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Introduction: Early diagnosis of Parkinson’s disease (PD) remains challenging. It has been suggested that abnormal brain iron metabolism leads to excessive iron accumulation in PD, although the mechanism of iron deposition is not yet fully understood. Ferritin and transferrin receptor (TfR) are involved in iron metabolism, and the exosome pathway is one mechanism by which ferritin is transported and regulated. While the blood of healthy animals contains a plentiful supply of TfR positive exosomes, rare study has examined ferritin and TfR in plasma neural-derived exosomes in PD.

Methods: Plasma exosomes were obtained from 43 patients with PD and 34 healthy controls. Neural-derived exosomes were isolated with anti-human L1CAM antibody immunoabsorption. Transmission electron microscopy and western blotting were used to identify the exosomes. ELISAs were used to quantify ferritin and TfR levels in plasma neural-derived exosomes of patients with PD and controls. Receivers operating characteristic (ROC) curves were applied to map the diagnostic accuracy of ferritin and TfR. Independent predictors of the disease were identified using logistic regression models.

Results: Neural-derived exosomes exhibited the typical exosomal morphology and expressed the specific exosome marker CD63. Ferritin and TfR levels in plasma neural-derived exosomes were significantly higher in patients with PD than controls (406.46 ± 241.86 vs. 245.62 ± 165.47 ng/μg, P = 0.001 and 1728.94 ± 766.71 vs. 1153.92 ± 539.30 ng/μg, P < 0.001, respectively). There were significant positive correlations between ferritin and TfR levels in plasma neural-derived exosomes in control group, PD group and all the individuals (rs = 0.744, 0.700, and 0.752, respectively). The level of TfR was independently associated with the disease (adjusted odds ratio 1.002; 95% CI 1.000–1.003). ROC performances of ferritin, TfR, and their combination were moderate (0.730, 0.812, and 0.808, respectively). However, no relationship was found between the biomarkers and disease progression.

Conclusion: It is hypothesized that ferritin and TfR in plasma neural-derived exosomes may be potential biomarkers for PD, and that they may participate in the mechanism of excessive iron deposition in PD.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease, characterized by a set of extrapyramidal motor features. Progressive degeneration of dopamine (DA) neurons in the substantia nigra pars compacta and aggregation of α-synuclein and formation of Lewy bodies are its typical pathological manifestations (Berardelli et al., 2013).

The diagnosis of PD mainly relies on typical clinical symptoms such as bradykinesia, muscular rigidity, resting tremor, and/or postural instability. However, in the early stages of the disease, the motor symptoms may not yet occur, or they may be atypical, making diagnosis challenging. Hence, early diagnosis of PD remains difficult. To support the diagnosis, there have been increasing research efforts to evaluate the diagnostic performance of magnetic resonance imaging (MRI) using iron sensitive sequences targeting the substantia nigra (SN) to distinguish patients with PD from control participants (Calloni et al., 2018). These studies are based on theory that abnormal brain iron metabolism results in excessive iron deposition in PD.

Iron metabolism disorder and iron-mediated oxidative stress are believed to be important pathological mechanisms underlying the degeneration of DA neurons. Increased iron levels have been observed in the substantia nigra in post-mortem studies of PD and in vivo using transcranial sonography, susceptibility weighted imaging (SWI), and quantitative susceptibility mapping (Groger and Berg, 2012; Langkammer et al., 2012). However, the mechanism of iron deposition is still unclear.

Ferritin and transferrin receptor (TfR) are involved in iron metabolism. Ferritin not only regulates cell iron content and protect organisms from iron toxicity, but also transports iron through regulation (Truman-Rosentsvit et al., 2018). Studies have shown that exosomes are one of the non-classical mechanisms of ferritin secretion and transport regulation. Recent studies have also found that after binding to TfR, ferritin can cross the blood-brain barrier through transendocytosis of brain endothelial cells, rather than being trapped in lysosomes (Fan et al., 2018). The blood of healthy animals contains plenty of TfR-positive exosomes.

Studies of iron and iron-related proteins levels in cerebrospinal fluid (CSF), serum, plasma, and urine have shown conflicting results. Meta-analyses of these studies have revealed that CSF and serum/plasma ferritin and transferrin concentrations did not differ significantly between PD patients and controls (Jimenez-Jimenez et al., 2021). However, recent studies have shown that exosomes were a pathway for neurons to divert proteins from neurons into the CSF or into the peripheral blood via the blood-brain barrier (Shi et al., 2014). Exosomal α-synuclein in neural-derived blood exosomes was found to be increased in patients with PD (Shi et al., 2016). Chalwa’s group studied the iron homeostasis in restless legs syndrome, and found that the patients had higher levels of total ferritin and heavy-chain ferritin, and similar levels of TfR in serum neural-derived exosomes (Chawla et al., 2019). To investigate the mechanism of iron deposition and to identify potential novel biomarkers for PD, this study evaluated the levels of ferritin and TfR level in plasma neural-derived exosomes using enzyme-linked immunosorbent assay (ELISA).



Materials and methods


Participants

This study was conducted at the Department of Neurology, Fujian Provincial Hospital, Fuzhou, China. The laboratory technicians and statistical analysts were blinded to the clinical information and grouping. The study was approved by the Ethics Committees of Fujian Provincial Hospital, and written informed consent was obtained from all participants.

From January 2020 to June 2021, 43 PD patients were recruited based on the movement disorder society clinical diagnostic criteria for Parkinson’s disease (Postuma et al., 2015). The control group consisted of 34 healthy community volunteers who showed no signs or symptoms of neurological disease. All participants were excluded based on the following criteria: (1) presence of tumors, (2) secondary parkinsonism, Parkinson-plus syndrome, or other neurodegenerative diseases, (3) severe craniocerebral trauma, (4) any inflammatory, infectious, or autoimmune diseases, and (5) severe systemic diseases, such as anemia, hepatosis, heart failure, pulmonary disorders, and chronic renal failure.

Medical history, physical and neurological examinations, and laboratory tests were conducted on all participants. Blood routine and aminopherase tests were normal for all participants. The severity of PD was assessed using Hoehn–Yahr (H–Y) scores and the disease course was recorded for the PD patients. Fasting blood samples were collected from all individuals in the morning, and plasma was separated by centrifugation at 2,000 × g for 20 min. The aliquots were stored frozen at −80°C.



Isolation of plasma neural-derived exosomes

Exosomes were isolated following the experimental protocol outlined in our previous report (Zhao et al., 2018). The flow chart of the experimental procedure is shown in Figure 1. Initially, plasma exosomes were isolated using the Total Plasma Exosome Isolation Kit (Invitrogen, USA) as per the manufacturer’s instructions. The frozen sample was thawed in a 25°C water bath, followed by centrifugation at 2,000 × g at room temperature for 20 min to remove cells and debris. Next, the supernatant was centrifuged again at 10,000 × g at room temperature for 20 min to further remove debris. A total of 300 μL of the resulting supernatant was transferred to a new tube and mixed with 150 μL of PBS. The exosome precipitation reagent was added in a 0.2:1 ratio and the solution was vortexed until homogenous. The mixture was incubated for 10 min at room temperature, then centrifuged at 10,000 × g at room temperature for 5 min. The supernatant was removed, and the precipitate was resuspended in 100 μL of PBS containing inhibitor cocktails and 100 μL of 3% bovine serum albumin. Subsequently, the isolation neural-derived exosomes from plasma were performed. The suspensions were incubated at 4°C for 1 h with 1 μg of mouse anti-human CD171 biotinylated antibody (clone 5G3, eBioscience, USA) for combining the neural cell adhesion molecule L1 expressing specifically in neuron membranes, and 25 μL of streptavidin-agarose resin (Thermo Scientific, USA) with 50 μL of 3% BSA for combining biotin in anti-CD171 biotinylated antibody, respectively. After centrifugation at 4°C for 10 min at 200 × g and removal of the supernatant, each precipitation containing the neural-derived exosomes was collected, then suspended in 50 μL of 0.05 M glycine-HCl (pH 3.0) by vortexing for 10 s to separate the exosomes from the resin. After that, the former was relieved into the supernatant. Subsequently, 50 μL of 3% BSA was added, and the mixture was centrifuged at 200 × g for 10 min at 4°C. The resulting supernatants were transferred to clean tubes containing 5 μL of 1 M Tris-HCl (pH 8.0) and mixed to neutralize the acidity of glycine-HCl. Finally, 150 μl of PBS with 0.2% Triton x-100 and inhibitor cocktails was added to each suspension and incubated for 10 min at room temperature to rupture the membrane of the exosomes. The samples were then stored at −80°C until use. The protein concentration of the sample was determined using the Bradford protein assay (Tiangen Biotech, China), with bovine serum albumin as a standard.
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FIGURE 1
Flowchart outlining the experimental procedures described in this figure. Ab, antibody.




Transmission electron microscopy

The exosome extract was applied to a sealing membrane, and a copper grid (200 mesh, Zhongjingkeyi Technology Co., Ltd., China) with the front side facing the liquid was placed on the droplet. The grid was left for 2 min to absorb the exosome extract, before being transferred to a solution of 40 g/L uranyl acetate that was dripped onto the sealing membrane for negative staining. The front side of the grid was facing the droplet and left in the dark for another 2 min. Excess liquid was absorbed with filter paper, and the results were observed using a Tecnai SPIRIT transmission electron microscope (FEI, USA) operating at 120 kV.



Western blotting

A volume of 20 μL of lysed samples were separated on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto a nitrocellulose membrane. The membrane was blocked using 3% skim milk before incubation with primary antibodies, specifically mouse anti-CD63 (1:500; Servicebio, China). Next, the membrane was incubated with goat anti-mouse IgG antibodies conjugated to horseradish peroxidase (1:5,000; Servicebio, China) and visualized using a chemiluminescence reagent (Servicebio, China). The immunoreactivity was detected on a Bio-Rad ChemiDoc MP (Bio-Rad, USA).



ELISA quantification of exosome proteins

The protein content of plasma neural-derived exosomes was measured using ELISA kits for human ferritin (Catalog Number: DY3541-05) and human TfR (Catalog Number: DY2474) (R&D System, USA), following the manufacturer’s protocol. Each test was repeated twice for both human ferritin and human TfR. The total protein of the sample served as the control.



Statistical analysis

All statistical analyses were performed using SPSS Statistics 23.0 (IBM, USA). A p-value < 0.05 was considered statistically significant in all cases. Continuous variables, including age, duration of disease, and levels of human ferritin and human TfR in exosomes, were presented as mean ± standard deviation (SD). Differences between sexes were compared using a χ2 test. A t-test was used to identify statistically significant differences when the data were normally distributed, and a Mann–Whitney U-test was used when the data did not conform to the normal distribution. Pearson’s correlation coefficients were calculated to evaluate correlations among biomarkers for human ferritin and human TfR. In cases where the data did not conform to a normal distribution, Spearman’s correlation coefficients were obtained to evaluate the correlations among the biomarkers. Receiver operating characteristic (ROC) curves were generated to evaluate the sensitivities and specificities for the biomarkers in differentiating PD from healthy controls. The optimal cut-off value for an ROC curve was defined as the point associated with the maximal sum of sensitivity and specificity. Binary logistic regression model assessed associations between biomarkers and the disease.




Results

A total of 43 PD patients and 34 healthy individuals were included in this study, comprising 26 males and 17 females in the PD group, with an average age of 66.6 ± 9.6 years old. The PD group had a mean disease duration of 4.4 ± 3.5 years, and an H–Y stage of 2.7 ± 1.2. The control group comprised 17 males and 17 females with the average age of 63.7 ± 10.0 years old (Table 1).


TABLE 1    Baseline data and comparation of the level of ferritin and TfR in two groups.
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Transmission electron microscopy and western blot analysis were used to confirm the presence of plasma neuronal-derived exosomes, which exhibited the typical exosomal morphology (Figure 2A) and expressed CD63, a specific exosome marker (Figure 2B). The levels of ferritin and TfR in plasma neural-derived exosomes were then quantified using ELISA, with each sample analyzed in duplicate. The levels of ferritin in the PD group were significantly higher than those in the control group (406.46 ± 241.86 vs. 245.62 ± 165.47 ng/μg, P = 0.001) (Figure 3A), and the levels of TfR in the PD group were also significantly higher than those in the control group (1,728.94 ± 766.71 vs. 1,153.92 ± 539.30 ng/μg, P < 0.001) (Figure 3B). The most parsimonious model retained TfR as an independent predictor for PD (Table 2), with an increased risk of adjusted odds ratios of 1.002 (95% CI 1.000∼1.003).
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FIGURE 2
Identification of plasma neural-derived exosomes. Representative transmission electron microscopy image showing the morphological characteristics of the exosomes (black arrows) (A). Western blot images (B) showing that the exosomal marker CD63 was expressed in exosomal samples.
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FIGURE 3
Comparation of ferritin and TfR in PD and controls, and ROC analysis of biomarkers for PD diagnosis. The box plots showed the comparison of the levels of ferritin (A) and TfR (B) in the two groups. *, P < 0.01. In the whole cohort, ferritin in plasma neural-derived exosomes provided an AUC of 0.73 (sensitivity = 67.4%, specificity = 79.4%) for PD versus controls (C). TfR performed similarly (AUC = 0.812, sensitivity = 86.0%, specificity = 70.6%) in the whole cohort (D). And, the combination of ferritin and TfR did not obviously improve the performance with AUC of 0.808 (sensitivity = 86.0%, specificity = 73.5%) (E).



TABLE 2    Binary logistic regression analysis results of PD.
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Receivers operating characteristic (ROC) analysis was conducted to assess the diagnostic potential of ferritin and TfR in plasma neural-derived exosomes for PD. The sensitivity and specificity of both biomarkers were determined, and their ROC performance was moderate. The area under curve (AUC) for ferritin was 0.730 (Figure 3C) with a sensitivity of 67.4% and specificity of 79.4% at a cutoff value of 331.80 ng/mg. The AUC for TfR was 0.812 (Figure 3D) with a sensitivity of 86.0% and specificity of 70.6% at a cutoff value of 1,184.18 ng/mg. The AUC for the combination of ferritin and TfR was 0.808 (Figure 3E). It’s sensitivity and specificity were 86.0 and 73.5%, respectively, with a cutoff value of 0.35 on the predicted risk algorithm. The combination of ferritin and TfR did not enhance the performance of discrimination significantly.

Furthermore, a correlation analysis was conducted to evaluate the relationships between ferritin and TfR levels in plasma neural-derived exosomes. A significant positive correlation was observed between ferritin and TfR levels in both healthy controls (Figure 4A) and PD patients (Figure 4B). This finding was consistent across all subjects in this study (Figure 4C).
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FIGURE 4
Correlation analysis between ferritin and TfR in plasma neural-derived exosomes. A significant positive correlation between ferritin and TfR was observed in controls (rs = 0.744, p < 0.001) (A), patients with PD (rs = 0.700, p < 0.001) (B), and all the individuals (rs = 0.752, p < 0.001) (C).


To investigate the potential relationship between plasma neural-derived exosome levels of ferritin and TfR and disease severity/progression, we conducted a correlation analysis. In line with the disease stage, the PD patients in our study were categorized into two groups: 16 patients at the early stage of PD (H–Y 1 to 2) and 27 patients at the advanced stage (H–Y 3 to 5). Our results showed no significant difference in the levels of ferritin and TfR between the early-stage group and the advanced-stage group (385.00 ± 203.52 vs. 419.17 ± 264.85 ng/μg, P = 0.802 and 1,758.85 ± 527.24 vs. 1,711.22 ± 887.89, P = 0.248, respectively) (Table 1). Moreover, we found no significant correlation between the levels of ferritin or TfR and disease duration or H–Y stages (P = 0.274 and 0.802 for ferritin, and P = 0.875 and 0.453 for TfR, respectively).



Discussion

In this study, we extracted neural-derived exosomes from plasma and detected the levels of ferritin and TfR. Both of them were significantly higher in patients with PD than normal individuals. Further analysis showed that TfR was as an independent predictor for PD. The diagnostic potential of ferritin and TfR were moderate for PD.

The diagnosis of PD is based upon established clinical criteria that primarily rely on the presenting symptoms. Although there has been some progress in the study of biofluid biomarkers and neuroimaging in PD (Eusebi et al., 2017), available and effective biomarkers remain an urgent need for the disease. Blood is always the most intriguing sample source. It is easier to obtain than CSF, without repeated lumbar punctures. There is still no recognized standard for neuroimaging, and corresponding procedures need to be set according to different MRI instruments. Prolonged immobilization during the examination also limited some patients.

In the field of diagnostic biomarkers, molecules related to the pathophysiological mechanisms occurring in the disease, such as α-synuclein species (Parnetti et al., 2019) and iron metabolism-related proteins, have been believed as the most promising targets. α-synuclein oligomers and iron deposits in the substantia nigra pars compacta play key roles in the pathogenesis of PD (Martin et al., 2008). When the iron concentration surpasses the transport capacity of transferrin, the excess iron initiates a redox process in metabolism that produces hydroxyl free radicals (Youdim and Riederer, 1993). These free radicals may cause pathological alterations such as cell damage, lipid peroxidation, mitochondrial dysfunction, chronic inflammation, and α-synuclein deposition (Gutteridge, 1994; Sian-Hulsmann et al., 2011), which are all believed to contribute to neurodegenerative diseases. Iron deposition can lead to conformational changes in α-synuclein, which can subsequently lead to the production of α-synuclein oligomers (Dehay et al., 2016; Henrich et al., 2018). Autopsies and iron-sensitive sequences in MRI of PD patients have shown an increase in iron deposition in the substantia nigra (Griffiths et al., 1999; Sugiyama et al., 2018). Interestingly, studies of other neurodegenerative diseases have also suggested that iron metabolism disorder is associated with disease progression. Similarly, studies of other synuclein diseases, such as multiple system atrophy, have also found that iron deposition is involved (Dickson et al., 1999; Galvin et al., 2000). In some cohort studies about Alzheimer’s disease, the researchers observed that the level of CSF ferritin might accelerate the disease process (Ayton et al., 2017, 2018; Pan et al., 2022), and relate to phosphorylated tau, total tau, and inflammatory factors (Pan et al., 2022).

Ferritin exists in the cytoplasm of almost all cells. It is a 24-polymer protein composed of two subunits and mainly plays the biological function of storing iron. The relationship between serum ferritin and PD remains inconclusive. In a meta-analysis of 8 studies comprising 635 PD patients and 444 controls found a significant increase in serum or plasma ferritin levels (Wei et al., 2018). In contrast, another meta-analysis of 27 studies, including 2,006 patients and 2,098 controls, found that serum or plasma ferritin levels were comparable between PD patients and control groups (Jimenez-Jimenez et al., 2021). Although the inclusion criteria and methodology of PD patients varied across studies, resulting in substantial heterogeneity in the combined results, both studies reported similar serum transferrin levels in PD patients and controls.

Notably, since mammalian ferritin lacks signaling peptides that regulate classical Golgi secretion, extracellular secretion of ferritin is mainly achieved through non-classical protein secretion pathways, secretory autophagy (Cohen et al., 2010) and exosome pathway (Truman-Rosentsvit et al., 2018). Ferritin in exosomes is shielded by exosomal lipid bilayer membrane and is not easily affected by the peripheral environment, which may better reflect the situation of iron metabolism in vivo. Therefore, ferritin in exosomes may more accurately reflect intracellular iron storage, and may also be involved in the distribution of iron between cells, so as to play an important role in the maintenance of brain iron homeostasis. So far, there has been no study on ferritin in plasma neural-derived exosome in PD. Plasma neural-derived exosomes may serve as a potentially reliable source for accurately reflecting changes in the central nervous system (Goetzl et al., 2015), for they containing jettisoned and potentially toxic forms of α-synuclein or other disease-associated proteins and avoiding interference from blood contamination, systemic inflammation, and potential tumors. In this study, we found the level of ferritin in plasma neural-derived exosomes was significantly higher in patients with PD. It indicated that ferritin in plasma neural-derived exosomes may involve in the occurrence of PD and be a potential biomarker of the disease.

We speculate that the increase in ferritin levels in plasma neural-derived exosomes is due to high iron concentration in neuron in PD. The mechanism for the increased levels of ferritin in the exosome is currently unclear. Ferritin can be secreted through the exosome pathway, and serum ferritin levels typically reflect body iron stores. Ferritin is intricately regulated by cellular iron levels via the iron responsive element-iron regulatory protein system (Gandham et al., 2020). Studies have shown that an increase in high iron concentration in fibroblasts leads to an increase in ferritin secretion through exosomes (Yanatori et al., 2021). Perhaps this can explain the increase of ferritin in plasma neural-derived exosomes found in our study, which needs to be verified by further research.

Iron is delivered by transferrin to all cells in the body through blood vessels. TfR as a membrane protein expressed as a homodimer on the surface of cell, binds to transferrin, mediates cellular iron uptake through internalization, and regulates of oxidative stress. Increased TfR expression facilitates the entry of iron into cells (Kawabata, 2019). The blood of healthy animals contains plenty of TfR+ exosomes (Wallace et al., 2007). Toxin-induced neurodegeneration is associated with progressive increase in the levels and oxidation of transferrin within DA neurons. Such an increase is paralleled by iron deposition. Intracellular levels of transferrin reflect the trafficking mediated by its receptors (TfR) (Wallace et al., 2009; Usman et al., 2018). In this study, the level of TfR in plasma neural-derived exosomes was significantly higher in patients with PD than controls. The ROC analysis performance was found to be only moderate, and logistic analysis indicated it may be an independent risk factor for the disease. The study yielded an intriguing result: a significant positive correlation was observed between ferritin and TfR levels in plasma neural-derived exosomes, suggesting their potential involvement in the mechanism of excessive iron deposition in PD.

In this study, there was no significant correlation association between the levels of ferritin and TfR in plasma neural-derived exosome of PD patients, and the course or severity of the disease. Because it is a cross-sectional study, we cannot tell whether there is a correlation between these biomarkers and disease progression. Our results only suggest that some proteins associated with iron metabolism may play a role in the diagnosis of the disease. Indeed, the roles of different biomarkers in PD are not exactly the same in the aspects of diagnostic potential. For example, neurofilament in blood (Hansson et al., 2017) or CSF (Herbert et al., 2015), only assisted the differentiation of PD, but cannot contribute to the early diagnosis of the disease and the progression of the disease; salivary gland a-syn detection (Tsukita et al., 2019), can only indicate the synucleinopathy, but cannot help the disease differentiation and progression. Among these biomarkers, only CSF a-syn seeding activity detection can reach a > 90% sensitivity and specificity, but the application scenarios have certain limitations and it also cannot evaluate the disease progression (van Rumund et al., 2019; Iranzo et al., 2021). Therefore, the study of biomarkers has been ongoing, not only to be able to serve clinical needs as much as possible, but also to explore the mechanism of disease. There is another limitation that this preliminary study was a small sample size study, and a larger sample size is needed to further support our results.



Conclusion

Ferritin and TfR levels in plasma neural-derived exosomes show promise as potential biomarkers for PD. TfR maybe the independent risk factor for the disease. However, to validate the significance of these findings and establish any correlation between these biomarkers and disease progression, further studies with larger patient cohorts, long-term following-up, and multi-center study are needed.
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