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Palmitoylation is a reversible lipid modification regulated by palmitoyl transferases and acyl-protein thioesterases, in which palmitic acid is attached to protein cysteine residues. This modification plays a pivotal role in modulating membrane localization and protein stability, and its dysregulation is closely associated with various neurodegenerative diseases, including Parkinson’s disease (PD). In PD, synaptotagmin-11, encoded by the PD risk gene SYT11, has been shown to reduce physiological α-synuclein (α-syn) tetramer formation while promoting the aggregation-prone monomeric form in a palmitoylation-dependent manner. In the context of PD, inflammation generally precedes the abnormal aggregation of α-syn and the degeneration of dopaminergic neurons (DA). Microglial activation, regarded as an inflammatory state, is facilitated by the palmitoylation-dependent localization of NLRP3 to the trans-Golgi network, which promotes the activation and expression of the NLRP3 inflammasome, leading to DA neuron loss. Additionally, the DJ-1 protein, encoded by the risk gene PARK7, and the dopamine transporter both undergo palmitoylation and may contribute to disease progression. This review summarizes the emerging link between protein palmitoylation and PD pathogenesis. Understanding the dynamic regulatory mechanisms of palmitoylation and depalmitoylation may facilitate the development of targeted therapeutic strategies for PD.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by motor symptoms resulting from α-synuclein (α-Syn) deposition and the loss of dopaminergic neurons (DA), which also contribute to non-motor and cognitive impairments (1). The incidence and prevalence of PD increase considerably with age, thereby greatly contributing to the global public health burden (2). Although substantial progress has been made in elucidating the genetic and molecular physiology underlying PD pathogenesis, a definitive cure has yet to be developed (3). Within the nervous system, protein palmitoylation, a critical post-translational modification (PTM), has gained increasing attention in recent research (4). S-palmitoylation, a lipid modification, serves as a key mechanism facilitating protein translocation to cellular and organelle membranes (5, 6). Qiangqiang He and colleagues proposed that mitochondria-associated membranes (MAMs), which are involved in regulating protein palmitoylation, could serve as potential therapeutic targets for neurodegenerative disorders (7). Among the various proteins involved in palmitoylation regulation, synaptotagmin-11 (Syt11), a member of the 17-protein synaptotagmin family, plays a distinctive role in PD pathogenesis. It has been demonstrated that the palmitoylation levels of synaptic proteins significantly influence the aggregation of pathological proteins in PD (8). Research by Ho and colleagues showed that when Syt11 undergoes palmitoylation within neurons, it becomes selectively anchored to digitonin-insoluble membrane regions. This modification confers resistance to lysosomal degradation and facilitates α-Syn binding to intracellular membranes, thereby promoting its pathological aggregation in PD (8).

Furthermore, approximately 10% of proteins in the human body undergo palmitoylation and are involved in numerous intracellular physiological functions (9). The thioester bond formed by palmitoylation can be cleaved by depalmitoylating enzymes known as acyl-protein thioesterases (APTs), rendering the process reversible and responsive to extracellular signals (10, 11). Overall, palmitoylation is implicated in key cellular functions including signal transduction, differentiation, transcriptional regulation, and metabolism (12). Therefore, a comprehensive understanding of protein palmitoylation may provide new insights into the mechanisms underlying neurodegenerative diseases such as PD.





Palmitic acid

Palmitic acid (16:0; PAM) is a saturated fatty acid with 16 carbon atoms, comprising approximately 50% of the total saturated fatty acids in the human brain (13). It provides structural support to membrane phospholipids, serves as an energy source, and contributes to protein stabilization (14). Recent evidence suggests that both exogenous dietary intake and endogenous biosynthesis of fatty acids can serve as sources of substrates for protein palmitoylation, thereby influencing protein function (14). Palmitoylation, a reversible PTM, involves the covalent attachment of palmitic acid to cysteine residues on proteins. This process is regulated by palmitoyl transferases (PATs), which catalyze the addition of PAM, and APTs, which mediate its removal (12, 15). Although the brain is rich in PAM, investigations into its metabolic levels remain limited. In mammals, the primary PAT family comprises 23 DHHC (Asp-His-His-Cys motif) proteins, which are essential for palmitoylation activity (16).

Studies have quantified palmitic acid methyl ester (PAM) levels in postmortem human brains, including those of individuals with PD. One study found no significant differences in PAM levels in the occipital and temporal cortices between PD patients and controls (17), However, another study reported a 28% increase in PAM levels in the gray matter of the frontal cortex in sporadic PD cases compared to controls (18). suggesting altered PAM expression in PD-affected regions. In a separate experiment, m-Thy1 transgenic mice (a PD model) fed a PAM-rich diet exhibited increased expression of α-Syn and tyrosine hydroxylase in the brain, accompanied by a decrease in DA levels (19). Hence, increased PAM supply might impact the levels of proteins and neurochemicals, which are crucial for many neurodegenerative diseases (19). These findings imply that elevated PAM intake may influence the expression of key proteins and neurotransmitters involved in neurodegenerative processes. Specifically, increased PAM consumption may upregulate α-Syn and reduce DA levels, both of which are critical factors in the development and progression of PD. The deposition of α-Syn, abnormal PTMs, and DA depletion collectively play pivotal roles in PD pathology.

As a biologically important fatty acid, PAM has physiological functions beyond its established roles in energy metabolism and membrane structure formation. Recent studies have demonstrated that PAM plays a critical role in neurodegenerative diseases by modulating transcription factor activity (20). PAM may exert its influence either through direct modification of transcription factors, such as Nrf2 and CLOCK, or through indirect regulation of inflammatory and oxidative stress pathways, including NF-κB and IRF3, both of which are implicated in neurodegenerative disease mechanisms. On the one hand, excessive intake of PAM has been associated with enhanced inflammation and metabolic dysfunction (21). On the other hand, therapeutic modulation of palmitoylation dynamics, such as inhibiting ZDHHC enzymes or enhancing depalmitoylase activity, has emerged as a potential strategy for disease intervention (22). Future studies should aim to elucidate the transcriptional regulatory networks associated with PAM in specific brain regions and across distinct disease stages. Thus, it is important to investigate whether alterations in PAM expression can dynamically influence protein palmitoylation and thereby contribute to the pathophysiology of PD.





Correlation between α-synuclein and synaptotagmin-11 with palmitoylation




Effects of palmitoylation on α-synuclein

In the central nervous system, α-Syn is a small cytosolic protein that is abundantly expressed and closely linked to several neurodegenerative diseases, including PD (23). Research indicates that α-Syn plays a broad regulatory role in signal transduction and contributes to downstream neuroinflammatory processes (24, 25). The absence of α-Syn has been shown to impair PAM uptake by astrocytes, which in turn leads to enhanced secretion of pro-inflammatory cytokines by microglia (26). Moreover, α-Syn deficiency results in elevated cholesterol and cholesterol ester levels in astrocytes and brain tissues (27). Functionally, α-Syn is known for its role as a molecular chaperone during vesicle fusion and neurotransmitter exocytosis. However, the precise toxic mechanisms of α-Syn in PD remain controversial. Membrane binding is central to α-Syn’s physiological role, as it influences the balance between physiological tetramers and aggregation-prone monomers (28, 29). Dysregulation of α-Syn has been implicated in multiple pathogenic pathways, particularly those involving vesicular transport (30). Although α-Syn plays a role in vesicle trafficking, it cannot be directly palmitoylated due to the absence of cysteine residues (31). Therefore, palmitoylation likely influences α-Syn homeostasis indirectly via intermediary proteins. Notably, research indicates that increased palmitoylation of Syt11 in neurons enhances Syt11 abundance and promotes α-Syn membrane binding, contributing to its pathological aggregation (8).





Palmitoylation of Syt11 at Cys39 and Cys40 enhances its stability

Synaptotagmins (Syt) are distributed throughout neurons and play essential roles in initiating vesicle fusion with the plasma membrane and mediating neurotransmitter release (32). Syt11, a member of the 17-protein synaptotagmin family, contains a short luminal domain, a transmembrane segment, and two C2 calcium-binding domains (32). Studies have confirmed that Syt11 undergoes palmitoylation in both mouse and human brain tissue, as well as in cultured cortical neurons, and this modification disrupts α-Syn homeostasis in neurons (8). Synaptotagmin-11, encoded by the PD risk gene SYT11, has been shown to reduce physiological α-Syn tetramer formation in a palmitoylation-dependent manner (8). Within neurons, palmitoylation of Syt11 increases its protein stability and enhances α-Syn’s binding to cellular membranes, thereby decreasing tetramers and promoting the accumulation of aggregation-prone monomers. Notably, this effect is reproduced by overexpression of wild-type Syt11, whereas palmitoylation-deficient mutants do not exhibit the same influence (8). These findings suggest that palmitoylation-induced upregulation of Syt11 contributes to α-Syn pathology in PD (Figure 1A).
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Figure 1 | The related mechanisms of synaptic binding protein-11 palmitoylation. (A) DHHCs are palmitoyl transferases responsible for palmitoylation. Syt11 undergoes palmitoylation at Cys39/Cys40; however, the specific catalytic DHHC remains unknown. The palmitoylation of Syt11 increases the tetrameric form of α-Syn, which promotes membrane localization and reduces the abundance of α-Syn tetramers. Palmitoylation of Syt11 facilitates the conversion of α-Syn tetramers to the monomeric form of α-Syn, which is more prone to aggregation and ultimately leads to the formation of Lewy bodies and accelerating the progression of Parkinson’s disease (PD). (B) Syt11 is degraded by the ubiquitin-proteasome system (UPS). (C) Palmitoylation may promote the proper folding of Syt11 by aiding its association with the membrane, facilitating complex formation with HSP70, and potentially resisting UPS degradation. APTs are acyl-protein thioesterases that mediate depalmitoylation, but the specific APT responsible for Syt11 depalmitoylation remains unknown. (D) Recent studies have shown that palmitoylation-deficient mutants of Syt11 are degraded by the endolysosomal system.

Two other synaptotagmins, Syt1 and Syt7, are also subject to post-translational modification at cysteine residues (33). One study reported that Cys117 (corresponding to human Cys188) is a palmitoylation site in Syt11 in the mouse forebrain (34). However, a different result was obtained in a separate investigation. In that study, human wild-type Syt11 tagged with FLAG (Syt11-wt-FLAG) was mutated at Cys39 and Cys40, which were replaced with serine residues and transfected into human embryonic kidney (HEK) cells. Wild-type Syt11 preserved a stable palmitoylation signal (8). Individual mutation of Cys39 or Cys40 weakened the signal but did not abolish it entirely, suggesting that palmitoylation at these sites may occur cooperatively. In contrast, regulation of the Cys188 site had no detectable effect on the palmitoylation signal (8).

While it is established that palmitoylation promotes the stability of Syt11, the underlying mechanisms remain incompletely understood. This review proposes several possible mechanisms by which palmitoylation may enhance Syt11 stability. First, palmitoylation decreases the proportion of cytoplasmic Syt11 and enhances its membrane localization. This shift reduces its exposure to the ubiquitin-proteasome system (UPS), as the cytosolic form is more susceptible to ubiquitination and subsequent degradation (Figure 1B). Second, palmitoylation may induce conformational changes in Syt11 that either mask key ubiquitination sites or hinder recognition by E3 ubiquitin ligases (Figure 1C). However, this remains speculative and lacks definitive experimental confirmation. Third, palmitoylation appears to enhance the binding of Syt11 to heat shock protein 70 (HSP70), supporting proper protein folding and promoting complex formation within specialized membrane domains, thereby conferring resistance to UPS-mediated degradation (Figure 1C).

Experimental findings support the functional importance of these mechanisms. In both rat and human induced pluripotent stem cells, expression of Syt11 was found to be five-fold higher when its cysteine residues (Cys39 and Cys40) remained unmutated, indicating that palmitoylation enhances protein stability (8). In contrast, models expressing serine-substituted Syt11 mutants exhibited reduced protein levels, likely due to accelerated degradation. In rat neurons, the half-life of exogenously expressed Syt11-wt-FLAG protein treated with the protein synthesis inhibitor cycloheximide (CHX) was approximately 16 hours (8). However, the half-life dropped dramatically in the palmitoylation-deficient mutant (CS mutant), with over 80% of the protein degraded within 4 hours (8). These results suggest that palmitoylation is crucial for maintaining Syt11. Although it is known that palmitoylation requires enzymatic activity from palmitoyltransferases, the specific DHHC enzyme responsible for catalyzing Syt11 palmitoylation remains unidentified. Given the review’s subsequent discussion on NLRP3 inflammasome regulation, it is plausible that different DHHC enzymes target specific cysteine sites, mediating distinct biological outcomes. Identifying the regulatory factors and specific DHHC enzymes involved in Syt11 palmitoylation is therefore critical for understanding and precisely modulating its function in PD.





Syt11 regulates α-synuclein homeostasis through palmitoylation

Palmitoylation not only regulates the biochemical properties of proteins but also alters the biophysical characteristics of membranes. By interacting with membrane phospholipids through its fatty acid chains, palmitoylation can induce local curvature of the lipid bilayer via hydrophobic interactions and steric effects, thereby influencing membrane microenvironments (35, 36). α-Syn preferentially binds to highly curved membranes, such as those found on vesicle surfaces, via its amphipathic helical structure. This interaction is integral to its role in vesicle trafficking and membrane dynamics (37–39). Considering the known influence of Syt11 on α-Syn function, several studies have investigated whether a direct interaction exists between the two proteins. Current evidence suggests that Syt11 may not physically interact with α-Syn. Instead, Syt11 appears to regulate the membrane-binding capacity and homeostasis of α-Syn indirectly through a palmitoylation-dependent mechanism. This regulation likely involves changes to local membrane properties, such as lipid composition or curvature, rather than direct protein-protein interaction (8).

Importantly, Syt11 is also known to play a role in vesicle transport, and its palmitoylation is emerging as a potential molecular link to α-Syn function (40). Through multidimensional molecular mechanisms—including membrane anchoring, oligomerization regulation, and vesicle transport remodeling—palmitoylation is a key regulator of α-Syn-mediated cytopathology in PD (41). Additionally, palmitoylation regulates the membrane targeting of essential vesicle-associated proteins such as SNAP25 (22), which function synergistically with α-Syn to ensure proper synaptic vesicle fusion and dynamics.





Syt11 degradation and depalmitoylation

The dynamic attachment and removal of palmitic acid from proteins are mediated by palmitoyl acyltransferases (PATs) and APTs, respectively (42). This reversibility makes palmitoylation a compelling target for drug development and gene therapy. Recent studies show that palmitoylation-deficient mutants of Syt11 undergo rapid degradation via the endolysosomal pathway, and proteasome inhibition does not rescue protein levels, suggesting the proteasome is not involved in this context (Figure 1D) (8). This finding contrasts with earlier work indicating that Syt11 is ubiquitinated by parkin and degraded via the proteasome pathway (43). In other neurological diseases, preclinical and clinical studies suggest that mimicking the activity of depalmitoylating enzymes—such as palmitoyl-protein thioesterase 1 (PPT1)—may offer therapeutic benefit. Treatments using the depalmitoylating agent N-tert-butylhydroxylamine (NtBuHA) or gene therapy approaches to replace defective PPT1 variants have demonstrated success in disease models (44). For instance, a six-month PPT1 mimetic treatment significantly reduced microglial activation in Ppt1−/− mice, a model of Infantile Neuronal Ceroid Lipofuscinosis (45). Several inhibitors have been developed to target depalmitoylation: palmostatin B inhibits both APT1 and APT2, while ML348 and ML349 selectively inhibit APT1 and APT2, respectively (46, 47). However, blocking APT1 and APT2 does not impair palmitate removal from postsynaptic density protein PSD-95. Instead, the hydrolase domain-containing protein ABHD17 serves as the specific depalmitoylase for PSD-95 (48). New members of the APT family, such as ABHD10 and ABHD17, belong to the α/β hydrolase superfamily, suggesting a broader depalmitoylase landscape beyond the canonical APT1 and APT2 (48). Depalmitoylases display organelle-specific localization. APT1 and ABHD10 function within mitochondria (49, 50), while ABHD17 isoforms (A/B/C) localize to the plasma membrane and endosomal compartments (48). Future research should aim to identify the specific APT(s) responsible for regulating Syt11 depalmitoylation and to elucidate their mechanistic roles. This may offer novel insights for targeted PD therapy.






Palmitoylation promotes NLRP3 inflammasome assembly




The activation of the NLRP3 inflammasome triggers inflammation in microglial cells

The NLRP3 inflammasome plays a central role in microglial-mediated inflammation in PD. As early as 1988, McGeer and colleagues identified HLA-DR+ reactive microglia in postmortem brain tissue of PD patients, establishing a foundational link between inflammation and PD pathogenesis (51). The core pathological features of PD include abnormal aggregation of α-Syn and the loss of DA (52). Increasing evidence suggests that excessive microglial activation and the pathological release of pro-inflammatory mediators contribute to neuronal degeneration (53). Remarkably, microglial activation begins early in PD, preceding both α-Syn aggregation and Lewy body formation, and may persist throughout disease progression (54, 55). Consequently, therapeutic strategies aimed at modulating inflammation in PD have garnered significant interest. One proposed mechanism for microglial activation involves lysosomal dysfunction caused by PD-related gene mutations, which impairs glial phagocytic capacity and amplifies inflammatory responses (56).

Moreover, structural alterations and mutations in extracellular α-Syn can directly trigger microglial activation (57). As innate immune cells of the central nervous system, microglia are particularly efficient at internalizing and degrading α-Syn. The NLRP3 inflammasome has been implicated in α-Syn-induced inflammation, acting as a molecular hub for the amplification of neuroinflammatory signaling (58, 59). In microglia, the NLRP3 inflammasome is a multiprotein complex composed of a sensor (NLRP3), an adaptor (ASC), and an effector (caspase-1). Structurally, NLRP3 comprises an N-terminal pyrin domain (PYD), a central nucleotide-binding oligomerization (NOD) domain, and a C-terminal leucine-rich repeat (LRR) domain (60). Upon assembly, the inflammasome activates caspase-1, which cleaves gasdermin D (GSDMD) and promotes the maturation and release of pro-inflammatory cytokines such as interleukin-1β (IL-1β) and IL-18 (Figure 2A) (61). This cascade culminates in pyroptosis, a form of lytic, inflammation-driven cell death.
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Figure 2 | NLRP3 inflammasome activation pathway. (A) NLRP3 consists of an N-terminal PYD domain, a central ATPase domain (known as the nucleotide-binding oligomerization domain, NOD), and a C-terminal leucine-rich repeat (LRR) domain. In PD, the NLRP3 inflammasome is activated via intracellular ion homeostasis imbalances such as α-Syn, reactive oxygen species (ROS), sodium (Na+), calcium (Ca2+), and potassium (K+). The assembly of the NLRP3 inflammasome leads to the activation of caspase-1. This, in turn, induces the maturation and release of IL-1 and IL-18, as well as the cleavage of gasdermin D (GSDMD), promoting cell death. (B) Notably, using 2-bromopalmitate (2-BP) to block palmitoylation results in reduced caspase-1 activation, a phenomenon that can be reversed by the addition of exogenous palmitate. (C) In the resting state of NLRP3, DHHC1/3/5/7 can facilitate its transfer to the trans-Golgi network (TGN) at Cys130, with the thioesterase APT2 inhibiting this process (70–72). Typically, resting-state NLRP3 is insufficient to recruit itself to the TGN. DHHC1 adds a PAM group at the Cys958 site to assist in the additional recruitment of NLRP3 to the TGN.





Palmitoylation as a novel activation pathway for the NLRP3 inflammasome

The release of NLRP3 inflammasomes and downstream inflammatory cytokines has been detected in both the substantia nigra pars compacta (SNpc) and the peripheral plasma of PD patients (58). This highlights the important role of the NLRP3 inflammasome in PD pathogenesis and underscores the need to investigate its activation mechanisms in microglia. NLRP3 activation occurs via canonical and non-canonical pathways (59), and in PD, α-Syn is known to initiate the activation of microglial NLRP3 inflammasomes. Disruptions in intracellular ionic homeostasis—including reactive oxygen species (ROS), sodium (Na+), calcium (Ca2+), and potassium (K+)—as well as mitochondrial and lysosomal dysfunction, also contribute to NLRP3 activation (62–65) (Figure 2A).

Despite advances in understanding NLRP3 activation, existing pathways have not yet succeeded in fully regulating microglial inflammatory states. Emerging research indicates that, in its inactive form, NLRP3 can oligomerize into a double-cage structure and is localized to the trans-Golgi network (TGN) in a palmitoylation-dependent manner (66). Furthermore, fine-tuning of NLRP3 inflammasome activation via palmitoylation has been shown to modulate pyroptotic signaling cascades (67). In vitro experiments using 2-bromo-palmitate (2-BP), a competitive palmitate analog that inhibits palmitoylation, demonstrated that caspase-1 activation is negatively correlated to 2-BP concentration in already activated NLRP3-expressing cells. Interestingly, the addition of exogenous palmitate restored caspase-1 activity (68) (Figure 2B). These findings suggest that while 2-BP inhibits NLRP3 inflammasome activation, palmitate supplementation can reverse this effect and promote inflammasome-mediated caspase-1 expression. These results reveal a regulatory mechanism that may also be applicable within the nervous system.





Temporal and spatial mechanisms of NLRP3 palmitoylation

In its resting state, NLRP3 is translocated to the TGN via palmitoylation at the Cys130 residue, a process catalyzed by DHHC1, DHHC3, DHHC5, and DHHC7 (Figure 2C). The thioesterase APT2 inhibits this localization by removing palmitoyl groups (69–71). The NLRP3 polypeptide alone lacks the ability to recruit the protein to the TGN; however, DHHC1-mediated palmitoylation at Cys958 enhances NLRP3’s recruitment to this compartment (71). Upon activation, palmitoylation occurs at the Cys901 site via PAT activity, prompting TGN disassembly (Figure 3A). Activated NLRP3 is then recruited to the dispersed TGN (dTGN) via ionic interactions between its polypeptide region and phosphatidylinositol-4-phosphate (PtdIns4P) (72). The dTGN serves as a platform for NLRP3 aggregation and facilitates its transport to the microtubule-organizing center (MTOC) (73), where NLRP3 assembles with NEK7 and ASC to form the active inflammasome complex (74) (Figure 3B). Following recruitment, palmitoylation supports inflammasome assembly and stabilizes NLRP3-NEK7 interactions, enhancing caspase-1 activation and the subsequent release of mature IL-1β and IL-18. Notably, the thioesterase ABHD17 can counteract the DHHC5-mediated palmitoylation of NLRP3, highlighting a reversible regulatory step in inflammasome assembly (75) (Figure 3C). Furthermore, DHHC17 mediates palmitoylation at the Cys419 site of NLRP3, allowing re-binding via the NACHT domain and contributing to inflammasome stability (68).
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Figure 3 | The mechanism by which palmitoylation activates the NLRP3 inflammasome. (A) Under the action of PAT, NLRP3 undergoes palmitoylation at the Cys901 site, which leads to the dispersion of the TGN. NLRP3 is recruited to the dispersed TGN (dTGN) via ionic bonds between its polybasic region and phosphatidylinositol-4-phosphate (PtdIns4P). The dTGN acts as a scaffold for NLRP3, transporting it to the microtubule-organizing center (MTOC). The palmitoylation of NLRP3 at the cysteine Cys126 site, catalyzed by DHHC5, is also a modification required for inflammasome activation. (B) DHHC17 triggers the palmitoylation of NLRP3 at Cys419, promoting the formation of the NLRP3-NEK7 complex and recruiting ASC and Caspase-1 at the MTOC to form the NLRP3 inflammasome. After the NLRP3-NEK7 complex is formed, DHHC17 mediates palmitoylation at Cys419, allowing NLRP3 to be re-associated with the opposite site of NEK7. (C) The thioesterase ABHD17 can reverse the catalytic effect of DHHC5 on NLRP3. (D) After inflammasome activation, DHHC12 triggers the palmitoylation of the NLRP3 Cys844 residue, promoting its binding to HSC70. This transports the substrate to lysosomes and facilitates the degradation of NLRP3 through the chaperone-mediated autophagy (CMA) pathway.

After inflammasome activation, additional palmitoylation at Cys844—catalyzed by DHHC12—promotes NLRP3’s interaction with HSC70, targeting the complex for lysosomal degradation via chaperone-mediated autophagy (CMA) (Figure 3D) (76). Recent studies have also demonstrated that palmitoylation at Cys126 by DHHC5 is critical for proper subcellular localization and activation of the NLRP3 inflammasome (77). These findings collectively indicate that palmitoylation is essential for both the assembly and degradation of the NLRP3 inflammasome and that α-Syn-mediated microglial activation promotes DA neuron degeneration via this pathway. Current knowledge of DHHC protein localization is primarily derived from co-expression analyses. At least 23 mammalian DHHC enzymes display distinct subcellular localization patterns (78, 79). These spatial and temporal differences may serve as auxiliary evidence supporting the regulatory role of palmitoylation in NLRP3 inflammasome dynamics.






Potentially relevant proteins undergoing palmitoylation




DA neurons

Parkinson’s disease is characterized by the progressive loss of DA neurons in the SNpc, which project to the striatum. This neurodegenerative loss results in a deficiency of DA in the nigrostriatal pathway, a critical component of motor control, thereby leading to the hallmark motor symptoms of PD (80). Current treatment strategies primarily aim to alleviate motor symptoms through DA replacement therapy, including carbidopa/levodopa and dopamine agonists (81). However, prolonged pharmacological intervention can result in debilitating motor complications in a subset of patients (82). Emerging cellular therapies, such as the use of induced pluripotent stem cells, show considerable promise in PD treatment, although patient responses remain variable (83). Advancing our understanding of DA regulation and signaling could uncover novel therapeutic strategies to enhance DA production or release in surviving SNpc neurons.

Research has demonstrated that the dopamine transporter (DAT) undergoes palmitoylation, and defects in this modification reduce both its stability and function (84). Among 12 tested PATs, DHHC2, DHHC3, DHHC8, DHHC15, and DHHC17 were found to promote DAT palmitoylation, with the modification localized to Cys580 (85). In human DAT (hDAT), palmitoylation at Cys581 facilitates the formation of stable, energetically favorable dimers that influence dopamine uptake efficiency (86). Functionally, DAT palmitoylation increases the maximum rate of dopamine uptake (Vmax) and decreases its degradation, while depalmitoylation enhances dopamine efflux, reduces Vmax, and promotes lysosome-mediated degradation. DAT is depalmitoylated by APT1 and APT2, members of the serine hydrolase superfamily, and degraded by lysosomal pathways involving PPT1 (85, 87). In the striatum, ZDHHC15 has been identified as a mediator of DAT palmitoylation (88). Deficiencies in this process compromise DAT function and reduce DA reuptake at synapses, although this impairment is typically transient and reversible (88, 89). Further investigation is required to clarify the regulatory mechanisms involving ZDHHC15 and to determine whether targeting this enzyme may offer a therapeutic strategy to enhance dopamine transport in PD.





DJ-1

Although palmitoylation of proteins encoded by PARK genes and PD-associated risk loci has not been extensively studied, available evidence suggests that certain PARK proteins undergo palmitoylation. One such protein is DJ-1, encoded by the PARK7 gene, which has been shown to be palmitoylated (90). Under basal conditions, DJ-1 is predominantly localized in the cytoplasm but is also present in mitochondria and the nucleus (91, 92). DJ-1 contains three cysteine residues at positions 46, 53, and 106 in the N-terminal region (93).

DJ-1 is associated with membrane lipid rafts (LRs) in both astrocytes and neurons, a process that depends on the palmitoylation of its cysteine residues. Furthermore, palmitoyl-proteomic studies conducted in human cell lines have identified palmitoylation in additional PD-related proteins, including ubiquitin C-terminal hydrolase L1 (UCHL1), encoded by PARK5, and lysosomal acid β-glucosidase (GBA1), a known PD risk factor (94). However, the palmitoylation status of UCHL1 and GBA1 has not yet been validated through follow-up experiments.






Discussion and outlook

α-Synuclein is a small, highly expressed cytosolic protein whose pathological aggregation contributes to the progression of PD. Its membrane fusion activity and affinity for vesicular membranes are key to its physiological function, as they influence the dynamic equilibrium between physiological α-Syn tetramers and aggregation-prone monomers (8). While α-Syn lacks cysteine residues and therefore cannot be directly palmitoylated, recent findings suggest that its membrane-binding stability is modulated by the palmitoylation of synaptotagmin-11 (Syt11), a synaptic binding partner. Palmitoylated Syt11 has been shown to reduce α-Syn tetramers, a change potentially linked to PD pathogenesis (8). The palmitoylation of Syt11 requires intact cysteine residues at positions Cys39 and Cys40. Although these sites are critical for maintaining α-Syn homeostasis, their individual functional contributions remain indistinguishable (8). While it is established that palmitoylation enhances the stability of Syt11, this post-translational modification depends on catalysis by a palmitoyl acyltransferase (DHHC). To date, the specific DHHC enzyme responsible for Syt11 palmitoylation has not been identified.

From a therapeutic standpoint, modulating the palmitoylation cycle of Syt11 may provide a novel approach for PD treatment. Inhibiting or silencing the DHHC enzyme involved in Syt11 palmitoylation could potentially restore physiological α-Syn tetramer formation. One promising direction is the targeting of GNS561, a selective inhibitor of PPT1, currently under investigation for cancer therapy (95). Although GNS561 has demonstrated the ability to cross the blood-brain barrier (BBB) (95), its impact on the cerebral palmitoyl-proteome remains to be validated. The development of highly selective agents capable of modulating protein-specific palmitoylation and depalmitoylation within the brain is a critical step toward advancing therapies for neurodegenerative disorders.

In parallel, the palmitoylation of NLRP3 has been shown to regulate its localization to the TGN. The use of 2-BP, a palmitate analog, competitively inhibits palmitoylation and thereby modulates inflammasome activity (68). Notably, caspase-1 activation decreases with reduced 2-BP concentration, while the subsequent addition of palmitate restores its expression. This finding underscores the role of palmitoylation in controlling NLRP3 inflammasome activation. The resting state of NLRP3 is regulated by palmitoylation at Cys130, catalyzed by DHHC1, DHHC3, DHHC5, and DHHC7. Simultaneously, DHHC1 facilitates recruitment of NLRP3 to the TGN through palmitoylation at Cys958 (71). Upon activation, NLRP3 is palmitoylated at Cys901, triggering the fragmentation of the TGN into the dTGN. This structural transformation enables NLRP3 to interact with NEK7 and ASC at the MTOC, forming the inflammasome complex (74). These observations reinforce the idea that palmitoylation is not a uniform process but rather one that exhibits protein- and context-specific effects.

Despite these advances, several critical questions remain. For instance, although palmitoylation at NLRP3 Cys901 has been shown to facilitate its translocation to the dTGN and promote inflammasome activation (72), the PAT responsible for this site-specific modification has yet to be identified. Understanding how each of the 23 mammalian DHHC family members selectively recognize and modify distinct cysteine sites on NLRP3 could refine therapeutic targeting strategies. Additionally, the spatial and temporal sequence of palmitoylation events on NLRP3, and their respective biological consequences, deserve further detailed investigation.

Selective inhibition of PSD-95 depalmitoylation has been proposed as a viable therapeutic strategy in the context of Alzheimer’s disease (AD) (96). Although PSD-95’s specific role in PD remains unexplored, its critical involvement in synaptic function suggests that it may also serve as a potential therapeutic target for PD. In addition to postsynaptic proteins, dopamine transporters (DATs) also contain modifiable cysteine residues. Palmitoylation of DAT enhances the maximum velocity (Vmax) of dopamine uptake, while depalmitoylation increases dopamine efflux and reduces Vmax. Although the precise mechanisms remain unclear, these functional changes underscore the regulatory potential of palmitoylation in DA neurotransmission.

Moreover, several PD-associated risk genes encode proteins that are either directly or indirectly influenced by palmitoylation. In summary, palmitoylation is increasingly recognized as a key regulatory mechanism in PD pathogenesis. A comprehensive understanding of its molecular functions and dynamics could facilitate the development of novel interventions by targeting the palmitoylation–depalmitoylation cycle, thereby offering new therapeutic strategies for PD.





Author contributions

JL: Writing – review & editing, Writing – original draft, Data curation, Conceptualization, Investigation. SW: Data curation, Writing – original draft, Investigation. LF: Conceptualization, Writing – original draft. XZ: Writing – original draft, Investigation. SZ: Writing – original draft, Investigation. QW: Resources, Writing – original draft, Funding acquisition. PD: Funding acquisition, Writing – review & editing, Supervision. BY: Resources, Writing – review & editing, Supervision.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work has been funded by grants from the central government guides local science and technology development funds (YDZX2022091), General Program of Natural Sciences of Qilu Medical University (X24ZKMS03) and Open Support Project for Basic Research of the School of Basic Medicine of Qilu Medical University (JCYXKFFC202408).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

	 Tanner, CM, and Ostrem, JL. Parkinson’s disease. N Engl J Med. (2024) 391:442–52. doi: 10.1056/NEJMra2401857, PMID: 39083773


	 Ascherio, A, and Schwarzschild, MA. The epidemiology of Parkinson’s disease: risk factors and prevention. Lancet Neurol. (2016) 15:1257–72. doi: 10.1016/S1474-4422(16)30230-7, PMID: 27751556


	 Morris, HR, Spillantini, MG, Sue, CM, and Williams-Gray, CH. The pathogenesis of Parkinson’s disease. Lancet. (2024) 403:293–304. doi: 10.1016/S0140-6736(23)01478-2, PMID: 38245249


	 Rafee, S, and Fearon, C. Palmitoylation: A new therapeutic target for parkinson’s disease? Mov Disord. (2023) 38:955–6. doi: 10.1002/mds.29418, PMID: 37166399


	 Lu, Y, Zheng, Y, Coyaud, E, Zhang, C, Selvabaskaran, A, Yu, Y, et al. Palmitoylation of NOD1 and NOD2 is required for bacterial sensing. Science. (2019) 366:460–7. doi: 10.1126/science.aau6391, PMID: 31649195


	 Zhao, L, Zhang, C, Luo, X, Wang, P, Zhou, W, Zhong, S, et al. CD36 palmitoylation disrupts free fatty acid metabolism and promotes tissue inflammation in non-alcoholic steatohepatitis. J Hepatol. (2018) 69:705–17. doi: 10.1016/j.jhep.2018.04.006, PMID: 29705240


	 He, Q, Qu, M, Shen, T, Su, J, Xu, Y, Xu, C, et al. Control of mitochondria-associated endoplasmic reticulum membranes by protein S-palmitoylation: Novel therapeutic targets for neurodegenerative diseases. Ageing Res Rev. (2023) 87:101920. doi: 10.1016/j.arr.2023.101920, PMID: 37004843


	 Ho, GPH, Wilkie, EC, White, AJ, and Selkoe, DJ. Palmitoylation of the Parkinson’s disease-associated protein synaptotagmin-11 links its turnover to alpha-synuclein homeostasis. Sci Signal. (2023) 16:eadd7220. doi: 10.1126/scisignal.add7220, PMID: 36787382


	 Blanc, M, David, F, Abrami, L, Migliozzi, D, Armand, F, Burgi, J, et al. SwissPalm: protein palmitoylation database. F1000Res. (2015) 4:261. doi: 10.12688/f1000research, PMID: 28649375


	 Won, SJ, Cheung See Kit, M, and Martin, BR. Protein depalmitoylases. Crit Rev Biochem Mol Biol. (2018) 53:83–98. doi: 10.1080/10409238.2017.1409191, PMID: 29239216


	 Zhang, MM, Tsou, LK, Charron, G, Raghavan, AS, and Hang, HC. Tandem fluorescence imaging of dynamic S-acylation and protein turnover. Proc Natl Acad Sci U.S.A. (2010) 107:8627–32. doi: 10.1073/pnas.0912306107, PMID: 20421494


	 Mesquita, FS, Abrami, L, Linder, ME, Bamji, SX, Dickinson, BC, and van der Goot, FG. Mechanisms and functions of protein S-acylation. Nat Rev Mol Cell Biol. (2024) 25:488–509. doi: 10.1038/s41580-024-00700-8, PMID: 38355760


	 Lacombe, RJS, Smith, ME, Perlman, K, Turecki, G, Mechawar, N, and Bazinet, RP. Quantitative and carbon isotope ratio analysis of fatty acids isolated from human brain hemispheres. J Neurochem. (2023) 164:44–56. doi: 10.1111/jnc.15702, PMID: 36196762


	 Smith, ME, and Bazinet, RP. Unraveling brain palmitic acid: Origin, levels and metabolic fate. Prog Lipid Res. (2024) 96:101300. doi: 10.1016/j.plipres.2024.101300, PMID: 39222711


	 Deschenes, RJ, Resh, MD, and Broach, JR. Acylation and prenylation of proteins. Curr Opin Cell Biol. (1990) 2:1108–13. doi: 10.1016/0955-0674(90)90164-A, PMID: 2099805


	 Greaves, J, and Chamberlain, LH. DHHC palmitoyl transferases: substrate interactions and (patho)physiology. Trends Biochem Sci. (2011) 36:245–53. doi: 10.1016/j.tibs.2011.01.003, PMID: 21388813


	 Abbott, SK, Jenner, AM, Spiro, AS, Batterham, M, Halliday, GM, and Garner, B. Fatty acid composition of the anterior cingulate cortex indicates a high susceptibility to lipid peroxidation in Parkinson’s disease. J Parkinsons Dis. (2015) 5:175–85. doi: 10.3233/JPD-140479, PMID: 25613350


	 Fabelo, N, Martin, V, Santpere, G, Marin, R, Torrent, L, Ferrer, I, et al. Severe alterations in lipid composition of frontal cortex lipid rafts from Parkinson’s disease and incidental Parkinson’s disease. Mol Med. (2011) 17:1107–18. doi: 10.2119/molmed.2011.00119, PMID: 21717034


	 Schommer, J, Marwarha, G, Nagamoto-Combs, K, and Ghribi, O. Palmitic acid-enriched diet increases alpha-synuclein and tyrosine hydroxylase expression levels in the mouse brain. Front Neurosci. (2018) 12:552. doi: 10.3389/fnins.2018.00552, PMID: 30127714


	 Ferecsko, AS, Smallwood, MJ, Moore, A, Liddle, C, Newcombe, J, Holley, J, et al. STING-triggered CNS inflammation in human neurodegenerative diseases. Biomedicines. (2023) 11:1375. doi: 10.3390/biomedicines11051375, PMID: 37239045


	 Hidalgo-Lanussa, O, Gonzalez Santos, J, and Barreto, GE. Sex-specific vulnerabilities in human astrocytes underpin the differential impact of palmitic acid. Neurobiol Dis. (2024) 195:106489. doi: 10.1016/j.nbd.2024.106489, PMID: 38552721


	 Peng, J, Liang, D, and Zhang, Z. Palmitoylation of synaptic proteins: roles in functional regulation and pathogenesis of neurodegenerative diseases. Cell Mol Biol Lett. (2024) 29:108. doi: 10.1186/s11658-024-00625-2, PMID: 39127627


	 Atik, A, Stewart, T, and Zhang, J. Alpha-synuclein as a biomarker for parkinson’s disease. Brain Pathol. (2016) 26:410–8. doi: 10.1111/bpa.12370, PMID: 26940058


	 Ma, DF, Zhang, S, Xu, SY, Huang, Z, Tao, Y, Chen, F, et al. Self-limiting multimerization of alpha-synuclein on membrane and its implication in Parkinson’s diseases. Sci Adv. (2024) 10:eado4893. doi: 10.1126/sciadv.ado4893, PMID: 39383232


	 Calabresi, P, Mechelli, A, Natale, G, Volpicelli-Daley, L, Di Lazzaro, G, and Ghiglieri, V. Alpha-synuclein in Parkinson’s disease and other synucleinopathies: from overt neurodegeneration back to early synaptic dysfunction. Cell Death Dis. (2023) 14:176. doi: 10.1038/s41419-023-05672-9, PMID: 36859484


	 Bido, S, Muggeo, S, Massimino, L, Marzi, MJ, Giannelli, SG, Melacini, E, et al. Microglia-specific overexpression of alpha-synuclein leads to severe dopaminergic neurodegeneration by phagocytic exhaustion and oxidative toxicity. Nat Commun. (2021) 12:6237. doi: 10.1038/s41467-021-26519-x, PMID: 34716339


	 Dai, L, Wang, J, Meng, L, Zhang, X, Xiao, T, Deng, M, et al. The cholesterol 24-hydroxylase CYP46A1 promotes alpha-synuclein pathology in Parkinson’s disease. PloS Biol. (2025) 23:e3002974. doi: 10.1371/journal.pbio.3002974, PMID: 39964974


	 Dettmer, U. Rationally Designed Variants of alpha-Synuclein Illuminate Its in vivo Structural Properties in Health and Disease. Front Neurosci. (2018) 12:623. doi: 10.3389/fnins.2018.00623, PMID: 30319334


	 Tripathi, A, Alnakhala, H, Terry-Kantor, E, Newman, A, Liu, L, Imberdis, T, et al. Pathogenic mechanisms of cytosolic and membrane-enriched alpha-synuclein converge on fatty acid homeostasis. J Neurosci. (2022) 42:2116–30. doi: 10.1523/JNEUROSCI.1881-21.2022, PMID: 35086904


	 Oliveira, LMA, Gasser, T, Edwards, R, Zweckstetter, M, Melki, R, Stefanis, L, et al. Alpha-synuclein research: defining strategic moves in the battle against Parkinson’s disease. NPJ Parkinsons Dis. (2021) 7:65. doi: 10.1038/s41531-021-00203-9, PMID: 34312398


	 Singh, PK, and Muqit, MMK. Parkinson’s: A disease of aberrant vesicle trafficking. Annu Rev Cell Dev Biol. (2020) 36:237–64. doi: 10.1146/annurev-cellbio-100818-125512, PMID: 32749865


	 Wolfes, AC, and Dean, C. The diversity of synaptotagmin isoforms. Curr Opin Neurobiol. (2020) 63:198–209. doi: 10.1016/j.conb.2020.04.006, PMID: 32663762


	 Kang, R, Swayze, R, Lise, MF, Gerrow, K, Mullard, A, Honer, WG, et al. Presynaptic trafficking of synaptotagmin I is regulated by protein palmitoylation. J Biol Chem. (2004) 279:50524–36. doi: 10.1074/jbc.M404981200, PMID: 15355980


	 Collins, MO, Woodley, KT, and Choudhary, JS. Global, site-specific analysis of neuronal protein S-acylation. Sci Rep. (2017) 7:4683. doi: 10.1038/s41598-017-04580-1, PMID: 28680068


	 Hatzakis, NS, Bhatia, VK, Larsen, J, Madsen, KL, Bolinger, PY, Kunding, AH, et al. How curved membranes recruit amphipathic helices and protein anchoring motifs. Nat Chem Biol. (2009) 5:835–41. doi: 10.1038/nchembio.213, PMID: 19749743


	 Larsen, JB, Jensen, BM, Bhatia, VK, Pedersen, S, Bjørnholm, T, Iversen, L, et al. Membrane curvature enables N-Ras lipid anchor sorting to liquid-ordered membrane phases. Nat Chem Biol. (2015) 11:192–4. doi: 10.1038/nchembio.1733, PMID: 25622090


	 Medeiros, AT, Soll, LG, Tessari, I, Bubacco, L, and Morgan, JR. alpha-synuclein dimers impair vesicle fission during clathrin-mediated synaptic vesicle recycling. Front Cell Neurosci. (2017) 11:388. doi: 10.3389/fncel.2017.00388, PMID: 29321725


	 Perlmutter, JD, Braun, AR, and Sachs, JN. Curvature dynamics of alpha-synuclein familial Parkinson disease mutants: molecular simulations of the micelle- and bilayer-bound forms. J Biol Chem. (2009) 284:7177–89. doi: 10.1074/jbc.M808895200, PMID: 19126542


	 Roman-Vendrell, C, Medeiros, AT, Sanderson, JB, Jiang, H, Bartels, T, and Morgan, JR. Effects of excess brain-derived human alpha-synuclein on synaptic vesicle trafficking. Front Neurosci. (2021) 15:639414. doi: 10.3389/fnins.2021.639414, PMID: 33613189


	 Shimojo, M, Madara, J, Pankow, S, Liu, X, Yates, J, 3rd, Sudhof, TC, et al. Synaptotagmin-11 mediates a vesicle trafficking pathway that is essential for development and synaptic plasticity. Genes Dev. (2019) 33:365–76. doi: 10.1101/gad.320077.118, PMID: 30808661


	 Wu, S, Hernandez Villegas, NC, Sirkis, DW, Thomas-Wright, I, Wade-Martins, R, and Schekman, R. Unconventional secretion of alpha-synuclein mediated by palmitoylated DNAJC5 oligomers. Elife. (2023) 12:858371. doi: 10.7554/eLife.85837, PMID: 36626307


	 Abazari, D, Wild, AR, Qiu, T, Dickinson, BC, and Bamji, SX. Activity-dependent post-translational regulation of palmitoylating and depalmitoylating enzymes in the hippocampus. J Cell Sci. (2023) 136:260629. doi: 10.1242/jcs.260629, PMID: 37039765


	 Huynh, DP, Scoles, DR, Nguyen, D, and Pulst, SM. The autosomal recessive juvenile Parkinson disease gene product, parkin, interacts with and ubiquitinates synaptotagmin XI. Hum Mol Genet. (2003) 12:2587–97. doi: 10.1093/hmg/ddg269, PMID: 12925569


	 Fyke, Z, Johansson, R, Scott, AI, Wiley, D, Chelsky, D, Zak, JD, et al. Reduction of neuroinflammation and seizures in a mouse model of CLN1 batten disease using the small molecule enzyme mimetic, N-Tert-butyl hydroxylamine. Mol Genet Metab. (2024) 143:108537. doi: 10.1016/j.ymgme.2024.108537, PMID: 39033629


	 Sarkar, C, Chandra, G, Peng, S, Zhang, Z, Liu, A, and Mukherjee, AB. Neuroprotection and lifespan extension in Ppt1(-/-) mice by NtBuHA: therapeutic implications for INCL. Nat Neurosci. (2013) 16:1608–17. doi: 10.1038/nn.3526, PMID: 24056696


	 Vujic, I, Sanlorenzo, M, Esteve-Puig, R, Vujic, M, Kwong, A, Tsumura, A, et al. Acyl protein thioesterase 1 and 2 (APT-1, APT-2) inhibitors palmostatin B, ML348 and ML349 have different effects on NRAS mutant melanoma cells. Oncotarget. (2016) 7:7297–306. doi: 10.18632/oncotarget.6907, PMID: 26771141


	 Won, SJ, Davda, D, Labby, KJ, Hwang, SY, Pricer, R, Majmudar, JD, et al. Molecular mechanism for isoform-selective inhibition of acyl protein thioesterases 1 and 2 (APT1 and APT2). ACS Chem Biol. (2016) 11:3374–82. doi: 10.1021/acschembio.6b00720, PMID: 27748579


	 Lin, DT, and Conibear, E. ABHD17 proteins are novel protein depalmitoylases that regulate N-Ras palmitate turnover and subcellular localization. Elife. (2015) 4:e11306. doi: 10.7554/eLife.11306.017, PMID: 26701913


	 Kathayat, RS, Cao, Y, Elvira, PD, Sandoz, PA, Zaballa, ME, Springer, MZ, et al. Active and dynamic mitochondrial S-depalmitoylation revealed by targeted fluorescent probes. Nat Commun. (2018) 9:334. doi: 10.1038/s41467-017-02655-1, PMID: 29362370


	 Cao, Y, Qiu, T, Kathayat, RS, Azizi, SA, Thorne, AK, Ahn, D, et al. ABHD10 is an S-depalmitoylase affecting redox homeostasis through peroxiredoxin-5. Nat Chem Biol. (2019) 15:1232–40. doi: 10.1038/s41589-019-0399-y, PMID: 31740833


	 McGeer, PL, Itagaki, S, and McGeer, EG. Expression of the histocompatibility glycoprotein HLA-DR in neurological disease. Acta Neuropathol. (1988) 76:550–7. doi: 10.1007/BF00689592, PMID: 2974227


	 Wang, W, Song, N, Jia, F, Tang, T, Bao, W, Zuo, C, et al. Genomic DNA levels of mutant alpha-synuclein correlate with non-motor symptoms in an A53T Parkinson’s disease mouse model. Neurochem Int. (2018) 114:71–9. doi: 10.1016/j.neuint.2018.01.006, PMID: 29355568


	 Subhramanyam, CS, Wang, C, Hu, Q, and Dheen, ST. Microglia-mediated neuroinflammation in neurodegenerative diseases. Semin Cell Dev Biol. (2019) 94:112–20. doi: 10.1016/j.semcdb.2019.05.004, PMID: 31077796


	 Harms, AS, Delic, V, Thome, AD, Bryant, N, Liu, Z, Chandra, S, et al. alpha-Synuclein fibrils recruit peripheral immune cells in the rat brain prior to neurodegeneration. Acta Neuropathol Commun. (2017) 5:85. doi: 10.1186/s40478-017-0494-9, PMID: 29162163


	 Olanow, CW, Savolainen, M, Chu, Y, Halliday, GM, and Kordower, JH. Temporal evolution of microglia and alpha-synuclein accumulation following foetal grafting in Parkinson’s disease. Brain. (2019) 142:1690–700. doi: 10.1093/brain/awz104, PMID: 31056668


	 Quick, JD, Silva, C, Wong, JH, Lim, KL, Reynolds, R, Barron, AM, et al. Lysosomal acidification dysfunction in microglia: an emerging pathogenic mechanism of neuroinflammation and neurodegeneration. J Neuroinflamm. (2023) 20:185. doi: 10.1186/s12974-023-02866-y, PMID: 37543564


	 Tu, HY, Yuan, BS, Hou, XO, Zhang, XJ, Pei, CS, Ma, YT, et al. alpha-synuclein suppresses microglial autophagy and promotes neurodegeneration in a mouse model of Parkinson’s disease. Aging Cell. (2021) 20:e13522. doi: 10.1111/acel.13522, PMID: 34811872


	 Lee, E, Hwang, I, Park, S, Hong, S, Hwang, B, Cho, Y, et al. MPTP-driven NLRP3 inflammasome activation in microglia plays a central role in dopaminergic neurodegeneration. Cell Death Differ. (2019) 26:213–28. doi: 10.1038/s41418-018-0124-5, PMID: 29786072


	 Fan, Z, Pan, YT, Zhang, ZY, Yang, H, Yu, SY, Zheng, Y, et al. Systemic activation of NLRP3 inflammasome and plasma alpha-synuclein levels are correlated with motor severity and progression in Parkinson’s disease. J Neuroinflamm. (2020) 17:11. doi: 10.1186/s12974-019-1670-6, PMID: 31915018


	 Kelley, N, Jeltema, D, Duan, Y, and He, Y. The NLRP3 inflammasome: an overview of mechanisms of activation and regulation. Int J Mol Sci. (2019) 20:3328. doi: 10.3390/ijms20133328, PMID: 31284572


	 Cullen, SP, Kearney, CJ, Clancy, DM, and Martin, SJ. Diverse activators of the NLRP3 inflammasome promote IL-1beta secretion by triggering necrosis. Cell Rep. (2015) 11:1535–48. doi: 10.1016/j.celrep.2015.05.003, PMID: 26027935


	 Panicker, N, Kam, TI, Wang, H, Neifert, S, Chou, SC, Kumar, M, et al. Neuronal NLRP3 is a parkin substrate that drives neurodegeneration in Parkinson’s disease. Neuron. (2022) 110:2422–2437 e9. doi: 10.1016/j.neuron.2022.05.009, PMID: 35654037


	 Xiang, H, Zhu, F, Xu, Z, and Xiong, J. Role of inflammasomes in kidney diseases via both canonical and non-canonical pathways. Front Cell Dev Biol. (2020) 8:106. doi: 10.3389/fcell.2020.00106, PMID: 32175320


	 Munoz-Planillo, R, Kuffa, P, Martinez-Colon, G, Smith, BL, Rajendiran, TM, and Nunez, G. K(+) efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and particulate matter. Immunity. (2013) 38:1142–53. doi: 10.1016/j.immuni.2013.05.016, PMID: 23809161


	 Zhang, S, Yan, M, Jiang, X, Liu, Y, Ma, W, Ding, L, et al. Oligodendrocyte-astrocyte crosstalk in Parkinson’s disease mediates neuronal ferroptosis via the FGF signaling pathway. NPJ Parkinson’s Dis. (2025) 11:136. doi: 10.1038/s41531-025-00995-0, PMID: 40410211


	 Andreeva, L, David, L, Rawson, S, Shen, C, Pasricha, T, Pelegrin, P, et al. NLRP3 cages revealed by full-length mouse NLRP3 structure control pathway activation. Cell. (2021) 184:6299–6312 e22. doi: 10.1016/j.cell.2021.11.011, PMID: 34861190


	 Zhang, N, Yang, Y, and Xu, D. Emerging roles of palmitoylation in pyroptosis. Trends Cell Biol. (2024) 35:500–514. doi: 10.1016/j.tcb.2024.10.005, PMID: 39521664


	 Hu, D, Li, Y, Wang, X, Zou, H, Li, Z, Chen, W, et al. Palmitoylation of NLRP3 modulates inflammasome activation and inflammatory bowel disease development. J Immunol. (2024) 213:481–93. doi: 10.4049/jimmunol.2300241, PMID: 38949555


	 Yu, T, Hou, D, Zhao, J, Lu, X, Greentree, WK, Zhao, Q, et al. NLRP3 Cys126 palmitoylation by ZDHHC7 promotes inflammasome activation. Cell Rep. (2024) 43:114070. doi: 10.1016/j.celrep.2024.114070, PMID: 38583156


	 Williams, DM, and Peden, AA. S-acylation of NLRP3 provides a Nigericin sensitive gating mechanism that controls access to the Golgi. Elife. (2024) 13:RP94302. doi: 10.7554/eLife.94302, PMID: 39263961


	 Nie, L, Fei, C, Fan, Y, Dang, F, Zhao, Z, Zhu, T, et al. Consecutive palmitoylation and phosphorylation orchestrates NLRP3 membrane trafficking and inflammasome activation. Mol Cell. (2024) 84:3336–3353 e7. doi: 10.1016/j.molcel.2024.08.001, PMID: 39173637


	 Chen, J, and Chen, ZJ. PtdIns4P on dispersed trans-Golgi network mediates NLRP3 inflammasome activation. Nature. (2018) 564:71–6. doi: 10.1038/s41586-018-0761-3, PMID: 30487600


	 Magupalli, VG, Negro, R, Tian, Y, Hauenstein, AV, Di Caprio, G, Skillern, W, et al. HDAC6 mediates an aggresome-like mechanism for NLRP3 and pyrin inflammasome activation. Science. (2020) 369:8995. doi: 10.1126/science.aas8995, PMID: 32943500


	 Sharif, H, Wang, L, Wang, WL, Magupalli, VG, Andreeva, L, Qiao, Q, et al. Structural mechanism for NEK7-licensed activation of NLRP3 inflammasome. Nature. (2019) 570:338–43. doi: 10.1038/s41586-019-1295-z, PMID: 31189953


	 Zheng, S, Que, X, Wang, S, Zhou, Q, Xing, X, Chen, L, et al. ZDHHC5-mediated NLRP3 palmitoylation promotes NLRP3-NEK7 interaction and inflammasome activation. Mol Cell. (2023) 83:4570–4585 e7. doi: 10.1016/j.molcel.2023.11.015, PMID: 38092000


	 Wang, L, Cai, J, Zhao, X, Ma, L, Zeng, P, Zhou, L, et al. Palmitoylation prevents sustained inflammation by limiting NLRP3 inflammasome activation through chaperone-mediated autophagy. Mol Cell. (2023) 83:281–297 e10. doi: 10.1016/j.molcel.2022.12.002, PMID: 36586411


	 Xu, J, Pickard, JM, and Nunez, G. FDA-approved disulfiram inhibits the NLRP3 inflammasome by regulating NLRP3 palmitoylation. Cell Rep. (2024) 43:114609. doi: 10.1016/j.celrep.2024.114609, PMID: 39116210


	 Fukata, Y, Bredt, DS, and Fukata, M. Protein Palmitoylation by DHHC Protein Family. In:  JT Kittler, and SJ Moss, editors. The Dynamic Synapse: Molecular Methods in Ionotropic Receptor Biology. Boca Raton (FL): Frontiers in Neuroscience (2006).


	 Korycka, J, Lach, A, Heger, E, Boguslawska, DM, Wolny, M, Toporkiewicz, M, et al. Human DHHC proteins: a spotlight on the hidden player of palmitoylation. Eur J Cell Biol. (2012) 91:107–17. doi: 10.1016/j.ejcb.2011.09.013, PMID: 22178113


	 Chu, Y, Hirst, WD, Federoff, HJ, Harms, AS, Stoessl, AJ, and Kordower, JH. Nigrostriatal tau pathology in parkinsonism and Parkinson’s disease. Brain. (2024) 147:444–57. doi: 10.1093/brain/awad388, PMID: 38006313


	 Connolly, BS, and Lang, AE. Pharmacological treatment of Parkinson disease: a review. JAMA. (2014) 311:1670–83. doi: 10.1001/jama.2014.3654, PMID: 24756517


	 Church, FC. Treatment options for motor and non-motor symptoms of parkinson’s disease. Biomolecules. (2021) 11:612. doi: 10.3390/biom11040612, PMID: 33924103


	 Kikuchi, T, Morizane, A, Doi, D, Magotani, H, Onoe, H, Hayashi, T, et al. Human iPS cell-derived dopaminergic neurons function in a primate Parkinson’s disease model. Nature. (2017) 548:592–6. doi: 10.1038/nature23664, PMID: 28858313


	 Moritz, AE, Rastedt, DE, Stanislowski, DJ, Shetty, M, Smith, MA, Vaughan, RA, et al. Reciprocal phosphorylation and palmitoylation control dopamine transporter kinetics. J Biol Chem. (2015) 290:29095–105. doi: 10.1074/jbc.M115.667055, PMID: 26424792


	 Bolland, DE, Moritz, AE, Stanislowski, DJ, Vaughan, RA, and Foster, JD. Palmitoylation by multiple DHHC enzymes enhances dopamine transporter function and stability. ACS Chem Neurosci. (2019) 10:2707–17. doi: 10.1021/acschemneuro.8b00558, PMID: 30965003


	 Zeppelin, T, Pedersen, KB, Berglund, NA, Periole, X, and Schiott, B. Effect of palmitoylation on the dimer formation of the human dopamine transporter. Sci Rep. (2021) 11:4164. doi: 10.1038/s41598-021-83374-y, PMID: 33602981


	 Fukata, Y, and Fukata, M. Protein palmitoylation in neuronal development and synaptic plasticity. Nat Rev Neurosci. (2010) 11:161–75. doi: 10.1038/nrn2788, PMID: 20168314


	 Mejias, R, Rodriguez-Gotor, JJ, Niwa, M, Krasnova, IN, Adamczyk, A, Han, M, et al. Increased novelty-induced locomotion, sensitivity to amphetamine, and extracellular dopamine in striatum of Zdhhc15-deficient mice. Transl Psychiatry. (2021) 11:65. doi: 10.1038/s41398-020-01194-6, PMID: 33462194


	 Foster, JD, and Vaughan, RA. Palmitoylation controls dopamine transporter kinetics, degradation, and protein kinase C-dependent regulation. J Biol Chem. (2011) 286:5175–86. doi: 10.1074/jbc.M110.187872, PMID: 21118819


	 Kim, KS, Kim, JS, Park, JY, Suh, YH, Jou, I, Joe, EH, et al. DJ-1 associates with lipid rafts by palmitoylation and regulates lipid rafts-dependent endocytosis in astrocytes. Hum Mol Genet. (2013) 22:4805–17. doi: 10.1093/hmg/ddt332, PMID: 23847046


	 Imberechts, D, Kinnart, I, Wauters, F, Terbeek, J, Manders, L, Wierda, K, et al. DJ-1 is an essential downstream mediator in PINK1/parkin-dependent mitophagy. Brain. (2022) 145:4368–84. doi: 10.1093/brain/awac313, PMID: 36039535


	 Junn, E, Jang, WH, Zhao, X, Jeong, BS, and Mouradian, MM. Mitochondrial localization of DJ-1 leads to enhanced neuroprotection. J Neurosci Res. (2009) 87:123–9. doi: 10.1002/jnr.21831, PMID: 18711745


	 Kinumi, T, Kimata, J, Taira, T, Ariga, H, and Niki, E. Cysteine-106 of DJ-1 is the most sensitive cysteine residue to hydrogen peroxide-mediated oxidation in vivo in human umbilical vein endothelial cells. Biochem Biophys Res Commun. (2004) 317:722–8. doi: 10.1016/j.bbrc.2004.03.110, PMID: 15081400


	 Zhou, B, Wang, Y, Yan, Y, Mariscal, J, Di Vizio, D, Freeman, MR, et al. Low-background acyl-biotinyl exchange largely eliminates the coisolation of non-S-acylated proteins and enables deep S-acylproteomic analysis. Anal Chem. (2019) 91:9858–66. doi: 10.1021/acs.analchem.9b01520, PMID: 31251020


	 Brun, S, Bestion, E, Raymond, E, Bassissi, F, Jilkova, ZM, Mezouar, S, et al. GNS561, a clinical-stage PPT1 inhibitor, is efficient against hepatocellular carcinoma via modulation of lysosomal functions. Autophagy. (2022) 18:678–94. doi: 10.1080/15548627.2021.1988357, PMID: 34740311


	 Dore, K, Carrico, Z, Alfonso, S, Marino, M, Koymans, K, Kessels, HW, et al. PSD-95 protects synapses from beta-amyloid. Cell Rep. (2021) 35:109194. doi: 10.1016/j.celrep.2021.109194, PMID: 34077732







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Liu, Wang, Fan, Zhou, Zhang, Wang, Dong and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1615001-g001.jpg
Parkinson’s environment

a-Syn tetramer =

d ;‘GN
Palmitoylation® =

A a-Syn monomer
VWWWW —— > I _> \Z% Oligomers

C39/C40

Syt11 B E

Degradation

]

Depalmitoylation

Endolysosomal
system





OEBPS/Images/cover.jpg
’ frontiers | Frontiersin Immunology

Protein regulatory network mediated by
palmitoylation modifications in the
pathological progression of Parkinson’s
disease: a narrative review





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1615001-g003.jpg
Microglia

NLRP3

PAM

DHHC? Cys901

- o«
ASC Recruit

Palmitoylation = 4 , o
NEK7 y _ : Activation
&@-a®

Caspase-1

DHHC17 Cys419
Recombine NLRP3 Inflammasome

DHHC12 Cys844

Lysosome





OEBPS/Images/fimmu-16-1615001-g002.jpg
PAM

® c2*

‘Aﬁ Golgi

Ad a7 ocmom Caspase1 TGN
non-Palmitoylation Activation reduction

B

AR Ll%‘kb-— ® O

WMA_’M‘.— @

PYD NOD LRR
¢ @30

NLRP3

| NEK7

Unbalance NLRP3 inflammasome

Palmitoylation Caspase-1 Activation
FaC|I|tate positioning
DAT Site M,
C DHHC1 Cys130 —
DHHC3 Cys130 Palmitoylation «—— APT2
DHHC5 Cys130 Depalmitoylation
DHHC7 Cys130 :

DHHC1 Cys958 — ) _ Assistant positioning
Palmitoylation

Unactivated state





