Neurodegener 
16(1):4. https://​doi.​org/​10.​1186/​s13024-​021-​00425-8

	156.	 Johansen KK, Wang L, Aasly JO, White LR, Matson WR, Hench-
cliffe C, Beal MF, Bogdanov M (2009) Metabolomic profiling 
in LRRK2-related Parkinson’s disease. PLoS ONE 4(10):e7551. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00075​51

	157.	 Grosshans H, Slack FJ (2002) Micro-RNAs: small is plentiful. J 
Cell Biol 156(1):17–21. https://​doi.​org/​10.​1083/​jcb.​20011​1033

	158.	 Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans hetero-
chronic gene lin-4 encodes small RNAs with antisense comple-
mentarity to lin-14. Cell 75(5):843–854. https://​doi.​org/​10.​1016/​
0092-​8674(93)​90529-y

	159.	 Junker A, Krumbholz M, Eisele S, Mohan H, Augstein F, Bittner 
R, Lassmann H, Wekerle H, et al (2009) MicroRNA profiling of 
multiple sclerosis lesions identifies modulators of the regulatory 
protein CD47. Brain 132(Pt 12):3342–3352. https://​doi.​org/​10.​
1093/​brain/​awp300

	160.	 Femminella GD, Ferrara N, Rengo G (2015) The emerging 
role of microRNAs in Alzheimer’s disease. Front Physiol 6:40. 
https://​doi.​org/​10.​3389/​fphys.​2015.​00040

	161.	 Behbahanipour M, Peymani M, Salari M, Hashemi MS, Nasr-
Esfahani MH, Ghaedi K (2019) Expression profiling of blood 
microRNAs 885, 361, and 17 in the patients with the Parkinson’s 
disease: integrating interaction data to uncover the possible trig-
gering age-related mechanisms. Sci Rep 9(1):13759. https://​doi.​
org/​10.​1038/​s41598-​019-​50256-3

	162.	 Wu J, Gao Y (2015) Physiological conditions can be reflected in 
human urine proteome and metabolome. Expert Rev Proteomics 
12(6):623–636. https://​doi.​org/​10.​1586/​14789​450.​2015.​10943​80

	163.	 Singh A, Kukreti R, Saso L, Kukreti S (2019) Oxidative stress: a 
key modulator in neurodegenerative diseases. Molecules 24(8). 
https://​doi.​org/​10.​3390/​molec​ules2​40815​83

	164.	 Sato S, Mizuno Y, Hattori N (2005) Urinary 8-hydroxydeoxy-
guanosine levels as a biomarker for progression of Parkinson 
disease. Neurology 64(6):1081–1083. https://​doi.​org/​10.​1212/​
01.​WNL.​00001​54597.​24838.​6B

	165.	 Hirayama M, Nakamura T, Watanabe H, Uchida K, Hama T, Hara 
T, Niimi Y, Ito M, et al (2011) Urinary 8-hydroxydeoxyguano-
sine correlate with hallucinations rather than motor symptoms 
in Parkinson’s disease. Parkinsonism Relat Disord 17(1):46–49. 
https://​doi.​org/​10.​1016/j.​parkr​eldis.​2010.​11.​004

	166.	 Tan L, Yu JT (2012) The kynurenine pathway in neurodegen-
erative diseases: mechanistic and therapeutic considerations. J 
Neurol Sci 323(1–2):1–8. https://​doi.​org/​10.​1016/j.​jns.​2012.​08.​
005

	167.	 Bai JH, Zheng YL, Yu YP (2020) Urinary kynurenine as a bio-
marker for Parkinson’s disease. Neurol Sci. https://​doi.​org/​10.​
1007/​s10072-​020-​04589-x

	168.	 Luan H, Liu LF, Meng N, Tang Z, Chua KK, Chen LL, Song 
JX, Mok VC, et al (2015) LC-MS-based urinary metabolite 
signatures in idiopathic Parkinson’s disease. J Proteome Res 
14(1):467–478. https://​doi.​org/​10.​1021/​pr500​807t

	169.	 Wang S, Kojima K, Mobley JA, West AB (2019) Proteomic 
analysis of urinary extracellular vesicles reveal biomarkers for 
neurologic disease. EBioMedicine 45:351–361. https://​doi.​org/​
10.​1016/j.​ebiom.​2019.​06.​021

	170.	 Hill-Burns EM, Debelius JW, Morton JT, Wissemann WT, Lewis 
MR, Wallen ZD, Peddada SD, Factor SA, et al (2017) Parkin-
son’s disease and Parkinson’s disease medications have distinct 
signatures of the gut microbiome. Mov Disord 32(5):739–749. 
https://​doi.​org/​10.​1002/​mds.​26942

	171.	 Simuni T, Caspell-Garcia C, Coffey C, Lasch S, Tanner C, Marek 
K, Investigators P (2016) How stable are Parkinson’s disease 
subtypes in de novo patients: Analysis of the PPMI cohort? Par-
kinsonism Relat Disord 28:62–67. https://​doi.​org/​10.​1016/j.​parkr​
eldis.​2016.​04.​027

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

5532 Molecular Neurobiology (2021) 58:5517–5532

https://doi.org/10.1186/1423-0127-16-63
https://doi.org/10.3233/JPD-140389
https://doi.org/10.18632/aging.103992
https://doi.org/10.18632/aging.103992
https://doi.org/10.1186/s13024-021-00425-8
https://doi.org/10.1371/journal.pone.0007551
https://doi.org/10.1083/jcb.200111033
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1093/brain/awp300
https://doi.org/10.1093/brain/awp300
https://doi.org/10.3389/fphys.2015.00040
https://doi.org/10.1038/s41598-019-50256-3
https://doi.org/10.1038/s41598-019-50256-3
https://doi.org/10.1586/14789450.2015.1094380
https://doi.org/10.3390/molecules24081583
https://doi.org/10.1212/01.WNL.0000154597.24838.6B
https://doi.org/10.1212/01.WNL.0000154597.24838.6B
https://doi.org/10.1016/j.parkreldis.2010.11.004
https://doi.org/10.1016/j.jns.2012.08.005
https://doi.org/10.1016/j.jns.2012.08.005
https://doi.org/10.1007/s10072-020-04589-x
https://doi.org/10.1007/s10072-020-04589-x
https://doi.org/10.1021/pr500807t
https://doi.org/10.1016/j.ebiom.2019.06.021
https://doi.org/10.1016/j.ebiom.2019.06.021
https://doi.org/10.1002/mds.26942
https://doi.org/10.1016/j.parkreldis.2016.04.027
https://doi.org/10.1016/j.parkreldis.2016.04.027

	Pursuing Multiple Biomarkers for Early Idiopathic Parkinson’s Disease Diagnosis
	Abstract
	Graphical abstract

	Introduction
	Current Diagnosis of Parkinson’s Disease
	Biomarkers
	Potential Biomarkers for the Diagnosis of PD
	Is α-Synuclein the Leading PD Candidate Biomarker?
	Skin Biomarkers
	Digestive System Biomarkers
	Exosomal α-Syn
	Oral Microbiota
	Intestinal Permeability and Inflammation
	α-Syn in the Gastrointestinal-Nervous System
	Intestinal Microbiota

	Blood Biomarkers
	Erythrocyte α-Syn
	Nonmercaptalbumin
	Neurofilament Light Chain
	Mesencephalic Astrocyte-Derived Neurotrophic Factor
	Resolvin D1
	Urate and Homocysteine
	Mitochondrial Creatine Kinase
	Metabolomic Profiling
	MicroRNAs

	Urine Biomarkers

	Concluding Remarks
	Can We Exploit These Biomarkers as a Diagnostic Approach?

	Acknowledgements 
	References


