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Abstract 22 

The aggregation and accumulation of α-synuclein (αSyn) in dopaminergic neurons is a 23 

hallmark of Parkinson's disease (PD), and its cellular clearance is essential for preventing 24 

neurotoxicity. This process relies heavily on the ubiquitin-proteasome system (UPS) and 25 

autophagy-lysosome mediated clearance, two critical pathways for degrading misfolded 26 

or damaged proteins. The contemporary trend of synthetic cannabinoid recreational use 27 

raises important questions about their potential effects on these crucial cellular 28 

mechanisms. In this study, we used a yeast model (Saccharomyces cerevisiae) to 29 

investigate the impact of the synthetic cannabinoid JWH-018 on αSyn-induced toxicity. 30 

Our findings reveal that JWH-018 significantly increases cellular toxicity caused by 31 

αSyn, and that this effect is mediated by UPS impairment. Treatment with JWH-018 led 32 

to a marked reduction in proteasome activity, which compromised the cell's ability to 33 

clear toxic protein aggregates. Our results provide a cellular and mechanistic link between 34 

synthetic cannabinoid exposure and the exacerbation of αSyn toxicity. These findings 35 

suggest a potential neurodegenerative risk associated with JWH-018, and highlight the 36 
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importance of further research into the effects of synthetic cannabinoids on cellular 37 

protein quality control systems. 38 

 39 

Introduction 40 

Parkinson's disease (PD) is the second most common neurodegenerative disease 41 

worldwide, characterised by the progressive, irreversible loss of dopaminergic neurons in 42 

the substantia nigra pars compacta (SNpc) region of the brain, with subsequent loss of 43 

control of motor functions leading to motor symptoms such as resting tremor, 44 

bradykinesia, postural instability, and muscular rigidity [1,2]; the cholinergic nervous 45 

system (related to cognitive impairment), the noradrenergic nervous system, and the 46 

serotonergic nervous system (related to depression and anxiety) are also impacted in PD 47 

[3]. Together with dementia with Lewy bodies (DLB), and multiple system atrophy 48 

(MSA), PD is a part of the synucleinopathy group of neurodegenerative syndromes [4], 49 

which are characterised at the molecular level by the presence of α-synuclein (αSyn) 50 

aggregates in cytoplasmic inclusions commonly known as Lewy bodies (LBs). αSyn, like 51 

βSyn and γSyn, is a member of the synuclein family of intrinsically disordered proteins. 52 

The 140-amino-acid αSyn protein is encoded by the SNCA gene, and is particularly 53 

abundant in the brain, specifically enriched in presynaptic terminals of neurons [5]. αSyn 54 

is associated with familial forms of PD via point mutations, single-nucleotide 55 

polymorphisms, or gene duplication or triplication events [6,7]. It is also a major 56 

component of LBs and Lewy neurites, present in many neurodegenerative diseases. The 57 

protein can bind a wide range of interactors, including other αSyn molecules, other 58 

synucleins, lipids, synaptic vesicles, and synapsins [8]. Although its physiological role 59 

remains under debate – trafficking and recycling of neurotransmitter-loaded vesicles, 60 

regulation of dopamine synthesis via histone binding, activation of nuclear receptors, 61 
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among others – its toxic role is far better understood [9][10]. Moreover, αSyn is reported 62 

to exist in a few different states: from monomers to tetramers, to oligomers, protofibrils, 63 

and fibrils [11], with the monomeric form assumed to be the most common state in pre-64 

synapses and nuclei; oligomers and fibrils are associated with pathological states, 65 

including changes in cellular lipid homeostasis [11,12], dysregulated intracellular iron 66 

homeostasis causing iron-dependent lipid peroxidation (ferroptosis) [13], and gut 67 

microbiome dysbiosis, affecting the gut-brain axis. Moreover, current thinking links PD 68 

development to αSyn loss-of-function rather than gain-of-function [14]. 69 

 70 

Given the increase in the worldwide population, the increase in the lifespan, and the 71 

environmental stress of contemporary societies, associated with the lack of a cure or a 72 

disease-modifying therapy as an efficient means to slow down its progression, the burden 73 

of PD has increased dramatically over the past generation, overwhelming both families 74 

and healthcare and health support systems [15]. Current research focuses on promising 75 

disease-modifying pharmacological interventions that target inhibition of αSyn 76 

aggregation and extracellular propagation [16], enhance αSyn clearance, or inhibit of its 77 

production [16]. Nevertheless, most of these interventions are still in phase I/phase II 78 

clinical trials. As such, given the current panorama, many PD patients have turned to 79 

other means of managing disease-related symptoms. With the recent legalisation of 80 

cannabis products for medicinal and personal use in some parts of the world, many PD 81 

patients report their use in symptom management (namely, non-motor symptoms such as 82 

sleep, pain, or anxiety disorders), albeit with a variety of effects and outcomes [17,18]. 83 

Natural phytocannabinoids such as Δ9-Tetrahydrocannabinol (THC) and cannabidiol 84 

(CBD) can exert antagonistic effects [19] – although with a prevalence towards 85 

improvement of locomotor activity, and decrease of inflammation, microglial/astrocyte 86 
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activation, and oxidative stress in animal models of PD [20], whereas the effect of 87 

synthetic cannabinoids (SCs) - a group with similar properties to Δ9-THC and other 88 

cannabinoids naturally found in the C. sativa L. plant [21] - is still poorly characterised. 89 

SCs show affinity for cannabinoid receptors CB1R and CB2R, which are part of the 90 

endocannabinoid system and have anti-inflammatory, antioxidant, and pro-neurogenic 91 

properties, making them potential targets for reducing the symptoms of several 92 

neurodegenerative conditions in humans [22–25]. The existence of two distinct 93 

endocannabinoid receptors, CB1R and CB2R, their distribution across different brain 94 

regions, and the distinct cellular-level responses they elicit upon activation suggest a 95 

possible neuroprotective role for cannabinoids. Evidence supporting the endocannabinoid 96 

system's involvement in PD indicates that both CB1R and CB2R activation may 97 

contribute to neuroprotection [20]. Moreover, phytocannabinoids seem to exert a 98 

protective effect on PD, either by binding to CB1R, inhibiting dopamine beta-hydroxylase 99 

activity and decreasing glutamate levels, or by binding to CB2R, reducing 100 

neuroinflammation [26]. Nevertheless, the endocannabinoid system has also been 101 

implicated in neurodegenerative processes [27].  102 

Among the known synthetic cannabinoids, JWH-133, a potent CB2R agonist, exhibited 103 

neuroprotective activity in a MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 104 

model of PD [28]. However, other SCs exhibit different properties that have not yet been 105 

fully studied. Additionally, more recent synthetic cannabinoids display higher affinity 106 

towards CB1R and CB2R, which strongly activate the brain reward pathways and expose 107 

the user to a higher risk of developing severe illnesses, including psychosis [29]. Hence, 108 

the recentness of the NPS trend – it originated in the early 2000s [30] – hinders a full 109 

understanding of the impact of their consumption in PD. NPS properties and their long-110 

term effects remain poorly characterised. Nonetheless, the limited literature on these new 111 
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substances suggests a trend towards neurotoxicity [31–44]. Thus, the hypothesis of these 112 

substances being implicated in PD onset cannot be discarded, especially knowing that 113 

according to the European Union Drugs Agency (EUDA), NPS seizures are dominated 114 

by SCs and synthetic cathinones [45].  115 

 116 

In this paper, we focus on JWH-018 (naphthalen-1-yl(1-pentyl-1H-indol-3-117 

yl)methanone, also known as AM678), one of the earliest synthetic cannabinoids found 118 

in herbal mixtures sold in Smart Shops and the first to be controlled, to study its influence 119 

on αSyn aggregation using Saccharomyces (S.) cerevisiae expressing αSyn as a 120 

humanised yeast model of PD. These misfolding disease yeast models have been 121 

extensively used to clarify the fundamental mechanisms and pathways underlying PD 122 

[46–48]. Although developing accurate PD models (at the cellular or organism level) has 123 

been challenging, current models based on overexpression of PD-associated proteins such 124 

as αSyn are robust enough to answer specific scientific questions [49]. Previously, we 125 

showed that JWH-018 increases glycolytic flux, which fuels cell growth at the expense 126 

of the pentose phosphate pathway [50]. Since the latter is responsible for the generation 127 

of NADPH, which provides reducing power to deal with oxidative stress conditions, and 128 

given that the generation of Reactive Oxygen Species (ROS) in brain cells arises mainly 129 

from dopamine metabolism, a decrease in NADPH over a long period of time as a 130 

consequence of SC consumption may contribute to PD onset [51]. 131 

Overall, the present work aimed to assess molecular and cellular toxicity and risks 132 

associated with the long‑term effects of the synthetic cannabinoid JWH-018 exposition, 133 

namely, to determine the cytotoxic, molecular, αSyn clearance, and autophagy effects of 134 

this SC using a yeast PD model. We observed increased αSyn toxicity, reduced final 135 

biomass, increased αSyn protein levels and increased formation of αSyn-GFP inclusions 136 
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in yeast cells expressing an αSyn-GFP fusion protein treated with JWH-018. The 137 

dysregulation of αSyn clearance was evaluated and ascribed to the ubiquitin-proteasome 138 

system. 139 
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Results 140 

Cytotoxicity assays 141 

To investigate the effect of JWH-018 on a cellular model of PD, yeast cells 142 

expressing human αSyn in fusion with a GFP reporter (αSyn-GFP) [52] were exposed to 143 

increasing concentrations (0, 1, 10, 50, 75 and 100 μM) of the SC (Fig. 1). Cell growth 144 

was monitored by optical density at 600 nm over a 30-h or 24-h time frame for cells 145 

expressing αSyn or for the control cells carrying the empty vector (Fig. 1a). For the latter, 146 

the growth curve kinetics were not altered by incubation with JWH-018 at any of the 147 

concentrations tested. Conversely, cellular growth changed in a JWH-018 concentration-148 

dependent manner in the presence of overexpressed αSyn. At 100 µM of JWH-018, 149 

growth differences can be observed: the compound promotes an increase in growth rate 150 

at 5 h, resulting in a new lag phase and a lower final biomass. To evaluate this initial 151 

effect, the number of colony-forming units (CFU) was assessed at 5h. No statistically 152 

significant differences in the number of viable cells were observed (Fig. 1a). To 153 

understand further putative differences between yeast growth rates in the presence and 154 

absence of JWH-018, the curves were fitted to a logistic equation, which allows for 155 

retrieving the final biomass and doubling time values (Fig. 1b). The SC yielded no 156 

observable effect on growth kinetics in cells not expressing αSyn, but affected duplication 157 

times in αSyn-expressing cells; the estimated average value for duplication time was 158 

2.055 ± 0.022 hours in the absence of JWH-018, which decreased significantly by 0.075 159 

± 0.013 and 0.070 ± 0.014 h for cells incubated with 1 μM (P<0.02) or 10 μM (P<0.02) 160 

of JWH-018, respectively. Conversely, the duplication time upon incubation with 75 µM 161 

of the compound increased significantly by 0.034 ± 0.016 hours (p<0.02); the duplication 162 

time also seems to increase in the presence of 100 µM of JWH-018,  compared to the 163 
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control – nevertheless, its value could not be obtained since the logistic equation did not 164 

fit the growth curve data. The final biomass for the untreated cells overexpressing αSyn 165 

shows an estimated average value of 0.477 ± 0.003 O.D.600nm, which increases by 0.009 166 

± 0.002 (P<0.02) in the presence of 50 µM of JWH-018, and decreases by 0.026 ± 0.015 167 

(P<0.02) and by 0.046 ± 0.003 O.D.600nm (P<0.001) upon incubation with 75 µM or 100 168 

µM of JWH-018, respectively. 169 

 170 

To further assess these results, mitochondrial activity (Fig. 1c) and superoxide levels 171 

(Fig. 1d) were evaluated in control and αSyn-expressing yeast cells exposed to different 172 

concentrations of JWH-018 at three different stages of the growth phase: lag phase, initial 173 

log phase, and final log phase. Exposure to 10 or 100 µM JWH-018 impacted all time 174 

points studied compared to untreated cells, namely: an increase in lag phase (23.0 ± 8.8 175 

%, P<0.1), and a significant decrease in the initial (-20.5 ± 5.7 %, P<0.05) and final log 176 

phases (-27.1 ± 7.3, P<0.05) upon incubation with 10 µM JWH-018; and a significant 177 

increase in the lag phase (45.0 ± 7.4 %, P<0.02), and significant decreases in the initial (-178 

20.7 ± 4.9 %, P<0.05) and final log phases (-34.6 ± 10.0, P<0.05) upon incubation with 179 

100 µM JWH-018. Moreover, αSyn-expressing yeast cells showed a significant increase 180 

in mitochondrial activity during the lag phase (13.6 ± 1.8 %, P<0.02) in the presence of 181 

10 µM of JWH-018, which subsequently decreased until reaching the final log phase (-182 

5.8 ± 2.5 %, P<0.1). However, αSyn-expressing yeast cells incubated with 100 µM JWH-183 

018 showed a significant decrease in mitochondrial activity during the lag phase (-22.1 ± 184 

1.7 %, P<0.001). To complement the mitochondrial activity evaluation in the presence of 185 

the SC, the superoxide content was measured (Fig. 1d). Exposure to different 186 

concentrations of JWH-018 showed a significant positive correlation in superoxide 187 
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concentration, with a reported increase of 14.6 ± 5.06 %, (P<0.05) in αSyn-expressing 188 

cells during the lag phase. 189 

ATP levels were also assessed, since the literature reports that ATP levels change 190 

during the final log phase in the presence of JWH-018 [53]. The results showed that, upon 191 

treatment with JWH-018, ATP levels increase in αSyn-expressing cells and decrease in 192 

cells transformed with the empty vector. Thus, compared to the untreated control, cells 193 

not expressing αSyn showed a decrease in ATP levels of 24.2 ± 5.9 % (P<0.05), whereas 194 

cells expressing αSyn increased ATP levels by 30.4 ± 10.8 % (P<0.05) when treated with 195 

100 µM JWH-018 (Fig. 1e). 196 

 197 
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.  198 

Fig 1- JWH-018 toxicity assays on S. cerevisiae BY4741 cells harboring vector p426Gal-αSyn-GFP 199 

or p426Gal (A) Growth curves of S. cerevisiae exposed to different concentrations of JWH-018. Inset 200 

represents the percentage of CFU of αSyn-expressing cells treated with different concentrations of 201 
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JWH-018 after 5 hours of growth, compared to untreated cells (B) growth curves were fitted to the 202 

standard form of the logistic equation which allowed an estimation of the final biomass and doubling 203 

time values (Dt) from the growth rate using the formulae Ln2/r;●,▲: cells transformed with the 204 

p426Gal vector; and ■,▼: cells transformed with the p426Gal-αSyn-GFP vector. (C) Mitochondrial 205 

activity and (D) superoxide quantification in the presence of 10 and 100µM of JWH-018 during the 206 

lag, initial log, and final log phases. (E) ATP quantification in the presence of 10 and 100µM of JWH-207 

018. Values represent the mean ± SD, and the representative result is shown from at least three 208 

independent experiments. **p<0.02; *p<0.05 and #p<0.1. 209 

 210 

Studying the effect of JWH-018 on yeast PD model cells 211 

JWH-018 was shown to be toxic to yeast cells expressing αSyn at the highest 212 

concentration tested herein. To further understand the impact of this compound in the 213 

yeast PD model, fluorescence microscopy was performed to observe changes in αSyn 214 

inclusions (namely, intracellular localisation and percentage of affected cells) using the 215 

αSyn-GFP reporter fusion protein. After 14h of αSyn-GFP expression, 62.9 ± 2.2% of 216 

untreated yeast cells exhibited inclusions, whereas in cells treated with 100 µM JWH-217 

018, that value increased to 78.2 ± 1.0 % . Fluorescence microscopy showed that 218 

incubation with 100 µM of JWH-018 increased the number of cells presenting αSyn 219 

inclusions by 15.3 ±1.4 % (P<0.001) (Fig. 2a). These observations were corroborated by 220 

quantifying αSyn-GFP levels via western blot densitometry analysis of protein extracts 221 

after 14 hours of cell growth, using an anti-αSyn antibody. αSyn phosphorylation at 222 

position S129 – a recognised marker of oligomerisation [54] – was also assessed with a 223 

specific antibody against this post-translational modification. Pgk1 was used as loading 224 

control. Normalising the values to 0 µM, incubation with 100 µM of JWH-018 yielded a 225 

significant increment of αSyn-GFP levels of 1.212±0.078 (P<0.05) – a 21% increase (Fig. 226 



12 

 

2b). Phosphorylation also increased 24% (1.238±0.188) when compared to the control; 227 

however, this increment was due to the increase of total αSyn (1.028±0.195) (Fig. 2b). 228 

Thus, phosphorylation of αSyn at position S129 does not seem to be affected by 229 

incubation with JWH-018. 230 

 231 

 232 

 233 

Fig 2 - Cellular impact of JWH-018 on the toxicity of αSyn. (A) Intracellular localisation of 234 

WT αSyn-GFP, and percentage of BY4741 WT yeast cells containing αSyn-GFP inclusions, 235 

assessed by fluorescence microscopy after 14 hours of αSyn-GFP expression induction (*** 236 

p<0.001) (left panel), and the corresponding quantification of the percentage of cells with 237 

inclusions (right panel). (B) Total and S129-phosphorylated αSyn protein levels were 238 

quantified by western blot analysis of total protein extracts after 14h of αSyn-GFP 239 

expression (left panel). Densitometric analysis of the immunodetection assay was expressed 240 

by the ratio between αSyn and Pgk1 (αSyn/PGK; left panel); S129-αSyn and Pgk1 (S129 241 

αSyn/PGK)– middle panel; and S129-αSyn levels normalised to the total αSyn levels (S129 242 

αSyn/αSyn total; right panel). The representative results are calculated as the average of a 243 

minimum of three replicates. Values represent the mean ± SD. (*p<0.05). In (B), αSyn, 244 
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pS129-αSyn and Pgk1 were detected on separate membranes loaded with the same protein 245 

extracts and processed in parallel; each strip shows two adjacent lanes cropped from a single 246 

membrane, and strips from different membranes are separated by white space. Full-length 247 

blots are presented in Supplementary Fig. S1. 248 

 249 

αSyn clearance in the presence of JWH-018 250 

A clearance assay was performed to assess whether higher levels of αSyn in the 251 

presence of 100 µM JWH-018 stemmed from a decrease in αSyn-GFP clearance. To this 252 

purpose, a clearance assay was performed by inducing αSyn-GFP expression for 14 253 

hours, followed by replacement of galactose with glucose (to repress the GAL1 promoter 254 

and stop gene expression (57)) and incubation with 100 µM of JWH-018. αSyn-GFP 255 

clearance assay was followed for 12 hours by quantifying protein levels via western blot 256 

densitometric analyses after 0, 6, 9, and 12 h of clearance (Fig. 3a). αSyn-GFP levels 257 

were 0.470±0.072, 0.161±0.066 and 0.105±0.038 in untreated cells, and 0.4071±0.077, 258 

0.247±0.053 and 0.105±0.059 in cells incubated with 100 µM JWH-018, at the 6, 9 and 259 

12h timepoints, respectively. This indicates a putative higher αSyn level in the presence 260 

of JWH-018 when compared to control at time 9h (p<0.1) (Fig. 3a). Subsequently, 261 

clearance kinetics were plotted, and the result was fitted to a one-phase decay equation 262 

[55] (Fig. 3b). The calculated clearance rates were 0.084±0.015 (R2 = 0.9302) and 263 

0.111±0.037 (R2 = 0.9377), for cells incubated with 0 and 100 µM of the SC,  264 

respectively. Thus, αSyn-GFP clearance seems to decrease in the absence of the synthetic 265 

cannabinoid, albeit without statistical significance. Moreover, detailed analysis of the plot 266 

shows a higher clearance rate between 0 and 6h upon incubation with 100 µM JWH-018, 267 

at which point the trend inverts over the next time interval (6-9h). Therefore, a bar chart 268 

was plotted with the differences in αSyn-GFP levels in the ∆6-0, ∆9-6 and ∆12-9 time 269 
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intervals (Fig. 3c). We observed a statistically significant difference in αSyn-GFP 270 

decrease in the presence of 100 µM of JWH-018 at time interval ∆9-6, which only 271 

decreased by 16 ± 7% (P<0.02), in contrast with 31±3% in untreated cells. This alteration 272 

in αSyn-GFP clearance in the presence of the SC can justify the increment of αSyn protein 273 

levels.  274 

 275 

 276 

Fig 3 - JWH-018 affects αSyn-GFP clearance. (A) Clearance evaluated by αSyn-GFP 277 

protein levels at time points 0, 6, 9, and 12h, assessed by western blot (left panel); 278 

densitometric analysis of the immunodetection of αSyn relative to Pgk1, resulted in the 279 

possible decrease of the clearance rate of αSyn levels in the presence of 100 µ JWH-018 at 280 

time 9h (#p<0.1) (right panel). (b) The kinetic degradation curve of αSyn suggests a possible 281 

increase in the clearance rate of protein levels in JWH-018 presence when fitted to a one-282 

phase exponential decay. (c) Delta time points of αSyn clearance, resulting in a decrease of 283 
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protein clearance at time interval ∆9-6 in the presence of 100 µM of JWH-018 (*p<0.05). 284 

Each result represents the average of three independent experiments. Values represent the 285 

mean ± SD. In (A), αSyn and Pgk1 were detected on separate membranes loaded with the 286 

same protein extracts and processed in parallel; each strip shows seven adjacent lanes 287 

cropped from a single membrane, and strips from different membranes are separated by 288 

white space. Full-length blots are presented in Supplementary Fig. S2. 289 

 290 

JWH-018 effect on the Proteasome  and Autophagy-mediated clearance of αSyn 291 

The reduction of αSyn-GFP clearance in the presence of JWH-018 could stem from 292 

a dysfunction of the cellular mechanisms involved in αSyn clearance, possibly 293 

implicating the ubiquitin-proteasome system (UPS) and/or autophagy mechanisms. To 294 

evaluate the impact of JWH-018 on αSyn-GFP clearance, an assay using 100 µM of this 295 

synthetic cannabinoid was performed in cells co-expressing αSyn and GFPu, an unstable 296 

GFP reporter consisting of a fusion of GFP with a constitutive degradation signal (CL-1) 297 

that promotes its rapid degradation by the UPS [56]. GFPu and αSyn levels were assessed 298 

by western blot after 14 h and 18 h of cell growth, using anti-GFP and anti-αSyn 299 

antibodies, with Pgk1 as loading control. Cells incubated with 100 µM of JWH-018 300 

yielded GFPu levels of 4.37 ± 1.76 after 14 h, a significant increment of 340 ± 110 % 301 

(P<0.05) compared to that of untreated cells (Fig. 4a). The results obtained at 18h, despite 302 

exhibiting an increasing trend, did not show statistically significant differences between 303 

0µM and 100 µM (1.00 ± 0.66 vs 1.27 ± 0.32). Likewise, αSyn levels at time point 14h 304 

show an increasing trend, albeit without statistical significance, between 0µM and 100 305 

µM (1.00 ± 0.58 vs 2.31 ± 1.32). However, at 18 h, the results in the presence of 100 µM 306 

of JWH-018 – 2.17 ± 0.28 – were statistically significant, corresponding to an increment 307 

of αSyn protein levels of 117 % ± 40.1 % (P<0.05) (Fig. 4a). To corroborate the observed 308 
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GFPu protein increment in the presence of 100 µM of JWH-018, GFPu fluorescence 309 

emission was monitored by spectrofluorescence at the 14h time point. Cells incubated 310 

with JWH-018 exhibited an increment in GFPu fluorescence of 43.1±17.57 % (P<0.02) 311 

compared to the control (untreated cells) (Fig. 4b). The accumulation of GFPu observed 312 

in the western blot and fluorescence assays point towards an impairment of the ubiquitin-313 

proteasome system in the presence of 100 µM of JWH-018, leading to the accumulation 314 

of αSyn.  315 

Autophagy was also investigated to obtain a more complete picture of the 316 

mechanisms underlying αSyn accumulation in the presence of JWH-018, using GFP-317 

Atg8 as a reporter, and a starvation condition as a positive control [57,58]. Atg8 is one of 318 

the key molecules involved in autophagy, since it conjugates to 319 

phosphatidylethanolamine on the autophagic membrane, an essential step in 320 

autophagosome formation in eukaryotes [59][60] The study of Atg8 induction and 321 

autophagic flux were assessed by western blot after 14 hours of cell growth, via an anti-322 

GFP antibody, using Pgk1 as loading control (fig 4c). Incubation with 100 µM of JWH-323 

018 slightly decreased Atg8 induction by 7.6% (0.924±0.300, normalised to the absence 324 

of the cannabinoid), whereas the positive control – yeast cells transformed overexpressing 325 

GFP-Atg8 only and not exposed to the SC - increased it by 28% (1.281 ± 0.308) (Fig. 326 

4c). Furthermore, autophagic flux was also assessed compared to the untreated control, 327 

reaching 0.845 ± 0.318 for the 100 µM JWH-018 incubation assay, and 2.215 ± 0.523 for 328 

the positive control assay – a decrease of 15.5% ± 5.8% and an increase of 122 ± 28 % 329 

(P<0.01), respectively. These results suggest a decreasing trend in Atg8 induction and 330 

autophagic flux in cells overexpressing αSyn in the presence of SC, although the 331 

differences were not statistically significant. αSyn levels were also compared between the 332 

different autophagy assays, with values normalised to untreated cells, reaching 3.532 ± 333 
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1.333 in the 100 µM JWH-018 incubation assay, and 0.465 ± 0.163 for the positive 334 

control compared to untreated cells, indicating a significant increase of αSyn levels in the 335 

presence of JWH-018 (253±67.9 %, P<0.02), and a decrease under the starvation 336 

condition (-53.5 ± 15,2 %, P<0.05). Thus, the results point towards a slight, but 337 

statistically insignificant, decrease  in autophagic flux in the presence of 100 µM of JWH-338 

018. 339 

 340 

 341 

 342 

Fig 4 - The JWH-018 impact on cellular protein degradation mechanisms. (A) GFPu and αSyn 343 

protein levels were evaluated by western blot analysis of total protein extracts at 14h and 18h 344 

(left panel), and their densitometric analysis relative to the loading control (Pgk1), resulting in 345 

the accumulation of GFPu and αSyn in the presence of 100 µM of JWH-018 (*p<0.05) (right 346 

panel). (B) Spectrofluorometry of GFPu fluorescence shows a statistically significant 347 

accumulation of GFPu in the presence of 100 µM of JWH-018 (*p<0.05). (C) Autophagy 348 

evaluation via GFP-Atg8 protein levels calculated by western blot densitometric analysis of total 349 

protein extracts at 14h post-αSyn overexpression induction (left-hand panel), and densitometric 350 

analysis of the immunodetection of GFP and αSyn relative to Pgk1 (right-hand panel). 351 

Representative results are the average of three independent experiments. C+: Positive control. 352 

Values represent mean ± SD. *p<0.05, **p<0.02; ***p<0.01  In (A) and (C), GFP (GFPu or 353 
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GFP-Atg8/free GFP), αSyn and Pgk1 were detected on separate membranes loaded with the 354 

same protein extracts and processed in parallel; GFP-Atg8 and free GFP in (C) were detected on 355 

the same membrane. Each strip shows adjacent lanes cropped from a single membrane (four 356 

lanes in A, three lanes in C), and strips from different membranes are separated by white space. 357 

Full-length blots are presented in Supplementary Figs. S3 (A) and S4 (C). 358 

 359 

Discussion 360 

Since their first appearance in the drug market, synthetic cannabinoids have been the 361 

focus of UNODC alerts and global research due to the severe acute public health issues 362 

associated with them [61,62]. However, many consumers of these substances do not 363 

manifest acute health issues, but may suffer from long-term health issues that have not 364 

been observed yet, owing to the recentness of the problem. This work aimed to assess the 365 

molecular and cellular toxicity of synthetic cannabinoids, as well as the risks associated 366 

with their long‑term effects, using JWH-018, the first SC found on the drug market, in a 367 

yeast model of PD, which is widely used to study the fundamental mechanisms and 368 

pathways underlying the disease.  369 

We observed that JWH-018 at medium to high concentrations increased αSyn-GFP 370 

levels in cells expressing this fusion protein, compared with the untreated control. 371 

Interestingly, at low concentrations (1-10 µM), JWH-018 appears to benefit cells 372 

expressing αSyn-GFP by decreasing duplication time and/or increasing final biomass. 373 

This decrease in duplication time after exposure to low concentrations of JWH-018 was 374 

previously described in the literature and stems from increased glycolytic flux at the 375 

expense of decreased pentose phosphate pathway activity, driven by modulation of 376 

enzymes implicated in both pathways [53]. Moreover, a previous study in human SH-377 

SY5Y cell lines showed a beneficial – though statistically insignificant – effect of JWH-378 

018 in cell viability in concentrations up to 100 µM [63]. Sezer et al. did not observe 379 
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differences in cell viability in the same cell line in the presence of JWH-018, despite 380 

significant levels of oxidative stress [64]. However, a toxic impact on growth kinetics in 381 

yeast cells expressing αSyn-GFP was observed in the presence of 50-100 µM of JWH-382 

018, since both growth rate and final biomass decreased. Previous studies [53,64] suggest 383 

that the adverse effect of exposure of cells expressing αSyn-GFP to 100 µM JWH-018 384 

could arise from a decrease in the pentose phosphate pathway, which is critical for dealing 385 

with oxidative stress [53]. Furthermore, incubation with JWH-018 decreased cellular ATP 386 

content, a consequence of the growth rate increasen the presence of this synthetic 387 

cannabinoid [53]. This decrease was also observed in the present study in control cells not 388 

expressing αSyn-GFP. However, the presence of αSyn-GFP yielded higher levels of ATP 389 

when cells were exposed to 100 µM of JWH-018. Nevertheless, in the presence of 390 

galactose, ATP production results largely from respiratory chain activity [65]. We also 391 

observed a decrease in mitochondrial activity during the lag phase, suggesting an increase 392 

in the glycolytic pathway in this phase. After this initial growth phase, the mitochondrial 393 

activity in treated cells exhibits the same behaviour as the control culture. 394 

 395 

Since JWH-018 at a concentration of 100 µM was toxic in the yeast PD model, 396 

fluorescence microscopy was used to understand the effect of this SC on αSyn inclusions. 397 

Results show a significant increment of 15.3±1.4 % (P<0.001) of cells exhibiting αSyn 398 

inclusions after 14 h of αSyn-GFP expression in the presence of 100 µM JWH-018 (Fig. 399 

2a). As shown previously, both for this PD model as well as for others, αSyn aggregation 400 

increases with αSyn protein levels [66–68]. Therefore, we assessed whether the increment 401 

in inclusion body formation was solely due to increased levels of αSyn-GFP. Moreover, 402 

we also investigated the phosphorylation of αSyn-GFP at S129, since this post-403 

translational modification of αSyn has been observed in LBs [69]. After 14 hours of cell 404 
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growth, western blot analysis showed a significant increment of αSyn protein levels 405 

(P<0.05) (Fig. 2). However, the rate of phosphorylation of αSyn at position S129 does 406 

not seem to be affected by JWH-018. 407 

Some studies indicate that one of the molecular contributors to PD pathogenesis is 408 

an inefficient αSyn protein clearance [70–73]. The plot of the αSyn clearance assay via 409 

western blot immunodetection in the presence of 100 µM of JWH-018 over a 12-hour 410 

period revealed higher αSyn levels in the presence of JWH-018 compared to the control 411 

at time point 9h (p<0.1) (Fig. 3a), and different αSyn-GFP levels in the ∆6-0, ∆9-6, and 412 

∆12-9 time intervals (Fig. 3b). This result points towards a statistically significant 413 

difference in αSyn-GFP clearance rate in the presence of 100 µM of JWH-018 at the ∆9-414 

6 time interval, which only decreased by 16±7% (P<0.02) in contrast with 31±3% in 415 

untreated cells, representing almost a 50% clearance rate decrease between both 416 

conditions. This change in αSyn-GFP clearance in the presence of the synthetic 417 

cannabinoid can justify the increment of αSyn protein levels. 418 

 419 

This decrease in αSyn-GFP clearance upon incubation with JWH-018 could stem 420 

from the dysfunction of the cellular mechanisms involved in this process. αSyn 421 

accumulation has been linked to dysfunction in protein degradation, namely in the UPS 422 

and the autophagy-lysosomal pathway [70–73]. Like in human cells, αSyn can be degraded 423 

via the ubiquitin-proteasome system and autophagy in S. cerevisiae [74]. However, the 424 

contribution of the proteasome system in αSyn clearance seems to be lower than by 425 

autophagy/vacuole, at least in yeast models of PD [75]. The effect of the incubation of 100 426 

µM of JWH-018 on the UPS of αSyn-expressing yeast cells was assessed via the co-427 

expression of an unstable, proteasome-degradable form of GFP – GFPu [56,57]. The 428 

Western-blot assays showed a significant increment of 340 ± 110 % of GFPu protein 429 
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levels (P<0.05) after 14h in the presence of 100 µM of JWH-018 (Fig. 4a), corroborated 430 

by GFP fluorescence analyses that showed an increase of 43.1±17.57 % (P<0.02), 431 

compared to the control (cells incubated with 0 µM of compound) (Fig. 4b). 432 

Concomitantly, αSyn levels increased in a similar fashion (P<0.05) (Fig. 4a). These 433 

assays point towards a dysregulation of the ubiquitin-proteasome pathway, affecting the 434 

clearance rate of αSyn. To our knowledge, this is the first study describing a link between 435 

the dysregulation of this system and synthetic cannabinoids. Phytocannabinoid Δ9-436 

tetrahydrocannabinol induced a significant decrease of proteasome function in the brain 437 

by decreasing 20S proteasome chymotrypsin-like protease activity [76]. Furthermore, the 438 

20S proteasome complex is ATP-dependent, and in yeast, ATP is essential for multiple 439 

steps in proteasome function; which renders its activity directly proportional to the 440 

amount of ATP in cells [77], namely in S. cerevisiae, where ubiquitin conjugation to 441 

substrates by E1 is an ATP-dependent step [78]. In this study, we observed that cells 442 

incubated with 100 µM of JWH-018 showed a higher ATP content than the untreated 443 

control (Fig 1e), giving the hypothesis that ATP is being accumulated as a consequence 444 

of proteasome function impairment. Although this observation is seemingly paradoxical, 445 

since it has been well established that ATP concentration directly influences proteasome 446 

activity [79–81], certain studies have described a tandem increase in ATP production with 447 

an impairment of proteasome function in a yeast proteasome impairment model strain, 448 

which produces a mutated form of the 20S catalytic unit of the protein degradation 449 

complex. This finding brings to light an interplay between mitochondrial function and the 450 

proteasome, particularly under oxidative stress conditions [82]. Moreover, recent studies 451 

also indicate that proteasome function can be preserved even under acute and prolonged 452 

glucose starvation (with consequent decrease in cellular ATP levels) [83], which leads to 453 
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the hypothesis that the dependence between proteasome function and intracellular ATP 454 

levels may not be as clear-cut as anticipated. 455 

 456 

The results indicate a decrease in UPS activity in the presence of 100 µM of JWH-457 

018, resulting in the accumulation of αSyn. We also investigated autophagy, since this 458 

mechanism is also known to be involved in protein clearance, and has been described to 459 

be upregulated as a compensatory mechanism to deal with αSyn excess [84]. Autophagy 460 

induction was studied by western blot densitometric analysis using GFP-Atg8 as a 461 

reporter [57,58]..  Our results showed Atg8 induction and autophagic flux results were 462 

similar in the presence or absence of 100 µM of JWH-018. αSyn was also analysed, and 463 

as expected, a significant increment in its concentration was observed in the presence of 464 

JWH-018 (P<0.02). Nevertheless, a starvation condition was included as a positive 465 

control and, as expected, autophagy increased compared with the control culture 466 

(P<0.01); concomitantly, αSyn levels decreased by 53.5 ± 15,2 % (P<0.05). There are no 467 

scientific studies correlating autophagy with synthetic cannabinoids, only studies 468 

involving phytocannabinoids and cancer cells, suggesting that natural compounds induce 469 

autophagy mechanisms leading to cell death [85–87].  470 

 471 

Final considerations 472 

In summary, the yeast model of PD was used to understand the possible protective 473 

or toxic roles of synthetic cannabinoid JWH-018 in PD. Cells treated with the synthetic 474 

cannabinoid showed increased αSyn toxicity and a decrease in the final biomass. 475 

Moreover, treatment with 100 µM JWH-018 increased αSyn protein levels and increased 476 

formation of αSyn-GFP inclusions. The dysregulation of αSyn clearance in the presence 477 
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of 100µM JWH-018 was evaluated, revealing an impairment of the ubiquitin-proteasome 478 

system.  479 

The results obtained here open new and interesting hypotheses for future work, and 480 

will require complementary approaches. To the best of our knowledge, this study 481 

constitutes the first approach to using a yeast PD model to investigate the effects of SCs 482 

in PD and its underlying molecular mechanisms. 483 

 484 

Experimental Procedures 485 

Tested compound 486 

Selected synthetic cannabinoid was JWH-018 [1-naphthalenyl(1-pentyl-1H-indol-3-yl)-487 

methanone]. JWH-018 was obtained as >98.5% pure powder from Lipomed AG, 488 

Switzerland. Stock solutions of this compound were prepared in 100% DMSO in different 489 

concentrations: 0.25 mM, 2.50 mM, 12.50 mM, 18.75 mM, and 25.00 mM, and tested in 490 

yeast cultures at a final DMSO concentration of 0.4%. 491 

 492 

Cell culture  493 

The study was performed using S. cerevisiae BY4741 cells ((MATa; his3∆1; leu2∆0; 494 

met15∆0; ura3∆0) obtained from Euroscarf collection (Frankfurt, Germany). The yeast 495 

expression vector pRS426-GAL was used to express a human αSyn-GFP fusion under a 496 

galactose-inducible promoter (GAL), pRS426GAL αSyn-GFP, as described before [56]. 497 

Other plasmids used included: (i) pRS413GPD-GFPu, expressing an unstable GFP under 498 

the regulation of GPD constitutive promoter to study the proteasome [88], and (ii) 499 
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pRS415_GFP-ATG8, to study autophagy [88]. When relevant, cells transformed with the 500 

empty plasmids (pRS426GAL, pRS413-GPD, or pRS415) were used as control. 501 

Cells transformed with either pRS426GAL-αSyn-GFP or pRS426GAL were grown 502 

in synthetic complete (SC) medium without uracil (SC-Ura); cells co-transformed with 503 

pRS426GAL-αSyn and pRS413-GPD-GFPu in SC medium without uracil nor histidine 504 

(SC-Ura-His); and cells transformed with pRS415_GFP-ATG8 in SC medium without 505 

uracil nor leucine (SC-Ura-Leu) [0.67% (w/v) Yeast Nitrogen Base (BD Biosciences) + 506 

appropriate amino acid dropout mix (Sunrise Science Products). Yeast cells were pre-507 

grown in SC-Ura containing 1% (w/v) raffinose at 30◦C, with orbital shaking (200 rpm) 508 

for 24 h, and subsequently diluted to  an OD600 of 2 × 10−3 after overnight growth in the 509 

same medium. After 24 hours, new cultures were prepared to an initial standardised OD600 510 

= 0.03 in SC-Ura containing 1 % (w/v) galactose under the same conditions to induce the 511 

overexpression of proteins under the GAL promoter. For the clearance assays, after 14h 512 

of αSyn-GFP expression induction (in the presence of 0 or 100 µM of the synthetic 513 

cannabinoid), cells were collected by centrifugation, washed in PBS, resuspended in SC 514 

medium with 2% (w/v) glucose  to repress αSyn expression, and incubated for 12h at 515 

30°C. αSyn levels were determined by western blotting at 14 h of induction (i.e. 516 

immediately prior to growth medium change, corresponding to 0 h of clearance), and after 517 

6, 9, and 12 h post growth medium change. The αSyn-GFP clearance kinetics were 518 

determined using the procedure described in [55] for monophasic decay. Briefly, the half-519 

lives of αSyn-GFP were extrapolated from the Western-blot study by regression analyses 520 

assuming that the decay of α-Syn follows a monophasic exponential decay [y = f(e−kx)]. 521 

The positive control (C+ in Figure 4) corresponds to aliquots of cells collected after 8 522 

hours of clearance. 523 

 524 
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Growth kinetics  525 

The cytotoxic properties of JWH-018 were assessed via cell growth kinetics in the 526 

presence of 0 μM, 1 μM, 10 μM, 50 μM, 75 μM or 100 μM of JWH-018. Growth analysis 527 

was monitored for 24 hours using a ELX808U thermostatic microplate reader (Biotek), 528 

with the temperature set to 30◦C and the wavelength set to 600 nm, with readings 529 

collected hourly by Gene5 data analysis software. Growth curves were fitted to the 530 

standard form of the logistic growth equation using Graphpad Prism software, after 531 

subtraction of the minimum value. The parameters extracted from the fitted results were 532 

the final biomass and the growth rate. The doubling time (DT) value was computed from 533 

the growth rate (k) using the formula Ln2/k. 534 

 535 

MTT assay 536 

This assay was performed to determine mitochondrial activity after incubation with 537 

JWH-018. Cells overexpressing αSyn-GFP or transformed with the empty vector were 538 

exposed to 10 or 100 µM of JWH-018 and analysed during the lag, initial log, and final 539 

log phases (corresponding to 6h, 10h, and 14h for the lower SC concentration, and 3h, 540 

7h, and 10h for the higher). Aliquots of 1,5 mL (for the lag phase) or 1 mL (for the initial 541 

log and final log phases) were collected and washed with water; cells were subsequently 542 

exposed to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 543 

mg/mL) for 4h at 30 ºC. Aliquots were then centrifuged, and crystals were resuspended 544 

in 150µL of DMSO. After homogenisation, the optical density was recorded at 492 nm 545 

in a microplate reader and corrected for the cell density. In all experiments, the value 546 

obtained from untreated cell culture controls was set as corresponding to 100% cell 547 

viability. 548 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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Superoxide quantification 549 

Superoxide quantification was performed using fluorescent dihydroethidium 550 

(hydroethidine) (Life Technologies). BY4741 yeast cells transformed with p426GAL-551 

αSyn-GFP or p426Gal were exposed to 10 or 100 µM of JWH-018. Aliquots of 2.0 mL 552 

from each cell growth phase were collected and incubated with 10 μM of hydroethidine 553 

for 1.5 hours at 30 °C under shaking (150 rpm). Samples were subsequently centrifuged 554 

for 3 min at 10 000 × g, and the resulting pellets were washed with sterile water and 555 

resuspended in 100 µL of water. The fluorescence was measured (λex = 358 nm, λem = 556 

460 nm), and corrected for the cell density in the samples. 557 

 558 

ATP quantification 559 

The ATP Colorimetric/Fluorometric assay kit from Sigma-Aldrich was used to 560 

quantify ATP in cell samples collected during the final log phase. To test the effect of 561 

JWH-018, cells transformed with p426GAL or p426Gal-αSyn-GFP were used. Cells were 562 

exposed to 10 or 100 µM of JWH-018. 1000 µL of culture samples were treated as 563 

described in a previous publication [53]. ATP quantification was performed according to 564 

conditions described under colorimetric detection. Protein quantification was performed 565 

using Bio-Rad protein assay dye reagent concentrate to normalise the ATP quantification 566 

values. 567 

 568 

Fluorescence microscopy 569 

The percentage of cells with αSyn inclusions after exposure to JWH-018 was 570 

determined by fluorescence microscopy. Yeast cells were grown as described above for 571 

14h, and subsequently collected by centrifugation, resuspended in PBS, added to a 572 
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microscope slide, and analysed using a Zeiss Axiovert 200 M (Carl Zeiss) widefield 573 

fluorescence microscope equipped with a cooled CCD camera (Roper Scientific 574 

Coolsnap HQ). A minimum of 150 cells were manually counted using ImageJ (NIH, 575 

Bethesda, Md, USA) for each biological replicate. GFP fluorescence was detected using 576 

an Ar laser's 488 nm laser line (25 mW nominal output) and a custom wavelength 577 

detection window set to 493–556 nm.  578 

 579 

Protein extraction and western blot analysis 580 

For total protein extraction, yeast cells were lysed in Tris-HCl buffer pH 7.6 581 

supplemented with a protease and phosphatase inhibitor cocktail (Roche, Mannheim, 582 

Germany), with glass beads and subjected to 3 cycles of 30 seconds in a bead beater and 583 

1 min on ice. Cell debris was removed by centrifugation (700 × g, 3 min, 4ºC), and the 584 

supernatant was collected. Protein concentration was determined using the BCA protein 585 

assay kit (Thermo Fisher Scientific Inc, Illinois, USA). 20 µg of total protein was loaded 586 

in the SDS-PAGE. Protein sample buffer (200 mM Tris-HCl pH 6.8, 6% 2-587 

mercaptoethanol, 8% SDS, 40% glycerol, 0.4% bromophenol blue) was added to each 588 

protein sample and heated for 10 min at 100ºC before gel loading. Protein samples were 589 

run in SDS-PAGE and subsequently transferred to a nitrocellulose membrane using a 590 

Trans-Blot Turbo transfer system (Bio-Rad), according to the manufacturer's 591 

specifications. Immunoblotting was performed following standard procedures with the 592 

following antibodies: anti-αSyn (BD Transduction Laboratories, San Jose, CA, USA), 593 

anti-pS129-αSyn (Wako Chemicals USA, Inc., Richmond VA, USA), and anti-GFP 594 

(SICGEN AB0066-200, Cantanhede, Portugal). Anti-Pgk1 (NovexTM, Rockford, USA) 595 

was used as the loading control. Antibodies were diluted to 1:1000 (anti-αSyn), 1:4000 596 

(anti-pS129-αSyn), 1:2500 (anti-GFP), and 1:2000 (anti-Pgk1) in PBS. The secondary 597 
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antibodies used were anti-mouse (HRP) and anti-goat (HRP) diluted to 1:5000. The band 598 

intensity of the different immunoblot signals was estimated using ImageJ software and 599 

normalised against the Pgk1 signal. In particular, αSyn levels were determined by 600 

calculating the αSyn/Pgk1 ratio, and normalised to the control condition; pS129-αSyn 601 

levels were determined by calculating the ratio between both values: 602 

(pS129/Pgk1)/(αSyn/Pgk1) and normalised to the control condition; GFPu levels were 603 

determined by calculating the GFP/Pgk1 ratio, and normalised to the control 604 

condition; Atg8 induction was quantified by calculating the fold increase of total GFP 605 

signal (GFP-Atg8 and free GFP signal, detected with anti-GFP) normalised to Pgk1, and 606 

normalised to the control condition; and autophagic flux was determined by measuring 607 

the vacuolar degradation of the Atg8 domain reporter (freeGFP/totalGFP)/Pgk1, and 608 

normalised to the control. The results were obtained from at least three independent 609 

experiments with similar outcomes. Full-length, uncropped blots are presented in 610 

Supplementary Figs. S1–S4. 611 

GFP Fluorescence assessment by spectrofluorometry 612 

GFP fluorescence was assessed by spectrofluorometry (Perkin Elmer LS50B 613 

spectrofluorometer) in BY4741 cells co-transformed with pRS426GAL-αSyn and 614 

pRS413-GPD-GFPu. Cells were exposed to 100 µM of JWH-018 and allowed to grow 615 

for 14h under the aforementioned conditions, after which 2 mL of each culture were 616 

collected and centrifuged for 3 min at 10 000 × g. The resulting pellets were washed with 617 

sterile water, and resuspended in 100 µL of water. The fluorescence was measured (λex = 618 

475 nm, λem = 520 nm), and corrected for the cell density in the samples. 619 

 620 

Statistical analysis  621 
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Statistical analysis was performed using an unpaired two-tailed t-test. P-value < 0.05 622 

was considered statistically significant. Statistics were performed using Prism 8 623 

(GraphPad Software Inc.). 624 

 625 
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 879 

Figure Legends 880 

Fig 1- JWH-018 toxicity assays on S. cerevisiae BY4741 cells harboring vector p426Gal-αSyn-881 

GFP or p426Gal (control). (A) Growth curves of S. cerevisiae exposed to different concentrations 882 

of JWH-018. Inset represents the percentage of CFU of αSyn-expressing cells treated with 883 

different concentrations of JWH-018 after 5 hours of growth, compared to untreated cells (B) 884 
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growth curves were fitted to the standard form of the logistic equation which allowed an 885 

estimation of the final biomass and doubling time values (Dt) from the growth rate using the 886 

formulae Ln2/r;●,▲: cells transformed with the p426Gal vector; and ■,▼: cells transformed with 887 

the p426Gal-αSyn-GFP vector. (C) Mitochondrial activity and (D) superoxide quantification in 888 

the presence of 10 and 100µM of JWH-018 during the lag, initial log, and final log phases. (E) 889 

ATP quantification in the presence of 10 and 100µM of JWH-018. Values represent the mean ± 890 

SD, and the representative result is shown from at least three independent experiments. **p<0.02; 891 

*p<0.05 and #p<0.1. 892 

Fig 2 - Cellular impact of JWH-018 on the toxicity of αSyn. (A) Intracellular localisation of WT 893 

αSyn-GFP, and percentage of BY4741 WT yeast cells containing αSyn-GFP inclusions, assessed 894 

by fluorescence microscopy after 14 hours of αSyn-GFP expression induction (*** p<0.001) (left 895 

panel), and the corresponding quantification of the percentage of cells with inclusions (right 896 

panel). (B) Total and S129-phosphorylated αSyn protein levels were quantified by western blot 897 

analysis of total protein extracts after 14h of αSyn-GFP expression (left panel). Densitometric 898 

analysis of the immunodetection assay was expressed by the ratio between αSyn and Pgk1 899 

(αSyn/PGK; left panel); S129-αSyn and Pgk1 (S129 αSyn/PGK)/(αSyn/PGK) – middle panel; 900 

and S129-αSyn levels normalised to the control total αSyn levels (S129 αSyn/ αSyn total; right 901 

panel). The representative results are calculated as the average of, a minimum of three replicates. 902 

Values represent the mean ± SD. (*p<0.05). In (B), αSyn, pS129-αSyn and Pgk1 were detected 903 

on separate membranes loaded with the same protein extracts and processed in parallel; each strip 904 

shows two adjacent lanes cropped from a single membrane, and strips from different membranes 905 

are separated by white space. Full-length blots are presented in Supplementary Fig. S1. 906 

 907 

Fig 3 - JWH-018 affects αSyn-GFP clearance. (A) Clearance evaluated by αSyn-GFP protein 908 

levels at time points 0, 6, 9, and 12h, assessed by western blot (left panel); densitometric 909 

analysis of the immunodetection of αSyn relative to Pgk1, resulted in the possible decrease 910 

of the clearance rate of αSyn levels in the presence of JWH-018 at time 9h (#p<0.1) (right 911 
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panel). (b) The kinetic degradation curve of αSyn suggests a possible increase in the 912 

clearance rate of protein levels in JWH-018 presence when fitted to a one-phase exponential 913 

decay. (c) Delta time points of αSyn clearance, resulting in a decrease of protein clearance 914 

at time interval ∆9-6 in the presence of 100 µM of JWH-018 (*p<0.05). Each result 915 

represents the average of three independent experiments. Values represent the mean ± SD. 916 

In (A), αSyn and Pgk1 were detected on separate membranes loaded with the same protein 917 

extracts and processed in parallel; each strip shows seven adjacent lanes cropped from a 918 

single membrane, and strips from different membranes are separated by white space. Full-919 

length blots are presented in Supplementary Fig. S2. 920 

 921 

Fig 4 - The JWH-018 impact on cellular protein degradation mechanisms. (A) GFPu and 922 

αSyn protein levels were evaluated by western blot analysis of total protein extracts at 14h 923 

and 18h (left panel), and their densitometric analysis relative to the loading control (Pgk1), 924 

resulting in the accumulation of GFPu and αSyn in the presence of 100 µM of JWH-018 925 

(*p<0.05) (right panel). (B) Spectrofluorometry of GFPu fluorescence shows a statistically 926 

significant accumulation of GFPu in the presence of 100 µM of JWH-018 (*p<0.05). (C) 927 

Autophagy evaluation via GFP-Atg8 protein levels calculated by western blot analysis of 928 

total protein extracts at 14h (left-hand panel), and densitometric analysis of the 929 

immunodetection of GFP and αSyn relative to the Pgk1 (right-hand panel). Representative 930 

results are the average of three independent experiments. Values represent mean ± SD. 931 

*p<0.05, **p<0.02; ***p<0.01 In (A) and (C), GFP (GFPu or GFP-Atg8/free GFP), αSyn 932 

and Pgk1 were detected on separate membranes loaded with the same protein extracts and 933 

processed in parallel; GFP-Atg8 and free GFP in (C) were detected on the same membrane. 934 

Each strip shows adjacent lanes cropped from a single membrane (four lanes in A, three lanes 935 

in C), and strips from different membranes are separated by white space. Full-length blots 936 

are presented in Supplementary Figs. S3 (A) and S4 (C). 937 
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