[image: image1]The role of autophagy in Parkinson’s disease: a gender difference overview

		REVIEW
published: 12 June 2024
doi: 10.3389/fphar.2024.1408152


[image: image2]
The role of autophagy in Parkinson’s disease: a gender difference overview
Laura Cucinotta1†, Deborah Mannino1†, Alessia Filippone1, Adele Romano2, Emanuela Esposito1 and Irene Paterniti1*
1Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy
2Department of Physiology and Pharmacology “V. Erspamer”, Sapienza University of Rome, Rome, Italy
Edited by:
Giorgia Colombo, Cornell University, United States
Reviewed by:
Félix Javier Jiménez-Jiménez, Hospital Universitario del Sureste, Spain
Fiorentina Roviezzo, University of Naples Federico II, Italy
* Correspondence: Irene Paterniti, ipaterniti@unime.it
†These authors have contributed equally to this work and share first authorship
Received: 27 March 2024
Accepted: 21 May 2024
Published: 12 June 2024
Citation: Cucinotta L, Mannino D, Filippone A, Romano A, Esposito E and Paterniti I (2024) The role of autophagy in Parkinson’s disease: a gender difference overview. Front. Pharmacol. 15:1408152. doi: 10.3389/fphar.2024.1408152

Recent studies have demonstrated dysregulation of the autophagy pathway in patients with Parkinson’s disease (PD) and in animal models of PD, highlighting its emerging role in disease. In particular, several studies indicate that autophagy, which is an essential degradative process for the damaged protein homeostasis and the management of cell balance, can manifest significant variations according to gender. While some evidence suggests increased autophagic activation in men with PD, women may have distinct regulatory patterns. In this review, we examined the existing literature on gender differences in PD-associated autophagic processes, focusing on the autophagy related proteins (ATGs) and leucine rich repeat kinase 2 (LRRK2) genes. Also, this review would suggest that an in-depth understanding of these gender differences in autophagic processes could open new perspectives for personalized therapeutic strategies, promoting more effective and targeted management of PD.
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1 INTRODUCTION
PD is one of the most common neurodegenerative diseases, characterized by an accumulation of α-synuclein (α-Syn) protein within dopaminergic neurons, carrying to neuronal death (Sveinbjornsdottir, 2016). Autophagic processes, responsible for removing damaged proteins and managing cell balance, play a key role in understanding the pathogenesis of the disease (Nechushtai et al., 2023). Recently, more studies have focused on gender disparities in the manifestation and progression of PD. In this context, gender variations in autophagic processes could contribute significantly to the different incidence and modes of response to the disease between men and women (Lista et al., 2011). This review aims to explore and synthesize the current evidence outlining gender differences in PD-associated autophagic processes, providing a clear and detailed overview of autophagic processes in relation to PD, with a specific focus on their variation by gender. By suggesting an in-depth study, it is possible to open up new perspectives in the personalization of therapies and differentiated management of PD, finally representing a significant contribution to research and clinical practice.
2 GENDER DIFFERENCES IN PD SYMPTOMS AND PROGRESSION
From the analysis of several studies on PD, there is clearly an interesting variety in the manifestations of the disease between men and women. In particular, it appears that the course and severity of symptoms differ, with some aspects being more prevalent in men than in women (Haaxma et al., 2007). In fact, research indicates that men have a significantly higher risk of developing PD, with a ratio ranging from 1.4 to 3.7 compared to women, however, women have a higher mortality rate (Dahodwala et al., 2016). On the other hand, it remains unclear how much this difference in risk affects disease progression. Abraham et al. (2019) suggest that sex influences the onset of the disease but appears to have minimal impact on its progression.
The reasons behind the higher incidence in men are not well known; several studies have therefore, focused on understanding the factors that might contribute to these gender differences (Augustine et al., 2015). They could depend on varying degrees of exposure to environmental risk factors, the influence of sex-specific hormones, or potential genetic factors (Lubomski et al., 2014). The research reported by Blauwendraat and collaborators stresses the importance of considering differential exposures to environmental risk factors, such as pesticides and heavy metals, that could contribute to the observed disparities between men and women (Blauwendraat et al., 2021).
Hormonal factors emerge as a key component in gender differences related to PD (Gillies et al., 2004; Brann et al., 2007). The presence of sex hormones, particularly estrogen, appears to play a significant role in modulating risk and disease progression. Studies such as those conducted by Coronel indicate that estrogens may exert neuroprotective effects on the nigrostriatal dopaminergic system through the inhibition of reactive glia and inflammatory cytokine cascade and also, may modulate monoamine oxidase (MAO), thereby influencing disease manifestation (Jurado-Coronel et al., 2018). The neuroprotective effect exerted by estrogen could be due to its ability to reduce inflammation, to promote the survival of dopaminergic nerve cells involved in PD, and ultimately neuroplasticity, helping to maintain brain function by offsetting the damage caused by PD. The role of testosterone in neurodegeneration may depend on several factors such as age and hormone concentration (Yan et al., 2021). However, more studies are needed to understand the exact correlation between hormones and neurodegeneration (Young and Pfaff, 2014).
In PD, the brain regions involved, such as the substantia nigra, may be exposed experience to a loss of nerve cells and, as a result, a reduction in Gray matter volume. This reduction was observed in regions closely related to motor control, but also in other brain regions involved in cognitive functions. Gray matter, made up of neurons that acts trough synapses, is involved in cognitive, sensory and motor functions, while white matter is composed of myelinated nerve fibers that play a key role in neuronal communication. Neuroanatomical differences between men and women, highlighted by Cai et al. (2023), further contribute to the complexity of the picture. Females have a greater relative Gray matter volume, while males have a greater relative white matter volume. Brain structure, including the size of the basal nuclei, appears to vary differentially between the sexes, introducing additional variables that could modulate the manifestation of PD (Cai et al., 2023). Analysing the ratio of Gray and white matter through neuroimaging techniques can provide valuable insights into the location and extent of brain degeneration at different stages of the disease.
Clinical heterogeneity between the sexes emerges clearly in symptoms and response to treatments (Georgiev et al., 2017; Bianco et al., 2023). Modulations in neurotransmitter distribution and receptor sensitivity may contribute to differences in PD motor symptoms between men and women. For example, dopamine is a neurotransmitter involved in the regulation of movement, and its deficiency is related to the motor symptoms of PD; changes in the function of dopaminergic receptors affect the transmission of nerve signals and the consequent manifestation of motor symptoms (Ramesh and Arachchige, 2023). Many studies have reported that in women, motor symptoms tend to emerge later and are characterized by reduced rigidity, tremor, and a greater propensity to develop postural instability (Cerri et al., 2019). In fact, women develop a dominant phenotype of more benign PD tremor associated with less severe motor impairment, whereas men develop a dominant phenotype of postural instability with gait disturbances (Reekes et al., 2020). Gender differences are not limited to motor symptoms; Coronel in his study points out that women are more susceptible to non-motor symptoms such as depression, constipation, loss of taste or smell, pain, and excessive sweating, while symptoms such as sexual dysfunction are more common in men (Jurado-Coronel et al., 2018).
Several studies reported sex differences in the efficacy, tolerability, and pharmacokinetics of PD treatments (Kompoliti et al., 2002; Martinelli et al., 2003; Shulman, 2007; Kumagai et al., 2014) and have been reported as having a greater risk of complications (Umeh et al., 2014).
The most common animal models of PD are often performed on male rodents (about 80%) and pathological findings between male and female animals are rarely compared. Bourque et al. (2023) show a gender difference in nigrostriatal degeneration in mouse models of PD, indicating greater MPTP-induced toxicity in males than females. Similar data have been confirmed by several other studies that have shown greater lesions in males than in females (Dluzen, 2000; Yu and Liao, 2000; Liu and Dluzen, 2007; Gillies and McArthur, 2010); however, in the case of lesions greater than 70%–80%, sex differences were abolished (Gillies et al., 2004; Gillies and McArthur, 2010) (Table 1).
TABLE 1 | Main gender differences in PD.
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PD has been linked to aging, environmental toxins, and genetic mutation. In fact, the molecular pathogenesis of this disease includes various factors, such as oxidative stress, impairment of synaptic transmission, neuroinflammation, mitochondrial dysfunction and impairment of protein homeostasis (Trist et al., 2019). The alteration of protein homeostasis and the accumulation of damaged or abnormally modified proteins characteristic of PD are closely related to the impairment of the autophagic mechanism (Cerri and Blandini, 2019). Autophagy is a catabolic cellular process responsible for the degradation and recycling of cellular components therefore, it plays a crucial role in maintaining cellular homeostasis by removing damaged proteins and organelles (Parzych and Klionsky, 2014). Research suggests that dysfunctions in autophagy mechanisms can lead to the accumulation of harmful substances such as misfolded proteins or damaged mitochondria, thus contributing to the development and neurodegeneration of PD (Han et al., 2019). Physiologically, thanks to the autophagic mechanism, misfolded proteins and damaged organelles are transported to the lysosome for degradation and once inside the lumen of the lysosome are hydrolyzed by a series of proteases, known as cathepsins (Sorice, 2022). In particular, autophagy pathways include macroautophagy, chaperone-mediated autophagy (CMA) and microautophagy, and involve genes and proteins related to autophagy (ATGs). Macroautophagy occurs under normal conditions of cell growth and differentiation and one of its main roles is to maintain proper cellular homeostasis. Furthermore, under stressful conditions such as starvation or energy deficit the autophagic process could be induced. During this process, unwanted cytosolic contents are delivered to degradative organelles, such as lysosomes and vacuoles, that control their digestion and final elimination. In particular, dysfunctional organelles are isolated by a phagophore that forms a double-membrane vesicle called an autophagosome. At this stage, the ATGs that initiate autophagosome formation are the unc-51-like protein complex that activates autophagy kinase 1 and 2 (ULK1/ULK2) regulated by subsequent phosphorylation reactions. The activated ULK1 complex phosphorylates the proteins Beclin1 and Ambra1 to form the active vacuolar protein sorting 34 (Vps34) complex (Sun, 2016) which consequently recruits the autophagy proteins ATG12 and ATG5 for phagophore formation. Once the autophagosome is formed light chain 3 (LC3) allows binding to autophagic substrates and/or proteins that mediate cargo selectivity (Galluzzi et al., 2017). Finally, the autophagosome fuses with the lysosome to form the autophagic vacuole and initiate degradation of the cytosolic cargo. The degraded luminal contents are returned to the cytosol to be recycled through various metabolic reactions (Levine and Klionsky, 2004). Otherwise, microautophagy recycles small portions of cytoplasm that are directly enveloped by the lysosome (Li et al., 2012). Finally, CMA selectively degrades proteins containing the KFERQ amino acid sequence that are transported to the lysosome through the combined actions of lysosomal associated membrane protein 2 (LAMP2A) and heat shock chaperone protein 70 (HSC70). One of the proteins with central regulatory activity of the autophagic process is the mammalian target of rapamycin complex 1 (mTORC1). Through direct binding to the ULK1 and ULK2 complexes, active mTORC1 constitutes a potent repressor of autophagy. For example, under nutrient starvation conditions, phosphorylation of ULK1/ULK2 by mTOR is reduced, and adenosine monophosphate (AMP)-activated protein kinase (AMPK) phosphorylates the ULK1/ULK2 protein complex at a site different from that of mTORC1 with resulting in induction of autophagy. Otherwise, in the presence of high levels of nutrients mTORC1 is active and inhibits autophagy, therefore the correct balance of mTOR signaling under physiological conditions is important to ensure normal cellular health (Dibble and Cantley, 2015). In this regard, studies have demonstrated an alteration of mTOR signaling in PD where there is an overactivation of mTOR which in turn reduces neuronal autophagy and promotes the accumulation of α-syn (Ghavami et al., 2014; Recasens et al., 2014; Gao et al., 2015; Wong and Krainc, 2017; Zhang Z. et al., 2021). In fact, the abnormal aggregation of proteins and the deficits of degradation processes misfolded proteins are the most common pathological signs of neurodegenerative diseases such as PD and Alzheimer’s disease (AD) (Filippone et al., 2022). In AD, defects in the macro-autophagy pathway due to genetic mutations, environmental factors, or aging may contribute to the accumulation of abnormal protein aggregates. Mutations in presenilin-1 alter the pH of the lysosome, thus decreasing the activity of autophagy which can increase the accumulation of Aβ peptides promoting neurodegeneration (Sharoar et al., 2021). Furthermore, in AD there is a defect in the mitophagy process with consequent accumulation of autophagic vacuoles which increase oxidative stress and reduction of mitochondria which leads to a reduction in ATP production. These events cause less degradation of Aβ peptides whose accumulation blocks the proteins that activate mitophagy, thus establishing a vicious circle that further increases neurodegeneration processes (Fang et al., 2019; Bera et al., 2020). Furthermore, also in other neurodegenerative diseases such as in polyglutamine diseases such as Huntington’s disease (HD), spinal and bulbar muscular atrophy, dentatorubral-pallidoluisian atrophy, spinocerebellar ataxia (SCA) and spinocerebellar ataxia (SCA) the alteration of autophagic processes due to genetic mutations are responsible for the formation of toxic oligomers and aggregates (Fu et al., 2017; Fujikake et al., 2018). Concerning the PD, once the autophagic pathway is compromised, the clearance of proteins such as α-synuclein fails (Guo et al., 2018). Numerous studies have demonstrated that α-synuclein positive Lewy bodies in the substantia nigra of the PD brain showed immunoreactivity for LC3 confirming the role of autophagy in the pathogenesis of PD (Mamais et al., 2018; Minakaki et al., 2018; Tu et al., 2021; Oh et al., 2022). Furthermore, a large group of genes associated with familial and sporadic PD are strongly linked to macroautophagy, CMA and downstream lysosomal function, such as mutations in SNCA, leucine-rich repeat kinase 2 (LRRK2–PARK8), vacuolar protein sorting 35 (VPS35), Parkin RBR E3 ubiquitin-protein ligase (PARKIN), PTEN-induced kinase 1 (PINK1) and Parkinsonism associated deglycase (PARK7) (Nalls et al., 2019). Regarding alterations of genes involved in macroautophagy, numerous studies showed that mutations in LRRK2 are the main cause of hereditary PD (Kluss et al., 2019). In particular, mutation of LRRK2 at the G20195 site disrupts the transport of autophagic vesicles into cortical neurons, indicating defective trafficking of neuronal autophagosomes resulting in accumulation of alpha-synuclein. Furthermore, a recent study showed that LRRK2 exacerbates cytotoxicity by disrupting the autophagic clearance of accumulated protein aggregates (Hu et al., 2023). Besides its role in macroautophagy, few studies have reported effects of LRRK2 on CMA. Under normal conditions, wild-type LRRK2 can be degraded by CMA. However, pathogenic mutants that overexpress wild-type LRRK2 can block CMA by inhibiting the lysosomal membrane translocation complex. As a result, there is accumulation of other CMA substrates, including α-synuclein (Ho et al., 2020). In addition to the evidence mentioned above, the pathogenic role of autophagic dysfunction in PD has been related to mutations in other genes such as homozygous or heterozygous mutations in PINK1 and in PARKIN (Quinn et al., 2020). These mutations have been identified as the most common causes of early-onset autosomal recessive PD, with overall frequencies of 1%–9% for PINK1 depending on ethnicity and nearly 50% for PRKN in young patients with PD (≤40 years) (Lucking et al., 2000; Puschmann, 2013). Both proteins regulate autophagy for the selective degradation of damaged mitochondria. PINK1 or PRKN mutations result in impaired mitophagic function and may contribute to selective neurodegeneration in the substantia nigra (Figure 1) (Sliter et al., 2018). Therefore, promotion of autophagy is presumed to exert a protective effect in PD. Elimination of Lewy bodies through activation of the autophagy pathway could prevent toxicity, thus reducing the progression of PD (Suresh et al., 2020). Researchers are actively investigating various approaches, including small molecules capable of increasing α-syn clearance as mTOR inhibitor (including CCI-779 known as Temsirolimus; and AP23573, known as Ridaforolimus), gene therapies, and lifestyle interventions, to target autophagy as a potential therapeutic avenue for PD (Zhang K. et al., 2021). Furthermore, departing from the classic vision of autophagy as a mechanism of proteostasis through protein degradation, recent scientific evidence has discovered that autophagy also presents non-canonical functions that concern the regulation of unconventional secretory processes (Rabouille et al., 2012). In particular, a new non-degradative role of autophagy has emerged, leading to the notion of secretory autophagy. Proteins with the amino-terminal signal peptide are secreted by exocytosis following a well-defined secretory pathway through the endoplasmic reticulum and the Golgi apparatus. However, some cytosolic proteins lack these signal peptides and are unable to enter the endoplasmic reticulum. These cytosolic proteins are secreted by several unconventional processes including secretory autophagy (New and Thomas, 2019; Gonzalez et al., 2020). Secretory autophagy is becoming of increasing importance to explain the secretion of a number of peptides that have critical biological importance. It has recently been demonstrated that secretory autophagy could play a role in the release of proteins subject to aggregation, thus highlighting a new pathophysiological mechanism of some neurodegenerative diseases such as PD and AD (Ejlerskov et al., 2013). Increasing evidence indicates a relevant role for secretory autophagy in the pathological secretion of α-synuclein protein aggregates and amyloid beta peptide as cellular response mechanisms to degenerative diseases [(Ejlerskov et al., 2013; Nilsson and Saido, 2014)]. Furthermore, secretion of the PD-associated Park7/DJ-1 protein is mediated by secretory autophagy. Park7 secretion is induced by autophagy through activation of AMPK and ULK1 and is suppressed in animals deficient in Atg5, Atg9, or Atg16lL (Urano et al., 2018). However, the potential implications of secretory autophagy in neurodegenerative diseases are still unclear. Therefore, further research is needed to better understand the role of secretory autophagy as a pathophysiological mechanism and as a potential therapeutic target.
[image: Figure 1]FIGURE 1 | Impaired autophagy in PD. Genetic mutations and encoded proteins related to PD are functionally linked to the autophagy pathway. Disease-associated mutations impair this essential degradation process. Autophagy deficiency or blockage of autophagic flux increases the oligomerization and aggregation of α-synuclein proteins forming Lewy bodies which contributes to neurodegeneration.
4 HOW GENDER DIFFERENCES AFFECT AUTOPHAGIC PROCESSES IN PD
Gender differences exist in various diseases and may affect not only the disease itself, but also drug therapy. Recent studies suggest that sex differences influence autophagy processes in healthy states as well as in disease (Shang et al., 2021). Several X-linked genes, such as ATP6AP2 (ATPase H+ transporting accessory protein 2), influence autophagic processes and mutations in these genes can cause human disease. Specifically, ATP6AP2 appears to be a gene associated with Parkinson’s disease, in particular X-linked parkinsonism with spasticity/XPDS. Loss-of-function mutations in ATP6AP2 lead to accumulation of autophagosomes and defects in lysosomal clearance. To confirm this, similar neurodegeneration and cognitive impairment were observed in a study with male ATP6AP2 knockout (KO) mice; however, female KO mouse models are needed to confirm sex differences in autophagy (Dubos et al., 2015). Therefore, understanding the biology of sex differences in autophagy is necessary (Lista et al., 2011). Gender differences in autophagy in the context of PD represent an interesting and complex aspect of neuroscientific research. Studies showed that the regulation of autophagy may be influenced by gender factors, with differential expression of key autophagy-related genes between the sexes. These variations may be reflected in the dynamics of aggregated protein elimination and cell clearance, processes that are critical for neuronal health. In addition, the response to autophagy activation may differ, leading to a variety of clinical presentations of the disease between men and women. Recent studies have shown gender differences in autophagy processes in the cerebral cortex. De Miranda et al. (2019) suggest that the female brain could upregulate mitophagy, avoiding neuronal cell death. In fact, in their study, they observed a greater presence of LC3II autophagosome markers in male control animals compared to females, suggesting a higher amount of constitutive autophagy in male brain. Following brain injury, autophagosomes increased in female, reaching levels in male control animals; consequently, Demarest et al. (2016) hypothesize that the induction of autophagy/mitophagy represents a sex-specific compensatory mechanism to protect from mitochondrial dysfunction, prevent the accumulation of damaged cellular components and reduce cell death. De Miranda et al. (2019), studying rotenone-induced dopaminergic neurodegeneration in adult male and female rats, confirmed this evidence by demonstrating an accumulation of the autophagy receptor protein p62 (also called sequestosome 1, SQSTM1) and a decrease in lysosomal associated membrane protein 1 (Lamp1) in male rats following rotenone treatment suggesting a defect in autophagic flux, which might contribute to increased levels of a-synuclein. In contrast, female rats showed an increase of p62-SQSTM1 levels, but did not show a decrease in Lamp1, indicating an upregulation of autophagic flux and consequently, a reduced accumulation of a-synuclein. Studies in the literature showed that among the many genes involved in autophagic processes, LRRK2 and ATG appear to be the most affected by gender difference.
4.1 LRRK2 role
The involvement of LRRK2 in Parkinson’s disease appears to have significant differences between men and women. Recent studies suggest that men who carry LRRK2 mutations are more likely to develop PD, while women may face faster disease progression once affected and experience more severe symptoms, despite the lower incidence of such mutations. This intricate and complex gender variation could be due to a combination of genetic, hormonal, and environmental factors that interact uniquely in LRRK2-related disease processes. Some studies have observed a female preponderance in PD associated with LRRK2 (Cilia et al., 2014; San Luciano et al., 2017), while other studies found no gender differences (Alcalay et al., 2013; Gan-Or et al., 2015). A higher female prevalence of the LRRK2 mutation suggests a role of gender-related risk factors in Parkinson’s patients, particularly those carrying the G2019S mutation. G2019S, the most common mutation, is responsible for 1% of sporadic and 4% of familial PD. In contrast, no gender difference was observed in the prevalence of patients carrying the G2385R mutation. Given the unclear gender difference in the prevalence of LRRK2-associated Parkinson’s disease, Chen et al. (2020) conducted a meta-analysis to identify the hypothesis of the gender effect in LRRK2-associated Parkinson’s disease, confirming a higher prevalence in female patients carrying LRRK2 variants, particularly the G2019S mutation. Confirming this, Cilia et al. (2014) showed that PD patients with LRRK2 mutations are more likely to be women, suggesting a higher genetic burden.
4.2 ATG role
Autophagic processes take place through the activity of multiple ATGs. Currently, 31 ATG genes have been identified, each of which plays a key role in different stages of autophagy. In particular, deficits in key autophagy genes, such as autophagy-related gene 5 (ATG5) and autophagy-related gene 7 (ATG7), have been found to lead to neurodegeneration and protein accumulation in the remaining neurons (Hara et al., 2006; Komatsu et al., 2006; Zhang et al., 2018). Although ATG plays a central role in the regulation of autophagy, its involvement in PD appears to differ between men and women, opening a research perspective that reflects the complexity of the pathogenesis of this neurodegenerative condition (Lynch-Day et al., 2012). As a result, research is focusing on how gender differences affect ATG gene expression and how this is reflected in individual susceptibility, clinical presentation, and disease progression. ATG5 plays a key role in autophagosome formation and recent studies have shown a correlation between abnormal expression or gene deletion of ATG5 and the onset of several neurodegenerative diseases. This evidence suggests that ATG5 gene expression and polymorphism influence the development and progression of PD, however, the specific correlation between ATG5 and PD susceptibility is not yet fully known (Han et al., 2022). Sepulveda et al. in their study showed that ATG5 expression was more correlated with male PD patients, potentially contributing to the higher prevalence of PD in males (Sepulveda et al., 2022). ATG7 also plays a key role in autophagic processes, and increasing evidence suggests that ATG7 may be implicated in the pathogenesis of PD (Zhao et al., 2020). Chen et al. (2013) demonstrated that variations in the expression level of ATG7 gene may contribute to PD pathogenesis by altering autophagic activity. To date, however, there is no significant evidence demonstrating substantial differences in the role of ATG7 between men and women with Parkinson’s.
5 DISCUSSION
PD is the most widespread neurodegenerative disease characterized by a gradual damage of dopaminergic neurons in the substantia nigra pars compacta and presence of α-synuclein (α-syn)-rich cytoplasmic neuronal inclusion named Lewy bodies (Poewe et al., 2017). In this review, a detailed analysis was carried out to summarize gender differences in autophagic processes associates with PD. Based on the studies cited, autophagy, involved in the etiopathogenesis of PD, may present significant variations depending on sex. Promotion of autophagy is known to exert a protective effect in Parkinson’s disease. Elimination of Lewy bodies through activation of the autophagic pathway could prevent toxicity, thus reducing the progression of Parkinson’s disease. Studies have shown that the regulation of autophagy can be influenced by gender factors, with differential expression of key autophagy-related genes between the sexes. Indeed, while some evidence suggests greater autophagic activation in men with Parkinson’s, women may have distinct regulatory patterns. These variations may be reflected in the dynamics of aggregated protein and cellular clearance, all processes critical for neuronal health. Therefore, the different activation of autophagy may lead to a variety of clinical presentations of the disease between men and women. The existing literature on gender differences in autophagic processes associated with Parkinson’s disease, shown that the main proteins involved are ATG and LRRK2. ATGs play a pivotal role across multiple stages of the autophagic pathway. Current analyses revealed gender differences specifically within ATG5 gene, while findings regarding ATG7 reveal no such gender variation. On the other hand, investigations into LRRK2 have illuminated substantial differences between males and females, showing a higher prevalence of its mutations among women. In conclusion, the analysis of gender differences in autophagic processes associated with Parkinson’s reveals a complex and intriguing panorama. The studies reviewed demonstrated significant differences in autophagic regulatory mechanisms between men and women with Parkinson’s, suggesting that such gender differences significantly influence disease progression and manifestation. Therefore, exploring into gender differences in autophagic processes will not only allow for a better understanding of the biology underlying PD, but could significantly contribute to improving the quality of life of Parkinson’s patients through more targeted and personalized treatments. Indeed, a gender-based targeted therapy for Parkinson’s disease could offer several significant advantages, and recognition of the role of autophagy in the context of gender differences in PD could offer new opportunities for innovative research and therapeutic development.
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