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Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting millions of individuals worldwide. A hallmark of PD pathology is the accumulation of α-synuclein (α-Syn), a small protein known to support neuronal development and function. However, in PD, α-Syn cumulatively misfolds into toxic aggregates that disrupt cellular processes and contribute to neuronal damage and neurodegeneration. Previous studies implicated the AKT signaling pathway in α-Syn toxicity in cellular models of PD, suggesting AKT as a potential therapeutic target. Here, we investigated the effect of AKT inhibition in a Drosophila model of synucleinopathy. We observed that administration of the AKT inhibitor, A-443654 led to mild improvements in both survival and motor function in flies expressing human α-Syn. Genetic studies revealed that reduction of AKT levels decreased α-Syn protein levels, concomitant with improved physiological outcomes. The protective effects of AKT reduction appear to operate through the fly ortholog of NF-κB, Relish, suggesting a link between AKT and NF-κB in regulating α-Syn levels. These findings highlight the AKT cascade as a potential therapeutic target for synucleinopathies and provide insights into mechanisms that could be utilized to reduce α-Syn toxicity in PD and related disorders, such as multiple system atrophy.
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Introduction

Parkinson’s Disease (PD) is a progressive neurodegenerative disorder marked by the degeneration of dopaminergic neurons in the substantia nigra (Louis et al., 2022; Dauer and Przedborski, 2003). The abnormal accumulation and aggregation of α-synuclein (α-Syn), which is the primary component of Lewy body fibrils (Spillantini et al., 1997), is a key pathological feature in PD and related synucleinopathies (Goedert et al., 2017). Mutation of SNCA, the gene encoding α-Syn, Causes autosomal dominant Parkinsonism (Bridi and Hirth, 2018). Other genetic evidence includes SNCA gene multiplications, which lead to another Mendelian-inherited form of Parkinsonism (Bridi and Hirth, 2018). The increased intraneuronal production of wild-type α-Syn as a causative factor for Parkinsonism supports the idea of a toxic gain-of-function resulting from excess α-Syn protein (Garcia-Reitbock et al., 2010; Cuervo et al., 2004; Benskey et al., 2016). Furthermore, α-Syn, a protein involved in synaptic vesicle trafficking (Calabresi et al., 2023; Gomez-Benito et al., 2020), loses its normal physiological function and becomes toxic as it misfolds and aggregates, leading to motor dysfunction and other PD-related symptoms. Key mechanisms triggering α-Syn aggregation and its resultant toxicity include oxidative stress, mitochondrial dysfunction (Rocha et al., 2018; Hu et al., 2019), and impaired autophagy (Tanik et al., 2013), all of which contribute to neuronal degeneration in PD. These findings suggest that reducing the overall expression of α-Syn is a promising therapeutic approach for PD and related disorders.

The AKT pathway plays an important role in regulating both transcription and protein degradation, processes that are essential for maintaining cellular homeostasis (Brunet et al., 2001; Glaviano et al., 2023). The AKT pathway is commonly activated in various human pathologies, including cancers and neurodegenerative disorders such as PD (Nitulescu et al., 2018; Hers et al., 2011). In PD, the PI3K/AKT signaling pathway has drawn interest as a potential therapeutic target due to a major role in promoting cell survival and modulating mechanisms implicated in neurodegeneration (Dong-Chen et al., 2023). As a central component of the PI3K/Akt/mTOR signaling pathway, AKT regulates cell survival, growth, and apoptosis (Brunet et al., 2001; Peng et al., 2022). However, the specific effects exerted by the AKT pathway on α-Syn and its accumulation remain unclear, requiring further investigation to understand its role in α-Syn-related toxicity and aggregation in PD.

A-443654 (Han et al., 2007; Luo et al., 2005) is a potent and selective AKT inhibitor derived from indazole–pyridine compounds; it targets all three AKT isoforms (AKT1, AKT2, and AKT3) by binding to the ATP-binding site, acting as an ATP-competitive and reversible inhibitor. A-443654 has been studied for its potential therapeutic applications in treating various diseases, including glioblastoma multiforme (Gallia et al., 2009) and PD (Gandelman et al., 2021). In cellular models of PD, A-443654 significantly reduces α-Syn protein levels, effectively alleviating α-Syn toxicity and restoring cellular function in ATXN2-Q58 cells. This recovery was associated with the normalization of critical autophagy and stress response markers, including mTOR, LC3-II, p62, STAU1, BiP, and CHOP (Gandelman et al., 2021). Furthermore, A-443654 successfully restored normal α-Syn levels in both fibroblasts and iPSC-derived dopaminergic neurons from a patient with a triplication of the SNCA gene (Gandelman et al., 2021). Building on these findings from cellular models, our study sought to determine whether similar effects of A-443654 can be observed in an intact organism. We utilized a Drosophila melanogaster model of PD that overexpresses the human SNCA gene pan-neuronally, driven by the elav-Gal4 driver. This approach was chosen not only due to the broad impact of PD on the nervous system more generally, but also because of the historical use of this pattern of expression to model synucleinopathies in the fruit fly (Feany and Bender, 2000; Takahashi et al., 2003; Mohite et al., 2018), which will enable our findings to be placed in the context of other investigations using the same models. We found that A-443654 administration could alleviate α-Syn-induced toxicity by extending fly longevity and improving mobility. Genetic reduction of AKT expression led to a decrease in α-Syn protein level, whereas increased AKT expression led to its elevation. Of interest was that manipulation of NF-κB, a downstream target of AKT, via knockdown or overexpression, also impacted α-Syn levels, indicating that NF-κB itself may play a critical role in the regulation of α-Syn. These findings provide valuable insights into the possibility of targeting the AKT pathway as a therapeutic strategy for PD and for other α-synucleinopathies, including the glial pathology observed in multiple system atrophy (Spillantini et al., 1997; Sokratian et al., 2024).



Materials and methods


Fly stocks and maintenance

elav-Gal4 (#458), UAS-α-SynWT (#51374), UAS-Ataxin-2 (#68395), UAS-AKTRNAi (#31701), UAS-RelRNAi (#28943), UAS-AKT (#8191), and UAS-Rel (#9459) were obtained from the Bloomington Drosophila Stock Center. Gifted stocks used in this study were y,w; +; attP2 (Jamie Roebuck, Duke University) and w1118 (Russ Finley, Wayne State University). UAS-ATXN3(Q80) was previously described in Blount et al. (2023), Prifti et al. (2022), and Johnson et al. (2020). Flies were housed in a 25°C incubator on a 12-h light and 12-h dark cycle at ~40% relative humidity. Control flies for all Gal4-UAS experiments consisted of the elav-Gal4 line crossed to y,w; +; attP2 or w1118 flies, depending on experiment. Adult offspring were synchronized by collecting within 12 h of eclosion over a 48-h period. Groups of 20 age- and sex-matched flies were immediately transferred into narrow polypropylene vials containing 5 mL of standard 2% agar, 10% sucrose, 10% yeast with appropriate preservatives. Food vials were changed every second to third day.



Supplementation of A-443654 and rotenone on fly media

A-443654 (Advanced ChemBlocks Inc., CA, United States) was initially dissolved in dimethylsulfoxide (DMSO) to establish a 50 mM stock solution. The stock was then diluted with water to final concentrations of 100 μM and 1,000 μM, as indicated in the respective experiments. These concentrations were selected based on treatment protocols from previous publications (Johnson et al., 2015). To prepare A-443654-treated fly food, 100 μL of the diluted A-443654 solution was added to the top of 5 mL of fly food, which was then allowed to air-dry before transferring flies into the vial. For the preparation of rotenone fly food, a 100 mM stock solution of rotenone (Sigma-Aldrich, St. Louis, MO, United States) was prepared by dissolving rotenone in DMSO. A working solution of 500 μM rotenone was then made by diluting the stock solution with water. To prepare the fly food, 100 μL of the 500 μM rotenone solution was added to the top of 5 mL of fly food, followed by air drying prior to transferring the flies. The rotenone concentration was selected based on reports from previous studies (Coulom and Birman, 2004; Akinade et al., 2022). For fly food containing both A-443654 and rotenone, 100 μL of either the 100 µM or 1,000 μM A-443654 solution was added to the prepared rotenone-treated fly food. To prepare control food, 100 μL of a DMSO/water solution (containing the same volume of DMSO as used for A-443654 with or without rotenone dilutions) was added to 5 mL of fly food. This was done to match the DMSO concentration used in the experimental groups. The food was allowed to air-dry before transferring the flies into the vial.



Lifespan

At least 200 adults (100 adults in the longevity test in Supplementary Figures) were age-matched and separated by sex within 48 h of eclosion. Every 2–3 days, flies were transferred to a new vial with food with the indicated drug in each experiment; dead flies were counted until none remained. Survival curves were analyzed by log-rank in GraphPad Prism (San Diego, CA, United States).



RING assay

Negative geotaxis was evaluated using a modified Rapid Iterative Negative Geotaxis (RING) assay in groups of at least 100 flies, following the procedure outlined in a prior publication (Gargano et al., 2005). Briefly, 5 vials containing 20 flies each were briskly tapped to the bottom, and their climbing distance was captured in a photograph (Sony, Tokyo, Japan) 3 s after initiating the flies’ natural geotaxis response. For each group, an average of 5 consecutive trials was recorded. Flies were tested longitudinally once per week, and between tests they were returned to standard food vials and housed as described above. Negative geotaxis performance was analyzed by scoring the position of each fly within designated zones of the vial. Based on an established protocol, the fly distribution within each zone was then converted to percentages using RStudio (Boston, MA, United States) (Gargano et al., 2005; Richardson et al., 2024). All negative geotaxis experiments were performed in duplicate, with one complete trial shown in each graph.



Western blots

Fourteen fly heads (7 females and 7 males) per biological replicate were homogenized in boiling lysis buffer containing 50 mM Tris (pH 6.8), 2% SDS, 10% glycerol, and 100 mM dithiothreitol. The homogenates were sonicated, boiled for 10 min, and centrifuged at 13,300 g for 10 min at room temperature. Western blots were performed using at least 3 biological replicates per group. Fly lysates were separated by electrophoresis using a 4–20% Mini-PROTEAN® TGX™ Precast Gel and transferred onto a 0.2 μm PVDF membrane (Bio-Rad, Hercules, CA, United States). Membranes were blocked for 30 mins at room temperature in 10 mM Tris–HCl (pH 8.0), 150 mM NaCl, and 0.1% Tween-20, supplemented with 5% milk solids. Following blocking, membranes were incubated overnight with primary antibodies and 1 h in secondary antibodies the following day. Western blots were developed using either EcoBright Pico HRP or Femto HRP 100 (Innovative Solutions, MI, United States) and imaged using a ChemiDoc system (Bio-Rad, Hercules, CA, United States).



Antibodies, direct blue staining, and protein quantification

The primary antibodies used were mouse anti-α-Syn (4B12) (1:1,000, Sigma-Aldrich, St. Louis, MO, United States), rabbit anti-AKTpan (C67E7) (1:1,000, Cell Signaling, Danvers, MA, United States), and mouse anti-Relish-C (21F3) (1:500, Developmental Studies Hybridoma Bank, IA, United States). The secondary antibodies included peroxidase-conjugated anti-mouse and peroxidase-conjugated anti-rabbit (1:5,000, Jackson ImmunoResearch, West Grove, PA, United States). For total protein normalization using Direct Blue 71 staining, PVDF membranes were submerged for 10 min in 0.01% Direct Blue 71 (Sigma-Aldrich, St. Louis, MO, United States) dissolved in a solution of 40% ethanol and 10% acetic acid, then rinsed in 40% ethanol/10% acetic acid, air-dried, and imaged. α-Syn protein levels were quantified by measuring the band at approximately 17 kDa. In the gene overexpression or RNAi groups, α-Syn levels were normalized to the control group, with total protein content for each genotype ascertained using Direct Blue 71 staining. Band quantification was performed using ImageLab (Bio-Rad, Hercules, CA, United States).



Statistics

Prism 9 (GraphPad) was used for graphics and statistical analyses. Statistical analyses used are noted in the figure legends.




Results


The effect of A-443654 α-Syn-dependent toxicity in Drosophila neurons

To examine any effect from A-443654 on toxicity from the presence of α-Syn in the nervous system of the fruit fly, we began by expressing human α-Syn in Drosophila neurons using the Gal4-UAS system (Brand and Perrimon, 1993). Gal4-UAS allows for specific expression of various transgenes in the tissues and timeframes of interest. In our case, we expressed human, wild-type UAS-α-Syn in all fly neurons throughout development and in adulthood by using the driver elav-Gal4. As shown in Figure 1A, expression of human α-Syn in all fly neurons led to reduced overall longevity in both male and female flies.

Next, we tested whether adding A-443654 to the fly media could improve the reduced longevity observed in adult flies that pan-neuronally express α-Syn. For these assays, flies were reared on media without A-443654 during the embryonic, larval, and pupal stages. On the first day of adulthood, upon eclosion from the pupal case, male and female flies were separated and transferred onto media supplemented with A-443654 at concentrations of 0 µM, 100 µM, or 1,000 μM. Flies were transferred to new vials with fresh media containing A-443654 every other day. As shown in Figure 1B, addition of 100 μM A-443654 extended the longevity of female flies expressing α-Syn, but had no effect on male flies. However, addition of 1,000 μM A-443654 led to increased overall longevity in both sexes. As shown in Figure 1C, control flies with the Gal4 driver in the absence of α-Syn had overall reduced longevity when they were fed either of the A-443654 concentrations; this decrease may be due to the inherent toxicity of A-443654 in flies (Luo et al., 2005). Addition DMSO vehicle reduced control fly longevity, suggesting potential vehicle toxicity.
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FIGURE 1
 Effect of A-443654 on the longevity of flies pan-neuronal expressing α-Syn. (A) Longevity graphs of adult female and male flies expressing α-Syn in all fly neurons, throughout development and in adults. Driver was elav-Gal4. Statistics: log-rank tests. (B) Longevity of adult flies as in (A) expressing α-Syn, fed with the compound A-443654 or its vehicle, starting as day 1 adults and for the rest of their lives. Statistics: log-rank tests. (C) Longevity graphs of flies not expressing any α-Syn, fed A-443654 or its vehicle, starting as day 1 adults and for the rest of their lives. Statistics: log-rank tests. No significant difference is denoted as (ns), p < 0.05 is denoted as (*), p < 0.01 is denoted as (**), p < 0.001 is denoted as (***) and p < 0.0001 is denoted as (****). N > 200 per group.


Next, we assessed the ability of A-443654 to modulate another aspect of fly physiology, their mobility. Figure 2A depicts the RING assay (Gargano et al., 2005) that we performed on flies pan-neuronally expressing α-Syn. We evaluated flies at weeks 2 and 6, chosen to examine the mobility of young flies as well as at a time point when we observed effects from 1,000 μM administration in longevity (Figure 2B). In week 2, we observed that administration of 100 μM A-443654 led to a higher preponderance of male and female flies in the bottom range of the zones, indicating reduced mobility, compared to flies fed with the vehicle (Figure 2B). Administration of 1,000 μM A-443654 led to fewer male and female flies in zone 1 and higher numbers in zone 2 compared to the vehicle control group. However, while male flies showed fewer individuals in zone 5 compared to controls, female flies exhibited a higher presence in zone 5 than their respective controls. In week 6, 100 μM A-443654 appeared to mildly improve mobility, with more males in zones 2 and 3 and more females in zones 4 and 5 compared to their respective controls. Meanwhile, 1,000 μM A-443654 led to a marked reduction in the proportion of flies in zone 1 and an increase proportion in zones 2 and 5 for both males and females (Figure 2B). To further analyze the locomotor response in the lowest- and highest-performing groups, we assessed the distribution of week 6 flies in the bottom (zone 1) and top (zone 5) of the vials, calculating the percentage of flies treated with 0 μM, 100 μM, and 1,000 μM A-443654 in each zone. In males, treatment with 1,000 μM A-443654 significantly reduced the number of flies in zone 1 and increased their presence in zone 5, indicating improved locomotor response (Figure 2C, left). In contrast, females did not show significant changes in zones 1 or 5 across the different A-443654 treatment groups (Figure 2C, right). These findings suggest that A-443654 mildly but significantly enhances locomotor function in male flies expressing α-Syn at week 6, but has no notable effect on their female siblings.

[image: Figure 2]

FIGURE 2
 Effect of A-443654 on the motility and α-Syn protein levels in flies with pan-neuronal α-Syn expression. (A) Diagram illustrating methodology of the Rapid Iterative Negative Geotaxis (RING) assay. For details, please see the “Materials and methods.” (B) Graphical representation of the proportion of adult male (left) and female (right) flies present in each of the zones of the vial in RING assay. N ≥ 100 flies per group. (C) Zone 1- and zone 5-specific comparisons conducted for week 6 flies across A-443654-treated groups. The percentage of flies in each zone was calculated for individual vials, with each group comprising 5 vials containing 20 flies per vial. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test in GraphPad Prism. (D) Top panel: Western blots and related quantifications of the levels of α-Syn and total AKT in the absence or presence of A-443654 treatment in adult flies at days 14 and 50. Fourteen fly heads (7 females and 7 males) per biological replicate were used. At least 3 biological replicates were conducted per group. Bottom panel: graph of α-Syn protein levels quantified from the top and other independent repeats. Statistical analysis: Kruskal-Wallis test followed by Dunnett’s post-hoc test was performed for multiple group comparisons. ns: not statistically significant. (E) Western blots of α-Syn in flies treated with the indicated concentrations of A-443654 at days 0, 14, and 50. Two biological replicates were conducted per group. Blue arrows indicate α-Syn monomer, dimer, and trimer bands based on their respective molecular weights. Regions corresponding to oligomers or aggregates are highlighted in red. The quantifications of oligomer/aggregate and monomer protein levels are presented in the bottom panels. The numbers above the data points represent the mean values for each group.


Lastly, we examined whether feeding A-443654 influences the protein levels of α-Syn and AKT. We homogenized flies from the same groups as described in Figure 2B at two points, days 14 and 50. Neither dose of A-443654 led to a detectable change in the total protein levels of α-Syn and AKT (Figure 2D). This result aligns with the mechanism of A-443654, which is designed to inhibit AKT enzymatic activity without changing its protein level (Luo et al., 2005; Shi et al., 2005). When comparing α-Syn protein levels between day 14 and day 50, we observed an increase in higher molecular weight α-Syn species (oligomers and aggregates) at day 50 (Figure 2E). Flies treated with 1,000 μM A-443654 exhibited reduced levels of higher molecular weight α-Syn compared to the 0 μM and 100 μM groups. These findings suggest that 1,000 μM A-443654 enhances the longevity and mobility of flies expressing α-Syn by potentially by reducing the accumulation of aggregated α-Syn, as assessed from Western blotting.



The effect of A-443654 on other models of degeneration in Drosophila

To investigate if the effect from A-443654 is specific to the α-Syn model, or if it might apply more generally to other disease models, we tested the outcomes of 100 µM and 1,000 μM A-443654 on flies exposed to rotenone, which models PD through mitochondrial toxicity (Saravanan et al., 2005; Girish and Muralidhara, 2012). We also tested the effect of this AKT inhibitor on the toxicity of non-PD neurodegenerative proteins that form aggregates due to polyglutamine expansion mutations specifically, ataxin-2 (associated with spinocerebellar ataxia type 2, SCA2; Pulst et al., 1996) and ataxin-3 (associated with spinocerebellar ataxia type 3, SCA3; Paulson et al., 1997). Through its action on mitochondria, rotenone damages dopaminergic neurons and is widely used in rodent models to induce Parkinsonian signs (Rocha et al., 2022; Akinade et al., 2022; Coulom and Birman, 2004). We examined how A-443654 affects flies fed with rotenone. For rotenone exposure, we carried out two different treatment protocols. One of them (Figure 3A) involved feeding flies with rotenone throughout their lifetime; after 7 days as adults, A-443654 was introduced. As shown in Figure 3B, continued rotenone feeding led to reduced adult fly longevity (Supplementary Figure 1A for female fly longevity). Co-administration of 100 μM A-443654 did not yield any detectable benefit, whereas feeding of 1,000 μM A-443654 enhanced toxicity. Notably, the addition of the DMSO vehicle, used to dissolve both A-443654 and rotenone, led to reduced longevity in control flies compared to those not exposed to DMSO (Figure 1A) or exposed to lower levels of DMSO (Figure 1C). Motility assays in both week 1 and week 4 showed a slight improvement in the mobility of flies fed rotenone and then 100 μM A-443654 treatment when the proportion of flies was compared at the lowest zone (Figure 4C). Feeding of 1,000 μM A-443654 did not lead to an appreciable difference from control flies, which were fed rotenone but not A-443654. After 4 weeks of rotenone feeding, over 60% of the flies remained in the bottom zone. Neither 100 µM nor 1,000 μM of A-443654 improved their motility; the higher dose of 1,000 μM worsened motility (Figure 3C).
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FIGURE 3
 The impact of A-443654 on ROT-treated male flies. (A,D) Schematics illustrating the rotenone (ROT)-feeding experiment. In both panels, ROT was administered continuously from adult fly eclosion throughout adulthood (A) or halted on day 7 of adult fly life (D), with A-443654 introduced in the food at the indicated concentrations starting on day 7 and continuing throughout adulthood. Longevity outcomes are shown in panels B and E. Statistical analyses were performed using the log-rank test; no significant difference is denoted as (ns), p < 0.05 as (*), p < 0.01 as (**), p < 0.001 as (***) and p < 0.0001 as (****). N > 200 per group. (C,F) Motility outcomes from flies treated with ROT continuously (C) or for 7 days only (F). N ≥ 100 flies per group, collected from 5 individual vials.


[image: Figure 4]

FIGURE 4
 The impact of AKT and Relish on α-Syn protein levels. (A–C,E,F) Western blots of the indicated proteins. α-Syn was expressed pan-neuronally in flies using the elav-Gal4 driver either alone (A) or in combination with AKT knockdown (B), AKT overexpression (C), Relish (Rel) knockdown (E), or Rel overexpression (F). Symbols to the right of the bands in (B) indicate Rel (red arrow) and non-specific bands (black arrow). In the corresponding graphs, protein quantification from images was normalized to their respective Direct Blue loading controls. All lanes were further normalized to lane 1 to determine the relative expression levels. N = 3 biological replicates per group. Data are presented as means ± SD. Statistical analyses: Mann–Whitney one-tailed test. ns: no significance, * (p < 0.05). (D) Longevity of adult female and male flies pan-neuronally expressing α-Syn with Ctrl or AKT knockdown. Statistical analysis: log-rank test, **** (p < 0.0001). N > 150 per group. (G) RING assay results for week-3 female (top) and male (bottom) flies pan-neuronally expressing α-Syn with control, Rel overexpression, or Rel knockdown. N ≥ 80 flies per group.


Given the toxic effects of lifetime rotenone feeding (reduced longevity and motility), we next limited rotenone treatment to just 7 days in adult flies (Girish and Muralidhara, 2012). After being exposed to rotenone, flies were switched to regular food containing either 0 µM, 100 µM, or 1,000 μM A-443654 (Figure 3D). In this experiment, rotenone again reduced fly longevity. Neither A-443655 100 μM or 1,000 μM concentrations had any effect (Figure 3E; Supplementary Figure 1B for female fly longevity). However, in motility assays feeding of either concentration led to a smaller proportion of flies in the bottom-most zone compared to flies not fed A-443654 at two different time points tested (Figure 3F). Collectively, these results suggest that A-443654 preserves mobility in the rotenone-based fly model of PD, but it does not enhance fly longevity – in fact, in the more severe model (Figure 3B), A-443654 exacerbated death.

The potentially protective effect from A-443654 does not appear confined solely to PD models with pan-neuronal expression of α-Syn in Drosophila: when we tested its ability to modify reduced longevity from two non-PD-related proteins (ataxin-2 and ataxin-3), we observed a very mild, but statistically significant, positive effect from A-443654 in these models of SCA2 and SCA3 (Supplementary Figure 2). Altogether, we conclude that A-443654 treatment can provide some mild protection in several models of proteinopathy-associated neurodegenerative diseases.



Targeting AKT through Drosophila genetics implicates it and NF-kB in α-Syn toxicity

As noted above, we observed a protective effect from A-443654 administration on the survival rate and motility of flies pan-neuronally expressing α-Syn. Next, we turned our attention to fly genetics to investigate relationships between the targets of A-443654, AKT, and α-Syn. To begin with, we examined if the presence of α-Syn changes overall levels of AKT in the fly. We did not observe a difference in total AKT protein levels when α-Syn was expressed in all fly neurons (Figure 4A). Next, we used genetics to reduce AKT levels through using RNA-interference (RNAi), or to exogenously promote its over-expression in the same tissues. We found that reducing AKT expression significantly lowered α-Syn protein levels in fly neurons (Figure 4B), whereas AKT overexpression led to increased α-Syn protein levels (Figure 4C). Concomitantly with reduced levels of α-Syn in fly neurons when AKT was knocked down, we also observed increased longevity in both female and male flies (Figure 4D). This finding suggests a potential physiologically relevant outcome for PD achievable from a reduction in AKT levels in neurons co-expressing α-Syn.

Because one of the downstream targets of AKT is NF-κB, known in Drosophila as Relish (Rel), we also probed for the levels of Rel in this setup. We observed a reduction in endogenous Rel protein levels when AKT was downregulated using RNAi (Figure 4B). Intrigued by these data, we next tested whether perturbation of Rel itself might impact α-Syn levels. Indeed, RNAi-mediated knockdown of Rel resulted in reduced levels of α-Syn in the fly (Figure 4E), whereas its over-expression had the opposite effect (Figure 4F). Based on these outcomes, we conclude that AKT regulates the protein levels of α-Syn in a manner that is likely dependent on Rel. We also investigated whether α-Syn overexpression influences Rel levels. However, no changes in Rel protein levels were observed under conditions of α-Syn overexpression (Supplementary Figure 3).

We then explored whether modifying Rel impacts locomotor activity of α-Syn-expressing flies. Rel overexpression led to a higher proportion of female (Figure 4G, top panel) and male (Figure 4G, bottom panel) flies in the lower zones (zones 1 and 2), with fewer individuals in the upper zones (zones 4 and 5), indicating impaired locomotor activity. Conversely, RNAi-mediated knockdown of Rel significantly increased the proportion of flies in zone 5 and decreased the proportion in the lower zones (zones 1 and 2), in both sexes. These findings suggest that Rel not only influences α-Syn levels, but also plays a role in modulating locomotor activity, further supporting its involvement in the α-Syn-induced toxicity pathway.

Altogether, these data suggest that AKT affects α-Syn protein levels, perhaps through NF-κB (Rel). AKT and NF-κB emerge as potential targets for reducing α-Syn toxicity in PD (Figure 5).
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FIGURE 5
 Proposed model illustrating how the AKT pathway might impact accumulation of α-Syn and its toxicity in PD. Reduced AKT expression decreases NF-κB (Rel in Drosophila) signaling, leading to lower α-Syn protein levels possibly by influencing protein degradation pathways, by inflammatory activation, or by other stress responses. Conversely, increased AKT and NF-κB is associated with elevated α-Syn accumulation, possibly contributing to neurodegenerative processes involved in PD.





Discussion

Our study examined the ability of A-443654, an AKT inhibitor, to counteract α-Syn-induced toxicity in a Drosophila model of PD. Administering 1,000 μM A-443654 showed promising effects, extending lifespan and enhancing mobility in flies pan-neuronally expressing human α-Syn. This dosage is notably higher than the concentrations used in cell culture studies, where effective doses consisted of 0.3 μM in HEK-293 cells (Gandelman et al., 2021), 1.0 μM in MiaPaCa cells (Han et al., 2007), and 500 nM in hippocampal slices (Sun et al., 2016). Our initial trials using 1 μM, 10 μM, and 100 μM concentrations in α-Syn-expressing flies did not produce significant results (data not shown), leading us to test higher doses, which ultimately demonstrated efficacy. Unlike in vitro studies, where drug concentration and cellular uptake are tightly controlled, the fly model required administration through food, with 100 μL of the 1,000 μM solution applied on top of fly media. This method does not allow for precise tracking of drug intake, digestion, or absorption efficiency, which partially clarifies why we did not observe the same α-Syn reduction as reported in cell-based studies. This variation in drug delivery may also account for the milder effect of the compound on α-Syn toxicity in vivo. To address this limitation, we employed genetic approaches to knockdown AKT using RNAi (Figure 4), which effectively reduced AKT and α-Syn levels and demonstrated the therapeutic potential of AKT inhibition for alleviating α-Syn toxicity.

Our experiments revealed notable sex-specific differences (Figures 1, 2), with female flies consistently showing longer median survival and better locomotor performance compared to males. This observation aligns with previous studies in flies expressing various toxic proteins (Johnson et al., 2022; Sujkowski et al., 2024; Sujkowski et al., 2022; Patel et al., 2023). These differences may, in part, be attributed to physical factors such as the larger body size and potentially greater resilience of female flies. In human populations, PD is more prevalent among men, with approximately 65% of patients being male (Marras et al., 2018; Smilowska et al., 2024). Additionally, men are 1.5 times more likely to develop PD compared to women (Hirsch et al., 2016). These disparities underscore the importance of studying sex-specific differences, which may be influenced by genetic, hormonal, or transcriptional factors (Patel and Kompoliti, 2023). Although the precise mechanisms remain unclear, our findings highlight the need for further investigation into the cellular and molecular bases of sexual dimorphism in neurodegenerative diseases.

In addition to sexual dimorphism, we observed that treatment with A-443654 did not alter overall AKT protein levels (Figure 2D). This observation aligns with its mechanism of action. A-443654 functions as an ATP-competitive and reversible inhibitor targeting all three AKT isoforms (AKT1, AKT2, and AKT3) by binding to the ATP-binding site, thereby reducing AKT activity without altering its total protein levels. A-443654 treatment similarly showed no changes in total AKT protein levels in cellular models (Shi et al., 2005; Luo et al., 2005). Unfortunately, we were unable to quantify the percentage of AKT inhibition in our feeding experiments in flies due to the lack of antibodies capable of specifically detecting phosphorylated AKT or monitoring phosphorylation changes in AKT’s downstream targets in Drosophila. However, RNAi-mediated knockdown of AKT resulted in reduced levels of the downstream protein Rel, indirectly indicating suppression of the AKT pathway.

AKT overexpression resulted in a significant increase in α-Syn levels, suggesting a direct link between AKT activity and α-Syn accumulation. This notion underlines AKT signaling as a key regulator of α-Syn homeostasis in vivo, consistent with evidence that the PI3K/AKT pathway modulates protein degradation processes, including autophagy and the ubiquitin-proteasome system (Zhao et al., 2015; Morel et al., 2017; Xu et al., 2015), both critical for clearing misfolded and aggregated proteins (Webb and Brunet, 2014). AKT activation may suppress autophagy through the mTOR pathway (Manning and Toker, 2017; Zhao et al., 2015), reducing the degradation of α-Syn and promoting its accumulation; AKT inhibition could enhance autophagic clearance (Palmieri et al., 2017a,b; Pantazi et al., 2022), helping to lower α-Syn levels. Previous studies also suggested that the AKT inhibitor A-443654 reduces the transcription of doublecortin-like kinase 1 (Gandelman et al., 2021), an inhibitor of α-Syn lysosomal degradation (Vazquez-Velez et al., 2020). Together, these findings highlight the intricate relationship between AKT activity and α-Syn homeostasis. Further investigation is needed to fully understand the therapeutic potential of targeting AKT in managing α-synucleinopathies, where modulation of AKT may help prevent toxic protein accumulation and alleviate neurodegeneration in PD.

The AKT pathway plays a key role in regulating NF-κB activity (Bai et al., 2009). NF-κB is a transcription factor that regulates a wide range of cellular responses, including inflammation, immune response, and cell survival (Guo et al., 2024; Liu et al., 2017). When we knocked down AKT, we observed decreased protein levels of NF-κB. This led us to investigate whether lowering NF-κB levels could also influence α-Syn protein levels. Indeed, we found that NF-κB knockdown reduced α-Syn protein levels, whereas NF-κB overexpression led to an increase in α-Syn levels, suggesting that NF-κB is involved in α-Syn regulation.

AKT and NF-κB cascades are key players in cell survival signaling pathways, particularly in regulating autophagy and apoptosis (Tamatani et al., 1999; Chen et al., 2000). In PD and other neurodegenerative diseases, NF-κB is typically activated by cellular stressors (Wang et al., 2002), including the presence of misfolded proteins (Nivon et al., 2012) like α-Syn. Once activated, NF-κB translocates to the nucleus and upregulates pro-inflammatory cytokines, which can create a neuroinflammatory environment (Kaltschmidt et al., 2022). Recent studies indicate that α-Syn oligomers stimulate NF-κB activity in microglia and astrocytes, enhancing neuroinflammation and potentially accelerating neuronal damage (Leandrou et al., 2024). Inflammatory cytokines, such as IL-1β and TNF-α, promote α-Syn aggregation and Lewy body formation in neurons, establishing a feedback loop where α-Syn aggregates induce inflammation, which, in turn, promotes further aggregation (Sarkar et al., 2020; Codolo et al., 2013). Studies also found that α-Syn fibrils interact with immune receptors like TLR2 and TLR4 on microglia (Kim et al., 2021), triggering NF-κB activation (Li et al., 2021) and leading to increased cytokine production, which perpetuates this loop of aggregation and inflammation (Joers et al., 2024). Inhibition of NF-κB could potentially break this cycle, reducing α-Syn aggregation and improving cellular homeostasis. Thus, targeting both AKT and NF-κB may provide synergistic benefits, decreasing α-Syn accumulation and promoting α-Syn homeostasis. Our findings highlight the therapeutic potential of combined AKT and NF-κB inhibition in managing α-synucleinopathies, although further research is needed to refine these strategies and assess their safety and efficacy in neurodegenerative disease models.

A-443654 failed to confer protection in flies exposed to rotenone, a mitochondrial toxin that induces PD-like symptoms (Johnson and Bobrovskaya, 2015). This suggests that AKT inhibition may specifically counteract α-Syn-related pathologies rather than general PD mechanisms. Rotenone toxicity induces oxidative stress and mitochondrial dysfunction in dopaminergic neurons (Xiong et al., 2012; Johnson and Bobrovskaya, 2015) leading to increased NF-κB activity, which contributes to inflammatory responses and neuronal damage. NF-κB activation caused by rotenone can occur through both AKT-dependent (Farid et al., 2024) and AKT-independent (Gao et al., 2013) pathways, with the generation of reactive oxygen species (Morgan and Liu, 2011) and TLR (Toll-like receptor) signaling (Heidari et al., 2022) playing more prominent roles. As a result, AKT inhibition may exert limited protective effects in rotenone-treated models. Considering that dopaminergic neurons are primarily affected in PD, our findings should be further pursued in the future with a special focus on these types of neuronal cells. While our study utilized the elav-Gal4 driver to achieve pan-neuronal expression, subsequent research employing dopaminergic-specific drivers, such as Th-Gal4 or Ddc-Gal4 (Reiszadeh Jahromi et al., 2021), would provide valuable insights into the mechanisms underlying AKT’s role in α-Syn toxicity in DA neurons.

We additionally found that A-443654 was mildly protective in fly models of SCA2 (ataxin-2 Q117) and SCA3 (ataxin-3 Q80), where higher doses of A-443654 slightly alleviated toxicity from expanded polyglutamine repeats and extend the lifespan of the flies. These findings strengthen our hypothesis that A-443654 exerts its effects by modulating protein aggregation. In addition, studies in mouse models of genetic neurodevelopmental disorders showed that A-443654 can improve hippocampal synaptic plasticity (Sun et al., 2016), suggesting its potential as a therapeutic agent against memory impairments (Zhang et al., 2019). This raises the possibility that A-443654 counteracts neurodegeneration by enhancing synaptic plasticity across different types of neuronal cells. This hypothesis requires further investigation to fully understand its therapeutic potential in neurodegenerative contexts.

In summary, our findings revealed that AKT pathway modulation affects α-Syn levels and toxicity in a synucleinopathy-specific manner. These results underscore the therapeutic potential of targeting the AKT pathway in PD and related disorders. Future studies should further investigate the molecular mechanisms by which AKT influences α-Syn accumulation, particularly the roles of autophagy and ubiquitin-proteasome pathway in α-Syn clearance. Targeting this molecular mechanism could provide an alternative way to fight PD.
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