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Abstract

In 2008, the European Monitoring Center for Drugs and Drug Addiction (EMCDDA) detected

unregulated, psychoactive synthetic cannabinoids (SCBs) in purportedly all-natural herbal incense

products (often known as K2 or Spice) that were being covertly abused as marijuana substitutes.

These drugs, which include JWH-018, JWH-073 and CP-47,497, bind and activate the

cannabinoid receptors CB1R and CB2R with remarkable potency and efficacy. Serious adverse

effects that often require medical attention, including severe cardiovascular, gastrointestinal and

psychiatric sequelae, are highly prevalent with SCB abuse. Consequently, progressively restrictive

legislation in the US and Europe has banned the distribution, sale and use of prevalent SCBs,

initiating cycles in which herbal incense manufacturers replace banned SCBs with newer

unregulated SCBs. The contents of the numerous, diverse herbal incense products was unknown

when SCB abuse first emerged. Furthermore, the pharmacology of the active components was

largely uncharacterized, and confirmation of SCB use was hindered by a lack of known

biomarkers. These knowledge gaps prompted scientists across multiple disciplines to rapidly (1)

monitor, identify and quantify with chromatography/mass spectrometry the ever-changing

contents of herbal incense products, (2) determine the metabolic pathways and major urinary

metabolites of several commonly abused SCBs and (3) identify active metabolites that possibly

contribute to the severe adverse effect profile of SCBs. This review comprehensively describes the

emergence of SCB abuse and provides a historical account of the major case reports, legal

decisions and scientific discoveries of the ″K2/Spice Phenomenon″. Hypotheses concerning

potential mechanisms SCB adverse effects are proposed in this review.
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Synthetic cannabinoid abuse

Unregulated adulterants of herbal incense products

Synthetic cannabinoids (SCBs) are chemicals that produce several marijuana-like effects in

humans. For this reason, SCBs have in recent years become a commonly abused class of

drugs. Like marijuana, SCBs are most often administered by inhalation (Vandrey et al.,

2011). After chemical synthesis, SCBs can be ingested or vaporized and inhaled (Drugs-

Forum, 2009, 2010a; Hu et al., 2011). More often, they are dissolved in a volatile solvent,

such as ethanol or acetone, and then sprayed or otherwise mixed with an assortment of plant

leaves, such as Indian Warrior, Lion’s Ear, Dog Rose and/or Marshmallow leaves, which are

themselves purported to have psychotropic effects upon smoking (Vardakou et al., 2010).

The mixture is spread out in a thin layer under a fan, which facilitates evaporation of the

solvent, leaving the SCBs distributed onto the plant mixture (Figure 1A). These synthetic

Cannabis “blends” can then be smoked or vaporized like marijuana. Over the past few

years, hundreds of synthetic Cannabis “blends” have emerged as commercially available,

quasi-legal, unregulated “herbal incense” under names such as K2, K3, Spice, Smoke and

Dream, just to name a few (Harris & Brown, 2012). K2, which is named after the second

highest mountain on Earth, is one of the original, best-known brands of SCB-laced “herbal

incense”; therefore, these products are often collectively referred to by the drug community

(and hereafter in this review) as “K2”. While the highly decorative packaging of K2 is

usually labeled “Not for human consumption” (Figures 1B and C), distributors and

consumers understand that these products are to be used like marijuana primarily to attain a

subjectively pleasant cannabimimetic “high”. This label has kept these products from being

subjected to the Federal Analogue Act of 1986, which states “A controlled substance

analogue shall, to the extent intended for human consumption, be treated, for the purposes of

any Federal law as a controlled substance in schedule I”. (emphasis added) (United States,

1986). Consequently, in the absence of specific regulations of these substances, such as

scheduling and bans, this labeling essentially transfers all responsibility for the user’s safety

from the manufacturers and distributors to the consumer, who is often unaware of the

product’s potential danger.

Adverse effects of SCB use

Because clandestine chemists steadily produce novel cannabimimetic designer drugs to

replace SCBs as they are banned, there are tens, and perhaps even hundreds, of psychoactive

SCBs on the market, the most infamous of which are JWH-018, JWH-073, JWH-200,

CP-47,497 and cannabicyclohexanol (Figure 2). This vast selection, along with lack of

oversight, quality control regulation and accountability of manufacturers and distributors,

results in a highly variable and unpredictable composition of K2 products (Dresen et al.,

2010; Hudson et al., 2010). For instance, uneven distribution of SCBs to the plant mixture

can result in drug “hot spots”, making dosing unpredictable and difficult, increasing the risk

of overdose. Even experienced, habitual users are vulnerable to overdose due not only to

these “hot spots”, but also to unlabeled or inaccurately labeled packages and the frequent

composition changes that are made to blends without notice or warning to consumers

(Dresen et al., 2010). Furthermore, few studies have been done to assess the
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pharmacological or toxicological effects of even the most well-known SCBs. The lack of

scientific knowledge regarding SCBs contained in K2 products is in sharp contrast to

information concerning Cannabis, which is the most abused illicit drug worldwide (WHO,

2012). For example, Cannabis has been used relatively safely for medicinal, religious and

industrial purposes for thousands of years (Zuardi, 2006) and is currently the subject of

intense research for potential medicinal, as well as detrimental, effects. As K2 use has

emerged, it has become apparent that in addition to many marijuana-like effects, its use is

also associated with many severe adverse effects that are not commonly observed with

marijuana use. These include tachycardia, hypertension, nausea, vomiting, convulsions,

agitation, hallucinations and psychosis (Every-Palmer, 2011; Hermanns-Clausen et al.,

2012; McQuade et al., 2012), with severe cases resulting in hospitalization (Cohen et al.,

2012; Tung et al., 2012). More recently, separate reports of rhabdomyolysis, respiratory

depression and kidney failure after K2 use have been published (Bhanushali et al., 2013;

Durand et al., 2013; Jinwala & Gupta, 2012). K2 use has also been implicated in cases of

acute myocardial infarction in three otherwise healthy teenagers who, within a three-month

period, independently presented to the same emergency department with chest pains 3–7

days after using K2 (Mir et al., 2011). Further troubling are reports of dependence and

withdrawal symptoms associated with chronic use of K2 (Vandrey et al., 2011;

Zimmermann et al., 2009) (Drugs-Forum, 2010b, 2011). Unlike marijuana, whose

popularity is likely due in part to its perceived harmlessness, K2 use has been associated

with several deaths (Boone, 2012; Mayo, 2011, Savini, 2011; Thalji, 2012). Some of these

deaths were suicides, committed shortly after onset of a K2-induced episode of severe, acute

psychosis and/or panic attack (AAPCC, 2011; Patton et al., 2013; Schecter & Brian, 2011).

In one case, the SCB AM2201 was confirmed to be the causative agent of a psychotic

episode that lead to the death of a teenage boy who had no prior history of mental illness and

whose post-mortem toxicological blood screen was negative for other drugs of abuse (Patton

et al., 2013).

Cannabinoid biology

The cannabinoid receptors

Comparing the signaling properties of SCBs found in K2 products with those of

cannabinoids found in marijuana may provide information needed to determine why adverse

effects are more often associated with use of K2 when compared to marijuana. The effects

of the primary psychoactive cannabinoid of marijuana, Δ9-tetrahydrocannabinol (Δ9-THC,

Figure 2), are mediated primarily by activation of two G-protein coupled receptors

(GPCRs), Cannabinoid 1 Receptors (CB1Rs) and Cannabinoid 2 Receptors (CB2Rs), which

are located throughout the body. CB1Rs are highly expressed in the brain, particularly the

cerebellum, with lower expression in the hippocampus, hypothalamus, cerebral cortex,

striatum and brainstem (Regard & Coughlin, 2008a); thus, CB1Rs mediate the CNS effects

of Δ9-THC and other cannabinoids. These effects include psychoactivity, characterized by

acute euphoria, relaxation, sensory and perceptional distortions and disruption of motor

coordination, as well as appetite stimulation and analgesia (Mechoulam & Parker, 2012). In

neurons, CB1Rs are located on presynaptic terminals and modulate neuronal activity by

retrograde signaling (Straiker & Mackie, 2005). In addition to CNS effects, CB1R activity
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also promotes energy conservation in peripheral tissues by modulating energy storage and

utilization in adipose tissue, liver, muscle, gastrointestinal tract, pancreas and the adrenal,

thyroid and parathyroid glands (Kunos & Tam, 2011; Regard & Coughlin, 2008a). As such,

CB1R antagonists have been intensely investigated for development as therapeutics for

obesity and obesity-related diseases (Fulp et al., 2012; Rivera et al., 2012; Shim et al.,

2012). CB1Rs are also expressed in reproductive organs such as testes (Regard & Coughlin,

2008a), uterus (Brighton et al., 2011), fallopian tubes (Horne et al., 2008) and placenta

(Habayeb et al., 2008). Several studies have thus shown that proper endocannabinoid system

(ECS) function is important for successful reproduction (Lewis et al., 2012; Sun & Dey,

2012), as well as early embryonic and fetal neural development (Psychoyos et al., 2012;

Psychoyos & Vinod, 2012). Indeed, prenatal exposure to marijuana has been shown to be

negatively correlated with scholastic achievement at age 14 (Goldschmidt et al., 2012).

The second most well-characterized cannabinoid receptor, CB2R, is located primarily on

lymphocytes and leukocytes, and in tissues such as the spleen, bone marrow, lung, thymus,

liver and pancreas (Galiegue et al., 1995; Regard & Coughlin, 2008b), and is heavily

involved in regulating immune function. In general, CB2R activation is immunosuppressive,

inhibits production of pro-inflammatory cytokines, enhances production of anti-

inflammatory cytokines, induces apoptosis of immune cells and suppresses macrophage

chemotaxis (Basu & Dittel, 2011). Activation of CB2Rs is thought to underlie the anti-

inflammatory and immunosuppressive effects of marijuana (Lombard et al., 2007; Singh et

al., 2012). As also observed with CB1Rs, CB2R stimulation produces analgesic effects

(Sanchez Robles et al., 2012). Because of CB2R effects on cell-to-cell signaling and cell

migration, drugs acting at CB2Rs are being investigated for possible modulation of cancer

cell proliferation, metastasis and angiogenesis (Liu et al., 2012; Vidinsky et al., 2012).

CB2Rs are generally not expressed in the CNS, but can be upregulated in selected regions of

the brain or spinal cord in response to injury and disease (Ashton et al., 2007; Walter et al.,

2003). As such, in recent years the CB2R have become a research target for novel drug

development to treat amyotrophic lateral sclerosis (ALS) (Shoemaker et al., 2007), stroke

(Zarruk et al., 2012), multiple sclerosis (Lou et al., 2011), Parkinson’s disease (Price et al.,

2009) and Alzheimer’s disease (Martin-Moreno et al., 2012).

Cannabinoid signaling

Exogenous cannabinoids (e.g. Δ9-THC, cannabidiol, JWH-018 and CP-47,497) and

endogenous cannabinoids [e.g. endocannabinoids; anandamide (AEA) and 2-archido-

noylglycerol (2-AG)] bind to cannabinoid receptors with moderate to high affinity (Pertwee

et al., 2010). After binding to CB1 or CB2Rs, cannabinoid ligands may modulate receptor

activity, and thus downstream signaling cascades, in one of the three ways: (1) by activating

the receptor to increase activity (partial and full agonists), (2) by blocking other receptor

ligands without altering receptor activity (neutral antagonist) or (3) by reducing constitutive

activity of the receptor (inverse agonist) (Figure 3). Most cannabinoids, including Δ9-THC

and the SCBs found in K2 products, are partial or full cannabinoid receptor agonists; that is,

they bind to and activate CB1Rs and CB2Rs with partial to maximal efficacy. While able to

couple to heterotrimeric Gs and Gq/11 proteins under certain circumstances (Glass & Felder,

1997; Lauckner et al., 2005; Maneuf & Brotchie, 1997; McIntosh et al., 2007), cannabinoid
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receptors couple primarily to Gi/o proteins (Condie et al., 1996, Glass & Northup, 1999).

Heterotrimeric G-proteins are composed of alpha (a), beta (b) and gamma (γ) subunits. In

the inactive state, these subunits are bound together and form a heterotrimeric protein, with

the α-subunit bound to guanosine diphosphate (GDP) (Figure 4A). An agonist binding to a

GPCR promotes a conformation change in the receptor that induces an interaction between

the receptor and G-protein (Figure 4B). This interaction catalyzes the exchange of GDP for

GTP, activating the heterotrimeric G-protein (Figure 4C). This causes the dissociation of the

G-protein units into an active monomer Gα–GTP and the dimer Gβγ (Figure 4D). The

activated, dissociated subunits then interact with several downstream cellular components

(e.g. effectors) to produce multiple signaling cascades (Lodish et al., 2012). For example,

CB1R-activated Gαi/o subunits inhibit activity of the enzyme adenylyl cyclase (an integral

membrane protein), which catalyzes adenosine triphosphate (ATP) to the second messenger,

cyclic adenosine monophosphate (cAMP) (Figure 4E). This in turn lowers intracellular

concentrations of cAMP, ultimately decreasing transcription of genes in cAMP-response

elements (CRE) (Lodish et al., 2012). CB1R-activated Gαi/o subunits also modulate gene

expression by activating the mitogen-activated protein kinase (MAPK) cascade (Bosier et

al., 2010; Bouaboula et al., 1995). Several ion channels are also modulated by CB1R-

activated Gβγ subunits. Activated Gβγ subunits inhibit the opening of multiple subtypes of

voltage-gated Ca2+ channels and activate G-protein coupled inwardly-rectifying potassium

channels (GIRKs) (Bosier et al., 2010; Mackie et al., 1995; McAllister et al., 1999), both of

which hyperpolarize neurons and decrease the probability of action potential elicitation.

Neuronal hyperpolarization inhibits presynaptic neurotransmitter release, particularly of

excitatory glutamate and inhibitory gamma amino butyric acid (GABA) (Farkas et al., 2010;

Huang et al., 2001; Kovacs et al., 2012); thus, CB1R cannabinoid agonists produce an

inhibitory effect on neuronal function. Importantly, CB1-mediated suppression of the

inhibitory action of GABAergic neurons that project to the nucleus accumbens removes

much inhibition of dopaminergic neurons in this brain region, ultimately resulting in a local

increase of dopamine and activation of the mesolimbic dopamine pathway (Fadda et al.,

2006; Szabo et al., 2002). These actions contribute to the rewarding properties and abuse

liability associated with cannabinoid use. In contrast to CB1Rs, CB2Rs do not regulate the

activity of Q-type calcium or inward-rectifying potassium ion channels (Felder et al., 1995).

This is only one of the many examples of the complex consequences of cannabinoid

signaling. The exact pathways altered by cannabinoid receptor activation depend on many

different factors, including cell type, tissue type, receptor subtype (CB1Rs or CB2Rs),

homo- or heterodimerization with other receptors (Mackie, 2005), and, because of ligand-

biased signaling (Bosier et al., 2010; Glass & Northup, 1999; Shoemaker et al., 2005),

which particular ligand is activating the receptor.

Medicinal purposes of cannabinoids

The endogenous cannabinoid system (ECS) is widely dispersed throughout the body

(Regard & Coughlin, 2008a,b); therefore, even subtle alterations of the ECS have

widespread consequences. In addition to the acute psychoactive effects reviewed previously,

chronic use of marijuana has also been associated with development of dependence and

addiction (Allsop et al., 2012), memory and learning disruptions (Montgomery et al., 2012;

Taffe, 2012) and lowering of IQ scores (Meier et al., 2012). Teenagers and young adults
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appear to be especially vulnerable to these effects, most likely because they are undergoing

robust neural development and synaptic restructuring (Gonzalez et al., 2012; Grant et al.,

2012). Despite these reported negative effects, marijuana continues to be highly demanded

for both its recreational and potential medicinal benefits, spurring great political and social

controversy. Marijuana historically has well-established anti-inflammatory, analgesic, anti-

emetic and orexogenic effects (Grotenhermen & Muller-Vahl, 2012; Zuardi, 2006), but is

currently severely restricted by the US federal government as a Schedule I substance,

meaning that it has no accepted medical use. Alternatively, synthetic Δ9-THC is an FDA-

approved medication known as dronabinol and sold under the brand name Marinol®.

Because of its anti-emetic, anti-nausea and appetite stimulating properties, dronabinol is

prescribed for indications including AIDs-related anorexia, chemotherapy-induced nausea

and vomiting in cancer patients who have been unresponsive to conventional antiemetic

therapies (Unimed Pharmaceuticals, 2004). Another cannabinoid medication under

investigation in the USA is Sativex® (GW Pharmaceuticals, Salisbury, UK). It is an

oromucosally-administered Cannabis-derived 1:1 combination of Δ9-THC and the

phytocannabinoid cannabidiol that appears to alleviate cancer pain (GW Pharmaceuticals,

2012a), as well as the pain, spasticity and bladder dysfunction associated with multiple

sclerosis (GW Pharmaceuticals, 2012b). Although cannabinoids in general are promising

therapeutics for the indications of pain, cachexia and inflammation, no apparent therapeutic

value has yet been discovered for SCBs found in K2 products. While current attention of

SCBs focuses on their abuse liability and troubling adverse effects, it should be kept in mind

that future research may reveal that these drugs do indeed possess therapeutic effects at

lower non-toxic doses, may be used in combination with other medications, or may serve as

a scaffold for chemical synthesis of useful therapeutic analogues.

Possible mechanisms underlying the adverse effects reported for K2 products

It is currently unclear why K2 use produces severe adverse effects not commonly observed

with marijuana. It is possible that these effects are mediated by actions of SCBs present in

K2 at non-cannabinoid receptors. In one study, the full CB1/CB2 agonist SCB CP-55,940

increased serotonin receptor 5-HT2A expression and responsiveness in the rat hypothalamic

paraventricular nucleus. Furthermore, rats treated with this SCB exhibited significantly less

time in the open arm of an elevated plus maze than control rats, indicating that CP-55,940

induced anxiety (Franklin et al., 2013). A subsequent study by the same group showed that

CP-55,940-induced 5-HT2A upregulation was CB2R- and ERK-1/2-dependent (Franklin &

Carrasco, 2013). While CP-55,940 is not a common constituent of K2 products, these

studies elucidate a signaling pathway that potentially mediates anxiety and psychosis

induced by SCBs with full agonist activity at CBRs. Similarly, studies should be conducted

to examine the affinity and efficacy of prevalent SCBs acting at likely cellular targets other

than CBRs, including adrenergic, serotonergic and glutaminergic receptors. Adverse effects

produced by SCBs are unlikely to result from impurities incurred during SCB preparation

(Ginsburg et al., 2012). However, differences in the content of non-psychoactive substances

present in the marijuana plant versus K2 products offer another possible explanation for

differences in the clinical presentation of their adverse symptoms. The marijuana plant

naturally produces many pharmacologically active phytocannabinoids, including

cannabidiol, tetrahydrocannabivaran and cannabichromene (Pertwee, 2008). These and other
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phytocannabinoids are currently under investigation for a wide variety of therapeutic

applications, including treatment of Cannabis withdrawal (Crippa et al., 2012),

inflammation (Valdeolivas et al., 2012), epilepsy (Hill et al., 2010), obesity (Riedel et al.,

2009), cancer (Ligresti et al., 2006) and schizophrenia (Leweke et al., 2012). Furthermore,

as discussed above, cannabidiol is already being used in conjunction with Δ9 -THC for

treatment of cancer pain and multiple sclerosis. Marijuana also contains several terpenoids

that likely potentiate the effects of other phytocannabinoids present in Cannabis (Russo,

2011). While terpenoids are not psychoactive, recent evidence suggests that various

phytocannabinoids and terpenoids may dampen the activity of Δ9 -THC, “softening” its

effects. This is supported, in principle, by the report that marijuana strains with higher

cannabidiol content are associated with significantly lower degrees of psychosis (Schubart et

al., 2011), combining Δ9 -THC with cannabidiol reduces the adverse effects of Δ9 -THC

(Englund et al., 2012) and intraveneous injection of pure Δ9 -THC readily induces psychotic

symptoms in humans (Morrison et al., 2009). Consistent with this hypothesis, no known

non-psychoactive “modulating” cannabinoids have been detected in seized K2 products.

Importantly, it also appears that most SCBs examined to date (e.g. JWH-018, JWH-073 and

CP-47,497-C8) possess higher potency and efficacy than Δ9 -THC at CB1Rs (Atwood et al.,

2010, 2011; Brents et al., 2011, 2012; Straiker & Mackie, 2005) and CB2Rs (Rajasekaran et

al., 2013). It is therefore possible that SCBs, especially taken in the various combinations

found in K2 products, achieve levels of CB1 and CB2R activation high enough to produce

severe, clinically observable physiological and psychological disturbances when compared

to Δ9 -THC. Very clearly, these studies show quantitative differences in the way these

ligands activate downstream pathways. Another difference in the effects elicited by Δ9 -THC

and SCBs may lie in their qualitative receptor signaling; more simply, which specific

pathways are activated or inhibited by individual SCBs. Because of the wide variety of

chemical structures identified as cannabinoid agonists, it is highly plausible that structurally

distinct ligands bind to CB1Rs in a unique ways. Receptor conformations resulting from the

binding of individual ligands, or multiple, simultaneously binding ligands, may dictate the

type, strength and number of G-proteins activated by the receptor. The variety of possible

cannabinoid receptor-ligand complexes, along with the multiple downstream pathways that

may be differentially activated or inhibited, provide ample opportunity for functional

selectivity, which indeed has been well established in cannabinoid receptor signaling (Bosier

et al., 2008). In functional selectivity, one or more pathways are activated preferentially over

others, usually as a result of ligand biasing and/or allosteric modulation (Goupil et al.,

2012). It is plausible that the phytocannabinoid/terpenoid “entourage” that accompanies Δ9 -

THC when marijuana is smoked may modulate Δ9 -THC signaling in this way. Functional

selectivity diversifies the net effects that are possible from activating only a single receptor

subtype and therefore may help to explain the differences observed clinically between

marijuana use and K2 use.

In addition to the potential differences in pharmacodynamics (e.g. actions occurring due to

receptor activation), the active components of marijuana and SCBs are likely metabolized

differently and thus have distinct pharmacokinetic profiles. While little is known concerning

the pharmacokinetics of SCBs (see “Detection of SC Abuse in Biological Samples” section

following), it is well established that Δ9 -THC is metabolized by CYP2C9 to a predominant
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single biologically active metabolite, 11-OH-Δ9 -THC (Maurer et al., 2006). This metabolite

is inactivated by subsequent carboxylation and then glucuronidated prior to excretion. Minor

Δ9 -THC metabolites are produced that include hydroxylations and carboxylations at various

positions of the parent structure, but these have no known biological activity. In marked

contrast, several major metabolites of JWH-018 and JWH-073 exhibit greater CB1R

affinity, potency and efficacy than Δ9 -THC, both in vitro and in vivo (Brents et al., 2011,

2012). Importantly, these metabolites also retain in vitro pharmacological activity at CB2R,

with some requiring lower fractional receptor occupancy to inhibit adenylyl cyclase activity

than their respective parent (Rajasekaran et al., 2013). These data suggest that some

metabolites may promote enhanced receptor-effector coupling, resulting in greater signaling

efficiency than their parent compounds. Altogether, these studies indicate that some active

metabolites of JWH-018 and JWH-073 likely contribute to the effects observed after using

these drugs by activating cannabinoid receptors.

Drug–drug interactions, such as synergy, should be considered when multiple drugs are

simultaneously used, as is common with K2 abuse. A greater-than-additive effect (i.e.

synergy) may increase risk of adverse effects. In vivo rodent experiments performed in our

laboratory indicate that effect-dependent drug–drug interactions occur between JWH-018

and JWH-073 (Brents et al., 2013). For example, co-administration of these two SCBs in

mice was synergistic for some effects (e.g. Δ9-THC discrimination and analgesia), less-than-

additive (i.e. antagonistic) for other effects (e.g. food-maintained response rate suppression)

and simply additive for other effects (e.g. hypothermia). Future studies should examine

potential drug–drug interactions within the acute adverse effect profile to determine if SCB

synergy contributes substantially to the clinical presentation following K2 use.

Detection, identification and monitoring of SCBs in K2 products

History of initial detection of 1st generation SCBs in K2 products

The abuse of SCBs was first detected in December 2008 by German scientists in the

European Union’s early-warning system (Surugiu & Minca, 2012) and reported by the

European Monitoring Center for Drugs and Drug Addiction (EMCDDA, 2009). At that time,

the aminoalkylindole JWH-018, the endocannabinoid oleamide and the cyclohexylphenols

CP-47,497 and its active C8 homologue (also known as cannabicyclohexanol) were

spotlighted as the primary psychoactive agents present in some K2 products (Auwarter et al.,

2009; Steup, 2008). These products were deceptively marketed as completely natural, herbal

incense highs as early as 2004 when they first became available for purchase from internet

retailers and European “headshops” (Griffiths et al., 2010; Psychonaut Web Mapping

Research Group, 2009). These findings prompted Germany to ban JWH-018 and CP-47,497

in January 2009. Monitoring of these herbal mixtures throughout 2009 showed that shortly

after this ban was implemented, fewer herbal preparations contained JWH-018 and

CP-47,497. In an obvious attempt to circumvent the ban, manufacturers simply replaced the

outlawed substances with new uncontrolled SCBs, including JWH-073 and JWH-250, as

well as the non-cannabinoid substances O-desmethyltramadol, caffeine and nicotine (Dresen

et al., 2010; Lindigkeit et al., 2009). K2 products purchased online from January to May

2009 were detected to contain at least four previously unreported SCBs of the JWH-xxx
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series (Hudson et al., 2010). Cannabicyclohexanol, along with CP-47,497, oleamide,

JWH-018 and JWH-073, were detected in K2 products purchased in Japan between June

2008 and June 2009 (Uchiyama et al., 2010). In late 2008 and early 2009, the US Customs

and Border Patrol seized multiple shipments of herbal incense that was laced with the

Schedule I cannabinoid HU-210 (CBP.gov, 2009). This was the first confirmed report of

SCBs-containing products in the USA. It became evident that by 2009, the market for SCB-

containing herbal products had been dispersed throughout much of the world.

One challenge in the control of these apparently harmful psychotropic products is the rapid

screening and identification of novel SCBs in K2 products, for which there are no genuine

standards. As mentioned previously, the first two analyses of K2 products were conducted in

Germany in December 2008. One study (Steup, 2008) employed HPLC (high-performance

liquid chromatography) and GC-MS (gas chromatographymass spectrometry) to identify

JWH-018 in the herbal incense products “Spice Gold”, “Yukatan Fire” and “Arctic

Synergie”. In the second report (Auwarter et al., 2009), ethanolic extractions of “Spice

Silver”, “Spice Gold”, “Spice Diamond”, “Smoke”, “Sence”, “Skunk” and “Yucatan Fire”

were analyzed by GC-MS and found to contain no illegal drug or known pharmaceutical

agent, but did contain JWH-018, CP-47,497 and cannabicyclohexanol. Interestingly, two

authors of the study performed self-experiments by smoking Spice Diamond, followed by

urine and blood collection to test for the presence of Δ9-THC by immunological methods.

This test detected no Δ9-THC, but more importantly also demonstrated that

cannabicyclohexanol and JWH-018 (the SCBs present in Spice Diamond) were not cross-

reactive with Δ9-THC antibodies used in the assay. In this study, C18 solid-phase extraction,

trimethylsilylation and GC-EI/MS were performed to analyze the blood samples for the

presence of the SCBs. Only cannabicyclohexanol was detected by employing this analysis.

The authors reported effects of smoking Spice Diamond to be similar to those reported

anecdotally on the Internet for K2 products, characterized mainly by alterations in

perception and mood, moderate cognitive impairment, xerostomia, an increase in pulse rate

and reddened conjunctivae. These effects began within 10 minutes of administration and

lasted about six hours, with some after-effects felt the next day (Auwarter et al., 2009).

Within the next five months, another group proactively synthesized and analytically

characterized authentic references for both naphthoyl and naphthyl analogues of JWH-018

with alkyl chains ranging from 3 to 7 carbons long (Lindigkeit et al., 2009). This group

reported 1H and 13C NMR spectral data and GC-MS data for 10 different aminoalkylindoles,

including JWH-018, JWH-073 and JWH-175. Using these standards, all ten SCs were

identified in 11 different batches of various brands of herbal incense (in mg of SCs per g of

incense), some purchased before the initial German bans were instituted (in December 2008)

and some purchased afterward (in March 2009). As mentioned above, this study was the

first to demonstrate that JWH-073 began to replace the banned SCB JWH-018 in K2

products.

Monitoring of K2 since initial detection of SCBs

Several subsequent studies have been conducted to monitor the composition of K2 products

throughout 2010, 2011 and 2012 (Ernst et al., 2011; Hudson et al., 2010; Kneisel et al.,
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2012; Valoti et al., 2012; Westphal et al., 2012; Zuba et al., 2011). In most studies, SCBs

were first extracted from K2 products using methanol or ethanol, then dried and

reconstituted into solvents such as ethyl acetate, methanol or acetonitrile, separated by liquid

or gas chromatography, and then vaporized, ionized and detected by mass spectrometry. The

dominant SCBs detected in K2 products during 2009 and 2010 were CP-47,497,

cannabicyclohexanol, JWH-018 and JWH-073 (Zuba et al., 2011), while JWH-081 and

JWH-398 were first detected during that time period by Hudson, et al., using accurate high

resolution mass spectrometry (Hudson et al., 2010). The presence of JWH-122, the 4-

methyl-naphthoyl analogue of JWH-018, was reported in 2011 in concentrations estimated

to be 82 mg/g, more than ten times the concentration of CP-47,495 and JWH-018 previously

reported by Lindigkeit et al. (Ernst et al. (2011) compared with Lindigkeit et al. (2009)),

indicating that replacement drugs were potentially lower in potency than the original SCBs.

A year later, the 4-methylnaphthoyl analogue of JWH-073 emerged in Germany (Westphal

et al., 2012) and Italy (Valoti et al., 2012). The naphthoylpyrrole JWH-307, as well as 3-(1-

adamantoyl)-1-pentylindole (Kneisel et al., 2012), were first detected in K2 products in 2012

(Ernst et al., 2012). A report from New Zealand identified 1-butyl-3-(4-methox-

ybenzoyl)indol for the first time (Couch & Madhavaram, 2012), and also reported the

presence of significant concentrations (1 mg/g) of the potent benzodiazepine phenazepam in

K2 products. Interestingly, while JWH-018 had initially disappeared from the German

market after its ban in 2009, in 2012 it was once again detected in much higher

concentrations than before (150 mg/g, compared to 2.3 mg/g reported previously (Lindigkeit

et al., 2009)) (Ernst et al., 2012).

The year 2012 also brought about the reporting of several new methods to detect SCBs in

K2 products. For instance, it was reported that mass defect filtering can be combined with

high resolution mass spectrometry, in a non-targeted approach, to detect previously

unreported structures that are very similar to well-known SCBs found in K2 products

(Grabenauer et al., 2012). This is a valuable strategy to detect unknown SCBs because the

most common strategy of clandestine chemists is to make very slight, instead of radical,

changes to the structures of established SCBs to produce new, unregulated cannabinoids.

Another method, matrix-assisted laser desorption ionization-time of flight mass

spectrometry (MALDI-TOF MS), was validated as a screen to rapidly quantify the content

of SCBs in K2 products (Gottardo et al., 2012). MALDI-TOF MS allows for simpler high-

throughput, simultaneous screening of multiple substances in complex mixtures, and is thus

more ideal for analyzing K2 products than traditional extractions followed by GC- or LC-

MS (liquid chromatographymass spectrometry). Similarly, methods detailing the use of

nano-LC, which is the miniaturization of the traditional LC separation techniques, to analyze

SCBs present in K2 products have been reported (Merola et al., 2012). Other novel methods

to detect SCBs include direct analysis in real time mass spectrometry (DART-MS) using

collision-induced dissociation (CID) (Musah et al., 2012) and electrospray ionization

quadrupole-time-of-flight tandem mass spectrometry (ESI-QTOF-MS) (Sekula et al., 2012).

Ideally, these newer, simpler, more efficient methods will soon be used to help rapidly,

selectively and sensitively screen for evidence of SCB use in human biological samples,

including blood, oral fluids, hair and urine.
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Presence and legislative control of SCB abuse in the USA

While K2 products were first noticed, identified and studied in Europe, use of these

substances has risen dramatically in the USA since 2010. A major agency that monitors drug

trends in the USA is the National Forensic Laboratory Information System (NFLIS), under

direction of the Drug Enforcement Administration (DEA). The NFLIS is a nationwide

network of local and state forensic laboratories that collects and reports data regarding the

quality and quantity of drugs seized by law enforcement in the USA. The first mention of

K2 by the NFLIS was a request for information regarding “Spice” published in its 2008

annual report (Office of Diversion Control, 2009). In 2009, the NFLIS identified only 15

cases of SCB-containing products. This number jumped dramatically to 2977 cases in 32

states the following year, with most of these reports originating from the Midwest (50%) or

the South (38%) (Office of Diversion Control, 2011). In 2009, labs in the NFLIS detected

only 2 SCBs: JWH-018 and JWH-073, representing 86.67% and 13.33% of reports,

respectively. K2 products seized in 2010 were more diverse with respect to SCB content,

with JWH-018, JWH-250 and JWH-073 detected in 63.39%, 14.04% and 8.77%, and 10

other SCBs sharing the remainder of the reports (Office of Diversion Control, 2011). The

2011 midyear report listed two SCBs, JWH-018 and JWH-250, in the top 25 most frequently

identified drugs of abuse (Office of Diversion Control, 2012), indicating that SCBs have

now established a prominent place in the street pharmacopeia.

A surrogate marker of the health effects of K2 use in the USA is the number of K2-

associated calls made to US poison control centers. These types of data are gathered and

reported by the American Association of Poison Control Centers (AAPCC). In October

2009, US poison control centers began receiving calls that were made by, or on behalf of,

people who encountered distress after using K2 products (Bronstein et al., 2011). Calls of

this type jumped from 2906 in 2010 to 6959 in 2011, and appear to have decreased to 5205

in 2012 (AAPCC, 2013). Two independently-conducted surveys performed in 2011 revealed

that K2 products were used by 11.4% of high school students in the previous year (Johnston,

2011) and by 8% of college students in their lifetime (Hu et al., 2011), indicating that a

surprisingly high proportion of young people are at risk for the serious adverse effects

associated with K2 use. These harmful effects of K2 products can include seizures,

permanent cardiovascular damage, anxiety attacks, aggression, psychosis, paranoia,

dependence and suicide (Every-Palmer, 2011; Harris & Brown, 2012; Mir et al., 2011;

Patton et al., 2013; Tofighi & Lee, 2012). Furthermore, several cases of significant SCB-

induced impairment while operating a motor vehicle have been reported (Musshoff et al.,

2013). In response to the initial reports of these alarming observations, many local and state

municipalities began controlling both herbal incense products and SCBs by issuing bans. To

date, 41 states have legislatively banned SCBs to differing extents (National Conference of

State Legislatures, 2012), with the first bans enacted in 2010 by 10 states: Alabama,

Georgia, Illinois, Kansas, Kentucky, Louisiana, Michigan, Mississippi, Missouri and

Tennessee. Most of the 2010 bans included, at a minimum, the manufacture, sale or

possession of the first generation SCBs that were often present in K2 products at the time of

legislation, such as JWH-018, JWH-073, CP-47, 497 and cannabicyclohexanol. All of these
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states, as well as 31 others, added bans in 2011 and 2012 that expanded the list of outlawed

SCBs or banned the entire general class of these compounds.

The evident harm caused by K2 products (Seely et al., 2012), along with analytical studies

initially identifying CP-47,497, cannabicyclohexanol, JWH-018, JWH-073 and JWH-200 as

the primary psychoactive components, prompted the DEA to temporarily categorize these

five compounds as Schedule I substances on March 1, 2011 (Department of Justice, 2011).

By 2012, the first generation of SCBs were replaced by new compounds in this class with

similar structures, such as AM-2201, JWH-122, JWH-203, JWH-210 and RCS-4, apparently

indicating that K2 manufacturers have remained one step ahead of SCB regulation (Musah

et al., 2012). On 9 July 2012, President Obama signed into law the Synthetic Drug Abuse

Prevention Act of 2012, which permanently categorizes several chemical structural classes

of cannabinoids as Schedule I substances (United States, 2012). Fifteen SCBs were

specifically named in the Act, including the 2-(3-hydroxycyclohexyl)phenols CP-47,497 and

cannabicyclohexanol (also called “CP-47,497 C8-homolog”); the 3-(1-naphthoyl)indoles

JWH-018 (also called “AM678”), JWH-073, JWH-019, JWH-200, JWH-081, JWH-122,

JWH-398 and AM-2201; the 3-benzolylindoles AM694 and SR-19 (also called “RCS-4”);

and the 3-phenylacetylindoles SR-18 (also called “RCS-8”), JWH-203 and JWH-250.

Detection of SCB abuse by analysis of biological samples

In vitro determination of SCB metabolites

Enforcement of the legislation described above requires the routine, quick and accurate

detection of illicit SCB use. For this purpose, screening for SCB metabolites in biological

specimens extends the time window that use of K2 products can be definitively confirmed,

compared to screening for the presence of the parent drug(s) only. Metabolites are also

detectable by urinalysis, a relatively non-invasive biological sampling. This concrete,

immediate need has driven several groups to focus on determining the pharmacokinetics of

the most prominent SCBs, particularly JWH-018 and JWH-073. Multiple approaches have

been taken to determine the specific metabolites that are produced after SCB use, the

relative proportions and enzymes involved in SCB metabolism. One in vitro approach is to

incubate the parent drug with rodent or human liver microsomes, which contain a crude

mixture of the metabolic enzymes that are present in the liver, then extract and measure the

resultant metabolites using liquid or gas chromatography followed by mass spectrometry

(Chimalakonda et al., 2011, 2012; ElSohly et al., 2011; Wintermeyer et al., 2010; Zhang et

al., 2002, 2006). For deeper insight into which enzyme(s) are involved in metabolism, a

parent drug may be incubated with individual recombinant enzymes, such as particular

cytochrome P450 (CYP450) or uridine diphosphate-glucuronosyltransferase (UDP-UGT)

isoforms. From these studies, enzyme kinetics (Vmax and Km), metabolic products of that

enzyme, and whether or not the enzyme is inhibited or induced by the parent drug or

metabolite(s) can be determined (Chimalakonda et al., 2011). Two of the first SCBs for

which the in vitro metabolic pathways were determined were the aminoalkylindoles

WIN-55,212-2 and JWH-015. In both studies, SCBs were incubated with pooled rat liver

microsomes up to four hours before incubation products were analyzed by HPLC-MS/MS.

Metabolism was similar for both SCBs and included primarily the formation of dihydrodiols
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of the naphthalene ring, as well as monohydroxylations, trihydroxylations and

dehydrogenations (Zhang et al., 2002, 2006). Additionally, JWH-015 underwent N-

dealkylation (Zhang et al., 2006). The emergence of K2 use prompted similar analyses to be

performed employing human liver microsomes (HLM) to analyze the commonly abused

SCB JWH-018 (Chimalakonda et al., 2011; ElSohly et al., 2011; Wintermeyer et al., 2010).

The findings for JWH-018 were in close agreement with those for the structurally similar

JWH-015 reported earlier (Zhang et al., 2006). For JWH-018 this includes

monohydroxylations of the indole moiety, the alkyl side chain and the naphthalene ring

(Figure 5Ai, and the formation of dihydrodiols of the naphthalene ring (Figures 5Aii and

5Aiii), as well as the more minor metabolites described for JWH-015 above. In contrast,

incubation of microsomes with JWH-018, but not JWH-015, produced a carboxylation of

the alkyl side chain (Figure 5Aiv). Dehydration of the alkyl side chain occurred more readily

and in more combinations with other oxidative modifications in JWH-018 compared to

JWH-015. Some studies of the in vitro metabolism of other SCBs have since been reported,

(JWH-073 (Chimalakonda et al., 2011, ElSohly et al., 2011), CP-47,497 (Jin et al., 2012),

AM-2201 and UR-144 (Sobolevskyet al., 2012)), but are beyond the scope of this review.

Determination of human urinary metabolites of JWH-018

A straightforward, practical approach to understanding SCB pharmacokinetics is to analyze

biological specimens such as urine, blood and hair obtained from individuals after

administration of SCBs. Ideally, these studies are controlled and planned well in advanced

of specimen collection, with the exact substance, dose and time course known (Auwarter et

al., 2009). Realistically, samples potentially containing SCBs and SCB metabolites are often

obtained during probationary drug urine screenings, toxicological screening upon

presentation to emergency departments, or community drug abstinence programs in which

attempted deception, incapacitation, or honest uncertainty regarding the abused substance

hinder determination of accurate and precise information. The variable nature of the SCBs

present in different K2 products also presents a hurdle to determining the metabolites that

will be formed due to the fact that parent drugs themselves may differ in each case, and the

original adulterated plant matter is not always available for analysis. Nonetheless, the

availability of easily attainable biological samples such as blood and urine are of great value

for initial determination of the metabolic fate of SCBs and the temporal detection of K2 use

in humans. One of the first studies elucidating human urinary metabolites of a commonly

abused SCB was reported by Sobolevsky et al. (2010). In this study, urine samples were

collected from 3 people within 12 hours of smoking an herbal mixture. The investigators

confirmed that this mixture contained JWH-018 and a CP-47,497C-8 homologue

(cannabicyclohexanol). For the first time, it was reported that (1) the JWH-018 parent

compound is not excreted in urine; (2) the two major urinary metabolites of JWH-018 in

humans are monohydroxylations of either the indole moiety (Figure 5Bi) or of the alkyl

chain (Figure 5Bii); (3) the minor urinary metabolites of JWH-018 include a carboxylated

metabolite, dihydroxylated metabolites, reduced trihydroxylated metabolites, reduced

dihydroxylated metabolites and N-dealkylated monohydroxylated metabolites; and (4) the

major metabolites are almost completely glucuronidated, while some of the minor

metabolites are excreted in their free forms (Sobolevsky et al., 2010). Soon after this study,

another group validated that JWH-018 monohydroxylated metabolites in urine are sensitive
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and selective biomarkers of JWH-018 abuse (Moller et al., 2011). The results of these

studies prompted investigators at the Arkansas Department of Health, the Arkansas State

Crime Lab and Cayman Chemical to develop authentic standards of the major urinary

metabolites of JWH-018, and analogous JWH-073 structures, to enable quantification in

urine samples. Using these standards, Moran et al. (2011), determined that the indole-

monohydroxylated JWH-018 metabolites are oxidized at positions 5 and 6 of the indole ring

and excreted in ng/mL concentrations. In this study, two metabolites measured in the

greatest abundance were modified at the omega carbon of the alkyl chain by either

monohydroxylation or carboxylation. This study also confirmed the original findings that

the parent JWH-018 compound is not excreted and that the major JWH-018 urinary

metabolites are highly glucuronidated. Interestingly, the carboxylated metabolite of

JWH-073 was detected in all samples, despite a reported lack of exposure to JWH-073. This

indicates a possible demethylation step before carboxylation resulting in production of

JWH-073 from JWH-018, or a prior unreported exposure to JWH-073 (Moran et al., 2011).

A later study by the same group demonstrated that monohydroxylation at the omega-1

carbon of the alkyl chain produces the major JWH-018 urinary metabolite (Chimalakonda et

al., 2012), followed by monohydroxylation and carboxylation of the omega carbon, as

previously shown (Moran et al., 2011). Altogether, studies identifying in vivo urinary

metabolites of JWH-018 are generally in close agreement with each other and with in vitro

reports obtained using pooled human liver microsomes to generate metabolites

(Chimalakonda et al., 2012; Wintermeyer et al., 2010).

Final remarks

SCB abuse has recently emerged as a significant threat to public health and safety,

particularly in teenagers and young adults who are unaware of the risks associated with SCB

use. Because of the sudden appearance of SCB abuse, little is known about SCB

pharmacology or toxicology. However, over the past several years, many research groups

have acquired valuable knowledge regarding the variety of multiple SCBs that comprise K2

products, as well as some major and minor SCB urinary metabolites that will serve as useful

biomarkers to monitor K2 abuse. The work examined in this review suggests that K2 abuse

results in complicated pharmacology involving the multiple SCBs that are present in K2.

Possible mediators of K2-induced adverse effects include a resultant entourage of distinct

CB1R-active SCB metabolites and/or synergistic drug–drug interactions. As such, the

pharmacokinetics of SCBs should be investigated to more fully understand the consequences

of exposure to both the parent SCBs and their active metabolites. Direct and indirect

pharmacological activity by SCBs on non-CB1/CB2 neurotransmitter and neurochemical

signaling, such as in the serotonergic, dopaminergic, glutaminergic and adrenergic systems,

should be extensively examined as they likely participate in the effects of SCB use.

Monitoring and law enforcement agencies should remain vigilant to identify and mitigate

the effects of new drugs of abuse that continue to emerge primarily to circumvent bans on

established SCBs as part of the cycle of the K2/Spice phenomenon.
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Figure 1.
Representations of SCB-laced herbal incense commonly called K2 (A), typical packaging of

K2 and similar products (B), and labeling of K2 packages that explicitly states “not for

consumption” (C). Figures (A) and (B) are courtesy of the DEA. Figure (C) is courtesy of

the Arkansas Department of Health, Public Health Laboratory.
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Figure 2.
The psychoactive constituent of marijuana, Δ9-THC, is depicted here with the first

generation of SCBs commonly found in K2 products. The five SCBs shown were the first to

be controlled by the US Federal Government after the emergence of K2 products.
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Figure 3.
Levels of pharmacological efficacy exhibited by drugs acting at G-protein coupled

receptors.
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Figure 4.
Agonism of CB1R activates the Gi/o protein, which inhibits adenylyl cyclase activity,

lowering intracellular cyclic AMP concentrations.
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Figure 5.
Major JWH-018 metabolites as determined by in vitro metabolism studies (A) and urinalysis

after confirmed JWH-018 use (B).
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