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Abstract

Background: JWH-018 was the first synthetic cannabinoid introduced as a legal high and the first of the new generation of
novel psychoactive substances that flooded worldwide drug markets. JWH-018 was marketed as “spice,” “herbal incense,” or
“herbal blend,” as a popular and legal (at the time) alternative to cannabis (marijuana). JWH-018 is a potent synthetic
cannabinoid with considerable toxicity associated with its use. JWH-018 has qualitatively similar but quantitatively greater
pharmacological effects than cannabis, leading to intoxications and even deaths. The mechanisms of action of the drug’s
toxicity require research, and thus, the aim of the present study was to investigate the toxicological profile of JWH-018 in
human SH-SY5Y neuronal cells. Methods: SH-SYSY neuronal cells were exposed to increasing concentrations from 5 to

150 pM JWH-018 over 24 h. Cytotoxicity, DNA damage, the apoptotic/necrotic rate, and oxidative stress were assessed
following SH-SY5Y exposure. Results: JWH-018 did not produce a significant decrease in SH-SYS5Y cell viability, did not alter
apoptotic/necrotic rate, and did not cause genotoxicity in SH-SY5Y cells with 24-h exposure. Glutathione reductase and
catalase activities were significantly reduced; however, there was no significant change in glutathione peroxidase activity.
Also, JWH-018 treatment significantly decreased glutathione concentrations, significantly increased protein carbonylation,
and significantly increased malondialdehyde (MDA) concentrations. For significance, all P < 0.05. Discussion/Conclusion:
JWH-018 produced oxidative stress in SH-SYS5Y cells that could be an underlying mechanism of JWH-018 neurotoxicity.
Additional in vivo animal and human-based studies are needed to confirm our findings.
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Introduction

Synthetic cannabinoids (SCs), one of the largest classes of new
psychoactive substances (NPS), mimic the effects of cannabis or
marijuana, and their use is an important global public health
concern. Legal authorities constantly update their regulations

to include SC as scheduled or controlled substances. The term
NPS refers to SCs, synthetic cathinones, synthetic opioids,
synthetic benzodiazepines, tryptamines, hallucinogens, and
other drugs producing qualitatively similar but usually more
potent drugs with minor structural changes to avoid drug
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scheduling. SCs were first developed in the 1970’s as phar-
macological tools for studying the endogenous cannabinoid
neurotransmitter system, and to investigate cannabinoids as
pharmacotherapies for cancer treatment and pain management
[1, 2]. In 2008, SCs were first reported in Germany in the analysis
of smoking blends named “Spice,” “K2,” “Yucatan,” “Chill,” “Black
Mamba,” and many other names. They are marketed as “herbal
incense” and “herbal blends” and are labeled as “not smokable”
and “not for human consumption,” providing popular and legal
alternatives to cannabis [3, 4].

SCs are agonists at CB1 and/or CB2 cannabinoid receptors.
CB1 receptors are located primarily in the central nervous sys-
tem, but also in the periphery, while CB2 receptors are found
primarily in the periphery in the immune system, although
they are found in low density in the brain. Stimulation of CB1
cannabinoid receptors produces cannabis’ euphoric and cogni-
tive effects, while the stimulation of CB2 receptors is involved
in the body’s defence against infectious agents and other less
understood functions. The ability of a ligand to bind and act
as an agonist at the CB1 receptor provides an alternative to
cannabis to produce the “psychoactive high” [5-11]. There are few
data from controlled human SC administration studies for safety
and ethical reasons, with most of the pharmacological data
about their toxicity being generated from emergency depart-
ment and drug treatment reports and forensic case studies. SC
users frequently enter the hospital with severe adverse effects
including hypertension, tachycardia, dysrhythmias, chest pain,
minor elevation of blood glucose, hypokalaemia, hallucinations,
seizures, myoclonia agitation, acute psychosis, and even death
[12-19]. In addition, there is evidence that chronic SC use leads
to the development of dependence, tolerance, and withdrawal
[20-22].

JWH-018 [1-pentyl-3-(1-naphthoyl) indole] was the first SC
identified in illicit herbal mixtures [4, 8]. It is a full cannabinoid
agonist indole, first synthesized by John W. Huffman in the
early 1990s for research purposes to investigate the endogenous
cannabinoid system [20]. JWH-018 binds to CB1 and CB2 receptors
with a Ki of 9.0 and 2.9 nM affinities, respectively, compared
with a THC’s affinities of 40.7 and 36.4 nM, respectively. This
demonstrates that JWH-018 has a 5-fold increased affinity for
the CB1-cannabinoid receptor compared with THC [23, 24]. JWH-
018’s primary phase I human metabolites are formed by the
oxidation of the indole ring or the N-alkyl side-chain to form
mono-hydroxylated metabolites, which exhibit equal or greater
affinity to CB1 receptors than THC [25-31].

Poklis et al. [32] studied the JWH-018 disposition in blood and
brain of mice after controlled exposure to smoke from an herbal
incense product. They found high concentrations of JWH-018 in
the brain compared with the blood due to its highly lipophilic
character. In JWH-018 intoxication cases, significant neurobe-
havioral symptoms were described including anxiety, extreme
agitation, generalized or local seizures, psychosis, paranoia, delir-
ium, and hallucinations [13, 33-36].

There are few data on the toxicology of JWH-018. According
to Koller et al. [37], JWH-018 showed in vitro cytotoxicity at the
highest 100 pM concentration in the mammary line (MCF-7) and
buccal epithelial cells (TR146). Tomiyama and Funada [38] docu-
mented JWH-018-induced cytotoxicity on primary neuronal cells
of the forebrain in a concentration-dependent manner. Couceiro
et al. [39] showed that a JWH-018 phase I N-(3-hydroxypentyl
metabolite is toxic for the human embryonic kidney (HEK283T)
and human neuroblastoma (SH-SY5Y) cell lines, in contrast to
its parent. Thus, the aim of this research was to investigate the
in vitro neurotoxicity of JWH-018 in SH-SY5Y cells.
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Materials and Methods
Chemicals

Minimum Essential Medium (MEM), F-12 Nutrient Medium, fetal
bovine serum (FBS), phosphate buffer saline (PBS), penicillin-
streptomycin (10 000 units/mL) solution, and trypsin-EDTA
solution were purchased from Gibco Invitrogen Corp. (UK).
JWH-018 purity was >98.5% and was obtained from Lipomed
AG (Switzerland). All other chemicals were analytical grade
and acquired from Sigma-Aldrich (USA) unless otherwise
specified.

Cell culture and treatments

The human neuroblastoma SH-SYS5Y cell line is a suitable human
neuronal cell model for studying neuronal toxicity. The American
Tissue Culture Collection was cultured in a 1:1 solution of Eagle’s
MEM and Ham'’s F12 nutrient containing 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin. Cells were maintained
in a humidified atmosphere with 95% air and 5% CO, at 37°C,
and passaged every 3 days by trypsinization. For all experiments,
cells were treated with JWH-018 at 5, 10, 25, 50, 100, or 150 pM
concentration for 24 h.

Cell viability assays

Cell viability change was determined by using 3-(4,5-Dimethylthi
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Neutral Red
Uptake (NRU), and Lactate Dehydrogenase (LDH) assays. In the
MTT assay, the tetrazolium salt was reduced by viable cells [40].
Cells were seeded at 1 x 10* per well in 96-well plates and
allowed to adhere for 24 h before JWH-018 treatment. After JWH-
018 exposure for 24 h, cells were incubated with 5 mg/mL MTT-
medium for 3 h at 37°C in the dark. After 3 h, the medium was
removed and 100 pL DMSO was added to dissolve the purple
formazan crystals and absorbance measured at 590 nm using a
microplate reader (Biotek, Epoch, USA).

In the NRU assay, neutral red dye uptake by functional lyso-
somes of viable cells was measured [41]. Briefly, 1 x 10* cells/well
were seeded in 96 well plates and grown for 24 h. The cells were
treated with JWH-018 for 24 h, the medium in each well was
removed and replaced with 150 pL medium containing 50 pg/mL
neutral red dye, and incubated for 3 h at 37°C. After incubation,
wells were washed with PBS and neutral red dye was solubilized
with 150 pL glacial acetic acid:ethanol:water [1:49:50] per well.
After 20 min of gentle shaking, optical density was determined
at 540 nm with a microplate reader.

LDH is a cytoplasmic enzyme that is rapidly released into
the supernate when cell membranes are damaged. Extracellular
LDH concentrations were evaluated to determine the integrity of
cellular membranes. SH-SYSY cells were seeded at 1 x 10* per
well in 96-well plates and allowed to adhere for 24 h before JWH-
018 treatment for 24 h. The medium was collected and cellular
membrane integrity evaluated using a commercially available kit
(RayBiotech, Inc. USA) according to the instructions provided by
the manufacturer. Absorbance was measured at 495 nm with a
microplate reader and the percentage of total LDH release was
determined from the following equation:

LDH release (%) = [(Test Sample — Negative Control)/(Positive
Control — Negative Control)] x 100.

For all cytotoxicity assays, 1% DMSO-treated cells were the
negative control and 0.1% Triton X-100-treated cells were the
positive control.
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Assessment of genotoxicity

The comet assay examined JWH-018 genotoxic activity as pre-
viously described with minor modifications [42, 43]. Migration of
DNA strand breaks was visualized after cells were embedded and
lysed in agarose on a microscope slide in response to an electric
field. For this purpose, SH-SY5Y cells were grown at 5 x 10°
cells in 6-well plates and treated with JWH-018 for 24 h. Also,
positive and negative controls, 50 pM hydrogen peroxide and
1% DMSO, respectively, were included. Assessment of the DNA
damage was performed with a fluorescence microscope (Olym-
pus BX53, Olympus, Japan) at 400X magnification, equipped with
the imaging system comet Assay IV (Perceptive Instruments, UK).
For every group, 100 cells were scored and DNA damage was
expressed as the percentage of the DNA in the comet tail (% tail
intensity).

Assessment of apoptosis and necrosis

To determine whether the JWH-018 treatments induced apop-
tosis, the Annexin V and propidium iodide (PI) assays were
completed. Cells were seeded into 6-well plates in a density
of 5 x 10° cells/well and treated with JWH-018 for 24 h. Cells
were moved by trypsinization and centrifuged at 1500 rpm for
5 min. Cell pellets were mixed with assay buffer and Annexin
V and PI added. After incubation for 5 min in the dark, cell
suspensions were placed on glass slides, covered with cover-
slips, and immediately observed under a fluorescent microscope
(Olympus BX53, Olympus, Japan). Annexin V positive/PI negative
cells were early apoptotic cells, Annexin V/PI double positive
cells were late apoptotic cells, and Annexin V negative/PI positive
cells were necrotic cells. About 500 cells were counted for each
concentration. Results were expressed as the percent of the total
number of cells.

Oxidative damage parameters

To evaluate oxidative damage, SH-SY5Y cells were cultured in
25-cm? flasks [2]. After treatment with 5-150 pM JWH-018, cells
were suspended in ice-cold PBS, homogenized by sonication,
centrifuged at 14 000 g for 10 min at 4°C, and the supernatant
evaluated for oxidative damage.

Glutathione peroxidase (GPx) and Glutathione reductase (GR)
activities were measured by EnzyChrom™ Glutathione Peroxi-
dase Assay Kit and EnzyChrom™ Glutathione Reductase Assay
Kit (BioAssay systems, USA), respectively, according to the man-
ufacturer’s instructions. The absorbance was read in a microplate
reader at 340 nm for GPx activity and 412 nm for GR activity
assay. Catalase activity was assayed with CAT100 Catalase assay
kit (Sigma-Aldrich, USA) following the manufacturer’s protocol.
Absorbance was measured at 520 nm in a Shimadzu UV 1800
spectrophotometer (Shimadzu, Japan).

GSH and protein carbonyl (PC) contents of SH-SYS5Y cells
were determined with an enzyme-linked immunosorbent assay
(ELISA) (Bioassay Technology Laboratory, China) based on the
biotin double antibody sandwich technology following the man-
ufacturer’s procedure. Absorbance was measured at 450 nm with
a microplate reader.

Lipid peroxidation was estimated by the thiobarbituric acid
(TBA) reaction with malondialdehyde (MDA), which was an end
product of peroxidation of membrane lipids. For this purpose, the
commercially available QuantiChrom™ TBARS assay (BioAssay
Systems, USA) was run according to the manufacturer’s pro-
tocol. Absorbance was measured at 535 nm with a microplate
reader.
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Figure 1: Effects of JWH-018 treatment on SH-SYSY cells viability. Data are
shown as the means + SD (n:3); *p < 0.05 versus control cells; MTT: 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide; LDH: Lactate dehydro-
genase; NRU: Neutral red uptake SD: standard deviation

Statistical analysis

All experiments were performed in triplicate as a minimum,
and results were presented as the mean =+ SD. After confirming
normal data distribution with the Shapiro-Wilk normality test,
statistical analysis of the data employed one-way analysis of
variance followed by Tukey’s test and statistical significance was
setatP < 0.05.

Results

The effects of JWH-018 on SH-SYSY cell viability were assessed
with the MTT, NRU, and LDH assays. Treatments with JWH-018
did not cause a significant decrease in SH-SYS5Y cell viability or
an increase in mitochondrial and lysosomal dysfunction, even at
the highest JWH-018 concentration (150 pM). The results of LDH
concentration in the supernate showed that JWH-018 treatment
did not cause significant damage to cell membrane integrity
(Fig. 1).

Genotoxicity was evaluated with the comet assay that identi-
fies damaged DNA fragments as they migrate out of the nucleus
in an electrical field. The intensity of the DNA comet tail indexes
DNA damage expressed as tail intensity percentage. After 24-
h JWH-018 exposure, there was no increase in tail intensity
percentage compared with the negative control, as illustrated in
Fig. 2.

The type of cell death was analyzed by double staining with
Annexin V and PI under a fluorescent microscope. After 24-h
exposure to JWH-018, we did not observe upregulated apoptosis
and/or necrosis (Fig. 3).

The effect of JWH-018 GR, GPx, catalase, and GSH is shown
in Fig. 4. GR and catalase activities were decreased compared
with the positive control and significant at the two highest JWH-
018 concentrations. GSH gradually decreased and no significant
alteration in GPx activity was observed.

Changes in PC and MDA concentrations are displayed in
Fig. 5. Carbonylated protein and MDA concentrations gradually
increased with JWH-018 treatments for 24 h.

Discussion

JWH-018, an aminoalkylindole SC, produces cannabimimetic
effects at lower doses than those of natural THC. Due to
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Figure 2: Genotoxicity assessment of JWH-018 in SH-SY5Y cells with comet assay.
Data are shown as the means + SD (n:3); *p < 0.05 versus control cells; SD:
standard deviation
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Figure 3: Evaluation of apoptosis and necrosis inducing potentials of JWH-018 in
SH-SYSY cells with Annexin V/PI double staining under fluorescent microscope.
Results are presented as percentage of the total cell amount

JWH-018’s full agonism at the CB1 receptor, JWH-018 effects
can be more severe and life-threatening than following THC.
Limited data are currently available on the mechanisms of
JWH-018 toxicity. In the present study, we characterized the
toxicological properties of JWH-018 as a neurotoxicant to human
neuroblastoma, SH-SY5Y cells, which are known to express CB1
but not CB2 receptors on the surface of their membranes [44].
JWH-018 (0.1-199 ng/mL) concentrations were reported in post-
mortem blood of various origins (cardiac, femoral, and other
sources) [45,46]. In line with the current literature, 5-150 pM JWH-
018 concentrations were used for these experiments because by
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conversion, these concentrations represent an exposure of 1.7-
51.2 ng/mL. Koller et al. [37] reported LDH release in MCF-7 and
TR146 cells, but not HepG2 cells, after exposure to 50, 75, and
100 pM JWH-018 for 24 h. Their XTT results showed reduced
cell viability only in HepG2 cells; however, the neutral red assay
was negative in all three cell types. None of the cell lines they
tested possessed CB1 receptors, while our cell lines did include
the appropriate cannabinoid receptors for JWH-018 binding. Our
MTT and NR results did not show a significant change in SH-
SYSY cell viability over the concentration range of 5-150 pM
JWH-018. Similarly, Couceiro et al. [39] employed the MTT assay
to study the cytotoxic effects of JWH-018 in HEK293T and SH-
SYSY cells and showed no statistically significant decrease in
cell viability with exposure to 5-150 pM JWH-018. However, JWH-
018’s phase I metabolite N-(3-hydroxypentyl) was cytotoxic for
both cell lines. In the present study, the LDH assay evaluated
JWH-018 effects on membrane integrity in SH-SY5Y cells and
showed that JWH-018 did not increase LDH levels, indicating no
significant damage to cell membrane integrity, concordant with
Couceiro et al. [39] findings in the same cell line. In contrast,
Tomiyama and Funada [38] documented that JWH-018 (30 pM)
induced cytotoxicity in mouse forebrain culture, which is more
sensitive than immortalized cell lines such as SH-SY5Y.
JWH-018 is a full agonist at the CB1 receptor and has greater
adverse effects than THC, the primary psychoactive component
of cannabis that is only a partial agonist of the CB1 receptor. Also,
others observed that five hydroxylated metabolites of JWH-018
retained their affinity and activity at CB1 receptors in vitro and in
vivo [26]. According to Seely et al. [47], the major glucuronic acid
conjugate of an omega-hydroxyl metabolite of JWH-018 retains
affinity for CB1 receptors and can act as a neutral antagonist.
However, pharmacokinetic and pharmacodynamic profiles of
JWH-018 and other SC in humans are largely unknown.
Oxidative stress is considered a common mechanism in neu-
rodegeneration. Drugs, pesticides, and many industrial chem-
icals induce oxidative stress. Oxidative stress emerges when
the oxidative insult supersedes the cells’ ability to neutralize
the threat. To defend against oxidative stress, cells have an
antioxidant system, including enzymatic and non-enzymatic
antioxidants. The overproduction of oxygen free radicals and
other reactive species results in oxidative stress. Lipid peroxi-
dation is a free-radical-mediated chain of reactions that, once
initiated, results in an oxidative deterioration of polyunsatu-
rated lipids, the components of biological membranes. There are
controversial reports about the relationship between the CB1
endocannabinoid system and oxidative stress [48-52]. Accord-
ing to Mukhopadhyay et al. [49], CB1 activation may amplify
the reactive oxygen/nitrogen species-MAPK activation-cell death
pathway by excessive inflammation and/or oxidative/nitrosative
stress, which may contribute to the pathophysiology of cardio-
vascular diseases. Zhuang et al. [52] demonstrated that CB1 is
likely to provide an appropriate antioxidant balance by increas-
ing endogenous free radical scavengers for neuroprotection.
The oxidative stress potential of JWH-018 was evaluated by
measuring cellular MDA, GSH, and protein carbonylation con-
centrations, and GPx, GR, and catalase activities. MDA concentra-
tions are proportional to the extent of lipid peroxidation. In our
study, we observed a dose-dependent increment of MDA produc-
tion, as a marker of oxidative stress induced by JWH-018 in SH-
SYSY cells [53]. Glutathione is a well-known intrinsic antioxidant
detoxifying oxygen-free radicals and other reactive species, and
its regeneration from its oxidized form is dependent on GR activ-
ity [54]. JWH-018 caused reduction in GR activity at higher doses
and significant GSH depletion in a dose-dependent manner.



738 | Toxicology Research, 2020, Vol. 9, No. 6

-
o
J

A

6

4

GR Activitiy U/mg protein

AN
@6 <°
&
& ¢

JWH-018 (uM)

2]
o
1

N
e

N
o
1

GPx Activitiy U/mg protein

L I IR ORI

JWH-018 (uM)

(@]
N
S

-
(3]
1

Catalase Activity
(umoles/min/mg protein)
]

O O IO

JWH-018 (uM)

-
O
1

GSH (ng/mg protein)
@ 5

o
1

L IR R RO

JWH-018 (uM)

Figure 4: Effects of JWH-018 treatment on antioxidant enzyme activities; GR (A), GPx (B), Catalase (C) and glutathione level (D) in SH-SYSY cells. Data are shown as the
means + SD (n:3); *p < 0.05 versus control cells; *p < 0.01 versus control cells; GR: Glutathione reductase; GPx: Glutathione peroxidase; GSH: Glutathione

100

Protein Carbonylation
(ng/mg protein)
(3]
b

0-
> AN
5 &
& P
& ©

°© N P S8

JWH-018 (uM)

150

100+

504

MDA % fold of control

0-

NS N Vv
\Kz
) C

A\ N A\
S S

JWH-018 (uM)

Figure 5: Effects of JWH-018 treatment on protein carbonylation (A) and lipid peroxidation (B) in SH-SY5Y cells. Data are shown as the means + SD (n:3); *p < 0.05 versus

control cells; MDA: Malondialdehyde

However, GPx activity did not change significantly. Although GR
activity reduced at higher doses, GSH depletion may be explained
by general cellular response to oxidative stress. Exposure to JWH-
018 also significantly decreased catalase activity in SH-SY5Y
cells, indicating that JWH-018 impaired the ability of catalase
to detoxify H,0,. Proteins are also major targets of oxygen-free
radicals and other reactive species. Oxidative protein damage
can modulate the biochemical characteristics of proteins, includ-
ing their structures [55]. The concentration of carbonyl groups
is a widely employed the measure of protein oxidation [56].
Under our experimental conditions, carbonyl groups in SH-SY5Y
cells exposed to JWH-018 were significantly increased, providing

evidence that JWH-018 damages cellular proteins by oxidative
reactions.

To investigate cell death through necrosis or apoptosis,
dual staining with fluorescent Annexin V-FITC and PI showed
no significant results; however, Couceiro et al. [39] noted that
the JWH-018 hydroxylated phase I metabolite, JWH-018 N-
(3-hydroxypentyl), promoted cellular death through necrosis
by the same technique. JWH-018 did not induce genotoxicity
in SH-SYS5Y cells based on the comet assay findings. Koller
et al. [37] treated MCF-7, TR146, and HepG2 cells with different
concentrations of JWH-018 along with other SC and evalu-
ated DNA migration. At the highest concentration (100 pM),



JWH-018 induced DNA migration significantly in TR146 and
HepG2 cells. However, they retested positive compounds in a
second experiment in which only the highest doses were used
and JWH-018 was not included. However, there are modifications
of the basic comet assay to detect specifically oxidative DNA
damage [57] which were unfortunately a limitation of this study
that was a budgetary restriction that did not permit the inclusion
of these tests. In the future, evaluation of this aspect of oxidative
stress would be useful.

According to our knowledge, this is the first comprehensive
characterization of the toxicological mechanisms of JWH-018
toxicity including oxidative stress parameters and the comet
assay for genotoxicity. These results suggest that JWH-018 toxic-
ity occurs due to oxidative stress. Additional studies are needed
to assess the in vivo effects of JWH-018 and metabolites in animal
models.
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