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Abstract: In China, Parkinson’s disease (PD) is the second most prevalent central nervous system (CNS) degenerative illness affecting middle-aged and older persons. Movement disorders including resting tremor, bradykinesia, myotonia, postural instability, and gait instability are the predominant clinical symptoms. The two main types of PD are sporadic and familial, with sporadic PD being the more prevalent of the two. The environment, genetics, mitochondrial dysfunction, oxidative stress, inflammation, protein aggregation and misfolding, loss of trophic factors, cell death, and gut microbiota may all have a role in the etiology of PD. PD is inversely connected with other cancers and positively correlated with COVID-19, diabetes mellitus (DM), melanoma, and ischemic heart disease (IHD) risk. Delaying disease progression, managing motor and non-motor symptoms, and avoiding and controlling dysfunction in the middle and later phases of the disease are the key areas of research and development for its therapy. Presently, the development and progression of PD can be slowed down by using conventional pharmacology, natural items, and innovative technology. This article reviews the pathogenesis of PD, its correlations with other non-genetic diseases, and the research progress of drugs and technologies for alleviating PD.
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Abbreviation



	UA
	Uric acid



	nAChRs
	nicotinic acetylcholine receptors



	OXPHOS
	oxidative phosphorylation



	ETC
	electron transport chain



	TLR
	toll-like receptors



	REDOX
	oxidation-reduction reaction



	ER
	endoplasmic reticulum



	NFs
	Neurotrophic factors



	LPO
	lipid peroxidation



	CMA
	chaperone-mediated autophagy



	SARSCoV-2
	severe acute respiratory syndrome coronavirus 2



	ACE2
	angiotensin-converting enzyme 2



	DM
	Diabetes mellitus



	HD
	Huntington’s chorea



	PLA2G6
	phospholipase A2, group VI



	IHD
	Ischemic heart disease



	NRTN
	neurturin



	MNAF
	mesencephalic astrocyte-derived neural factor



	GAD
	glutamic acid decarboxylase



	NPY
	neuropeptide Y



	NRSF
	neuron restrictive silencing factor



	MSCs
	mesenchymal stem cells



	hPSC
	pluripotent stem cells



	ESC
	embryonic stem cells



	iPSC
	induced pluripotent stem cells



	Nurr1
	nuclear receptor related 1



	GBA1
	glucosylceramidase beta 1



	DMT
	disease-modifying therapies



	LNPs
	lipid nanoparticles.





Introduction

Parkinson’s disease (PD) is a neurological condition that primarily affects the elderly and is progressive and irreversible on a recessive basis [1]. Despite the fact the disease can strike anyone at any age, the typical age of onset is 60 [2]. After Alzheimer’s disease (AD), PD is the second most common neurodegenerative illness worldwide [3]. PD is the primary cause of disability on a global scale and exhibits the highest rate of growth among neurological conditions. From 1990 to 2016, the total number of patients exceeded 6 million [4]. By 2040, it is predicted that this number will have doubled to over 12 million [5]. Research shows that various factors, such as the extension of life expectancy, the improvement of industrialization, and the decline of the smoking rate, may increase the burden of disease [6], which might reach over 17 million [7]. The increasing incidence and prevalence of this disease worldwide highlight its significant economic, social, and public health impact. According to current theories, there are three types of PD: idiopathic PD, familial PD, and Parkinsonism [8]. According to epidemiological research, only a small percentage of PD patients have the familial form of the disease, whereas the sporadic form affects the vast majority [9]. It is becoming more and more obvious that the development of PD cannot be attributed to a single cause and that, in the majority of instances, it arises from an unpleasant interaction between genetic polymorphisms, epigenetic modifications, and other environmental factors [10].

The disorder shows a wide range of non-motor abnormalities alongside motor symptoms including bradykinesia, stiffness, and tremor. These typical motor symptoms occur due to reduced dopamine (DA) levels in the striatum, caused by the presence of α-synuclein (α-syn) positive inclusions (Lewy bodies (LBs) and Lewy neurites) within neurons and axons, as well as the loss of dopaminergic (DAergic) neurons in the substantia nigra (SN) and other brain regions. The accumulation of α-syn is a pathological hallmark of PD. Despite its primary presence in the central nervous system, α-syn is highly expressed in the peripheral nervous system and the presynaptic terminals connecting synaptic vesicle devices in the brain [11]. The aging of the population was linked to the disease’s rising incidence [12]. Degeneration of DA neurons is not limited to the risk factor of old age but also can be caused by environmental factors and genetic deficiencies [13]. The degeneration of DAergic nigrostriatal neurons in the brain was considered to be the primary cause of PD, followed by complex pathological mechanisms such as mitochondrial dysfunction, oxidative stress, inflammation, protein aggregation, and misfolding, loss of neurotrophic factors, cell death (ferroptosis, apoptotic and autophagy), and gut microbiota [14].

In this review, we present a summary of research studies that provide evidence and contribute to understanding the association in PD. We offer insights into the underlying pathophysiology of PD and other diseases associated with PD, summarize the potential therapeutic drugs and technologies for treating PD, and trials of different ways to interfere (Figs. 1 and 2).
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Figure 1: The pathogenic mechanism of Parkinson’s disease.
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Figure 2: The association between Parkinson’s disease and other diseases, as well as drugs and technologies for alleviating Parkinson’s disease. PD passes through environmental toxicants, lifestyle, genetic factors, protein misfolding and aggregation, mitochondrial dysfunction, autophagy, endoplasmic reticulum stress, inflammation, and transcription factor regulation interacting with other diseases.

Environmental and Genetic Factors & PD

Toxicant chemical exposure

Pesticide exposure and increased risk of PD have been linked to numerous studies conducted over many decades in various populations worldwide [15]. Those who lived in areas with pesticide-treated fields and had occupational exposure were more likely to develop personality disorders. Paraquat, rotenone, 2,4-D, and various dithiocarbamates and organochlorines, among other pesticides associated with PD, have been shown to cause experimental Parkinsonism in laboratory studies, which may indicate causal effects [16,17]. The effect of pesticide exposure on PD risk can be amplified by genetically determined impairment in toxicant handling, which is an example of gene-environment interaction. Conversely, the adoption of healthy eating habits or maintaining a good diet can protect against the negative consequences of pesticide exposure [18,19]. The use of chlorinated solvents such as trichloroethylene, perchloroethylene, and carbon tetrachloride in activities like dry cleaning, degreasing, anesthesia, and viscose rayon manufacturing, as well as the former use of polychlorinated biphenyls as coolants and lubricants, has been associated with an elevated risk of PD and toxicity related to Parkinsonism in animal models [20,21]. It is important to note that organic chemicals and pesticides, including 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), not only directly harm DA neurons but also cause persistent damage to the central nervous system (CNS), specifically affecting DNA methylation and triggering additional inflammatory responses in the brain tissue [22,23]. Therefore, it can be seen that chronic systemic pesticide exposure reproduces the characteristics of PD.

Life style

Many lifestyle factors were associated with a reduced risk of PD [24]. These include hyperuricemia and the use of tobacco and coffee, while higher PD risk is associated with high milk consumption, high iron intake, and traumatic brain injury (TBI) in men. Interestingly, some negative risk factors appear to have neuroprotective effects and may be beneficial for patients with early PD, especially in terms of uric acid, smoking (nicotine), and caffeine. Uric acid (UA), a byproduct of purine synthesis, possesses strong antioxidant properties. Animal studies have demonstrated that UA can protect DAergic neurons by regulating neuroinflammation and oxidative stress. It was found that among all non-communicable diseases (cardiovascular and cerebrovascular diseases, diabetes, cancer), the number of smokers was higher than that of non-smokers, except for PD [25].

Epidemiological studies consistently report significantly reduced risks of PD in individuals who have smoked cigarettes at any point [26], possibly due to reduced nicotine responsiveness in PD patients. Nicotine, found in tobacco, shows potential as a treatment for PD. It influences the activity of the striatum and behaviors mediated by the DAergic system through the activation of nicotinic acetylcholine receptors (nAChRs) on DAergic terminals and modulation of DA release [27]. Additionally, nicotine may delay the development of PD by inducing the expression of cytochrome P450 (CYP) metabolic enzymes in the brain, which inactivates neurotoxins [28]. Caffeine, a substance commonly found in coffee and tea, has been the subject of extensive research in the field of neurodegenerative diseases [29]. Its neuroprotective effects are believed to be due to its ability to block adenosine 2A (A2A) receptors in the brain. These receptors are currently being investigated as a potential target for anti-parkinsonian therapy.

These factors hold promise for early diagnosis and intervention to delay PD progression. However, it is not recommended to limit milk consumption based on the currently available evidence for preventing PD, although more research is needed, particularly considering the sex differences observed [30]. Iron, when present in excess, can generate free radicals, participate in lipid peroxidation, and contribute to neurodegeneration. It also appears to enhance the neurotoxicity induced by MPTP, and accelerate α-syn fibrillation and deposition [31]. There are overlapping pathological features between TBI and PD, including neurodegeneration, protein misfolding (α-syn, APP, tau, TDP43), and persistent inflammation [32]. Lifestyle factors can have additive effects on the development of PD, pointing towards a potential approach for disease prevention.

Genetic factors

For nearly a century, it was believed that PD had no genetic links. However, a few decades ago, extensive studies on PD patients using linkage analysis revealed mutations in multiple genes [33]. These genetic mutations, as presented in Table 1, are associated with familial PD. Despite the recent progress in our comprehension of the genetic aspects of PD, the exact underlying causes of PD remain incompletely understood. The majority of PD cases (~95%) are considered sporadic, meaning they occur randomly without a clear genetic cause, and are believed to result from a combination of genetic susceptibility and environmental factors. Despite their distinct origins, both sporadic and monogenic (caused by a specific genetic mutation) PD cases display similar biochemistry, pathology, and clinical characteristics. Further information about the PD-associated genes can be found in Table 1.
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Mitochondrial Dysfunction and Oxidative Stress & PD

Mitochondrial complex I dysfunction: implications for oxidative stress and PD

Mitochondria play a vital role in cell energy production by producing adenosine triphosphate (ATP) through respiration and oxidative phosphorylation (OXPHOS) [44]. Recent studies suggest that mitochondria are also responsible for generating reactive oxygen species (ROS), which can lead to oxidative stress within the cell. During oxidative phosphorylation, the electrons from nicotinamide adenine dinucleotide (NADH) are transferred through complex I (NADH-quinone oxidoreductase) for oxidation. The administration of rotenone leads to the degeneration of DAergic neurons, however, this toxicity can be mitigated by methylene blue, an alternative electron carrier that circumvents the blockade of complex I/III. This emphasizes the significance of complex I deficiency in the toxic effects induced by rotenone [45]. It is well-known that disruptions in DA homeostasis can impact mitochondrial function. For instance, the modification of DA can inhibit mitochondrial respiratory chain complexes [46]. The SN region of the brain, where DAergic neurons are located, is particularly vulnerable to complex I dysfunction due to the production of ROS during DA metabolism [47]. Therefore, it is possible that impairments in the mitochondrial respiratory chain, particularly deficiencies in complex I, as well as the resulting increase in ROS production, may play a role in the development of sporadic PD, either indirectly or directly.

Many research studies have demonstrated an elevation in oxidative stress levels in PD. The onset of PD is closely linked to an increase in oxidative stress. The inhibition of respiratory chain activity in the SN pars compacta (SNpc) area of PD is associated with the production of ROS and the triggering of apoptosis [48]. Various enzymes, such as monoamine oxidase (MAO), L-amino acid oxidase, and tyrosine hydroxylase, participate in DA metabolism and the generation of ROS [49]. In the normal physiological process, MAO produces hydrogen peroxide (H2O2) in PD, which is then converted to hydroxyl radicals (OH-) by iron through the Fenton reaction. Hence, both H2O2 and OH- contribute to ROS production [50]. The presence of H2O2 and OH- leads to the oxidation of glutathione (GSH) in the cytoplasm, resulting in GSH leakage in PD [51]. The leakage of GSH molecules leads to the formation of glutamyl peptide and cysteine from glutamic acid and cysteine. These peptides are harmful to DAergic cells as they penetrate through the cell membrane and activate ROS in DAergic neurons. Consequently, these peptides downregulate the activity of mitochondrial complex I, leading to increased production of ROS and heightened oxidative stress [52]. Furthermore, oxidative stress promotes protein carbonylation, an irreversible and irreparable modification. Carbonylation contributes to cellular senescence, which leads to the aggregation of proteins. Protein aggregation is a primary pathological characteristic of nigrostriatal DAergic neurons in PD and induces neuroinflammation and oxidative stress [53].

Mitochondrial DNA mutations

Mitochondrial DNA (mtDNA) is a crucial component in cell structure and function, as it is the only genetic material outside the nucleus with an impact on genetics. Unlike nuclear DNA, mtDNA lacks introns and any mutations occurring in it can affect vital functional regions in the genome [54]. MtDNA is responsible for encoding four enzyme complexes involved in the OXPHOS process. As a result, mutations in mtDNA can directly disrupt the OXPHOS process, leading to decreased mitochondrial respiratory function and energy synthesis. This, in turn, affects brain tissue function and causes degenerative changes [55]. Moreover, mtDNA is located near the inner mitochondrial membrane, where OXPHOS generates ROS. Due to the absence of histones and repair mechanisms, mtDNA is highly susceptible to oxidative damage and mutations. Mutations in mtDNA can lead to defects in its encoded complex and electron transport chain (ETC), resulting in an increased production of ROS, and establishing a harmful cycle [56]. Consequently, mtDNA mutations accumulate over time. The oxidative stress induced by ROS and free radicals causes the degeneration and death of DAergic neurons in the SN, which is closely associated with the development of PD.

Mitochondrial dysfunction and oxidative stress in monogenic PD

The majority of PD cases result from the intricate interplay between environmental and genetic factors. However, it is worth noting that a significant portion of individuals exhibit clear familial inheritance patterns. Research on gene decoding has revealed that mutations in genes such as SNCA, PARKIN or PRKN, PINK1, DJ-1, LRRK2, and others [57] are responsible for familial PD. Additionally, mitochondrial dysfunction and oxidative stress associated with familial PD have been compiled in Table 2.
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Inflammation and PD

Inflammation appears to be involved in the pathophysiology of PD, and research has demonstrated its significant impact on the development of the disease [70]. During the progression of PD, inflammation triggers the activation of apoptosis pathways in DAergic cells [71]. This relationship between inflammation and PD is mutual, as inflammation leads to the death of DAergic cells, which in turn stimulates further inflammation through a vicious feedback loop [72]. Additionally, inflammatory factors induce oxidative stress, forcing DAergic cells to activate signals that promote cell death [73]. The CNS consists of neurons and glial cells, including microglia, oligodendrocytes, and astrocytes. When a foreign pathogen enters, glial cells (astrocytes and microglia) are activated, and excessive activation of these cells triggers the release of various neuroinflammatory markers, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), nitric oxide (NO), and cyclooxygenase-2 (COX-2).

Microglia can sense and respond to neural activation, while also providing a negative feedback mechanism to counter excessive neural activity. This unique microglia-mediated neuromodulation mechanism plays a crucial role in protecting the brain from disease invasion. Moreover, inhibiting the conversion of A1 astrocytes by microglia is neuroprotective in PD models [74]. The nuclear factor kappa-B (NF-κB) pathway is mainly responsible to produce proinflammatory enzymes and cytokines in microglia [75]. One of the proinflammatory cytokines, TNF-α, can induce apoptosis through the activation of caspases 1 and 3 via its TNF-R1 receptor death domain [76]. TNF-α, a pro-inflammatory molecule, can decrease the expression of c-Rel–NF-κB, which has a neuroprotective effect on DA neurons by inhibiting apoptosis through the B-cell lymphoma-extra-large pathway. The signaling pathway of interferon-γ (IFN-γ)–interferon-gamma receptor 1 (IFNGR) can phosphorylate the protein LRRK2, which plays a role in various cellular processes in microglia and DA neurons. When LRRK2 is activated, it suppresses the expression of c-Rel–NF-κB. As a result, the insufficiency of c-Rel–NF-κB leads to increased inflammation [77,78]. In PD, high levels of C-X-C motif chemokine receptor 4 (CXCR4) (also known as fusion) and its ligand C-X-C motif chemokine ligand 12 (CXCL12) are found. The interaction between CXCR4 and CXCL12 activates caspase 3, causing neural cell death through apoptosis [79,80].

Additionally, the presence of specific α-syn conformations triggers the activation of microglia, leading to an immune response that involves increased expression of toll-like receptors (TLR) and proinflammatory mediators. This immune response includes excessive microglia activation, changes in the composition and phenotype of T lymphocytes, and an increase in B lymphocyte-produced antibodies. These immune cells from the periphery may actively contribute to the progression of neurodegeneration [81].

Protein aggregation and misfolding

Protein misfolding and subsequent aggregation are common underlying factors in neurodegenerative diseases. Proteins usually fold into a specific three-dimensional structure to carry out their functions effectively. Misfolding can be caused by genetic mutations, mistranslation, environmental factors, ionic strength, pH, metal ions, oxidation-reduction reaction (REDOX) state changes, and protein concentration. In PD, the formation of cytoplasmic LBs and the premature death of DA neurons in the midbrain SN are characteristic features. Familial PD can be caused by mutations in the α-syn and Parkin genes, leading to the deposition of α-syn and Parkin proteins in LBs [82]. Mutations in the α-syn gene increase the number of protein oligomers, promoting LBs formation. Oxidative stress, Aβ, and mitochondrial inhibitors also contribute to the production of α-syn polymers. Additionally, α-syn binds to the S6’ subunit of the 19S CAP on the 26S proteasome, inhibiting proteasome function and hindering synuclein degradation. Parkin mutation affects α-syn metabolism, leading to its accumulation. Furthermore, Parkin aids in removing proteins with abnormal configurations in the endoplasmic reticulum (ER) [83]. Hence, Parkin mutation allows the accumulation of α-syn and other misfolded proteins, leading to intracellular aggregation. DA neurons are especially vulnerable to α-syn and Parkin mutations due to their increased oxidative damage during DA metabolism. It is important to highlight that while protein misfolding and aggregation are key aspects of PD, the disease’s pathogenesis involves a combination of genetic and environmental factors. Here, we discuss the role of protein misfolding and aggregation (α-syn, PARKIN, PINK1, DJ-1, and LRRK2) in PD (Table 3).
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Neurotrophic factors and PD

Neurotrophic factors (NFs) possess the ability to nourish neurons, stimulate axon regeneration, and regulate microglia. Insufficient NF levels in the SN and striatum can result in the degeneration and necrosis of DA-producing neurons, leading to the clinical symptoms of PD. Various NFs have been identified, including brain-derived neurotrophic factor (BDNF) [90], glial cell line-derived neurotrophic factor (GDNF) [91], ciliary neurotrophic factor (CNTF), nerve growth factor (NGF), fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and insulin-like growth factor 1 (IGF-1) [92]. NFs play a crucial role in maintaining normal neuronal functions, participating in nerve cell differentiation, preventing neuronal degeneration and death, regulating calcium balance, enhancing resistance to free radicals, improving the catalase system, and inhibiting the absorption of 6-hydroxydopamine (6-OHDA) by nerve fibers. Notably, neurotrophic factors, especially NGF, interact with local microglia and infiltrating immune cells to modulate immune responses [93].

Cell-Death Pathways

Ferroptosis and PD

Ferroptosis is a regulated cell death pathway that is dependent on iron and involves the accumulation of lipid peroxidation (LPO). It shares various characteristics with the pathophysiology of PD. Previous studies have demonstrated that iron accumulation is implicated in the progression of PD. Inhibition of ferroptosis has shown protective effects in PD cells and animal models [94,95]. PD patients also exhibit significant accumulation of LPO, primarily due to iron-mediated cell death caused by prolonged exposure to excessive free radicals from certain neurotoxic substances [96]. Additionally, PD neurons demonstrate excessive iron and LPO accumulation, as well as decreased levels of glutathione (GSH), xCT, DJ-1, and coenzyme Q10, indicating a strong correlation with ferroptosis [97]. Reduced GSH levels render neurons susceptible to oxidative stress and free radical damage. In PD, the downregulation of the xCT gene results in the downregulation of System Xc and subsequently decreases GSH levels. This process ultimately leads to increased oxidative stress, which contributes to the damage of dopaminergic neurons [98]. It is interesting to note that α-syn, a protein closely associated with PD, has been implicated in the regulation of both iron and lipid metabolism. This suggests a potential interaction between dysregulated α-syn and other PD-related pathological features related to ferroptosis [97]. In PD, elevated levels of iron have been particularly observed in glial cells and DAergic neurons in the SNpc, with the severity of the disease correlating to the iron levels [99]. This has been confirmed through iron-sensitive high-field magnetic resonance imaging (MRI) [100], quantitative susceptibility mapping (QSM) analyses, as well as postmortem tissue studies, and is supported by numerous animal models of PD [101]. The abnormal iron accumulation in PD is likely a result of imbalances in the iron homeostatic pathway, which are caused by alterations in iron regulatory proteins. Patients who carry mutations in these iron-related proteins, which are strongly associated with PD, show a higher risk of developing the disease, with connections to macroautophagy (SNCA, LRRRK2, DJ-1, VPS35), chaperone-mediated autophagy (CMA) (SNCA, LRRRK2, DJ-1, VPS35), and mitophagy (SNCA, PARKIN, PINK1, LRRK2, FBXO7, VPS35), and downstream lysosome dysfunction have an increased a risk of developing PD [102]. Indeed, there is growing evidence suggesting a significant association between ferroptosis and the onset and progression of neurodegenerative diseases. Moreover, various ferroptosis inhibitors, including iron chelators, free radical scavengers, and antioxidants, have shown promise in counteracting the pathological mechanisms involved in neurodegenerative diseases to some extent. Consequently, potential therapeutic targets are being investigated, particularly in the realms of iron metabolism, lipid metabolism, and amino acid metabolism, due to their implications in ferroptosis and its role in neurological disorders. These avenues hold promise for developing novel interventions against neurodegenerative diseases. The spread of the 2019 novel coronavirus disease (COVID-19) also accelerates the onset of PD symptoms and increases the activity and mortality rate of PD patients, thereby increasing the complexity of PD. Furthermore, there have been reports indicating that the combined occurrence of ferroptosis, cytokine release, neuroinflammation, and oxidative stress can have a detrimental impact on the prognosis of individuals with co-infections of COVID-19 [103]. This phenomenon presents new challenges in the development of potential therapeutic interventions for neurodegenerative diseases such as PD.

Autophagy and PD

A significant cluster of genes linked to familial and lysosomal function has been identified [104]. In PD, disruptions in autophagy pathways can result in the buildup of proteins and the formation of inclusion bodies in the cytoplasm. Autophagy is thought to play a role in the breakdown of α-syn fibrils, involving both the autophagy-lysosome and ubiquitin-proteasome systems (UPS). Certain proteins associated with PD also contribute to autophagy. For instance, the presence of mutated LRRK2 in neuroblastoma cells leads to axonal shortening and the formation of autophagic vacuoles [105]. Additionally, PARKIN and PINK1, encoded by recessive genes linked to PD, can cause mitochondrial damage, and promote autophagy [106]. Modulating autophagy levels by activating autophagy or enhancing lysosomal activity can reduce the accumulation of α-syn and damaged organelles, thereby inhibiting neuronal degeneration and necrosis. These findings provide valuable insights for the development of potential therapeutic interventions for PD.

Apoptosis and PD

Apoptosis refers to a regulated process of cell death which is marked by distinct alterations in cellular morphology, such as cellular shrinkage, nuclear condensation, and DNA degradation. In PD, indications of apoptotic cell death have been documented in both neuronal and non-neuronal cells. Various studies, including postmortem examinations, animal models, and in vitro cultures, have detected DNA fragmentation and characteristic morphological changes in the brains of PD patients, particularly in the nigrostriatal region. These findings suggest the presence of apoptotic cell death and a proapoptotic environment in PD [107]. Oxidative stress, imbalance of Ca2+ homeostasis, mitochondrial damage, and regulation of proteins such as B-cell lymphoma-2 (Bcl-2), Bcl2-associated X (Bax), and caspase 3 are important processes in the apoptosis of DAergic neurons in the SN [108]. Oxidative damage, calcium homeostasis imbalance, and mitochondrial damage can be initiated individually or in combination during the process of DAergic neuron apoptosis in the SN and are a common pathway for many apoptosis-inducing factors. The three mechanisms are often interrelated and mutually causal. The intracellular regulation of apoptosis is an extremely complex process, in which ROS, Bcl-2, Bax, and caspase 3 all play important roles. The core link may be the inhibition of mitochondrial respiratory chain complex I by toxins, oxygen free radicals, and active ions in the internal and external environment, which reduces ATP and GSH in cells, disrupts Ca2+ balance, causes calcium overload, increases the production of free radicals in the respiratory chain, reduces the ratio of Bcl-2 and Bax proteins, and activates caspase 3 to jointly participate in the regulation of cell apoptosis, ultimately leading to the apoptosis of DAergic neurons [109].

Gut Microbiota and PD

The gut microbiota and PD are closely linked. Changes in the composition and abundance of gut microbes, known as dysbiosis, can impact both the enteric nervous system and the CNS. Research has shown that gut microbes can communicate with the CNS and enteric nervous system through various pathways, including metabolites, hormones, the immune system, and afferent nerves. This communication occurs via the “microbial-gut-brain axis” and contributes to the development and progression of PD [110]. Comparisons between PD patients and healthy individuals have revealed differences in the composition of intestinal flora. PD patients tend to have decreased levels of prevotellaceae and lachnosperaceae, while levels of verrucomicrobiaceae (such as akkermansia) and lactobacillaceae are increased. Additionally, markers of intestinal inflammation, namely α1-antitrypsin, and zonulin, are significantly elevated in PD patients. These findings suggest that the gut microbiota may influence the pathogenesis of PD through intestinal inflammation [111]. Furthermore, the activation of colonic mucosal immunity via the toll-like receptor 4 (TLR4) signaling pathway may trigger the spread of α-syn lesions from the gut to the brain along the gut-brain axis, leading to neuroinflammation and neurodegeneration in PD [112].

Association of PD with Other Diseases

COVID-19 and PD

The COVID-19 pandemic, caused by the outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has disrupted all aspects of life in an unprecedented way. The prospect of returning to normalcy feels distant. Extensive discussions have arisen regarding the potential neurological consequences of COVID-19 and its impact on patients with neurodegenerative disorders, such as PD. The virus can potentially affect the CNS through various mechanisms [113]. It can directly invade the brain by spreading through infected neurons, including the olfactory nerve, ocular epithelium, and neurovascular endothelium. Alternatively, it can enter the brain via infected white blood cells crossing the blood-brain barrier during circulation to highly vascularized brain tissues. PD patients are at a higher risk of contracting COVID-19 due to their age and multiple comorbidities. The disease can easily trigger a systemic inflammatory response [114,115]. Moreover, COVID-19 may worsen PD symptoms by interacting with the dopamine-dependent system in the brain, leading to respiratory and cardiac issues. This increases the vulnerability of PD patients to COVID-19 infection.

COVID-19 infections frequently exacerbate symptoms of PD [116]. Although the exact mechanism behind this remains uncertain, potential factors such as alterations in cerebral dopamine metabolism, changes in pharmacodynamics, and direct effects of endotoxins have been proposed [117]. Severe infections like COVID-19 directly impact the motor symptoms associated with PD. In a study, all eight patients infected with COVID-19 experienced a worsening of their Parkinson’s symptoms either before or after infection [118]. A community-based case-control study compared twelve PD patients with COVID-19 to 36 COVID-negative individuals matched for age, sex, and disease, and found that the COVID-19 group experienced a deterioration in levodopa-responsive motor symptoms and an increase in daily OFF-time [119]. Anxiety is the most common neurological and psychiatric complication in PD patients. Quantitative analysis of anxiety levels in Iranian PD patients and age-matched individuals from the general population during the pandemic revealed that 25.5% of cases and 4.8% of the control group experienced severe anxiety [120]. There exists a strong correlation between the severity of anxiety in individuals with PD and their apprehension towards contracting the COVID-19 virus. This correlation is notably higher compared to the control group. Recently, large-scale online studies, such as Fox Insight, have been utilized to evaluate the impact of the pandemic on PD patients. By analyzing data from 5429 PD patients (including 51 individuals who tested positive for SARS-CoV-2), it was discovered that among those infected, 18% reported experiencing new motor symptoms, while 55% reported a worsening of at least one pre-existing motor symptom [121]. Additionally, there were observed occurrences of new or intensified non-motor symptoms, including emotional (71%), cognitive (49%), sleep-related (62%), and autonomic dysfunction (38%). The evidence is therefore substantial in supporting the notion that SARS-CoV-2 directly and indirectly affects both the motor and non-motor symptoms of PD [122]. As a result, these indirect effects of COVID-19 may prove more detrimental to PD patients than the actual virus itself.

There is a hypothesis suggesting that infection with SARS-CoV-2 could contribute to the progression of neurodegeneration. Similar to PD, it is possible that during SARS-CoV-2 infection, there is an increase and buildup of α-syn, which could lead to widespread neurodegeneration. Moreover, α-syn activates TLR4, a receptor presents on microglia and astroglia, resulting in chronic neuroinflammation and proinflammatory activation, thereby further promoting the degeneration of dopamine-producing neurons in PD. The proteins of SARS-CoV-2 interact with host proteins involved in pathways related to aging, causing disruptions in mitochondrial function, autophagy, ER stress, proteostasis, and inflammation. This suggests that SARS-CoV-2 infection may exacerbate the abnormal folding and aggregation of proteins. Additionally, Wu et al. [123] proposed that SARS-CoV-2 RNA has a selective impact on mitochondria, impairing their function and leading to reduced energy production and increased generation of ROS. The entry of SARS-CoV-2 primarily occurs in lung cells through the binding of its spike protein to the angiotensin-converting enzyme 2 (ACE2). Downregulation of ACE2 expression further decreases DA levels in the blood of COVID-19-infected PD patients, resulting in motor symptoms such as tremors and coordination issues [124]. Research has shown that SARS-CoV-2 can directly damage nerve cells. First, high expression of ACE2 can be observed in the neurons of the cerebral cortex. SARS-CoV-2 can regulate ACE2 expression in cerebral cortical neurons to further control the biosynthesis of DA decarboxylase (DDC), thus affecting the progression of PD. DDC is an enzyme that regulates the synthesis of DA, serotonin, and histamine. Therefore, a decrease in serotonin secretion in cerebral blood vessels can be observed in certain ACE2 knockout mice [125]. The inflammatory response caused by SARS-CoV-2 is also considered one of the mechanisms by which COVID-19 exacerbates the symptoms of PD. Previous studies have found that systemic inflammatory responses may be one of the mechanisms that worsen PD symptoms [126], In COVID-19 patients, major immune indicators such as C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and D-dimer are significantly increased [127]. α-syn is an important component of LBs formed in the brains of PD patients, and inflammation may promote the accumulation of α-syn in the brain [128]. Further accumulation of α-syn promotes the progression of PD and exacerbates existing symptoms. Other pathological mechanisms include oxidative stress, genetic susceptibility, and cellular homeostasis imbalance.

As a result, PD patients are more susceptible to COVID-19 infection and vice versa. Finding effective prevention and treatment methods for both PD and COVID-19 will present a greater challenge. Because PD patients are mostly middle-aged and elderly, and a majority of PD patients have multiple chronic illnesses, this undoubtedly increases their susceptibility to viruses, exacerbating the difficulties in late-stage treatment and prognosis recovery. Therefore, it is of great significance to enhance research on the interaction between COVID-19 and PD, as it relates to the prevention, treatment, and rehabilitation of PD patients with concurrent COVID-19 infection.

Diabetes mellitus and PD

Diabetes mellitus (DM) is a common metabolic disease characterized by insulin resistance and impaired pancreatic β-cell function. At present, the incidence of DM is increasing rapidly worldwide [129]. With the change of high-sugar and high-energy diet in contemporary young people, it can be found that there are more and more patients with DM and PD, while the quality of life of Parkinson’s patients was often on the low side, especially after cognitive impairment in the later stage of the disease, patients have a higher risk of depression. Cognitive impairment is a common nonmotor symptom of PD, and as the disease progresses, cognitive abilities such as memory, attention, and executive function may decline. This decline in cognitive ability can affect the quality of life of patients and increase the risk of depression. Depression is a common neurological and psychiatric symptom of PD. Depression symptoms can worsen the motor function of PD patients, while motor symptoms and the life pressure of chronic disease patients can lead to the development of depression [130,131]. DM is a metabolic disorder associated with an increased risk of cognitive impairment and dementia. Chronic high blood sugar levels and insulin resistance can lead to brain inflammation, oxidative stress, and vascular damage, all of which are risk factors for cognitive decline. DM may increase the risk of PD [132].

Managing the blood glucose levels and metabolic health of PD and DM patients may be important for optimizing treatment outcomes and slowing disease progression. Therefore, understanding the potential relationship between DM and PD will be beneficial to clinical disease management. And it has instructive significance for individualized treatment. The pathophysiology of both DM and PD is regulated by genetic and environmental factors. Currently, several potential shared pathological mechanisms are well known, such as protein misfolding, insulin resistance, mitochondrial dysfunction, oxidative stress, chronic inflammation, vitamin D (VD) deficiency, microbial dysbiosis in the gut, and alterations in transcription factors associated with glucose metabolism and insulin regulation.

DM and PD involve the misfolding and deposition of amyloid-like proteins. In diabetes patients, pancreatic β-cells secrete islet amyloid polypeptide (IAPP) to regulate insulin secretion. Fibrous forms of IAPP deposit in the islets of diabetes patients, leading to pancreatic β-cell dysfunction [133]. In PD patients, misfolded α-syn deposits in the cytoplasm of DAergic neurons, form LBs, which are a hallmark pathological feature of PD [82]. Recent studies on IAPP and α-syn have found cross-reactivity between these two proteins, demonstrating that IAPP in type 2 diabetes mellitus (T2DM) can promote α-syn aggregation [134]. Phosphorylated aggregates of α-syn have been detected in pancreatic β-cells of the majority of patients with PD or T2DM. These α-syn deposits show co-localization and interaction with islet amyloid polypeptide (IAPP). Additionally, a separate study suggests that insulin-degrading enzyme (IDE) can impede the aggregation of α-syn by binding to α-syn oligomers. However, in T2DM patients with insulin resistance, IDE is competitively inhibited, resulting in the promotion of α-syn fibril formation. This process may increase vulnerability to PD or exacerbate the progression of the disease [135].

Insulin receptors are present in the basal ganglia [136] and SN [137], which are the brain regions primarily impacted in individuals with PD. Studies conducted using rodent models have demonstrated that insulin resistance can result in diminished expression of DA transporter in the striatum [138], reduced DA turnover [139], and impaired insulin-dependent release of DA in the striatum. Insulin exerts its effects by binding to insulin receptors, not only in the periphery but also in the CNS. Insulin resistance is a pathological state where cells are unable to perceive insulin and respond to it normally. A study in 1996 analyzed the mRNA levels of insulin receptors in the SN of PD brains and found a decrease in insulin receptor mRNA compared to the control group, which may be related to neuronal loss in the SN [140]. Morris et al. also found in their study on cerebral functional imaging in elderly individuals that patients with PD had increased insulin resistance in the cerebral region compared to normal individuals [141]. In individuals with T2DM, insulin resistance can potentially contribute to the creation of advanced glycation end products (AGEs) [136], which can also form in brain areas like the SN. AGEs interact with their receptor (RAGE), triggering downstream pathways that result in oxidative stress, inflammation, and neuronal cell death [142]. Remarkably, AGEs have been found to co-localize with α-syn in LBs) [143]. The glycation of α-syn can potentially worsen the progression of PD through various mechanisms.

Mitochondria play a key role in electron transport and oxidative phosphorylation. In T2DM, some studies have found that the production of ROS in muscle tissue of hyperglycemic mice was related to the damage of muscle mitochondria, while antioxidant therapy and control of blood glucose normalization can restore normal mitochondrial function [144]. When ER is subjected to oxidative stress, it will lead to misfolding or even dysfunction of proteins, and protein accumulation can enhance the oxidative stress of ER at the same time. PARKIN and PINK1 are proteins encoded by two recessive genes associated with PD, which can cause mitochondrial damage and promote autophagy, autophagy disorders lead to protein accumulation. Both ER and mitochondria are involved in lipid and glucose metabolism, and when these organelles are subjected to oxidative stress, they are likely to develop into DM [145,146]. When there is dysfunction in mitochondrial proteins, oxidative stress [147] and cell death [148] tend to increase. In rodent models, MPTP selectively blocks complex I, the initial enzyme in the mitochondrial respiratory chain pathway, which leads to neuronal cell death and neurodegenerative alterations resembling PD [149]. The features of mitochondrial dysfunction may be comparable in both T2DM and PD. Impaired insulin signaling in PD has been shown to increase oxidative stress [150], and a recent study revealed that chronic insulin resistance in diabetic db/db mice can cause mitochondrial damage and degeneration of DAergic neurons [151]. While the precise mechanisms linking mitochondrial dysfunction, oxidative stress, and PD remain uncertain, their involvement is likely significant in the development of PD and may have connections to T2DM [152].

In the CNS, microglial cells are the major cells involved in immune regulation and inflammation. Under various neuroinflammatory stimuli, resting microglial cells can be activated and differentiated into two phenotypes: pro-inflammatory M1 and anti-inflammatory M2. Animal experiments have suggested that in early PD animal models, both M1 and M2 phenotypes coexist, but as the disease progresses, the M1 phenotype starts to dominate [153]. Studies have also indicated that PD patients exhibit more severe imaging manifestations of cranial inflammation compared to healthy individuals [154]. In addition to imaging findings, Liu et al. found that some inflammatory markers, such as IL-2, IL-6, and TNF-α, are significantly elevated in the body fluids of PD patients compared to normal individuals [155]. In DM patients, insulin resistance can lead to the accumulation of glycated end products, which can activate downstream inflammatory reactions by binding to their receptors and also aggregate in the α-syn adjacent to synaptic nuclei, affecting their aggregation and toxicity [143]. Insulin resistance impacts the activation of microglial cells and the generation of neuroinflammation via the NF-κB and phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB or AKT) pathways. The PI3K/AKT pathway regulates microglial cell activation and the expression of inflammatory mediators [156]. Elevated levels of proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, have been detected in the brain, cerebrospinal fluid, and blood of PD patients. Inflammation also contributes to the development of type 2 diabetes mellitus (T2DM). The levels of immune cells, cytokines, and chemokines are increased in the islets of T2DM patients [157]. Islet inflammation is considered a potential factor responsible for impaired insulin secretion and reduced β-cell function in diabetic patients.

VD deficiency was associated with T2DM, insulin resistance, and metabolic syndrome [158], while some VD receptor polymorphisms are associated with PD. It was found that there was a difference in the expression of this receptor in blood cells of patients with PD compared with the control group and VD intake improves motor symptoms associated with PD. Several possible therapeutic mechanisms have been proposed, in addition to immunomodulatory effects in the brain [159], VD may regulate the expression of GDNF, which can improve motor symptoms in patients with PD. Some metabolic pathways are regulated by regulating transcription factors. For example, recombinant peroxisome proliferator-activated receptor gamma (PPAR-γ) and its coactivator-1α (PGC-1α) regulate gluconeogenesis gene expression and oxidative metabolism [160]. Interestingly, PGC-1α was associated with neuroprotection in several neurodegenerative diseases, including Huntington’s chorea (HD) and PD [161]. In PD, elevated PGC1-α levels protect cultured nerve cells from oxidative stress. A study found that in animals with a high-fat diet, PPAR-γ signals in the brain regulate food intake, energy consumption, and liver insulin activity, suggesting that brain PPAR-γ may regulate liver insulin sensitivity directly through brain-liver axis-mediated pathways [162].

In general, these studies have shown that there was a common pathway between DM and PD, but the factors that mediate metabolic syndrome and neurodegeneration are both complex and similar. it was difficult to determine which factors are the main determinants of neurodegeneration.

Cancer and PD

Cancer and neurodegenerative disorders collectively impact approximately 41.3 million individuals globally and pose significant health challenges [163,164]. These two groups of diseases appear to be associated with contrasting cellular fate phenotypes, which contribute to their pathological progression. While cancer is characterized by heightened cellular proliferation and resistance to apoptosis, neurodegeneration entails the gradual demise of neuronal cells. PD and cancer share several common risk factors, including aging, DNA damage caused by oxidative stress, metabolic dysregulation, and exposure to environmental chemicals [165]. In biological research, certain interesting phenomena have been discovered. Cancer is a disease characterized by uncontrolled cell proliferation, while the characteristic of PD is abnormal cell apoptosis [166,167] Research suggests that there may be two main connections between neurodegenerative diseases and cancer. On one hand, they share some genes or biological pathways such as the UPS and P53, which are abnormally regulated in different directions, leading to different diseases. On the other hand, they have similar pathological and physiological abnormal states, but they develop into different outcomes, including mitochondrial dysfunction, oxidative stress, and DNA damage [167]. Through these shared genes, biological pathways, and abnormal pathological and physiological states, it is speculated that some biological factors in PD patients may have a protective effect against cancer [166]. PD and overall cancer demonstrated an inverse relationship, particularly with colorectal cancer, lung cancer, prostate cancer, and bladder cancer. This inverse association was held for both cancers related to smoking and those unrelated to smoking. Additionally, PD showed a positive association with melanoma [168]. The dysregulation of glycosphingolipid metabolism, storage, and interaction with α-syn, along with mutations in the phospholipase A2, group VI (PLA2G6) gene that controls the synthesis of the core component ceramide in glycosphingolipids, are linked to both melanoma and PD [169]. Some genes associated with familial PD, such as PARKIN and ubiquitin C-terminal hydrolase L1 (UCHL1), are typically involved in cellular processing and clearance in nerve cells, but they also regulate the cell division cycle [170]. The UPS is the primary pathway for protein degradation in cells, responsible for degrading more than 80% of proteins in the cell. Various cellular physiological processes require the involvement of protein ubiquitination, such as protein transport, organelle generation, ER protein regulation, cell cycle processes, cell proliferation and differentiation, and cell apoptosis [171]. Research suggests that UPS plays a crucial role in PD and cancer, as dysfunction of UPS leads to protein accumulation and the formation of LBs in PD [171]. In contrast, in cancer, UPS function is usually upregulated [172].

A substantial body of evidence suggests shared genetic mechanisms between cancer and neurodegenerative diseases. Mutations in various genes that disrupt cell cycle regulation and protein turnover have been identified in both PD and cancer. Mitophagy, the process of eliminating damaged mitochondria, plays a crucial role in preserving neuronal function, regulating neuronal viability, and potentially reversing neurodegeneration. Mitochondrial dysfunction and autophagy are critical in the pathogenesis of PD, but their role in cancer is still unclear. Disruption of complex I and mitochondrial bioenergetics effectively prevents the proliferative capacity of colon cancer epithelial cells [173]. Mitochondrial metabolism and mitochondrial ROS production are critical for cancer cell proliferation and tumorigenesis [174]. PD and cancer share common pathways associated with mutations in mitochondrial proteins. An increase in DNA damage promotes cells to enter the cell division cycle, similar to what happens in tumor formation and neurodegenerative diseases. The “second-hit” theory in neurodegenerative diseases proposes that oxidative stress and mitotic abnormalities can drive neurons to enter the cell division cycle [175,176]. However, cancer cells can escape cell cycle checkpoints and undergo uncontrolled proliferation, while neurons can undergo mitosis but cannot complete it [177].

There is a growing body of evidence supporting the therapeutic targeting of mitochondria to induce neuroprotective and antitumor effects in PD and cancer. Mitochondrial-targeted drugs have been shown to enhance the production of ROS within mitochondria by inhibiting mitochondrial complexes in cancer cells, thereby activating anti-proliferative REDOX signaling mechanisms. The inhibition of OXPHOS through mitochondrial targeting drugs has been well-established as a key mechanism for antitumorigenesis in cancer. However, the ability of mitochondrial-targeted drugs to provide neuroprotection in PD, where complex I is already compromised, may seem paradoxical. Thus, the neuroprotective potential of mitochondrial targeting depends on the timing of administration and the progression of the disease. Fig. 3 and Table 4 show the expression of PD-related genes in cancer (TIMER database: http://timer.comp-genomics.org/timer/) and their biological functions in different diseases. We found that PD-related genes are low expressed in some tumors, which may be related to genetic mutations, epigenetic regulation, intracellular oxidative stress, mitochondrial dysfunction, and inflammatory response, all of which may lead to a decrease in the expression of these genes.
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Figure 3: The expression of Parkinson’s disease-related genes in cancer, including SNCA, PARK2, PINK1, PARK7, and LRRK2 (Red represents the tumor group, and blue represents the normal group. Compared with the normal group, *p < 0.05, **p < 0.01, ***p < 0.001).
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Ischemic heart disease and PD

Ischemic heart disease (IHD) is a leading cause of death and disability worldwide. The negative impacts of acute ischemia/reperfusion injury (IRI) on the heart contribute to the major clinical symptoms of IHD [189]. As a result, there is a need for novel therapeutic targets to protect the heart against IRI, limit the death of cardiomyocytes, preserve myocardial function, and prevent the development of heart failure. An interesting group of mitochondrial proteins associated with familial forms of PD may offer new targets for cardioprotection. The proteins PARKIN, PINK1, DJ-1, LRRK2, and α-syn, are crucial in preventing cell death in DAergic neurons of the SN, as well as being present in the heart. These proteins have various functions, including maintaining normal mitochondrial function, protecting against oxidative stress, mediating mitophagy, and preventing apoptosis [190]. Table 4 provides further details regarding the role of these PD proteins in the heart.

Therapeutic Drugs and Technologies & PD

Therapeutic drugs & PD

Conventional pharmacological treatments for PD include DA precursors such as levodopa and l-DOPA (l-3,4 dihydroxyphenylalanine), as well as other symptomatic treatments such as DA agonists (amantadine, apomorphine, bromocriptine, cabergoline, lisuride, pergolide, pramipexole, ropinirole, rotigotine), MAO inhibitors (selegiline, rasagiline), catechol-O-methyltransferase (COMT) inhibitors (entacapone, tolcapone), anticholinergic drugs (phenanthrol), and amantadine [188]. Several classic and novel natural products, such as Vicia faba, Mucuna pruriens, Siegesbeckia pubescens, Sophora flavescens, Carthamus tinctorius, Curcuma longa, Huperzia selago, Diphasiastrum complanatum, Erythrina velutina, Gynostemma pentaphyllum, Echinacoside, Centella Asiatica, Sulforaphane, Oleuropein, flavonoids, Ginsenosides, cyanidin-3-O-glucoside, caffeine, Resveratrol, and other polyphenols, have demonstrated potential efficacy in PD. They selectively protect DAergic neurons from cell death and provide additional benefits such as antioxidant, anti-inflammatory, and neurotrophic effects [191,192]. However, potential neuroprotective drugs such as ubiquinone, creatine, and PYM50028 have not shown any clinical benefits in recent highly anticipated clinical trials [193]. It was exciting to observe the progression of four trials into Phase 3, which included three disease-modifying therapies (DMT) aiming to slow down the progression of PD by targeting the underlying biology of the disease. These trials involved Lactobacillus, BIIB122, and buntanetap. Inflammation is considered to be a crucial factor in the progression of PD, and there are three ongoing trials in this area, all in Phase 1. These trials involve Biovie’s NE-3107 and two trials on sargramostim (leukine) being conducted at the University of Nebraska. It should be noted that some agents categorized under different classes also possess secondary anti-inflammatory properties, such as glucagon-like peptide-1 (GLP-1) receptor agonists. Additionally, there is an ongoing Phase 2 trial at Cambridge University investigating the anti-inflammatory azathioprine [194]. The pharmaceutical company Roche is also testing a novel anti-inflammatory agent, an NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome inhibitor called selnoflas [195].

The immunotherapy category, previously used for trials involving antibodies to α-syn, has been reclassified as the “targeting α-syn” category, to focus on projects that primarily aim at alpha-synuclein as a target. Within this category, there are five trials for antibody-based projects, with three different agents involved: prasinezumab (Roche), UB-312 (Vaxxinity), and UCB7853 (UCB). Additionally, there is a Phase 3 trial at Wayne State University using memantine to prevent the transmission of α-syn between cells. Other ongoing trials are focused on preventing the aggregation of α-syn using small molecule agents, such as Anle 138b from Modag. A notable highlight in this category is the Phase 3 study of buntanetap by Annovis Bio, which reduces the production of α-syn and consequently mitigates aggregation [196]. While a significant amount of attention has been given to directly targeting the pathology of α-syn, there is also some focus, albeit to a lesser extent, on drugs that target GBA and LRRK2-associated PD. One notable example is the development of BIIB122, an inhibitor of LRRK2, by Biogen and Denali, which is currently undergoing Phase 3 testing. In terms of trials targeting the microbiome/gastrointestinal tract (GIT), there is a focus on both symptomatic treatments (ST-improving or reducing symptoms) and DMT, including the testing of an antibiotic (rifaximin), fecal microbiota transfer, and probiotics. Additionally, there is a study investigating the enhancement of brain small-chain fatty acids through tributyrin supplementation, which mimics the natural production of small-chain fatty acids in the gut [197]. GLP-1 receptor agonists have also garnered increasing attention in the PD clinical pipeline. After showing promising results in early trials [198], multiple clinical trials are now exploring the potential of GLP-1 receptor agonists. This includes repurposing exenatide (currently undergoing Phase 3 trials in the UK) and lixisenatide, as well as research efforts by Neuraly (NLY-01) and Peptron (PT-320). However, the slow progress and limited number of agents advancing from Phase 2 to Phase 3 is a cause for concern. Nonetheless, various stakeholders are making collective efforts to speed up the clinical trial process and facilitate the development of new therapies for the PD community.

Therapeutic Technologies & PD

DBS

Deep brain stimulation (DBS) is a medical technique used to treat nervous system diseases. It involves the implantation of electrodes in specific nerve nuclei within the brain, using a stereotaxic instrument [199]. By applying low or high-frequency electrical stimulation, abnormal electrical activity in neurons can be inhibited, leading to the treatment of various diseases. In the case of patients with PD, the target nuclei for DBS are typically located in the basal ganglia or thalamus. DBS of the subthalamic nucleus (STN), globus pallidus internus (GPi), and ventral intermediate nucleus of the thalamus (VIM) is a distinct symptomatic treatment for PD [200]. This particular approach can enhance DA metabolism in the striatum, resulting in improved motor symptoms related to PD. However, it should be noted that VIM-DBS primarily addresses tremor symptoms and does not provide therapeutic benefits for symptoms like bradykinesia and rigidity. Hence, VIM-DBS is only suitable for PD patients experiencing tremor symptoms, and it cannot be utilized to address other therapeutic targets [201]. Conversely, DBS with STN and GPi is an effective option for improving motor symptoms and controlling long-term complications caused by levodopa therapy, such as end-dose phenomenon and dyskinesia.

Gene therapy

PD gene therapy has the potential to revolutionize treatment methods. Currently, there are various approaches such as nutritional factor gene therapy, targeting cerebral DA neurotrophic factor (CDNF), neurturin (NRTN), mesencephalic astrocyte-derived neural factor (MNAF), GNDF, and BDNF. Additionally, there is gene replacement therapy focused on crucial genes related to DA synthesis or key enzymes in the disease metabolic pathway, namely tyrosine hydroxylase (TH), aromatic acid decarboxylase (AADC), guanosine triphosphate cyclohydrolase-1 (GCH1), and glutamic acid decarboxylase (GAD). Furthermore, other genes like glucosylceramidase beta 1 (GBA1), PARKIN, LRRK2, SNCA, PINK1, DJ-1, VPS35, DnaJ heat shock protein family member C13 (DNAJC13), coiled-coil-helix-coiled-coil-helix domain containing 2 (CHCHD2), SLC6A, neuropeptide Y (NPY), and neuron restrictive silencing factor (NRSF) are also being investigated for their potential role in PD gene therapy [202].

Genome editing

Gene-editing technology aims to treat diseases by targeting specific populations of dysfunctional or improved cells. CRISPR-Cas9, a type of genome editing technology, has already reached the clinical trial stage for many diseases caused by a single gene mutation. In the case of PD, editing or regulating the expression of key genes known to be altered in PD, such as GDNF, PINK1, PARKIN, SNCA, or AADC, can help correct dysfunction in related biological pathways [174]. Stem cell-based therapies, including fetal mesencephalic tissue, mesenchymal stem cells (MSCs), and pluripotent stem cells (hPSC), such as embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC), are also being explored [203]. Genome editing holds promise as a new treatment option for both familial and idiopathic PD.

Optogenetics

Another emerging technology called optogenetics allows precise control of neural activity in specific cell populations by using light-sensitive ion channels (opsins) or G-protein-coupled receptors. Studies have shown that optogenetic treatment can improve the motor behavior of mice treated with 6-OHDA, a neurotoxin commonly used to model PD [204–206]. As an evolving field, optogenetics may offer viable treatment options for PD.

Chemogenomics

Designer receptors exclusively activated by designer drugs (DREADDs) are a modified chemical genetics platform based on G-protein-coupled receptors (GPCR). By modifying different GPCRs, synthetic proteins can be transmitted. These modified receptors can only be activated or inhibited by specific synthetic compounds, which then activate the corresponding GPCR signaling pathway, resulting in different changes in cell excitability. Research has shown that temporarily activating cholinergic neurons in the pedunculopontine tegmental nucleus (PPTg) using DREADDs in a rat model of PD, through the peripheral administration of the DREADDs ligand, clozapine-N-oxide (CNO), significantly improves motor symptoms [207]. DREADDs have been extensively used to map neuronal circuits in the CNS, providing control over specific neurons in terms of when and where they are activated or inhibited. This technology is emerging as a promising treatment for PD.

Acupuncture

Acupuncture is a cost-effective therapy originating from traditional Chinese medicine in China. It utilizes various techniques to promote health and treat diseases. Multiple clinical trials have shown that acupuncture provides substantial therapeutic benefits for patients with PD, effectively reducing both motor and nonmotor symptoms. Furthermore, acupuncture may help decrease the dosage and frequency of anti-PD medications and mitigate their side effects [208]. It can also reverse the degeneration of dopamine-producing neurons, slow down the progression of PD, and address various underlying factors such as mitochondrial dysfunction, oxidative stress, protein aggregation, impaired autophagy, and neuroinflammation [209].

Lipid nanoparticles

Nanomedicine refers to the use of nanosized particles in the field of health and medicine. It is an innovative approach that aims to treat diseases with greater accuracy and effectiveness. The main goal is to overcome the limitations of conventional drugs, such as instability, potential immunogenicity, poor solubility, and short plasma half-life [210]. There are some approved treatment methods available for managing PD symptoms, such as transdermal patches. For example, the transdermal patch containing rotigotine (Neupro) is used to relieve restless leg syndrome symptoms associated with PD, while selegiline (Emsam) is prescribed for depression. However, these treatments may also have certain side effects [211]. It is worth noting that lipid nanoparticles (LNPs) are not used in these formulations. One example of LNPs in therapeutics is the intravenous therapeutic patisiran (ONPATTRO), which has been approved for the management of polyneuropathy. LNPs are employed here to deliver a therapeutic short-interfering RNA (siRNA) [212]. However, a recent search of the National Institutes of Health (NIH) library for clinical trials conducted in the past decade showed that LNPs have not yet been extensively utilized as nanocarriers for treating PD. There is currently one Phase 1 study using liposomes, which began in 2021 and is expected to be finished by December 2022. This study aims to assess the safety of Talineuren, a therapeutic that combines GM1 (a monosialotetrahexosylganglioside), with a proprietary liposomal formulation [213]. In contrast, a study utilizing gold nanocrystals has already concluded [214]. Although the results have not been announced yet, they could potentially open up new possibilities for nano-based therapeutics and represent a significant milestone in the field of nanomedicine. However, further research is necessary to investigate the potential of LNPs in developing gene or drug-delivery systems for PD.

Stem cell therapy

Due to their ability to replicate and give rise to various cell types, stem cells have garnered significant interest as a potential solution for repairing damaged tissues. In the context of neurocognitive disorders characterized by dementia, such as AD and PD, stem cell therapy is increasingly being investigated as a potential treatment option. This innovative approach seeks to replace degenerated DAergic neurons with new ones or provide a new cell source capable of developing into DAergic neurons. Different types of stem cells, including induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs), neural stem cells (NSCs), and embryonic stem cells (ESCs), are being explored for transplantation therapies. Recently, disease-modifying strategies have been suggested, such as combining cell replacement therapies with other therapeutic approaches like using natural compounds or biomaterials, to modify the underlying neurodegenerative process [215].

Discussion

Numerous research studies utilizing various genetic and toxin models of PD have contributed to a better understanding of the disease’s development. This review highlights that exposure to pesticides and familial gene mutations can lead to mitochondrial dysfunction, which is linked to PD in humans and animals. Furthermore, lifestyle factors such as hyperuricemia, as well as tobacco and coffee use, have been found to reduce the risk of PD, possibly due to their impact on the release of DA. These studies consistently indicate that mitochondrial dysfunction is a common factor in both sporadic and monogenic PD, suggesting its significant role in the disease’s pathophysiology. Additionally, complex I deficiency, mtDNA mutations, and oxidative stress are also involved in the development of PD.

In PD patients and animal models, biochemical abnormalities in mitochondria, including complex I damage, decreased ATP synthesis, increased ROS production, mtDNA mutations, and impaired mitochondrial repair pathways, have been observed. Inflammation is another aspect closely associated with PD, with research indicating the involvement of microglia in inflammatory reactions, and their overactivation being a pathophysiological basis for PD. Protein misfolding, specifically α-syn protein, contributes to the formation of LBs and exacerbates PD progression. The loss of neurofilaments (NFs) is an important factor in the decline of brain function and neurodegenerative diseases [216]. NFs improve the nutrition supply to the nervous system, promote neuronal survival, regeneration, and differentiation, alleviate neurodegenerative changes, enhance neuroprotection, improve PD pathology, and reduce the risk of PD [217]. Among the various cell death pathways, including ferroptosis, autophagy, and apoptosis, lipid peroxidation, and protein aggregation play crucial roles. Recent studies have also revealed dysregulation of intestinal flora metabolites in PD patients [111]. The intestinal flora converts into various metabolites and neurotransmitters, such as short-chain fatty acids (SCFA), 5-hydroxytryptamine, nicotinamide, and bile acids, which reach the intestinal submucosa, enter the intestinal-liver circulation, pulmonary circulation, and systemic circulation, ultimately affecting the brain [218]. SCFA or lipopolysaccharides (LPS), which are produced by bacteria in the intestine, can affect the permeability of the intestinal walls and the blood-brain barrier (BBB). When the BBB is damaged, metabolites from the intestinal flora can enter the brain and cause neuroinflammation [219,220].

Patients with PD are at a higher risk of developing COVID-19, DM, melanoma, and IHD. This increased risk is likely due to inflammation, damage to mitochondrial function, oxidative stress, and certain genes such as PARKIN, PINK1, DJ-1, LRRK2, and α-syn [221–224]. Currently, the main treatment for PD involves the use of DAergic drugs, such as levodopa. These drugs supplement the levels of DA in the brain, which helps alleviate symptoms like tremors and muscle stiffness. However, DAergic drugs only provide symptomatic relief and cannot slow down the progression of PD. Additionally, their usage is limited by potential side effects. The research and development strategies for PD therapeutic drugs focus on improving existing DAergic drugs, developing new drugs that target newly discovered molecular targets, and exploring the potential therapeutic uses of existing medications. One area of focus is the investigation of new molecular targets, including nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [225], nuclear receptor-related 1 (Nurr1) [226], A2A [227], nicotine receptors, metabolic glutamate receptors (mGluRs) [228], and glucocerebrosidase (GCase) [229]. These targets provide direction for future research in PD therapeutics. Various therapeutic technologies, such as gene therapy, gene editing, optogenetics, chemogenetics, and physical stimulation therapy, are being explored, but they still have certain limitations.

Nanotechnology presents unique advantages in addressing these issues. Nanomaterials play dual roles as carriers for drug and gene delivery, exhibiting low biological toxicity, controlled drug release, and high drug capacity. They enhance drug stability and pharmacological properties through embedding or surface modification, with certain nanomaterials even displaying anti-inflammatory, anti-oxidant, and neuroprotective effects [230]. Nanotechnology holds great promise in supporting PD stem cell therapy and regulating neural activity. Its application in diagnosing and treating degenerative diseases of the CNS, including PD, is generating considerable interest [231,232]. The pathogenesis of PD is multifaceted, and it will still be a long-term challenge in future clinical treatment.

Pharmacological treatments for PD encompass medications that alleviate both motor and non-motor symptoms. The first type consists of drugs that elevate dopamine levels in the brain, such as levodopa. The second type comprises medications that target other neurotransmitters in the body to alleviate overall symptoms of the disease. For instance, anticholinergic drugs interfere with the creation or absorption of acetylcholine and effectively reduce tremors. The third type includes medications that manage the non-motor symptoms of PD. For instance, PD patients experiencing depression may be prescribed antidepressants [233]. Up to now, different animal models that can be used for PD research have focused on drugs, neurotoxins, pesticides, genetic alterations, α-syn inoculation, viral vector injections, and induced pluripotent stem cells [234,235]. The animal models have demonstrated variable drug responses, which can hinder the reliable evaluation of drug efficacy. This highlights the importance of developing personalized pharmacological approaches to effectively enhance the quality of life for patients with PD [236]. In clinical trials, despite efforts to establish strict eligibility criteria, study participants naturally display more variability compared to preclinical (animal) models, which typically use nearly identical individuals within the animal group. In human studies, apart from the inherent clinical diversity caused by PD itself, there is additional variability within the participant group due to factors unrelated to PD, such as age, genetics, environmental exposures, and other medical conditions. Generally, these various aspects among study subjects are not fully taken into account in human clinical trials, even though most trials exclude independent neurological comorbidities. The impact of this variability on the response of patients to disease-modifying interventions, even when they share a common target relevant to the intervention, remains largely unknown. These considerations are often overlooked when developing preclinical models. Consequently, current preclinical models of PD are likely to fall short in accurately representing the significant aspect of sporadic PD, which is the heterogeneity of the patient population [237]. Studying the potential therapeutic agents to halt or slow down the degenerative process induced by single-neuron neurodegeneration is feasible. However, implementing this model of neurodegeneration in animals is not possible, as it is impossible to inject a single DAergic neuron containing neuromelanin [238]. Unfortunately, there is currently no ideal animal model for PD research. Developing a model that fully replicates the features of human PD, which typically take years to manifest, is a challenging task. Despite its limitations, current animal models do offer a valuable platform to selectively investigate the pathophysiology and the interactions of multiple etiological factors involved in PD, aiding our understanding of disease limitations and treatment options.
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TABLE 1

Description of PARK genomic position, inheritance pattern, age of onset, and clinical features

Gene/Protein Genomic Inheritance Clinical features
position

PARKI or 4q21-23 AD (1) The average age of onset was 46 years old;
4/a-syn, SNCA (2) Rapid progression with an average course of disease less than 9 years;

(3) Typical Parkinsonian symptoms such as bradykinesia, resting tremor, and rigidity are
often accompanied by atypical Parkinsonian symptoms such as ataxia, cone system damage,
and neurological symptoms;
(4) High incidence of dementia;
(5) Obvious response to PD’s drugs in the early stage [34].

PARK2/ 6q25-27 AR (1) The average age of onset was 46 years old;

PARKIN (2) Most of the initial symptoms were abnormal gait;

(3) Levodopa treatment is effective, but it is easy to cause levodopa-induced motor
complications;

(4) Symptoms fluctuated day and night;

(5) Increased tendon reflexes and painful dystonia of the foot are the characteristic
symptoms of this disease;

(6) The number of mutations is directly proportional to the risk of PD;
(7) Symmetrical onset and dystonia may occur;
(8) Patients with mutation had slow disease progression and long course of disease [35].

PARK3 2pl3 AD The mean age of onset was 59 years, and patients showed the same clinical signs as the
sporadic form of PD, with dementia in some patients [36].

PARK5/UCHL1 4pl4 AD Late-onset PD, rigidity, bradykinesia, Parkinsonism, and postural instability [37].
PARK6/PINK1  1p35-p36 AR (1) The age of onset is early, mostly less than 50 years old;

(2) Long course of disease, slow progress of the disease, bradykinesia, myotonia, tremor and
other symptoms are mild;

(3) Low-dose dopamine preparations have a good therapeutic effects, but are prone to dopa-
induced motor complications;

(4) Tendon hyperreflexia, dystonia, symptom relief after sleep, less mental disorders;
(5) Restless leg symptoms;
(6) Dopamine-responsive dystonia [38].
PARK7/DJ-1 1p36 AR (1) The age of onset was early, with an average of 30 years old;
(2) Slow progression of the disease and asymmetric initial symptoms;

(3) Dopamine preparation has good therapeutic effect, but it is prone to adverse reactions
such as symptom fluctuation;

(4) Early behavior disorder, dystonia is obvious, prone to mental disorder symptoms (severe
anxiety, nervous attack), as well as statue signs and short finger/toe signs [39].

PARKS8/LRRK2  12q12 AD (1) The age of onset was late, with an average of 59 years old;
(2) The disease progresses slowly with typical PD clinical symptoms;
(3) Dopamine preparations have good therapeutic effect and cannot be distinguished from
idiopathic PD;
(4) Various pathological changes including Lewy body formation and tubulin aggregation

[39].
PARKY/ 1p36 AR (1) The onset age is very early, less than 21 years old, mostly in adolescents;
ATPI3A2 (2) Spasticity, dementia, supranuclear gaze palsy, facial-laryngeal-digital mini-myoclonus,
other phenotypes include spastic paraplegia;
(3) Levodopa has a good therapeutic effect;
(4) Brain MRI showed atrophy of globus pallidus, pyramidal tract, and extensive cortex, and
atrophy of the whole brain in the late stage;
(5) Kufor-Rakeb syndrome [39].
PARK11/ 2q13 AD (1) The onset age is mostly about 60 years old;
GIGYF2 (2) Muscle rigidity, static tremor, unstable posture;
(3) No dementia;
(4) Responds well to dopamine preparations [40].
PARK13/ 2pl2 AD Typical clinical symptoms of PD [40].
HTRA2
PARK14/ 22ql13 AR (1) Early age of onset;
PLA2G6 (2) Progressive extrapyramidal system syndrome with visual impairment;
(3) Early cerebellar signs and late-onset parkinsonism;
(4) Early-onset dystonia;
(5) Poor response to dopamine preparations [41].
PARK15/FBXO7 22ql12-q13 AR Pallidus-pyramidal tract syndrome. There are both Parkinson’s-like manifestations, spasms,
tendon hyper reflexes, positive pathological signs, and other problems;
PARK17/VPS35 16qll AD Similar to idiopathic PD [42].
PARK18/ 3q27 AD Typical clinical symptoms of PD [40].
EIF4G1
PARK19/ 1p31 AR (1) Adolescent PD with complex characteristics, early-onset PD;
DNAJCe6 (2) Poor response to dopamine preparations [43].
PARK20/SYNJ1 = 21q22 AR (1) The age of onset is higher than 20 years old;
(2) Neuronal synaptic vesicle endocytosis dysfunction and early endocytic body formation
disorders;

(3) Dystonia, epilepsy, cognitive impairment;

(4) Poor response to Parkinson’s medication [42].

Note: Abbreviations: AD: autosomal dominant; AR: autosomal recessive; UMN: upper motor neuron signs; SNCA: a-synuclein gene; PARK2: parkin gene;
UCHLI: ubiquitin carboxyl-terminal esterase L1 gene; PINK1: PTEN-induced putative kinase 1 gene; DJ-1: oncogene DJ-1; LRRK2: leucine-rich repeat kinase
2 gene; ATP13A2: ATPase type 13A2 gene; GIGYF2: GRB10-interacting GYF protein 2 gene; HTRA2: HTRA serine peptidase 2 gene; PLA2G6: phospholipase
A2 group 6 gene; FBXO7: F-BOX only protein 7 gene; VPS35: Vesicle protein sorting 35; EIF4G1: eukaryotic initiation factor 4 gamma 1; DNAJC6: Dna]J heat
shock protein family (Hsp40) member C6; SYNJ1: synaptojanin 1.
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TABLE 3

The role of protein misfolding and aggregation in PD

Gene/Protein Protein aggregation and misfolding

PARKI or 4/a- A major component of LBs is the formation of

syn, SNCA a-syn protofibrils (toxic and potent neuronal
killers) and fibrils [84].

PARK2/PARKIN Mutations of PARKIN could alter its
solubility and concomitantly promote
aggregation, cytotoxic in its soluble forms
[85,86].

PARK6/PINK1  Overexpressing PINK1 promotes its
sequestration into aggresome-like inclusions,
compromising its protective functions [87].

PARK7/DJ-1 The DJ-1 mutant has a tendency to undergo
misfolding, which impairs its protective
function that relies on dimerization [88].

PARKS/LRRK2  LRRK2 seems to be predominantly found in a

limited subset of LBs (10-15%), its mutants
aggregate and lead to DA neurodegeneration
[89].
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The biological functions of PD-related genes in different diseases

TABLE 4

Gene/  Biological functions Roles in neurodegeneration Association with Association with heart
Protein cancers
PARK1  Regulation of synaptic vesicle The main components of LBs Melanoma, Glioma, The overexpression of normal a-
or 4/a-  trafficking; subsequent pathology include impaired Liver cancer, Prostate syn led to the depletion of
syn, neurotransmitter release; neurite growth and long-term cancer, Stomach norepinephrine-producing cells
SNCA  modulating dopamine activity =~ potentiation, enhanced synaptic ~cancer, Head and in the sympathetic cardiac system
[178]. transmission and endoplasmic ~ neck cancer [180].
reticulum stress, increased gliosis,
and increased mitophagy [179].
PARK2/ Within a multiprotein E3 Mitophagy, impaired Renal cancer, Acute ischemia/ reperfusion
PARKIN ubiquitin ligase complex, mitochondrial transport, and Glioma, Stomach injury, maintaining
neurotransmitter transport morphology abnormalities; cancer, Melanoma,  mitochondrial health [183].
protects against apoptosis [181]. dysfunction of the UPS; Breast cancer
accumulation of cyclin E and f-
catenin; upregulation of PINK1-
PRKN, Wnt, and EGFR-AKT
pathways [182].
PARK6/ Phosphorylating mitochondrial — Increased tau phosphorylation.  Renal cancer, Acute ischemia/reperfusion
PINK1  proteins, regulation of apoptosis  :¢0chondrial dysfunction, Melanoma, Glioma, injury, heart failure, cardiac
and ubiquitination, synaptic fragmentation, increased Colorectal cancer, development, against oxidative
plasticity, and dopamine release mitophagy, and impaired Ovarian cancer, stress [184].
(182]. synaptic plasticity [182]. Pancreatic cancer
PARK?7/ Protection against oxidative Increased oxidative stress Breast cancer, Lung  Acute ischemia/reperfusion
DJ-1 stress and cell death, repair sensitivity; reduced complex I cancer, Pancreatic injury, left ventricular
proteins, maintain mitochondrial activity in mitochondria; and cancer, Gastric hypertrophy, heart failure, and
morphology and function [185]. increased tau phosphorylation  cancer, Prostate diabetic heart, prevent oxidative
[185]. cancer stress [186].
PARK8/ Neuronal plasticity, autophagy,  Increased tau phosphorylation;  Thyroid cancer, LRRK2 mutation displays
LRRK2  and vesicle trafficking, recycling mitochondrial and autophagic ~ Renal cancer, Lung  features of cardiac sympathetic

proteins, increase in lysosomal
pH, and calcium release from
lysosomes [187].

dysfunction; decreased neurite
outgrowth and abnormal
neurogenesis [187].

cancer, Melanoma,
Glioma

denervation, baroreflex-
sympathoneural and baroreflex-
cardiovagal failure [188].
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TABLE 2

The mitochondrial dysfunction and oxidative stress associated with familial PD

Gene/Protein

Mitochondrial dysfunction and oxidative stress

PARKI1 or 4/a-syn,
SNCA

PARK2/PARKIN

PARK6/PINK1

PARK7/DJ-1

PARKS/LRRK2

The A530T, A30P, and E46K mutations in the 140-amino acid protein resulted in a reduction of mitochondrial
complex I activity and an increase in lipid peroxidation [43]. These mutations also promoted the release of
cytochrome ¢, calcium, and nitric oxide from mitochondria, amplified mitochondrial complex I activity, and
elevated ROS production. Additionally, they led to heightened sensitivity to mitochondrial toxins such as MPTP and
paraquat [58]; Mitochondrial dysfunction leads to a-syn aggregates, and a-syn aggregation further damages
mitochondria.

The 465 amino acid protein mediates the polyubiquitination process. Loss of E3 ligase activity leads to the
accumulation of toxic protein aggregates [59]. Additionally, it binds to the mitochondrial transcription factor
(TFAM) to regulate mitochondrial transcription and replication [60]; Overexpression of PARKIN inhibits
cytochrome c release, increases complex I, lipid peroxidation, and sensitivity to mitochondrial toxins (rotenone)
[61,62].

The 581 amino acid protein, when lost or mutated, leads to various consequences. In the case of loss of PINKI, it
results in abnormal mitochondrial morphology, reduced membrane potential, elevated production of ROS, and
heightened susceptibility to apoptosis [63]. It also causes mitochondrial fragmentation, decreased activity of complex
I-IV in the striatum, and impaired mitochondrial respiration [64]. Furthermore, loss of PINK1 leads to the
degeneration of DAergic neurons, apoptotic muscle degeneration, and increased vulnerability to oxidative stress
[65].

189 amino acid protein. Loss of DJ-1 resulted in a deficiency of mitochondrial complex I activity, defects of the
DAergic system, and proteasome damage [66]; There is a decrease in mitochondrial transmembrane potential and
an increase in the opening of mitochondrial permeability transition pores, the decrease of mitochondrial complex I
activity, the impairment of mitochondrial respiration, the enhancement of ROS in mitochondria, and the change of
mitochondrial morphology [67].

2527 amino acid protein. The LRRK2 G2019S mutation results in a reduction in mitochondrial membrane potential

and decreased levels of total intracellular ATP. It also causes defects in mitochondrial morphology and dynamics
[68]. Furthermore, the expression of LRRK2 leads to an increase in the production of ROS in cells [69].
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