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Abstract

The aggregation and accumulation of a-synuclein (aSyn) in dopaminergic neurons is a
hallmark of Parkinson's disease (PD), and its cellular clearance is essential for preventing
neurotoxicity. This process relies heavily on the ubiquitin-proteasome system (UPS) and
autophagy-lysosome mediated clearance, two critical pathways for degrading misfolded
or damaged proteins. The contemporary trend of synthetic cannabinoid recreational use
raises important questions about their potential effects on these crucial cellular
mechanisms. In this study, we used a yeast model (Saccharomyces cerevisiae) to
investigate the impact of the synthetic cannabinoid JWH-018 on aSyn-induced toxicity.
Our findings reveal that JWH-018 significantly increases cellular toxicity caused by
aSyn, and that this effect is mediated by UPS impairment. Treatment with JWH-018 led
to a marked reduction in proteasome activity, which compromised the cell's ability to
clear toxic protein aggregates. Our results provide a cellular and mechanistic link between
synthetic cannabinoid exposure and the exacerbation of aSyn toxicity. These findings

suggest a potential neurodegenerative risk associated with JWH-018, and highlight the


mailto:stenreiro@nms.unl.pt
mailto:lcforenses@egasmoniz.edu.pt

37
38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

importance of further research into the effects of synthetic cannabinoids on cellular

protein quality control systems.

Introduction

Parkinson's disease (PD) is the second most common neurodegenerative disease
worldwide, characterised by the progressive, irreversible loss of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) region of the brain, with subsequent loss of
control of motor functions leading to motor symptoms such as resting tremor,
bradykinesia, postural instability, and muscular rigidity [1,2]; the cholinergic nervous
system (related to cognitive impairment), the noradrenergic nervous system, and the
serotonergic nervous system (related to depression and anxiety) are also impacted in PD
[3]. Together with dementia with Lewy bodies (DLB), and multiple system atrophy
(MSA), PD is a part of the synucleinopathy group of neurodegenerative syndromes [4],
which are characterised at the molecular level by the presence of a-synuclein (aSyn)
aggregates in cytoplasmic inclusions commonly known as Lewy bodies (LBs). aSyn, like
BSyn and ySyn, is a member of the synuclein family of intrinsically disordered proteins.
The 140-amino-acid aSyn protein is encoded by the SNCA gene, and is particularly
abundant in the brain, specifically enriched in presynaptic terminals of neurons [5]. aSyn
is associated with familial forms of PD via point mutations, single-nucleotide
polymorphisms, or gene duplication or triplication events [6,7]. It is also a major
component of LBs and Lewy neurites, present in many neurodegenerative diseases. The
protein can bind a wide range of interactors, including other aSyn molecules, other
synucleins, lipids, synaptic vesicles, and synapsins [8]. Although its physiological role
remains under debate — trafficking and recycling of neurotransmitter-loaded vesicles,

regulation of dopamine synthesis via histone binding, activation of nuclear receptors,
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among others — its toxic role is far better understood [9][10]. Moreover, aSyn is reported
to exist in a few different states: from monomers to tetramers, to oligomers, protofibrils,
and fibrils [11], with the monomeric form assumed to be the most common state in pre-
synapses and nuclei; oligomers and fibrils are associated with pathological states,
including changes in cellular lipid homeostasis [11,12], dysregulated intracellular iron
homeostasis causing iron-dependent lipid peroxidation (ferroptosis) [13], and gut
microbiome dysbiosis, affecting the gut-brain axis. Moreover, current thinking links PD

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

Given the increase in the worldwide population, the increase in the lifespan, and the
environmental stress of contemporary societies, associated with the lack of a cure or a
disease-modifying therapy as an efficient means to slow down its progression, the burden
of PD has increased dramatically over the past generation, overwhelming both families
and healthcare and health support systems [15]. Current research focuses on promising
disease-modifying pharmacological interventions that target inhibition of aSyn
aggregation and extracellular propagation [16], enhance aSyn clearance, or inhibit of its
production [16]. Nevertheless, most of these interventions are still in phase I/phase II
clinical trials. As such, given the current panorama, many PD patients have turned to
other means of managing disease-related symptoms. With the recent legalisation of
cannabis products for medicinal and personal use in some parts of the world, many PD
patients report their use in symptom management (namely, non-motor symptoms such as
sleep, pain, or anxiety disorders), albeit with a variety of effects and outcomes [17,18].
Natural phytocannabinoids such as A’-Tetrahydrocannabinol (THC) and cannabidiol
(CBD) can exert antagonistic effects [19] — although with a prevalence towards

improvement of locomotor activity, and decrease of inflammation, microglial/astrocyte
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activation, and oxidative stress in animal models of PD [20], whereas the effect of
synthetic cannabinoids (SCs) - a group with similar properties to A’~THC and other
cannabinoids naturally found in the C. sativa L. plant [21] - is still poorly characterised.
SCs show affinity for cannabinoid receptors CBiR and CB:R, which are part of the
endocannabinoid system and have anti-inflammatory, antioxidant, and pro-neurogenic
properties, making them potential targets for reducing the symptoms of several
neurodegenerative conditions in humans [22-25]. The existence of two distinct
endocannabinoid receptors, CB1R and CB:R, their distribution across different brain
regions, and the distinct cellular-level responses they elicit upon activation suggest a
possible neuroprotective role for cannabinoids. Evidence supporting the endocannabinoid
system's involvement in PD indicates that both CBI1R and CB2R activation may
contribute to neuroprotection [20]. Moreover, phytocannabinoids seem to exert a
protective effect on PD, either by binding to CB1R, inhibiting dopamine beta-hydroxylase
activity and decreasing glutamate levels, or by binding to CB2R, reducing
neuroinflammation [26]. Nevertheless, the endocannabinoid system has also been
implicated in neurodegenerative processes [27].

Among the known synthetic cannabinoids, JWH-133, a potent CB2R agonist, exhibited
neuroprotective activity in a MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)
model of PD [28]. However, other SCs exhibit different properties that have not yet been
fully studied. Additionally, more recent synthetic cannabinoids display higher affinity
towards CBiR and CB2R, which strongly activate the brain reward pathways and expose
the user to a higher risk of developing severe illnesses, including psychosis [29]. Hence,
the recentness of the NPS trend — it originated in the early 2000s [30] — hinders a full
understanding of the impact of their consumption in PD. NPS properties and their long-

term effects remain poorly characterised. Nonetheless, the limited literature on these new
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substances suggests a trend towards neurotoxicity [31-44]. Thus, the hypothesis of these
substances being implicated in PD onset cannot be discarded, especially knowing that
according to the European Union Drugs Agency (EUDA), NPS seizures are dominated

by SCs and synthetic cathinones [45].

In this paper, we focus on JWH-018 (naphthalen-1-yl(1-pentyl-1H-indol-3-
yl)methanone, also known as AM678), one of the earliest synthetic cannabinoids found
in herbal mixtures sold in Smart Shops and the first to be controlled, to study its influence
on oSyn aggregation using Saccharomyces (S.) cerevisiae expressing aSyn as a
humanised yeast model of PD. These misfolding disease yeast models have been
extensively used to clarify the fundamental mechanisms and pathways underlying PD
[46—48]. Although developing accurate PD models (at the cellular or organism level) has
been challenging, current models based on overexpression of PD-associated proteins such
as aSyn are robust enough to answer specific scientific questions [49]. Previously, we
showed that JWH-018 increases glycolytic flux, which fuels cell growth at the expense
of the pentose phosphate pathway [50]. Since the latter is responsible for the generation
of NADPH, which provides reducing power to deal with oxidative stress conditions, and
given that the generation of Reactive Oxygen Species (ROS) in brain cells arises mainly
from dopamine metabolism, a decrease in NADPH over a long period of time as a

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

Overall, the present work aimed to assess molecular and cellular toxicity and risks
associated with the long-term effects of the synthetic cannabinoid JWH-018 exposition,
namely, to determine the cytotoxic, molecular, aSyn clearance, and autophagy effects of
this SC using a yeast PD model. We observed increased aSyn toxicity, reduced final

biomass, increased aSyn protein levels and increased formation of aSyn-GFP inclusions



137 in yeast cells expressing an aSyn-GFP fusion protein treated with JWH-018. The
138  dysregulation of aSyn clearance was evaluated and ascribed to the ubiquitin-proteasome

139  system.
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Results

Cytotoxicity assays

To investigate the effect of JWH-018 on a cellular model of PD, yeast cells
expressing human aSyn in fusion with a GFP reporter (aSyn-GFP) [52] were exposed to
increasing concentrations (0, 1, 10, 50, 75 and 100 uM) of the SC (Fig. 1). Cell growth
was monitored by optical density at 600 nm over a 30-h or 24-h time frame for cells
expressing aSyn or for the control cells carrying the empty vector (Fig. 1a). For the latter,
the growth curve kinetics were not altered by incubation with JWH-018 at any of the
concentrations tested. Conversely, cellular growth changed in a JWH-018 concentration-
dependent manner in the presence of overexpressed aSyn. At 100 uM of JWH-018,
growth differences can be observed: the compound promotes an increase in growth rate
at 5 h, resulting in a new lag phase and a lower final biomass. To evaluate this initial
effect, the number of colony-forming units (CFU) was assessed at Sh. No statistically
significant differences in the number of viable cells were observed (Fig. la). To
understand further putative differences between yeast growth rates in the presence and
absence of JWH-018, the curves were fitted to a logistic equation, which allows for
retrieving the final biomass and doubling time values (Fig. 1b). The SC yielded no
observable effect on growth kinetics in cells not expressing aSyn, but affected duplication
times in aSyn-expressing cells; the estimated average value for duplication time was
2.055 + 0.022 hours in the absence of JWH-018, which decreased significantly by 0.075
+ 0.013 and 0.070 = 0.014 h for cells incubated with 1 uM (P<0.02) or 10 uM (P<0.02)
of JWH-018, respectively. Conversely, the duplication time upon incubation with 75 pM
of the compound increased significantly by 0.034 + 0.016 hours (p<0.02); the duplication

time also seems to increase in the presence of 100 uM of JWH-018, compared to the
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control — nevertheless, its value could not be obtained since the logistic equation did not
fit the growth curve data. The final biomass for the untreated cells overexpressing aSyn
shows an estimated average value of 0.477 £ 0.003 O.D.s00nm, Which increases by 0.009
+ 0.002 (P<0.02) in the presence of 50 uM of JWH-018, and decreases by 0.026 £ 0.015
(P<0.02) and by 0.046 + 0.003 O.D.c00nm (P<0.001) upon incubation with 75 pM or 100

uM of JWH-018, respectively.

To further assess these results, mitochondrial activity (Fig. 1¢) and superoxide levels
(Fig. 1d) were evaluated in control and aSyn-expressing yeast cells exposed to different
concentrations of JWH-018 at three different stages of the growth phase: lag phase, initial
log phase, and final log phase. Exposure to 10 or 100 uM JWH-018 impacted all time
points studied compared to untreated cells, namely: an increase in lag phase (23.0 + 8.8
%, P<0.1), and a significant decrease in the initial (-20.5 £ 5.7 %, P<0.05) and final log
phases (-27.1 £ 7.3, P<0.05) upon incubation with 10 uM JWH-018; and a significant
increase in the lag phase (45.0 = 7.4 %, P<0.02), and significant decreases in the initial (-
20.7 £4.9 %, P<0.05) and final log phases (-34.6 = 10.0, P<0.05) upon incubation with
100 uM JWH-018. Moreover, aSyn-expressing yeast cells showed a significant increase
in mitochondrial activity during the lag phase (13.6 + 1.8 %, P<0.02) in the presence of
10 uM of JWH-018, which subsequently decreased until reaching the final log phase (-
5.8+2.5 %, P<0.1). However, aSyn-expressing yeast cells incubated with 100 pM JWH-
018 showed a significant decrease in mitochondrial activity during the lag phase (-22.1 +
1.7 %, P<0.001). To complement the mitochondrial activity evaluation in the presence of
the SC, the superoxide content was measured (Fig. 1d). Exposure to different

concentrations of JWH-018 showed a significant positive correlation in superoxide
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concentration, with a reported increase of 14.6 + 5.06 %, (P<0.05) in aSyn-expressing
cells during the lag phase.

ATP levels were also assessed, since the literature reports that ATP levels change
during the final log phase in the presence of JWH-018 [53]. The results showed that, upon
treatment with JWH-018, ATP levels increase in aSyn-expressing cells and decrease in
cells transformed with the empty vector. Thus, compared to the untreated control, cells
not expressing aSyn showed a decrease in ATP levels of 24.2 + 5.9 % (P<0.05), whereas
cells expressing aSyn increased ATP levels by 30.4 + 10.8 % (P<0.05) when treated with

100 uM JWH-018 (Fig. le).
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Fig 1- JWH-018 toxicity assays on S. cerevisiae BY4741 cells harboring vector p426Gal-aSyn-GFP
or p426Gal (A) Growth curves of S. cerevisiae exposed to different concentrations of JWH-018. Inset

represents the percentage of CFU of aSyn-expressing cells treated with different concentrations of
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JWH-018 after 5 hours of growth, compared to untreated cells (B) growth curves were fitted to the
standard form of the logistic equation which allowed an estimation of the final biomass and doubling
time values (Dt) from the growth rate using the formulae Ln2/r;e,A: cells transformed with the
p426Gal vector; and m, ¥ : cells transformed with the p426Gal-aSyn-GFP vector. (C) Mitochondrial
activity and (D) superoxide quantification in the presence of 10 and 100uM of JWH-018 during the
lag, initial log, and final log phases. (E) ATP quantification in the presence of 10 and 100uM of JWH-
018. Values represent the mean £ SD, and the representative result is shown from at least three

independent experiments. **p<0.02; *p<0.05 and #p<O0.1.

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

JWH-018 was shown to be toxic to yeast cells expressing aSyn at the highest
concentration tested herein. To further understand the impact of this compound in the
yeast PD model, fluorescence microscopy was performed to observe changes in aSyn
inclusions (namely, intracellular localisation and percentage of affected cells) using the
aSyn-GFP reporter fusion protein. After 14h of aSyn-GFP expression, 62.9 + 2.2% of
untreated yeast cells exhibited inclusions, whereas in cells treated with 100 uM JWH-
018, that value increased to 78.2 + 1.0 % . Fluorescence microscopy showed that
incubation with 100 uM of JWH-018 increased the number of cells presenting aSyn
inclusions by 15.3 £1.4 % (P<0.001) (Fig. 2a). These observations were corroborated by
quantifying aSyn-GFP levels via western blot densitometry analysis of protein extracts
after 14 hours of cell growth, using an anti-aSyn antibody. aSyn phosphorylation at
position S129 — a recognised marker of oligomerisation [54] — was also assessed with a
specific antibody against this post-translational modification. Pgkl was used as loading
control. Normalising the values to 0 uM, incubation with 100 uM of JWH-018 yielded a

significant increment of aSyn-GFP levels of 1.2124+0.078 (P<0.05) —a 21% increase (Fig.

11



227  2b). Phosphorylation also increased 24% (1.238+0.188) when compared to the control;
228  however, this increment was due to the increase of total aSyn (1.028+0.195) (Fig. 2b).
229  Thus, phosphorylation of aSyn at position S129 does not seem to be affected by

230  incubation with JWH-018.
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234 Fig 2 - Cellular impact of JWH-018 on the toxicity of aSyn. (A) Intracellular localisation of
235 WT aSyn-GFP, and percentage of BY4741 WT yeast cells containing aSyn-GFP inclusions,
236 assessed by fluorescence microscopy after 14 hours of aSyn-GFP expression induction (***
237 p<0.001) (left panel), and the corresponding quantification of the percentage of cells with
238 inclusions (right panel). (B) Total and S129-phosphorylated aSyn protein levels were
239 quantified by western blot analysis of total protein extracts after 14h of aSyn-GFP
240 expression (left panel). Densitometric analysis of the immunodetection assay was expressed
241 by the ratio between aSyn and Pgkl (aSyn/PGK; left panel); S129-aSyn and Pgkl (S129
242 aSyn/PGK)— middle panel; and S129-aSyn levels normalised to the total aSyn levels (S129
243 aSyn/aSyn total; right panel). The representative results are calculated as the average of a
244 minimum of three replicates. Values represent the mean + SD. (*p<0.05). In (B), aSyn,
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pS129-aSyn and Pgkl were detected on separate membranes loaded with the same protein
extracts and processed in parallel; each strip shows two adjacent lanes cropped from a single
membrane, and strips from different membranes are separated by white space. Full-length

blots are presented in Supplementary Fig. S1.

aSyn clearance in the presence of JWH-018

A clearance assay was performed to assess whether higher levels of aSyn in the
presence of 100 uM JWH-018 stemmed from a decrease in aSyn-GFP clearance. To this
purpose, a clearance assay was performed by inducing aSyn-GFP expression for 14
hours, followed by replacement of galactose with glucose (to repress the GAL1 promoter
and stop gene expression (57)) and incubation with 100 uM of JWH-018. aSyn-GFP
clearance assay was followed for 12 hours by quantifying protein levels via western blot
densitometric analyses after 0, 6, 9, and 12 h of clearance (Fig. 3a). aSyn-GFP levels
were 0.470+0.072, 0.161+0.066 and 0.105+0.038 in untreated cells, and 0.4071+0.077,
0.247+0.053 and 0.105%0.059 in cells incubated with 100 uM JWH-018, at the 6, 9 and
12h timepoints, respectively. This indicates a putative higher aSyn level in the presence
of JWH-018 when compared to control at time 9h (p<0.1) (Fig. 3a). Subsequently,
clearance kinetics were plotted, and the result was fitted to a one-phase decay equation
[55] (Fig. 3b). The calculated clearance rates were 0.084+0.015 (R? = 0.9302) and
0.111£0.037 (R? = 0.9377), for cells incubated with 0 and 100 pM of the SC,
respectively. Thus, aSyn-GFP clearance seems to decrease in the absence of the synthetic
cannabinoid, albeit without statistical significance. Moreover, detailed analysis of the plot
shows a higher clearance rate between 0 and 6h upon incubation with 100 uM JWH-018,
at which point the trend inverts over the next time interval (6-9h). Therefore, a bar chart

was plotted with the differences in aSyn-GFP levels in the A6-0, A9-6 and A12-9 time
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270  intervals (Fig. 3c). We observed a statistically significant difference in aSyn-GFP
271  decrease in the presence of 100 uM of JWH-018 at time interval A9-6, which only
272 decreased by 16 £ 7% (P<0.02), in contrast with 31+3% in untreated cells. This alteration

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

274  levels.
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277 Fig 3 - JWH-018 affects aSyn-GFP clearance. (A) Clearance evaluated by aSyn-GFP
278 protein levels at time points 0, 6, 9, and 12h, assessed by western blot (left panel);
279 densitometric analysis of the immunodetection of aSyn relative to Pgkl, resulted in the
280 possible decrease of the clearance rate of aSyn levels in the presence of 100 p JWH-018 at
281 time 9h (#p<0.1) (right panel). (b) The kinetic degradation curve of aSyn suggests a possible
282 increase in the clearance rate of protein levels in JWH-018 presence when fitted to a one-
283 phase exponential decay. (c) Delta time points of aSyn clearance, resulting in a decrease of
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Each result represents the average of three independent experiments. Values represent the
mean = SD. In (A), aSyn and Pgkl were detected on separate membranes loaded with the
same protein extracts and processed in parallel; each strip shows seven adjacent lanes
cropped from a single membrane, and strips from different membranes are separated by

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

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

The reduction of aSyn-GFP clearance in the presence of JWH-018 could stem from
a dysfunction of the cellular mechanisms involved in aSyn clearance, possibly
implicating the ubiquitin-proteasome system (UPS) and/or autophagy mechanisms. To
evaluate the impact of JWH-018 on aSyn-GFP clearance, an assay using 100 uM of this
synthetic cannabinoid was performed in cells co-expressing aSyn and GFPu, an unstable
GFP reporter consisting of a fusion of GFP with a constitutive degradation signal (CL-1)
that promotes its rapid degradation by the UPS [56]. GFPu and aSyn levels were assessed
by western blot after 14 h and 18 h of cell growth, using anti-GFP and anti-aSyn
antibodies, with Pgkl as loading control. Cells incubated with 100 uM of JWH-018
yielded GFPu levels of 4.37 &+ 1.76 after 14 h, a significant increment of 340 = 110 %
(P<0.05) compared to that of untreated cells (Fig. 4a). The results obtained at 18h, despite
exhibiting an increasing trend, did not show statistically significant differences between
OuM and 100 uM (1.00 + 0.66 vs 1.27 £+ 0.32). Likewise, aSyn levels at time point 14h
show an increasing trend, albeit without statistical significance, between OuM and 100
uM (1.00 = 0.58 vs 2.31 £ 1.32). However, at 18 h, the results in the presence of 100 uM
of JIWH-018 — 2.17 &+ 0.28 — were statistically significant, corresponding to an increment

of aSyn protein levels of 117 % + 40.1 % (P<0.05) (Fig. 4a). To corroborate the observed
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GFPu protein increment in the presence of 100 uM of JWH-018, GFPu fluorescence
emission was monitored by spectrofluorescence at the 14h time point. Cells incubated
with JWH-018 exhibited an increment in GFPu fluorescence of 43.1+17.57 % (P<0.02)
compared to the control (untreated cells) (Fig. 4b). The accumulation of GFPu observed
in the western blot and fluorescence assays point towards an impairment of the ubiquitin-
proteasome system in the presence of 100 uM of JIWH-018, leading to the accumulation
of aSyn.

Autophagy was also investigated to obtain a more complete picture of the
mechanisms underlying aSyn accumulation in the presence of JWH-018, using GFP-
Atg8 as a reporter, and a starvation condition as a positive control [57,58]. Atg8 is one of
the key molecules involved in autophagy, since it conjugates to
phosphatidylethanolamine on the autophagic membrane, an essential step in
autophagosome formation in eukaryotes [59][60] The study of Atg8 induction and
autophagic flux were assessed by western blot after 14 hours of cell growth, via an anti-
GFP antibody, using Pgk1 as loading control (fig 4c). Incubation with 100 uM of JWH-
018 slightly decreased Atg8 induction by 7.6% (0.924+0.300, normalised to the absence
of the cannabinoid), whereas the positive control — yeast cells transformed overexpressing
GFP-Atg8 only and not exposed to the SC - increased it by 28% (1.281 + 0.308) (Fig.
4c). Furthermore, autophagic flux was also assessed compared to the untreated control,
reaching 0.845 + 0.318 for the 100 uM JWH-018 incubation assay, and 2.215 + 0.523 for
the positive control assay — a decrease of 15.5% =+ 5.8% and an increase of 122 + 28 %
(P<0.01), respectively. These results suggest a decreasing trend in Atg8 induction and
autophagic flux in cells overexpressing aSyn in the presence of SC, although the
differences were not statistically significant. aSyn levels were also compared between the

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

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

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

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

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

018.
(a) 14h 18h
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Fig 4 - The JWH-018 impact on cellular protein degradation mechanisms. (A) GFPu and aSyn
protein levels were evaluated by western blot analysis of total protein extracts at 14h and 18h
(left panel), and their densitometric analysis relative to the loading control (Pgkl), resulting in
the accumulation of GFPu and aSyn in the presence of 100 uM of JWH-018 (¥p<0.05) (right
panel). (B) Spectrofluorometry of GFPu fluorescence shows a statistically significant
accumulation of GFPu in the presence of 100 uM of JWH-018 (¥p<0.05). (C) Autophagy
evaluation via GFP-Atg8 protein levels calculated by western blot densitometric analysis of total
protein extracts at 14h post-aSyn overexpression induction (left-hand panel), and densitometric
analysis of the immunodetection of GFP and aSyn relative to Pgkl (right-hand panel).
Representative results are the average of three independent experiments. C+: Positive control.

Values represent mean + SD. *p<0.05, **p<0.02; ***p<0.01 In (A) and (C), GFP (GFPu or
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GFP-Atg8/free GFP), aSyn and Pgkl were detected on separate membranes loaded with the
same protein extracts and processed in parallel; GFP-Atg8 and free GFP in (C) were detected on
the same membrane. Each strip shows adjacent lanes cropped from a single membrane (four
lanes in A, three lanes in C), and strips from different membranes are separated by white space.

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

Discussion

Since their first appearance in the drug market, synthetic cannabinoids have been the
focus of UNODC alerts and global research due to the severe acute public health issues
associated with them [61,62]. However, many consumers of these substances do not
manifest acute health issues, but may suffer from long-term health issues that have not
been observed yet, owing to the recentness of the problem. This work aimed to assess the
molecular and cellular toxicity of synthetic cannabinoids, as well as the risks associated
with their long-term effects, using JWH-018, the first SC found on the drug market, in a
yeast model of PD, which is widely used to study the fundamental mechanisms and
pathways underlying the disease.

We observed that JWH-018 at medium to high concentrations increased aSyn-GFP
levels in cells expressing this fusion protein, compared with the untreated control.
Interestingly, at low concentrations (1-10 uM), JWH-018 appears to benefit cells
expressing aSyn-GFP by decreasing duplication time and/or increasing final biomass.
This decrease in duplication time after exposure to low concentrations of JWH-018 was
previously described in the literature and stems from increased glycolytic flux at the
expense of decreased pentose phosphate pathway activity, driven by modulation of
enzymes implicated in both pathways [53]. Moreover, a previous study in human SH-
SYS5Y cell lines showed a beneficial — though statistically insignificant — effect of JWH-
018 in cell viability in concentrations up to 100 uM [63]. Sezer et al. did not observe
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differences in cell viability in the same cell line in the presence of JWH-018, despite
significant levels of oxidative stress [64]. However, a toxic impact on growth kinetics in
yeast cells expressing aSyn-GFP was observed in the presence of 50-100 uM of JWH-
018, since both growth rate and final biomass decreased. Previous studies [53,64] suggest
that the adverse effect of exposure of cells expressing aSyn-GFP to 100 uM JWH-018
could arise from a decrease in the pentose phosphate pathway, which is critical for dealing
with oxidative stress [53]. Furthermore, incubation with JWH-018 decreased cellular ATP
content, a consequence of the growth rate increasen the presence of this synthetic
cannabinoid [53]. This decrease was also observed in the present study in control cells not
expressing aSyn-GFP. However, the presence of aSyn-GFP yielded higher levels of ATP
when cells were exposed to 100 uM of JWH-018. Nevertheless, in the presence of
galactose, ATP production results largely from respiratory chain activity [65]. We also
observed a decrease in mitochondrial activity during the lag phase, suggesting an increase
in the glycolytic pathway in this phase. After this initial growth phase, the mitochondrial

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

Since JWH-018 at a concentration of 100 uM was toxic in the yeast PD model,
fluorescence microscopy was used to understand the effect of this SC on aSyn inclusions.
Results show a significant increment of 15.3+1.4 % (P<0.001) of cells exhibiting aSyn
inclusions after 14 h of aSyn-GFP expression in the presence of 100 uM JWH-018 (Fig.
2a). As shown previously, both for this PD model as well as for others, aSyn aggregation
increases with aSyn protein levels [66-68]. Therefore, we assessed whether the increment
in inclusion body formation was solely due to increased levels of aSyn-GFP. Moreover,
we also investigated the phosphorylation of aSyn-GFP at S129, since this post-

translational modification of aSyn has been observed in LBs [69]. After 14 hours of cell
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growth, western blot analysis showed a significant increment of aSyn protein levels
(P<0.05) (Fig. 2). However, the rate of phosphorylation of aSyn at position S129 does
not seem to be affected by JWH-018.

Some studies indicate that one of the molecular contributors to PD pathogenesis is
an inefficient aSyn protein clearance [70-73]. The plot of the aSyn clearance assay via
western blot immunodetection in the presence of 100 uM of JWH-018 over a 12-hour
period revealed higher aSyn levels in the presence of JWH-018 compared to the control
at time point 9h (p<0.1) (Fig. 3a), and different aSyn-GFP levels in the A6-0, A9-6, and
A12-9 time intervals (Fig. 3b). This result points towards a statistically significant
difference in aSyn-GFP clearance rate in the presence of 100 uM of JWH-018 at the A9-
6 time interval, which only decreased by 16+£7% (P<0.02) in contrast with 314+3% in
untreated cells, representing almost a 50% clearance rate decrease between both
conditions. This change in aSyn-GFP clearance in the presence of the synthetic

cannabinoid can justify the increment of aSyn protein levels.

This decrease in aSyn-GFP clearance upon incubation with JWH-018 could stem
from the dysfunction of the cellular mechanisms involved in this process. aSyn
accumulation has been linked to dysfunction in protein degradation, namely in the UPS
and the autophagy-lysosomal pathway [70-73]. Like in human cells, aSyn can be degraded
via the ubiquitin-proteasome system and autophagy in S. cerevisiae [74]. However, the
contribution of the proteasome system in aSyn clearance seems to be lower than by
autophagy/vacuole, at least in yeast models of PD [75]. The effect of the incubation of 100
uM of JWH-018 on the UPS of aSyn-expressing yeast cells was assessed via the co-
expression of an unstable, proteasome-degradable form of GFP — GFPu [56,57]. The

Western-blot assays showed a significant increment of 340 £ 110 % of GFPu protein
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levels (P<0.05) after 14h in the presence of 100 uM of JWH-018 (Fig. 4a), corroborated
by GFP fluorescence analyses that showed an increase of 43.1+17.57 % (P<0.02),
compared to the control (cells incubated with 0 uM of compound) (Fig. 4b).
Concomitantly, aSyn levels increased in a similar fashion (P<0.05) (Fig. 4a). These
assays point towards a dysregulation of the ubiquitin-proteasome pathway, affecting the
clearance rate of aSyn. To our knowledge, this is the first study describing a link between
the dysregulation of this system and synthetic cannabinoids. Phytocannabinoid A°’-
tetrahydrocannabinol induced a significant decrease of proteasome function in the brain
by decreasing 20S proteasome chymotrypsin-like protease activity [76]. Furthermore, the
20S proteasome complex is ATP-dependent, and in yeast, ATP is essential for multiple
steps in proteasome function; which renders its activity directly proportional to the
amount of ATP in cells [77], namely in S. cerevisiae, where ubiquitin conjugation to
substrates by E1 is an ATP-dependent step [78]. In this study, we observed that cells
incubated with 100 uM of JWH-018 showed a higher ATP content than the untreated
control (Fig le), giving the hypothesis that ATP is being accumulated as a consequence
of proteasome function impairment. Although this observation is seemingly paradoxical,
since it has been well established that ATP concentration directly influences proteasome
activity [79—81], certain studies have described a tandem increase in ATP production with
an impairment of proteasome function in a yeast proteasome impairment model strain,
which produces a mutated form of the 20S catalytic unit of the protein degradation
complex. This finding brings to light an interplay between mitochondrial function and the
proteasome, particularly under oxidative stress conditions [82]. Moreover, recent studies
also indicate that proteasome function can be preserved even under acute and prolonged

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

levels may not be as clear-cut as anticipated.

The results indicate a decrease in UPS activity in the presence of 100 uM of JWH-
018, resulting in the accumulation of aSyn. We also investigated autophagy, since this
mechanism is also known to be involved in protein clearance, and has been described to
be upregulated as a compensatory mechanism to deal with aSyn excess [84]. Autophagy
induction was studied by western blot densitometric analysis using GFP-Atg8 as a
reporter [57,58].. Our results showed Atg8 induction and autophagic flux results were
similar in the presence or absence of 100 uM of JWH-018. aSyn was also analysed, and
as expected, a significant increment in its concentration was observed in the presence of
JWH-018 (P<0.02). Nevertheless, a starvation condition was included as a positive
control and, as expected, autophagy increased compared with the control culture
(P<0.01); concomitantly, aSyn levels decreased by 53.5 + 15,2 % (P<0.05). There are no
scientific studies correlating autophagy with synthetic cannabinoids, only studies
involving phytocannabinoids and cancer cells, suggesting that natural compounds induce

autophagy mechanisms leading to cell death [85-87].

Final considerations

In summary, the yeast model of PD was used to understand the possible protective
or toxic roles of synthetic cannabinoid JWH-018 in PD. Cells treated with the synthetic
cannabinoid showed increased aSyn toxicity and a decrease in the final biomass.
Moreover, treatment with 100 uM JWH-018 increased aSyn protein levels and increased

formation of aSyn-GFP inclusions. The dysregulation of aSyn clearance in the presence
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of 100uM JWH-018 was evaluated, revealing an impairment of the ubiquitin-proteasome
system.

The results obtained here open new and interesting hypotheses for future work, and
will require complementary approaches. To the best of our knowledge, this study
constitutes the first approach to using a yeast PD model to investigate the effects of SCs

in PD and its underlying molecular mechanisms.

Experimental Procedures

Tested compound

Selected synthetic cannabinoid was JWH-018 [1-naphthalenyl(1-pentyl-1H-indol-3-yl)-
methanone]. JWH-018 was obtained as >98.5% pure powder from Lipomed AG,
Switzerland. Stock solutions of this compound were prepared in 100% DMSO in different
concentrations: 0.25 mM, 2.50 mM, 12.50 mM, 18.75 mM, and 25.00 mM, and tested in

yeast cultures at a final DMSO concentration of 0.4%.

Cell culture

The study was performed using S. cerevisiae BY4741 cells (MATa; his3A1; leu2A0;
met15A0; ura3A0) obtained from Euroscarf collection (Frankfurt, Germany). The yeast
expression vector pRS426-GAL was used to express a human aSyn-GFP fusion under a
galactose-inducible promoter (GAL), pRS426GAL aSyn-GFP, as described before [56].
Other plasmids used included: (i) pRS413GPD-GFPu, expressing an unstable GFP under

the regulation of GPD constitutive promoter to study the proteasome [88], and (ii)
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pRS415 GFP-ATGS, to study autophagy [88]. When relevant, cells transformed with the
empty plasmids (pRS426GAL, pRS413-GPD, or pRS415) were used as control.

Cells transformed with either pRS426GAL-aSyn-GFP or pRS426GAL were grown
in synthetic complete (SC) medium without uracil (SC-Ura); cells co-transformed with
pRS426GAL-aSyn and pRS413-GPD-GFPu in SC medium without uracil nor histidine
(SC-Ura-His); and cells transformed with pRS415 GFP-ATGS8 in SC medium without
uracil nor leucine (SC-Ura-Leu) [0.67% (w/v) Yeast Nitrogen Base (BD Biosciences) +
appropriate amino acid dropout mix (Sunrise Science Products). Yeast cells were pre-
grown in SC-Ura containing 1% (w/v) raffinose at 30-C, with orbital shaking (200 rpm)
for 24 h, and subsequently diluted to an ODeoo of 2 x 1073 after overnight growth in the
same medium. After 24 hours, new cultures were prepared to an initial standardised ODsoo
=0.03 in SC-Ura containing 1 % (w/v) galactose under the same conditions to induce the
overexpression of proteins under the GAL promoter. For the clearance assays, after 14h
of aSyn-GFP expression induction (in the presence of 0 or 100 UM of the synthetic
cannabinoid), cells were collected by centrifugation, washed in PBS, resuspended in SC
medium with 2% (w/v) glucose to repress aSyn expression, and incubated for 12h at
30°C. aSyn levels were determined by western blotting at 14 h of induction (i.e.
immediately prior to growth medium change, corresponding to 0 h of clearance), and after
6, 9, and 12 h post growth medium change. The aSyn-GFP clearance kinetics were
determined using the procedure described in [55] for monophasic decay. Briefly, the half-
lives of aSyn-GFP were extrapolated from the Western-blot study by regression analyses
assuming that the decay of 0-Syn follows a monophasic exponential decay [y = f(e *)].
The positive control (C+ in Figure 4) corresponds to aliquots of cells collected after 8

hours of clearance.
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Growth kinetics

The cytotoxic properties of JWH-018 were assessed via cell growth kinetics in the
presence of 0 uM, 1 uM, 10 uM, 50 uM, 75 uM or 100 uM of IWH-018. Growth analysis
was monitored for 24 hours using a ELX808U thermostatic microplate reader (Biotek),
with the temperature set to 30°C and the wavelength set to 600 nm, with readings
collected hourly by Gene5 data analysis software. Growth curves were fitted to the
standard form of the logistic growth equation using Graphpad Prism software, after
subtraction of the minimum value. The parameters extracted from the fitted results were
the final biomass and the growth rate. The doubling time (DT) value was computed from

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

MTT assay

This assay was performed to determine mitochondrial activity after incubation with
JWH-018. Cells overexpressing aSyn-GFP or transformed with the empty vector were
exposed to 10 or 100 uM of JWH-018 and analysed during the lag, initial log, and final
log phases (corresponding to 6h, 10h, and 14h for the lower SC concentration, and 3h,
7h, and 10h for the higher). Aliquots of 1,5 mL (for the lag phase) or 1 mL (for the initial
log and final log phases) were collected and washed with water; cells were subsequently
exposed to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5
mg/mL) for 4h at 30 °C. Aliquots were then centrifuged, and crystals were resuspended
in 150pL of DMSO. After homogenisation, the optical density was recorded at 492 nm
in a microplate reader and corrected for the cell density. In all experiments, the value
obtained from untreated cell culture controls was set as corresponding to 100% cell

viability.
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Superoxide quantification

Superoxide quantification was performed using fluorescent dihydroethidium
(hydroethidine) (Life Technologies). BY4741 yeast cells transformed with p426GAL-
aSyn-GFP or p426Gal were exposed to 10 or 100 uM of JWH-018. Aliquots of 2.0 mL
from each cell growth phase were collected and incubated with 10 uM of hydroethidine
for 1.5 hours at 30 °C under shaking (150 rpm). Samples were subsequently centrifuged
for 3 min at 10 000 X g, and the resulting pellets were washed with sterile water and
resuspended in 100 pL of water. The fluorescence was measured (Aex = 358 nm, Aem =

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

ATP quantification

The ATP Colorimetric/Fluorometric assay kit from Sigma-Aldrich was used to
quantify ATP in cell samples collected during the final log phase. To test the effect of
JWH-018, cells transformed with p426GAL or p426Gal-aSyn-GFP were used. Cells were
exposed to 10 or 100 uM of JWH-018. 1000 pL of culture samples were treated as
described in a previous publication [53]. ATP quantification was performed according to
conditions described under colorimetric detection. Protein quantification was performed
using Bio-Rad protein assay dye reagent concentrate to normalise the ATP quantification

values.

Fluorescence microscopy

The percentage of cells with aSyn inclusions after exposure to JWH-018 was
determined by fluorescence microscopy. Yeast cells were grown as described above for

14h, and subsequently collected by centrifugation, resuspended in PBS, added to a
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microscope slide, and analysed using a Zeiss Axiovert 200 M (Carl Zeiss) widefield
fluorescence microscope equipped with a cooled CCD camera (Roper Scientific
Coolsnap HQ). A minimum of 150 cells were manually counted using ImageJ (NIH,
Bethesda, Md, USA) for each biological replicate. GFP fluorescence was detected using
an Ar laser's 488 nm laser line (25 mW nominal output) and a custom wavelength

detection window set to 493—-556 nm.

Protein extraction and western blot analysis

For total protein extraction, yeast cells were lysed in Tris-HCI buffer pH 7.6
supplemented with a protease and phosphatase inhibitor cocktail (Roche, Mannheim,
Germany), with glass beads and subjected to 3 cycles of 30 seconds in a bead beater and
1 min on ice. Cell debris was removed by centrifugation (700 X g, 3 min, 4°C), and the
supernatant was collected. Protein concentration was determined using the BCA protein
assay kit (Thermo Fisher Scientific Inc, Illinois, USA). 20 pg of total protein was loaded
in the SDS-PAGE. Protein sample buffer (200 mM Tris-HCl pH 6.8, 6% 2-
mercaptoethanol, 8% SDS, 40% glycerol, 0.4% bromophenol blue) was added to each
protein sample and heated for 10 min at 100°C before gel loading. Protein samples were
run in SDS-PAGE and subsequently transferred to a nitrocellulose membrane using a
Trans-Blot Turbo transfer system (Bio-Rad), according to the manufacturer's
specifications. Immunoblotting was performed following standard procedures with the
following antibodies: anti-aSyn (BD Transduction Laboratories, San Jose, CA, USA),
anti-pS129-aSyn (Wako Chemicals USA, Inc., Richmond VA, USA), and anti-GFP
(SICGEN ABO0066-200, Cantanhede, Portugal). Anti-Pgkl (NovexTM, Rockford, USA)
was used as the loading control. Antibodies were diluted to 1:1000 (anti-aSyn), 1:4000
(anti-pS129-aSyn), 1:2500 (anti-GFP), and 1:2000 (anti-Pgk1) in PBS. The secondary
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antibodies used were anti-mouse (HRP) and anti-goat (HRP) diluted to 1:5000. The band
intensity of the different immunoblot signals was estimated using ImageJ software and
normalised against the Pgkl signal. In particular, aSyn levels were determined by
calculating the aSyn/Pgkl ratio, and normalised to the control condition; pS129-aSyn
levels were determined by calculating the ratio between both values:
(pS129/Pgk1)/(aSyn/Pgkl) and normalised to the control condition; GFPu levels were
determined by calculating the GFP/Pgkl ratio, and normalised to the control
condition; Atg8 induction was quantified by calculating the fold increase of total GFP
signal (GFP-Atg8 and free GFP signal, detected with anti-GFP) normalised to Pgk1, and
normalised to the control condition; and autophagic flux was determined by measuring
the vacuolar degradation of the Atg8 domain reporter (freeGFP/total GFP)/Pgkl, and
normalised to the control. The results were obtained from at least three independent
experiments with similar outcomes. Full-length, uncropped blots are presented in

Supplementary Figs. S1-S4.

GFP Fluorescence assessment by spectrofluorometry

GFP fluorescence was assessed by spectrofluorometry (Perkin Elmer LS50B
spectrofluorometer) in BY4741 cells co-transformed with pRS426GAL-aSyn and
pRS413-GPD-GFPu. Cells were exposed to 100 uM of JWH-018 and allowed to grow
for 14h under the aforementioned conditions, after which 2 mL of each culture were
collected and centrifuged for 3 min at 10 000 X g. The resulting pellets were washed with
sterile water, and resuspended in 100 pL of water. The fluorescence was measured (Aex =

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

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

was considered statistically significant. Statistics were performed using Prism 8

(GraphPad Software Inc.).
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Figure Legends

Fig 1- JWH-018 toxicity assays on S. cerevisiae BY4741 cells harboring vector p426Gal-aSyn-
GFP or p426Gal (control). (A) Growth curves of S. cerevisiae exposed to different concentrations
of JWH-018. Inset represents the percentage of CFU of aSyn-expressing cells treated with

different concentrations of JWH-018 after 5 hours of growth, compared to untreated cells (B)
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growth curves were fitted to the standard form of the logistic equation which allowed an
estimation of the final biomass and doubling time values (Dt) from the growth rate using the
formulae Ln2/r;e, A cells transformed with the p426Gal vector; and m, ¥ : cells transformed with
the p426Gal-aSyn-GFP vector. (C) Mitochondrial activity and (D) superoxide quantification in
the presence of 10 and 100uM of JWH-018 during the lag, initial log, and final log phases. (E)
ATP quantification in the presence of 10 and 100uM of JWH-018. Values represent the mean +
SD, and the representative result is shown from at least three independent experiments. **p<0.02;

*p<0.05 and #p<0.1.

Fig 2 - Cellular impact of JWH-018 on the toxicity of aSyn. (A) Intracellular localisation of WT
aSyn-GFP, and percentage of BY4741 WT yeast cells containing aSyn-GFP inclusions, assessed
by fluorescence microscopy after 14 hours of aSyn-GFP expression induction (*** p<0.001) (left
panel), and the corresponding quantification of the percentage of cells with inclusions (right
panel). (B) Total and S129-phosphorylated aSyn protein levels were quantified by western blot
analysis of total protein extracts after 14h of aSyn-GFP expression (left panel). Densitometric
analysis of the immunodetection assay was expressed by the ratio between aSyn and Pgkl
(aSyn/PGK; left panel); S129-aSyn and Pgkl (S129 aSyn/PGK)/(aSyn/PGK) — middle panel;
and S129-aSyn levels normalised to the control total aSyn levels (S129 aSyn/ aSyn total; right
panel). The representative results are calculated as the average of, a minimum of three replicates.
Values represent the mean + SD. (*p<0.05). In (B), aSyn, pS129-aSyn and Pgkl were detected
on separate membranes loaded with the same protein extracts and processed in parallel; each strip
shows two adjacent lanes cropped from a single membrane, and strips from different membranes

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

Fig 3 - JWH-018 affects aSyn-GFP clearance. (A) Clearance evaluated by aSyn-GFP protein
levels at time points 0, 6, 9, and 12h, assessed by western blot (left panel); densitometric
analysis of the immunodetection of aSyn relative to Pgkl, resulted in the possible decrease
of the clearance rate of aSyn levels in the presence of JWH-018 at time 9h (#p<0.1) (right

35



912
913
914
915
916
917
918
919

920

921

922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

937

panel). (b) The kinetic degradation curve of aSyn suggests a possible increase in the
clearance rate of protein levels in JWH-018 presence when fitted to a one-phase exponential
decay. (c) Delta time points of aSyn clearance, resulting in a decrease of protein clearance
at time interval A9-6 in the presence of 100 uM of JWH-018 (*p<0.05). Each result
represents the average of three independent experiments. Values represent the mean + SD.
In (A), aSyn and Pgkl were detected on separate membranes loaded with the same protein
extracts and processed in parallel; each strip shows seven adjacent lanes cropped from a
single membrane, and strips from different membranes are separated by white space. Full-

length blots are presented in Supplementary Fig. S2.

Fig 4 - The JWH-018 impact on cellular protein degradation mechanisms. (A) GFPu and
aSyn protein levels were evaluated by western blot analysis of total protein extracts at 14h
and 18h (left panel), and their densitometric analysis relative to the loading control (Pgk1),
resulting in the accumulation of GFPu and aSyn in the presence of 100 uM of JWH-018
(*p<0.05) (right panel). (B) Spectrofluorometry of GFPu fluorescence shows a statistically
significant accumulation of GFPu in the presence of 100 uM of JWH-018 (*p<0.05). (C)
Autophagy evaluation via GFP-Atg8 protein levels calculated by western blot analysis of
total protein extracts at 14h (left-hand panel), and densitometric analysis of the
immunodetection of GFP and aSyn relative to the Pgkl (right-hand panel). Representative
results are the average of three independent experiments. Values represent mean + SD.
*p<0.05, **p<0.02; ***p<0.01 In (A) and (C), GFP (GFPu or GFP-Atg8/free GFP), aSyn
and Pgkl were detected on separate membranes loaded with the same protein extracts and
processed in parallel; GFP-Atg8 and free GFP in (C) were detected on the same membrane.
Each strip shows adjacent lanes cropped from a single membrane (four lanes in A, three lanes
in C), and strips from different membranes are separated by white space. Full-length blots

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