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Abstract——Salvia divinorum is a perennial sage
native to Oaxaca, Mexico, that has been used tradi-
tionally in divination rituals and as a treatment for
the “semimagical” disease panzón de borrego. Be-
cause of the intense “out-of-body” experiences re-
ported after inhalation of the pyrolized smoke, S.
divinorum has been gaining popularity as a recre-
ational hallucinogen, and the United States and sev-
eral other countries have regulated its use. Early
studies isolated the neoclerodane diterpene salvi-
norin A as the principal psychoactive constituent
responsible for these hallucinogenic effects. Since
the finding that salvinorin A exerts its potent psy-

chotropic actions through the activation of KOP re-
ceptors, there has been much interest in elucidating
the underlying mechanisms behind its effects. These
effects are particularly remarkable, because 1) salvi-
norin A is the first reported non-nitrogenous opioid
receptor agonist, and 2) its effects are not mediated
by the 5-HT2A receptor, the classic target of halluci-
nogens such as lysergic acid diethylamide and mes-
caline. Rigorous investigation into the structural
features of salvinorin A responsible for opioid recep-
tor affinity and selectivity has produced numerous
receptor probes, affinity labels, and tools for evalu-
ating the biological processes responsible for its ob-
served psychological effects. Salvinorin A has ther-
apeutic potential as a treatment for pain, mood and
personality disorders, substance abuse, and gastro-
intestinal disturbances, and suggests that nonalka-
loids are potential scaffolds for drug development
for aminergic G-protein coupled receptors.
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I. Introduction

Psychoactive natural products have been used to
study the intricate workings of various receptor sys-
tems in the central nervous system (CNS1). The iso-
lation of morphine from Papaver somniferum by
Friedrich Wilhelm Adam Sertürner in 1805 spawned
global interest in elucidating its biological activity,
ultimately leading to the discovery of opioid receptors
and the development of a class of widely used analge-
sics (Sertürner, 1817). More significantly, Sertürner’s
work sparked global interest in the isolation of natu-
ral substances and is considered the beginning of
pharmaceutical development. In the following years,
more psychoactive agents were isolated from their
natural sources, including the psychostimulants caf-
feine in 1819 (Runge, 1820) and cocaine from Eryth-
roxylum coca in 1855 (Gaedcke, 1855).

Secondary metabolites themselves also have signif-
icant utility as lead compounds for biological probe
development (Carlson, 2010). A recent survey re-
ported that more than 40% of all new chemical entities
submitted to the public domain for approval by the
U.S. Food and Drug Administration are themselves

natural products or derived from natural sources,
highlighting the continued importance of this field
despite the rise in combinatorial chemistry techniques
(Newman and Cragg, 2007). Derivatization of the opi-
oid receptor agonist morphine, for example, has pro-
duced oxycodone, the widely used analgesic, and bu-
prenorphine, a promising alternative to methadone
for the treatment of substance abuse (Casy and
Parfitt, 1986; Schottenfeld et al., 2000). Likewise, iso-
lation and identification of �9-tetrahydrocannabinol,
the psychoactive constituent of Cannabis sativa, ulti-
mately led to the identification of cannabinoid (CB)
receptors, spawning many stimulating new areas of
research into the therapeutic potential of CB receptor
ligands (Gaoni and Mechoulam, 1964; Matsuda et al.,
1990; Munro et al., 1993) and fatty acid amide hydro-
lase (Cravatt et al., 1996; Snider et al., 2010).

A much more recent example of phytochemical elu-
cidation and pharmacological characterization in-
volves the hallucinogenic sage Salvia divinorum. The
early work of Ortega et al. (1982) and Valdés et al.
(1984) to isolate and identify salvinorin A (1) (Fig. 1)
as the bioactive constituent responsible for the psy-
chotropic effects led to the revelation that activation
of �-opioid (KOP) receptors, and not serotonin-2A (5-
HT2A) receptors, is responsible for this hallucinogenic
activity (Roth et al., 2002). These results were re-
markable, considering that salvinorin A shared little
structural similarity to other known KOP receptor
agonists, such as dynorphin A, yet produced halluci-
natory effects similar to those produced by 5-HT2A
receptor agonists lysergic acid diethylamide (LSD)
and psilocin. This was also particularly intriguing
because a basic amino substituent had long been con-
sidered a requirement for opioid receptor binding and
efficacy (Rees and Hunter, 1990). In the 8 years since
this seminal discovery, much work has gone into char-
acterizing the structure-activity relationships (SAR)
of salvinorin A, elucidating the binding mode of this

1Abbreviations: CNS, central nervous system; CB, cannabinoid;
KOP, �-opioid; 5-HT, 5-hydroxytryptamine (serotonin); LSD, lysergic
acid diethylamide; SAR, structure-activity relationship; DMT, N,N-
dimethyltryptamine; U50,488, (�)-(trans)-3,4-dichloro-N-methyl-N-
[2-(1-pyrrolidiny)cyclohexyl]benzeneacetamide; MOP, �-opioid; HPLC,
high-performance liquid chromatography; MS, mass spectrometry; LC,
liquid chromatography; UGT, UDP glucuronosyltransferase; DA, dopa-
mine; P-gp, P-glycoprotein; DOP, �-opioid; norBNI, nor-binaltorphi-
mine; TM, transmembrane domain; U69,593, (5�,7�,8�)-(�)-N-methyl-
N-(7-(1-pyrrolidinyl)-1-oxaspiro(4,5)dec-8-yl)benzeneacetamide; EL,
extracellular loop; GPCR, G-protein-coupled receptor; NMDA, N-methyl-
D-aspartate; 5CSRTT, five-choice serial reaction time task; CPP,
conditioned place preference; ICSS, intracranial self-stimulation;
FST, forced swim test; AM251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide; GTP-�-S,
guanosine 5�-O-(3-thio)triphosphate; DMSO, dimethyl sulfoxide;
SNC-80, 4-[(R)-[(2S,5R)-4-allyl-2,5-dimethylpiperazin-1-yl](3-
methoxyphenyl)methyl]-N,N-diethylbenzamide.

FIG. 1. Chemical structures of salvinorins A (1) and B (2) and ligands with activity at 5-HT (LSD, DMT), NMDA (ketamine), MOP (morphine), and
KOP (ketocyclazocine, U50,488) receptors.
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unique structural scaffold, determining its pharmaco-
kinetics and methods of inactivation, and evaluating
the behavioral effects in vivo.

This review is intended to be a comprehensive as-
sessment of the insight we have gained regarding the
medicinal chemistry, neuropharmacology, and thera-
peutic potential of S. divinorum. Several reviews have
been published that describe some specific facets of
the chemical derivatization (Prisinzano and Rothman,
2008) and psychopharmacology of salvinorin A (Pris-
inzano, 2005; Vortherms and Roth, 2006) as well as
the abuse potential of S. divinorum (Babu et al., 2008;
Griffin et al., 2008). In this review, we will describe in
depth how S. divinorum advanced from being a hal-
lucinogenic tool for divination rituals to being a source
of therapeutic potential for the treatment of gastroin-
testinal disorders, pain, stimulant dependence, and
mood disturbances.

II. Ethnopharmacology and Constituents
of S. divinorum

S. divinorum Epling and Játiva-M. (Lamiaceae) is a
perennial mint native to the Oaxaca region of Mexico
and was discovered by Wasson and Hofman in 1962
(Hofmann, 1980). This herb is traditionally used in div-
ination rituals of the Mazatec shamans to produce hal-
lucinations (Valdés, 1994) and is also referred to as “ska
Maria Pastora” because of their belief that the plant is
the reincarnation of the Virgin Mary (Valdés et al.,
1983). S. divinorum is traditionally used to treat a va-
riety of conditions, including anemia, headache, rheu-
matism, diarrhea, and the “semimagical” disease pan-
zón de borrego, the curse of a swollen belly believed to be
caused by a sorcerer (Valdés et al., 1983).

By tradition, S. divinorum is ingested orally, either by
chewing the leaves or pulverizing fresh leaves into a
juice and drinking the resulting extract (Siebert, 1994).
Smoke inhalation and chewing leaves are the most com-
mon routes of administration among recreational users
(Giroud et al., 2000) and results in a rapid onset of
hallucinatory effects. The hallucinatory action of salvi-
norin A can last for up to an hour after traditional oral
administration, according to two early reports (Siebert,
1994; Valdés, 1994). Because of its intense “out-of-body”
effects (González et al., 2006), the use of S. divinorum
has been gaining popularity among teens and young
adults (Lange et al., 2008, 2010). As of this writing, sale
and possession of S. divinorum has been regulated in 20
countries, 13 of which have banned possession outright.
Although not listed under the United States Controlled
Substances Act, S. divinorum was identified as a “drug
of concern” in 2003, and 23 states have enacted various
degrees of control regarding its use and sale (Siebert,
2010). This has also recently been a topic of debate in the
political and scientific community in the United King-
dom (Kalant, 2010).

The principal active component of S. divinorum is the
neoclerodane diterpene salvinorin A (Ortega et al., 1982;
Valdés et al., 1984). Valdés et al. (1984) identified this
bioactive constituent as divinorin A and described the
deacetylated derivative divinorin B (Valdés et al., 1984),
although Ortega et al. (1982) had already described
these compounds as salvinorins A (1) and B (2). Other
components of S. divinorum have been identified,
namely salvinorins C to J (3–10) (Valdés et al., 2001;
Munro and Rizzacasa, 2003; Lee et al., 2005b; Shirota et
al., 2006; Ma and Lee, 2007; Kutrzeba et al., 2009a),
divinatorins A to F (11–16) (Bigham et al., 2003; Lee et
al., 2005b; Shirota et al., 2006), salvinicins A and B (17,
18) (Harding et al., 2005b), and salvidivins A to D (19–
22) (Shirota et al., 2006) (Fig. 2), as well as other con-
stituents of varying structural classes. Most recently, 4
and 5 have been described as a rapidly equilibrating
mixture of acetyl regioisomers (Kutrzeba et al., 2010),
and salvinorin J (10) has also been identified as a mix-
ture of C-17 stereoisomers (Kutrzeba et al., 2009a). It
has been shown biosynthetically that salvinorin A and
its derivatives are probably produced through the 1-de-
oxy-D-xylulose pathway (Kutrzeba et al., 2007). Phyto-
chemical investigations into the constituents of Salvia
splendens Sellow ex Roem. and Schult. also identified
several neoclerodanes that are structurally similar to
those found in S. divinorum (Fontana et al., 2006), al-
though these and most semisynthetic analogs (Li et al.,
2007; Fontana et al., 2008, 2009) proved to be largely
inactive at KOP receptors (see section IV.A).

An area of recent interest has been determination of
the composition of neoclerodane diterpenes present in
the smoke of S. divinorum and the pyrolysis products of
salvinorin A (23–30) (Ma et al., 2010a,b). As shown in
Fig. 3, epimerization of the C-8 position is a prominent
result of pyrolysis of salvinorin A and S. divinorum. As
evidenced by products 27–29 (Fig. 4) , the C-4 carbome-
thoxy substituent is labile under these conditions, re-
sulting in the C-4-descarboxylated derivative 27 and the
unique ring-constrained anhydride products 28 and 29.
It is evident therefore that burning the leaves of S.
divinorum has a potentially detrimental effect on the
psychoactive potency of the material.

Salvinorin A has been shown to exhibit short, ex-
tremely intense hallucinations with potency similar to
that of LSD (Sheffler and Roth, 2003). A smoked dose of
200 to 500 �g of salvinorin A produces vivid hallucina-
tions whose peak effects last 5 to 10 min, with lingering
effects lasting approximately 1 h, according to early
studies (Siebert, 1994; Valdés, 1994). Analysis of the
X-ray crystal structure indicates that salvinorin A is
structurally dissimilar to LSD as well as to other known
hallucinogens such as N,N-dimethyltryptamine (DMT)
and ketamine (Fig. 1) (Ortega et al., 1982; Valdés et al.,
1984). Furthermore, it was found that salvinorin A did
not exert its hallucinatory actions through 5-HT recep-
tors (Siebert, 1994), including the molecular target pre-
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sumed to be responsible for hallucinations, the 5-HT2A
receptor (Titeler et al., 1988). Instead, a screen of 50
receptors and molecular targets performed by the Na-
tional Institutes of Mental Health Psychoactive Drug
Screening Program indicated that salvinorin A binds
selectively to KOP receptors (Roth et al., 2002). This was
in contrast to LSD, which was shown to bind with high
affinity to many 5-HT receptors and monoamine trans-
porters in this study. Again, salvinorin A is structurally
dissimilar to other KOP receptor agonists ketocyclazo-
cine and (�)-(trans)-3,4-dichloro-N-methyl-N-[2-(1-pyr-
rolidiny)cyclohexyl]benzeneacetamide (U50,488; Fig. 1).
Since these initial screens, other groups have reported
allosteric interactions between salvinorin A and �-opioid
(MOP) receptors (Rothman et al., 2007) and partial ago-
nism of dopamine D2

High receptors (Seeman et al., 2009),

although independent replication of these findings has
not since been reported.

The presence of salvinorin A in botanical samples has
been evaluated quantitatively by several methods. An
early study described the use of high-performance liquid
chromatography (HPLC) for determining the composition
of salvinorin A in plant materials using UV detection
(Gruber et al., 1999). This group demonstrated that the
concentration of salvinorin A is highly variable between
samples, showing composition ranging from 0.089 to
0.37%, with an average of 0.245%. A follow-up study in
2006 reported similar findings in samples of S. divino-
rum purchased through the Internet, with samples
ranging from 0.126 to 1.137 mg/g (Wolowich et al., 2006).
Gas chromatography-MS methodology has also been de-
veloped (Pichini et al., 2005), as well as combined poly-

FIG. 3. Hydrolysis products of salvinorin A. [Adapted from Tsujikawa K, Kuwayama K, Miyaguchi H, Kanamori T, Iwata YT, and Inoue H (2009)
In vitro stability and metabolism of salvinorin A in rat plasma. Xenobiotica 39:391–398. Copyright © 2009 Informa Medical and Pharmaceutical
Science. Used with permission.]

FIG. 2. Chemical structures of naturally occurring neoclerodane diterpenes isolated from S. divinorum (3–22).
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merase chain reaction/HPLC-mass spectrometry meth-
odology, which can be used to identify S. divinorum in
phytochemical and forensic applications (Bertea et al.,
2006). Solid-phase extraction techniques coupled with
liquid chromatography (LC)/electrospray ionization-MS
are also applicable toward forensic analysis of botanical
samples (McDonough et al., 2008). A complementary
procedure was reported in 2009, where gas chromatog-
raphy-MS was combined with thin-layer chromatogra-
phy to provide another approach toward distinguishing
between constituents of S. divinorum and cannabinoids,
such as �9-tetrahydrocannabinol, using vanillin stain-
ing (Jermain and Evans, 2009). This method requires
significant sample preparation, however, and a more
direct mode of analysis of S. divinorum leaves was more
recently published (Kennedy and Wiseman, 2010). This
method uses desorption electrospray ionization-MS to
identify the presence of salvinorin A as well as the
salvinorins B to E and divinatorin B.

III. Metabolism and Pharmacokinetics
of Salvinorin A

Once salvinorin A was identified as the principal bio-
active constituent of S. divinorum in studies in vitro,
research focused on investigating its physiological ef-
fects in vivo. As noted above, salvinorin A is a potent
hallucinogen and selective KOP agonist that exerts its
effects with a rapid onset of action and abrupt loss of
activity shortly after administration. In light of this
unique profile, much effort has been exerted toward
identifying the physiological processes involved in the
distribution and degradation of salvinorin A.

A. Metabolism of Salvinorin A

The chemical structure of salvinorin A contains sev-
eral features that may be targets of enzymatic modifi-
cation (Fig. 4). Ester hydrolysis of the C-2 acetate results
in the C-2 hydroxyl derivative salvinorin B. Initial stud-
ies suggested that salvinorin B is an inactive metabolite
of salvinorin A (Valdés et al., 2001; Chavkin et al., 2004),
which was supported in subsequent studies (Chavkin et
al., 2004). It was also demonstrated ex vivo that salvi-
norin B is the major metabolite of salvinorin A in non-

human primates (Schmidt et al., 2005b). The concentra-
tion of salvinorin B was below the limit of quantitation
in rhesus monkey plasma, however, suggesting that this
metabolite is either cleared rapidly or accumulates in
organs or tissues (Schmidt et al., 2005a). That salvinorin
A is rapidly metabolized is supported by the finding that
only approximately 0.8% of an administrated dose of
salvinorin A (0.5 mg) was extracted from urine in human
volunteers (Pichini et al., 2005).

The first investigation dedicated to tracking the me-
tabolism of salvinorin A in vitro was conducted by Tsu-
jikawa et al. (2009). By monitoring rat plasma samples,
the contribution of several esterases relevant to human
subjects could be monitored, including acetylcholinest-
erase, butyrylcholinesterase, arylesterase, and carboxy-
lesterase. Monitoring samples by LC-tandem MS iden-
tified several metabolites that were hypothesized to be
products of C-2 deacetylation (salvinorin B) and Ca2�-
dependent lactonase-mediated hydrolysis of the C-ring
lactone (Fig. 3). Accordingly, degradation of salvinorin A
was inhibited by esterase inhibitor NaF as well as the
carboxylesterase-selective inhibitor bis-p-nitrophenyl
phosphate. It is noteworthy that other inhibitors specific
to acetylcholinesterase, butyrylcholinesterase, and ary-
lesterase failed to inhibit salvinorin A degradation,
highlighting an apparent lack of involvement of these
enzymes in the metabolism of salvinorin A.

The metabolic processes involved in inactivation of
salvinorin A were further clarified after a study by Tek-
sin et al. (2009) designed to elucidate specific CYP450
isoforms that cause significant degradation in vitro. A
screen of 10 isoforms identified four that produce degra-
dation of salvinorin A at 50 �M: CYP2D6, CYP1A1,
CYP2C18, and CYP2E1. Furthermore, these CYP450
isoforms produced a higher degree of degradation at 5
�M, indicating that such CYP450-mediated degradation
follows Michaelis-Menten kinetics. This study was also
the first to investigate the role of glucuronidation in
salvinorin A metabolism. This study also found a de-
crease in salvinorin A of 7% (�5.60) at 50 �M (p � 0.05),
18.1% (�5.20) at 10 �M (p � 0.05), and 51% (�4.00) at
5 �M (p � 0.05) when incubated with UGT2B7, the
major enzyme involved in glucuronidation of most drugs

FIG. 4. Pyrrolysis products of the smoke of salvinorin A (23–29) and S. divinorum (30).
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(King et al., 1996; Coffman et al., 1997, 1998). As was
the case for cytochrome P450 isoforms, UGT-mediated
metabolism of salvinorin A is saturable at high concen-
trations, showing Michaelis-Menten kinetics. Although
the identities of the metabolites produced were not de-
termined, several key enzymes were identified that may
be responsible for the rapid loss of activity seen with
salvinorin A in vivo. Furthermore, as many of these
enzymes are also involved in the metabolism of other
widely abused substances, this study highlights the po-
tential for drug-drug interactions with S. divinorum.

A recent study sought to delineate more potential
routes of metabolism in vitro using microbes as a model
for mammalian metabolism (Kutrzeba et al., 2009b).
Thirty fungal species were screened, and it was found
that the principal metabolite of all species was salvi-
norin B. Although the efficiency of metabolism varied
greatly among species—from 10 to 100% conversion over
a period of 14 days—no products other than salvinorin B
were found. It should be noted, however, that microbial
systems primarily produce functionalized products sim-
ilar to phase I metabolism: hydroxylation, oxidation,
reduction, and epoxidation (Hanson, 1992). That no
other metabolites were noted over the long duration of
this study (14 days) suggests a large degree of metabolic
stability inherent in the tricyclic trans-decalin core of
salvinorin A.

Combined, these studies indicate that the labile C-2
acetate of salvinorin A is preferentially hydrolyzed in
vitro by esterases and several cytochrome P450 isoforms
to the pharmacologically inactive salvinorin B. Other
enzymes, such as lactonases and UGT2B7, may be in-
volved in producing increasingly hydrophilic byproducts
that aid in clearance and elimination. Studies that
aimed to identify metabolites of salvinorin A failed to
find evidence of hydrolysis of the C-4 carbomethoxy moi-
ety, suggesting that this group may be too sterically
hindered for enzymatic modification. The stability of
this group was also noted during attempts to modify
salvinorin A using synthetic methods, because vigorous
conditions are necessary to produce the C-18 acid
(Tidgewell et al., 2004; Lee et al., 2005a; Munro et al.,
2005a,b). Only one group (Kutrzeba et al., 2009b) re-
ported screening specifically for epimerization of the C-8
position; however, no evidence of epimerization was
found.

B. Pharmacokinetic Properties of Salvinorin A

Several investigations explored the pharmacokinetic
profile of salvinorin A, including several LC-MS studies
that identified samples of salvinorin A found in plasma
samples (Chavkin et al., 2004; Schmidt et al., 2005b;
Barnes et al., 2006). One study (Chavkin et al., 2004)
reported the identification of [M�23] precursor-related
ions using electrospray ionization–high-resolution MS,
whereas a later report identified two major product ions
(m/z 295 and 373, [M�60] and [M�138], respectively)

produced by collision-induced dissociation (Barnes et al.,
2006). Schmidt et al. (2005b) presented a method that
demonstrated sensitivity 3 orders of magnitude greater
than previously reported HPLC methods for the identi-
fication of salvinorin A in plants (Gruber et al., 1999).

The earliest report investigating the pharmacokinetic
properties of salvinorin A monitored a single intrave-
nous bolus dose of salvinorin A (0.032 mg/kg i.v.) in male
and female rhesus monkeys (Schmidt et al., 2005a).
Although the overall elimination t1/2 was 56.6 � 24.8
min, distinct gender differences were observed: in male
monkeys, there was a rapid t1/2 for distribution, elimi-
nation t1/2 was 37.9 � 5.6 min, and the area under the
dose-response curve was 572 � 133 ng � min�1 � ml�1,
whereas in female monkeys, t1/2 for distribution was
slower (0.95 � 0.2 min), the t1/2 for elimination was
80.0 � 13.1 min, and the area under the dose-response
curve was 1087 � 46 ng � min�1 � ml�1. This is similar to
other observations of the antinociceptive effects of opi-
oids (Negus et al., 2002, 2004), as well as the effects of
synthetic selective KOP agonists (Negus and Mello,
1999; Craft, 2003), in rats and rhesus monkeys. Al-
though the principal metabolite of salvinorin A has been
reported to be salvinorin B in several studies (see section
III.A), plasma levels of salvinorin B in this study were
below the limit of detection (50–1000 ng/ml for a 0.5-ml
sample). It has been proposed that the more hydrophilic
salvinorin B is rapidly cleared from plasma or accumu-
lating in tissues, although this hypothesis remains to be
rigorously investigated.

Hooker et al. (2008) were the first to describe in detail
the effect of a 11C-labeled derivative of salvinorin A in
the brains and peripheral organs of female baboons.
After incorporating a radiolabeled 11C-acetate moiety
into salvinorin B, the central distribution of [11C]salvi-
norin A was monitored using positron emission spectros-
copy. Before in vivo studies, physiochemical analysis
revealed a logD, pH 7.4, of 2.34 � 0.09 with plasma
protein binding of 16.1 � 0.24%, suitable for blood-brain
barrier penetration. After administration, it was found
that the maximum central concentration was 0.0175%
injected dose per cubic centimeter, with the highest con-
centrations in the cerebellum (0.016 � 0.002 injected
dose/cm3), notable for its role in integrating sensory
perception with motor control. The hallucinogenic prop-
erties of salvinorin A may occur through the striatal
(visual) cortex, where a significant level of salvinorin A
was also detected. Maximum brain concentrations were
reached within 40 s, nearly an order of magnitude faster
than in an earlier study using [11C]cocaine (Volkow et
al., 1997). Indirect actions on dopaminergic (Zhang et
al., 2005), noradrenergic (Grilli et al., 2009), and endo-
cannabinoid (Braida et al., 2007, 2008) systems have
also been characterized. Combined, the potential for a
rapid release of dopamine (DA) within the reward cir-
cuitry of the nucleus accumbens might suggest the po-
tential for drug reinforcement behavior with salvinorin

F CUNNINGHAM ET AL.
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A. Brain clearance was also quite rapid, however, with
25% of maximum concentration reached in less than 30
min (t1/2 from peak, 8 min). This is consistent with the
reported maximal activity in humans lasting less than
10 min (Siebert, 1994).

These results, in conjunction with metabolism studies
that suggested that cleavage of the C-2 acetate function
of salvinorin A produces an inactive metabolite (salvi-
norin B), prompted investigation into the pharmacoki-
netic profiles of hydrolytically stable C-2 analogs. In the
rat hot-plate test, a 2-methoxymethyl-salvinorin B ana-
log (94; see section IV.A) exhibited a dose-dependent
increase in Emax (0.5–5 mg/kg i.p.) over 120 min, maxi-
mal effects occurring at 30 min. In the same test, salvi-
norin A (10 mg/kg i.p.) was unable to produce antinoci-
ception, probably because of metabolism of the C-2
acetate. Combined, these results suggest that the met-
abolic stability of 94 is responsible for an increased
duration of action in vivo (Wang et al., 2008). A second
study aimed to monitor brain and plasma exposure
of a 11C-labeled analog, 2-ethoxymethyl-salvinorin B
([11C]95), with the use of positron emission spectroscopy
analysis (Hooker et al., 2009). [11C]95 was determined to
have a similar logD as salvinorin A (2.46 � 0.01 versus
2.34 � 0.09, respectively), with diminished degree of
plasma protein binding (23.4 versus 16.1% unbound for
salvinorin A). As expected, metabolism of [11C]95 was
greatly diminished: 50% of [11C]95 remained unchanged
at 30 min, whereas it took only 5 min to eliminate 50%
of [11C]salvinorin A (Hooker et al., 2008). However,
slowed metabolism did not produce a similar increase in
brain exposure, suggesting that C-2 metabolism alone
does not account for the rapid loss of hallucinogenic
activity of salvinorin A. These results were initially un-
expected in light of those seen for 94; ultimately, it was
found that route of administration played a significant
role in the observed pharmacokinetics of [11C]95, be-
cause intraperitoneal administration of both [11C]95
and [11C]salvinorin A showed a nearly 3-fold higher
proportion of [11C]95 remaining in brain homogenates
after 60 min.

Another study observed the pharmacokinetic param-
eters of salvinorin A in Sprague-Dawley rats using non-
compartmental modeling after a single dose (10 mg/kg
i.p.) (Teksin et al., 2009). Consistent with previous stud-
ies, salvinorin A had a rapid uptake in plasma (tmax � 15
min) and relatively fast elimination t1/2 (75.4 min). Elim-
ination from brain was faster still, displaying a tmax of
10 min and elimination t1/2 of 36.1 min. There was a
large volume of distribution (Vd � 47.1 l/kg); however,
the brain-to-plasma ratio was very low, ranging from
0.092 to 0.074 over 60 min. This work also evaluated the
activity of salvinorin A as a substrate for the xenobiotic
efflux transporter P-glycoprotein (P-gp). It was found
that, over a range of 5 to 10 �M, salvinorin A signifi-
cantly (p � 0.01) increased P-gp-mediated ATPase ac-
tivity, a phenomenon common among opioid ligands

(Dagenais et al., 2004; Mercer et al., 2007, 2008; Cun-
ningham et al., 2008). It was also determined that salvi-
norin A is not a P-gp inhibitor, suggesting that salvi-
norin A may be rapidly removed from the CNS by active
transport mechanisms. However, it is well established
that highly lipophilic molecules are able to easily diffuse
through the blood-brain barrier by passive mechanisms
(Polli et al., 2001). Because of the lipophilicity and rapid
onset of action of salvinorin A, it is therefore anticipated
that the net effect of P-gp on brain exposure may be
diminished (Teksin et al., 2009).

IV. Effects of Salvinorin A In Vitro

A. Structure-Activity Relationships of Analogs

There has been considerable interest toward deter-
mining the structural features of salvinorin A required
for activity at KOP receptors. One particularly interest-
ing facet of the salvinorin A skeleton is the absence of a
basic amino substituent that would carry a positive
charge at physiological pH. Before the finding that salvi-
norin A binds with high affinity and selectivity at KOP
receptors (Roth et al., 2002), the presence of a cationic
nitrogen substituent was considered a stringent require-
ment for interaction with opioid receptors (Rees and
Hunter, 1990).

The naturally occurring constituents of S. divinorum
have been examined for opioid activity (1–14) (Fig. 2).
Salvinorin A (1) exhibits high binding affinity for KOP
receptors and is devoid of activity at �-opioid (DOP)
receptors. A study in 2007 found that 1 is an allosteric
modulator of MOP receptors (Rothman et al., 2007),
although these results have yet to be independently
replicated. Removal of the C-2 acetate results in a prod-
uct (salvinorin B; 2) that is devoid of affinity at MOP,
DOP, and KOP receptors (Chavkin et al., 2004). Other
secondary metabolites are generally devoid of opioid ac-
tivity (Ki � 10,000 nM) (Table 1), although there are
several notable exceptions. The C-1 acetylated deriva-
tive salvinorin C (3) was found to possess 250-fold di-
minished affinity for KOP receptors compared with
salvinorin A (Ki � 1022 nM versus Ki � 4 nM). Divina-
torins D (14) and E (15), analogs that do not contain a
C-ring lactone, also were found to exhibit reduced affin-
ity compared with salvinorin A (Ki � 230 and 418 nM,
respectively, versus 1 nM), indicating that an intact C
ring is not a stringent requirement for KOP receptor
binding. Salvinorin G (7) was also shown to have modest
binding affinity (Lee et al., 2005b), which is abolished on
hydrolysis of the C-1 acetate moiety (31) (Ma and Lee,
2008). More recently, C-12 furan-modified salvinicin A
(17; Ki � 390 nM) and salvidivin A (19; Ki � 440 nM)
were identified as KOP receptor ligands, 19 being iden-
tified as the first naturally occurring neoclerodane with
KOP antagonist activity (Simpson et al., 2007).

Epimerization of the C-8 position is a potential result
of pyrolysis of the leaves of S. divinorum and has a great
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effect on binding affinity for KOP receptors. The C-8
epimer of salvinorin A (23) was found to have 41-fold
lower affinity for KOP receptors compared with salvi-
norin A (Ki � 163 versus 4 nM) (Chavkin et al., 2004;
Munro et al., 2005b). Other C-8 epimeric derivatives
(24–30) found in the smoke of salvinorin A were inactive
(Ma et al., 2010a; Ma et al., 2010b). Constituents of S.
splendens contain a trans-decalin ring system similar to
that of salvinorin A; however, they differ significantly in
that they are epimeric at both C-8 and C-12. Thorough
synthetic modification of salvisplendens A to D failed to
produce ligands with significant KOP, MOP, or DOP
affinity, however, highlighting the structural require-
ments for KOP receptor binding that are contained in
salvinorin A-based ligands (Li et al., 2007; Fontana et
al., 2008).

The activities of naturally occurring neoclerodane de-
rivatives of salvinorin A highlight several sites for syn-
thetic derivatization toward developing SAR at opioid
receptors (Lozama and Prisinzano, 2009). In particular,
much attention has been given to structural modifica-
tions to several key regions: 1) the C-2 position acetoxy
substituent; 2) the tricyclic trans-decalin core; and 3) the
C-12 furan ring. All structural derivatization studies
reported to date have involved systematic modification
of salvinorin A extracted directly from the leaves of S.
divinorum. Several total synthesis efforts have been re-
ported (Lingham et al., 2006; Scheerer et al., 2007;
Burns and Forsyth, 2008; Nozawa et al., 2008; Bergman
et al., 2009; Hagiwara et al., 2009); however, their time
and resource investment, compared with the relative
ease in isolation from natural sources, render their ap-
plication thus far suboptimal for use in SAR develop-
ment. Binding affinities and functional activities of an-
alogs at MOP, DOP, and KOP receptors are described in
Table 1.

1. Structural Derivatization of the C-2 Position. A
plurality of SAR development studies have focused on
sequential modifications to the acetoxy substituent of
C-2. This can be rationalized in part by the ease of
hydrolysis of this group to the nonacetylated derivative
salvinorin B, as well as the early observation that this
naturally occurring derivative possesses little activity at
KOP receptors. Numerous derivatives were thus pro-
duced with the aim of probing the steric and physio-
chemical tolerance of this region, as well as minimizing
metabolism to the inactive salvinorin B.

Early efforts aimed to elucidate the role of the C-2
carbonyl substituent through synthesis of various ali-
phatic chain length esters (33–37; Fig. 5) (Chavkin et
al., 2004). Structural modification of this position pro-
duced ligands with various activity, from full agonism to
partial agonism, for inhibition of forskolin-stimulated
cAMP production. In particular, salvinorin A was found
to be a full agonist, whereas propionate 33 and heptano-
ate 37 were found to be partial agonists in this assay
(Chavkin et al., 2004). Salvinorin A was found to be
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more efficacious than the selective KOP receptor agonist
U50,488 and similar in efficacy to dynorphin A, the natu-
rally occurring peptide ligand for KOP receptors. Replace-
ment of the C-2 acetyl group with a formate (32) decreased
affinity and potency by approximately 5-fold at KOP re-
ceptors compared with salvinorin A (Munro et al., 2005b).
Increasing the chain to a butyl ester (35) decreased affinity
for KOP receptors approximately 2-fold, as well as intro-
ducing binding affinity for MOP receptors. Binding affinity
for KOP receptors decreased with increasing the ester
chain length (C3–C5; 35–37) but had no effect on MOP

receptor affinity (Tidgewell et al., 2006). Branching was
generally poorly tolerated. Insertion of a methyl group to
34 (iso-propoyl derivative 38) decreased affinity 10-fold at
KOP receptors (Harding et al., 2005a). Furthermore, addi-
tion of a second methyl group (tert-butoyl derivative 39) or
cyclization (cyclopropoyl derivative 40) abolished KOP re-
ceptor affinity (Ki � 10,000 nM). Introduction of an alkene
(41) decreased affinity 3-fold for KOP receptors but in-
creased affinity 11-fold at MOP receptors. Replacement of
the 2-methylacroyl group with a methyl glyoxyl group (42)
decreased affinity 11-fold at KOP receptors.

FIG. 5. Analogs of salvinorin A derivatized at the C-2 position.
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Introduction of nitrogen substituents into aliphatic
esters generally had a deleterious effect on KOP recep-
tor binding affinity (43–46). Binding affinity for KOP
receptors was abolished (Ki � 10,000 nM) for acetamido
derivative 43, as well as for derivatives 44 and 45, which
contain basic amino substituents (Béguin et al., 2005).
The introduction of a tert-butoxycarbonylamino group
(46) reduced affinity 47-fold for KOP receptors compared
with salvinorin A (Ki � 90 versus 1.9 nM) (Tidgewell et
al., 2006).

Introduction of aromaticity to the C-2 acetate pro-
duced interesting results. A benzoyl substitution (47)
resulted in 47-fold loss in affinity at KOP receptors and
25-fold increased in affinity for MOP receptors compared
with salvinorin A. Functional studies showed 47 to be a
full agonist at MOP (Emax � 130% � 4) and KOP (Emax �
140% � 2) receptors, signifiying the first example of a
non-nitrogenous MOP receptor agonist (Harding et al.,
2005a). Pharmacological examination of 47, termed
herkinorin, produced important results that will be de-
tailed later (section V.C) (Groer et al., 2007; Xu et al.,
2007). The structural features responsible for the pref-
erence for MOP receptors over KOP receptors were then
investigated (Tidgewell et al., 2006). Aromaticity plays a
significant role in MOP and KOP receptor binding, in
that saturation of the benzoyl ring (cyclohexoyl deriva-
tive 48) greatly reduced affinity for all opioid receptors
approximately 100-fold compared with 47. Introduction
of a bromo substituent to the 2-position (49) or 3-position
(50) of the benzene ring had no effect on KOP affinity
but decreased affinity for MOP receptors 9-fold com-
pared with 47. Substitution of a 4-bromo substituent
(51) decreased affinity for KOP receptors 8-fold com-
pared with 47 (Ki � 740 versus 90 nM) while retaining
high affinity for MOP receptors (Ki � 10 versus 12 nM)
(Tidgewell et al., 2006). This was in contrast to a previ-
ous report (Chavkin et al., 2004) that indicated that 51
had no affinity for MOP. Electron-donating (52–55) and
withdrawing (56–58) groups were examined similarly
(Tidgewell et al., 2008). Substitutions to the 2-benzoyl
position (52, 56) decreased binding affinity to MOP re-
ceptors compared with 47, suggesting that steric factors
may impede binding of these ligands to MOP receptors;
however, this hypothesis has yet to be experimentally
investigated. Introduction of a 3-methoxy substituent to
the benzoyl ring (53) reduced MOP receptor binding
approximately 2-fold; however, KOP receptor binding
was greatly diminished, resulting in enhanced selectiv-
ity of 53 for MOP over KOP receptors compared with 47.
This effect was also seen with 4-methoxy-substituted
derivative 54. Nitro substitution of position 3 (57) abol-
ished MOP receptor binding and reduced KOP receptor
binding approximately 10-fold compared with 47, and
4-nitro derivative 58 showed a 20-fold reduction in MOP
receptor binding affinity with a 6-fold loss of KOP recep-
tor affinity. These 4-position derivatives (54, 58) exhibit
similarly selective binding affinities for MOP and KOP

receptors, indicating that factors other than electronic
effects are responsible for MOP receptor binding.

Heteroaromatic esters and extended aromatic esters
were also examined. The 3-pyridyl ester 59 showed a
6-fold loss of affinity for MOP receptors and a greater
(20-fold) drop in affinity for KOP receptors. Replacement
of the benzoyl group with 2-thiophene (60) produced a
moderate (3-fold) reduction of affinity for KOP receptors
with no change in MOP receptor affinity. Modification to
a 3-thiophene (61) produced little difference in binding
affinity and MOP/KOP selectivity compared with 47.
The depth of the putative aromatic binding pocket was
probed by extension with naphthyl (62, 63) and benzo-
furanyl (64) substituents. Replacement of the benzoyl
group in 47 with a 1-naphthoyl group (62) (Chavkin et
al., 2004) decreased affinity roughly 1000-fold at MOP
receptors; substitution of a 2-naphthoyl group (63), how-
ever, reduced affinity at MOP receptors approximately
10-fold compared with 47. Similar to thiophenes 60 and
61, benzofuranoyl derivative 64 exhibited equivalent
binding affinity and selectivity for MOP and KOP recep-
tors. Extension of the aromatic ring through introduc-
tion of a single methylene spacer (65) greatly reduced
MOP and KOP receptor binding affinity, resulting in an
approximate 5-fold preference for KOP over MOP. In
addition, introducing a second methylene group (66) in-
creased affinity at all receptors compared with 65 and
abolished receptor binding selectivity.

Bioisosteric replacement of the C-2 acetoxy group of
salvinorin A with acetamido substituents has been in-
vestigated (67–73; Fig. 5). Substitution of an acetamido
group (67) for the acetoxy group in salvinorin A de-
creases affinity and potency at KOP receptors, and ex-
tension of this chain (propionamido derivative 68) fur-
ther diminishes binding affinity and potency. Addition of
an N-methyl substituent to 67 (69) and 68 (70) increased
affinity and potency at KOP receptors, with derivative
70 exhibiting greater potency in in vitro assays than
salvinorin A (EC50 � 0.75 nM versus EC50 � 4.5 nM). A
similar trend in binding affinity was seen with addition
of N-ethyl substituents to 67 (71) and 68 (72); however,
these analogs were less potent than 70 and 71. Similar
to benzoyl derivative 47, the N-benzamide derivative 73
was found to increase affinity and selectivity for MOP
receptors (Ki � 3.4 versus 12 nM) (Tidgewell et al.,
2008), resulting in the most potent MOP receptor ago-
nist derived from salvinorin A (EC50 � 360 nM) de-
scribed to date.

Evaluation of carbamoyl derivatives 74–78 indicate
that derivative 74 exhibits high affinity (Béguin et al.,
2005), with decreasing KOP receptor binding affinity for
N-methyl (75) and N-ethyl (76) substitutions, whereas
modification to an allyl carbamoyl group (77) further
decreased affinity 63-fold at KOP receptors (Harding et
al., 2005a). In addition, this change resulted in moderate
affinity at MOP receptors. Substitution of a phenylcar-
bamoyl group (78) for the allyl carbamoyl group in 77
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had little effect at KOP receptors but increased affinity
for MOP and DOP receptors (Harding et al., 2005a). Car-
bonates, on the other hand, are poorly tolerated at the C-2
position of salvinorin A. Conversion of 75 and 76 to their
corresponding carbonates (79 and 80, respectively) caused
a complete loss of affinity at KOP receptors (Ki � 1000 nM)
(Lee et al., 2005c).

Sulfonate esters were targeted as an isosteric replace-
ment for the C-2 acetate group (Harding et al., 2005a).
Substitution of a mesylate group (81) was well tolerated
because this change had little effect on binding and
potency at KOP receptors (EC50 � 30 versus 40 nM)
(Harding et al., 2005a). Consistent with SAR for ester
modifications, conversion of the methyl group of 81 to a
phenyl group (benzene sulfonate 82) diminished affinity
for KOP receptors; however, 82 showed no affinity for
MOP receptors (Ki � 10,000 nM). Introduction of a
4-methyl group to 82 (83) had no effect on KOP affinity
(Ki � 50 versus 60 nM) and increased affinity for DOP
(Ki � 3720 versus �10,000 nM) compared with 82. This
change, however, also increased affinity for MOP recep-
tors compared with 82 (Ki � 220 versus �10,000 nM).
Combined, these results do not parallel those seen with
the ester series, suggesting that the sulfonate esters are
not binding in an identical manner at either MOP re-
ceptors or KOP receptors.

The SAR described earlier for esters are consistent for
thioacetoxy substitution at C-2. Isosteric substitution of
a thioacetoxy group (84) decreased affinity and activity
at KOP receptors (EC50 � 4.77 versus 2.82 nM) (Bikbu-
latov et al., 2007; Tidgewell et al., 2008). In addition, as
shown in the amide and ester series, introduction of a
benzene ring to 84 (85) increased affinity for MOP re-
ceptors, although to a lesser extent than ester 47 and
amide 73 (Tidgewell et al., 2008). Removal of the acetyl
group in 84 (86) decreased affinity and potency at KOP
receptors.

The conversion of salvinorin A to various ethers has
been studied (Béguin et al., 2005, 2006; Lee et al.,
2005c). The methyl ether derivative 87 has similar af-
finity and efficacy at KOP receptors as salvinorin A
(Béguin et al., 2005). Extending the chain to ethyl (88)
increases affinity and potency 20-fold compared with 87;
however, further extension of the chain (89–90) dimin-
ishes affinity and potency compared with 88. Allyl ether
91 and benzyl ether 92 were found to have similar ac-
tivity at KOP receptors but were less potent than 88
(Béguin et al., 2005). Trimethylsilyl ether 93 exhibited
greatly reduced affinity compared salvinorin A (Harding
et al., 2005a).

Introduction of a methoxymethyl group (94) to salvi-
norin B was found to increase affinity and potency at
KOP receptors compared with salvinorin A (Lee et al.,
2005c). It was hypothesized that the additional oxygen
substituent could be involved in synergistic binding in-
teractions with the KOP receptor (Munro et al., 2008).
This prompted investigation into a series of oxygenated,

halogenated, and silylated ether derivatives (95–110).
Aliphatic straight-chain (95–97) and branched (98) de-
rivatives exhibited similar affinity and potency as salvi-
norin A, ethoxy derivative 95 demonstrating the highest
KOP affinity (Ki � 0.32 nM) and potency (EC50 � 0.14
nM) of all salvinorin A derivatives described to date.
Introducing halogens (100 and 101) and oxygen (102)
greatly reduced KOP receptor binding compared with
95. Other larger derivatives (102, 103) also showed a
great loss of affinity and potency compared with 85.
Conversion of 85 to methylthiomethyl analog 105 caused
a 20-fold drop of affinity for KOP receptors and a 10-fold
drop in potency. Fluoromethyl derivative 106 exhibited
approximately 20-fold lower affinity and 15-fold lower
potency than salvinorin A. Alkylation of the acetal car-
bon had a negative effect on binding affinity and potency
at KOP receptors, as evidenced by the isolated epimers
of monomethyl analog of 95 (107, 108) and dimethyl
analog of 94 (109) exhibiting 20- and 100-fold losses in
potency, respectively. The epimeric mixture of tetrahy-
dropyran derivative 110 had similar binding affinity and
potency as salvinorin A. The effects of each individual
epimer of 110 remain to be elucidated, however.

The stereochemical requirements at C-2 have also
been examined (Fig. 6) (Béguin et al., 2006; Harding et
al., 2006b). Inversion of the C-2 acetate of salvinorin A
(111) resulted in a significant loss of affinity at KOP
receptors and was found to be the first neoclerodane
diterpene with DOP antagonist activity (Harding et al.,
2006b). Epimerization of the C-2 position was detrimen-
tal for binding affinity and potency of C-2 esters (111–
113), ethers (114–116), thiols (117, 118), and amides
(119–124) (Béguin et al., 2006; Bikbulatov et al., 2007).

The conversion of the methoxy group in 87 to a meth-
ylamino group (125) had little effect on affinity but de-
creased potency at KOP receptors (Béguin et al., 2006).
Extension of the chain to an ethylamino group (126)
increased affinity and potency compared with 125, and
substitution of an isopropylamino group (127) increased
potency at KOP receptors compared with 126. Activity
at KOP receptors was also increased upon addition of an
N-methyl group to 125 (128). In general, inversion of C-2
stereochemistry of these analogs was found to increase
activity at KOP receptors (129–133) (Béguin et al.,
2006). The most potent analog (132) was found to be
roughly equipotent with salvinorin A (EC50 � 7.2 versus
4.5 nM) (Béguin et al., 2006). This is in contrast to SAR
seen with C-2 esters and thioacetoxy esters, whose
�-epimers exhibit decreased activity compared with
their natural �-counterparts.

Halogenation of the C-2 position was first reported in
2006 (Stewart et al., 2006), and then again in 2008
(Tidgewell et al., 2008); however, a complete series of
C-2 halogenated analogs was described only recently
(Lee et al., 2010). Pharmacological evaluation of a series
of eight analogs (134–141) showed that C-2-� analogs
generally displayed higher binding affinity than their

N CUNNINGHAM ET AL.
not been copyedited and formatted. The final version may differ from this version. 

Pharmrev Fast Forward. Published on 28 March 2011 as DOI 10.1124/pr.110.003244 This article has
at A

SPE
T

 Journals on A
pril 9, 2024

pharm
rev.aspetjournals.org 

D
ow

nloaded from
 

http://pharmrev.aspetjournals.org


corresponding �-isomers, with the exception of iodo an-
alogs 140 and 141 (Ki � 198 � 43 versus 245 � 14 nM,
respectively). Both affinity and efficacy were generally
diminished within this series, with 141 displaying an
Emax of 46% (Emax � 106% for salvinorin A).

2. Structural Modifications of the trans-decalin Core
of Salvinorin A. In addition to structural modifications
to the 2-position acetoxy substituent, other modifica-
tions to the A ring have been studied (Fig. 7A) (Lee et al.,
2005c; Munro et al., 2005a; Holden et al., 2007). Basic
autoxidation of salvinorin A produces the ring-opened
analog 142, which was found to have weak affinity at
KOP receptors (Ki � 2.9 �M) (Munro et al., 2005a).
Reduction of the C-1 ketone to an �-alcohol (143) caused
a reduction in affinity of more than 250-fold compared
with salvinorin A (Ki � 1125 versus 4 nM) (Munro et al.,

2005b). This modification also changed the efficacy at
KOP receptors from a full agonist (salvinorin A, Emax �
108%) to an antagonist (143; Ke � 240 nM) (Holden et
al., 2007). Complete removal of the C-1 ketone (144)
resulted in a 5-fold loss of affinity compared with salvi-
norin A (Ki � 18 versus 4 nM) (Munro et al., 2005b). It
was further found that 144 was 3-fold less potent than
salvinorin A yet more efficacious as a KOP receptor
agonist (Holden et al., 2007). A more recent study found
that 144 was approximately as potent as salvinorin A
but less efficacious and showed antagonist activity at
MOP and DOP receptors. Replacement of the 2-acetyl
substituent with a 2-benzoyl group (145) resulted in an
antagonist across all subtypes (MOP, DOP, KOP). In
light of the fact that 47 is a full agonist at MOP receptors
(Harding et al., 2005a), this finding suggests that C-1

FIG. 6. C-2 epimeric derivatives of salvinorin A.

FIG. 7. Derivatives of salvinorin A with modifications to the trans-decalin ring system.
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deoxo analogs may be interacting at MOP receptors dif-
ferently than its C-1 keto counterparts. A similar 2-O-
benzoyl replacement of 143 (146) resulted in a 2-fold loss
of activity at KOP receptors (Ke � 450 versus 240 nM).
Addition of a 1-O-mesylate group (147) resulted in a loss
of antagonist activity at KOP receptors.

Introduction of a 1,10-alkene to 144 (148) lowered
efficacy across all opioid receptors, resulting in a switch
of efficacy from KOP partial agonist to antagonist, re-
ducing antagonist activity at DOP receptors and main-
taining antagonist efficacy at MOP receptors (Holden et
al., 2007). Replacement of the 2-�-acetyl substituent of
148 with a benzoyl moiety (149) reduced activity 9- and
6-fold at MOP and DOP receptors, respectively, but had
little effect on actions at KOP receptors. Combined,
these results also suggest a dissimilar binding mode of
1,10-dehydro analogs than their C-1 keto congeners.
Oxidation of the C-2 position of 1,10-dehydro derivatives
148 and 149 produced �,�-unsaturated derivatives 150
and 151. The C-1 desoxy derivative 150 showed KOP
receptor antagonist activity similar to that of 148, al
though the enol 151 was shown to have no affinity for
KOP receptors (Ki � 10 �M) (Lee et al., 2005c; Munro et
al., 2005a; Holden et al., 2007).

The role of the 4-carbomethoxy group has also been
explored (Lee et al., 2005a, 2006; Munro et al., 2005b;
Béguin et al., 2006). Reduction of this group was gener-
ally poorly tolerated (Fig. 7B). The primary alcohol 152
showed approximately 90-fold reduced affinity for KOP
receptors, and replacement of the alcohol with primary
(153), secondary (154), and tertiary (155) amines pro-
duced abolished affinity for KOP receptors (Ki � 10,000
nM) (Béguin et al., 2006). As with other analogs de-
scribed previously, C-8 epimerization of 153–155 did not
lead to increased affinity for KOP receptors. Hydrolysis
of salvinorin A to the corresponding carboxylic acid (156)
was not tolerated, resulting in a loss of affinity for
KOP receptors (Ki � 1000 nM); it is noteworthy that
epimerization (8-epi-156) was reported to have largely
restored affinity (Ki � 48.6 � 4.4 nM) and potency (Ki �
74.1 � 2.2 nM) (Lee et al., 2005a). Extension of the
carbon chain of the methyl ester of salvinorin A to ethyl
(157) and iso-propyl (158) resulted in a loss of affinity
and potency at KOP receptors (Lee et al., 2005a). Fur-
ther extension of the chain and incorporation of an acet-
ylene function (159) did result in modest KOP receptor
affinity (Ki � 201 nM); however, methoxymethyl (160)
and methoxyethoxymethyl ester (161) modifications
were poorly tolerated (Lee et al., 2006). It is noteworthy
that the C-8 epimer of 160 (8-epi-160) had affinity for
KOP receptors similar to that of salvinorin A but was
3-fold less potent as an agonist (Lee et al., 2005a).

Other modifications of the C-4 carbomethoxy substitu-
ent were also poorly tolerated; methyl amide 162 dis-
played a greater than 500-fold loss of affinity at KOP
receptors compared with salvinorin A (Béguin et al.,
2006), and extending the carbon chain to N-ethyl (163) and

N,N-dimethylation (164) failed to rescue affinity (Ki �
10,000 nM) (Lee et al., 2005a). It is noteworthy that incor-
poration of several amino acids (165–167) led to modest
affinity and activity at KOP receptors, the most potent
analog being alanine derivative 165 (EC50 � 46.7 nM) (Lee
et al., 2005a).

Derivatization of the C-ring has focused on modifica-
tion of the C-17 carbonyl substituent (Fig. 7C). Reduc-
tion of the lactone carbonyl to the lactol 168 reduced
affinity 14-fold and potency 2-fold at KOP receptors
(Munro et al., 2005b). Methylation of 168 was well tol-
erated for both C-17 �-methoxy (170) and C-17 �-me-
thoxy (169) analogs. There was little difference between
epimers, as both exhibited similar binding affinities for
all opioid receptors. Complete removal of the C-17 car-
bonyl resulted in the tetrahydropyran derivative 171
and dihydropyran derivative 172. These modifications
had little effect on KOP receptor binding compared with
salvinorin A; however, potency was reduced 5- and 14-
fold, respectively (Munro et al., 2005b). Hydrolysis of the
C-ring lactone has been reported (Fig. 7C), and hemi-
acetal derivatives 173 to 177 exhibit generally poor af-
finity for KOP receptors (Bikbulatov et al., 2008; Béguin
et al., 2009; Lee et al., 2010). The diester derivative 175
displayed the highest binding affinity for KOP and MOP
receptors (Ki � 219 � 59 nM and K�i � 1926 � 147 nM,
respectively), while acetylation (176) greatly diminished
affinity. Subsequent acidic hydrolysis of 176 resulted in
the ring-opened salvidivin analog 178, which was also
shown to be fairly inactive at KOP receptors.

3. Modifications to the C-12 Furan Ring. There has
been much recent interest into evaluation of the SAR of
the furan moiety on the C-12 position of ring C (Munro
et al., 2005b; Harding et al., 2006a; Simpson et al., 2007;
Yang et al., 2009). Epimerization of C-12 (12-epi-1) re-
sulted in a modest drop in KOP receptor binding affinity
compared with the natural isomer (Ki � 41 versus 2.5
nM; Fig. 8) (Béguin et al., 2009). Reduction of the furan
ring resulted in a mixture of C-13 tetrahydrofuran
epimers (179) that displayed reduced KOP receptor af-
finity compared with salvinorin A (Ki � 156 versus 4
nM) (Munro et al., 2005b). In addition, 179 was reported
to possess high affinity at KOP receptors (Ki � 14 nM)
(Simpson et al., 2007). These studies also found that the
R-epimer [i.e., (R)-179] had binding affinity similar to
that of salvinorin A but was 17-fold less potent than
salvinorin A at KOP receptors. The addition of 2,5-di-
methoxy groups to (R)-179 (180 and 181) was also ex-
amined and found to decrease affinity at KOP receptors.
Incorporation of an alkene between C-13 and C-14 to
180 (182) and 181 (183) did not enhance affinity at KOP
receptors. Bromination of the furan C-16 position (184)
is well tolerated, as is addition of a vinyl group (185).

Mixed results have been found regarding modification
of the 3-furan to other heterocyclic derivatives (186–
205). Replacement of the furan ring with either 2-oxa-
zoline (186) or 4-carbomethoxyoxazole (187) was delete-
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rious to KOP receptor binding (Harding et al., 2006a;
Simpson et al., 2007). A series of N-sulfonylpyrroles
(188–190) showed reduced affinity and efficacy at KOP
receptors compared with salvinorin A (Harding et al.,
2006a). Conflicting results have been seen with replace-
ment of the furan ring with 1,3,5-oxadiazoles. An initial
report (Simpson et al., 2007) described 4-methyl-1,3,5-
oxadiazole 191 as a MOP/KOP receptor antagonist with
a 29-fold loss in affinity at KOP receptors compared with
salvinorin A. A subsequent study (Béguin et al., 2009)
sought to elucidate the SAR of substitution of the 4-po-
sition of the 1,3,5-oxadiazole of 191 with various alkyl
(192–194) and aryl (195–197) substituents. None of
these derivatives was found to have affinity for KOP
receptors, however. A more thorough investigation of
195 showed that whereas KOP receptor affinity was lost
(Ki � 10,000 nM), 195 showed binding affinity for MOP
receptors (Ki � 1610 nM). Replacement of the furan ring
with variably substituted 1,2,3-triazole rings (198–203)
abolished opioid receptor binding (Ki � 10,000 nM for
MOP, DOP, and KOP) (Yang et al., 2009). Extension of
the aromaticity of the furan resulted in benzofuran de-
rivative 204, which was found to reduce affinity for KOP
receptors by 300-fold yet had little effect on MOP recep-
tor binding compared with salvinorin A (Ki � 1900 ver-
sus 1370 nM). It is noteworthy that replacement of 204
with a 2-benzothiophene (205) resulted in a loss of KOP
receptor binding (Ki � 10,000 nM) but maintained sim-

ilar affinity for MOP and DOP receptors (Simpson et al.,
2009).

Combined, these results provide ample evidence that
a furan ring at C-12 is not required for biological activ-
ity. It should be noted, however, that complete removal
of the furan moiety (206) resulted in a reduction in
affinity of more than 1700-fold for KOP receptors com-
pared with salvinorin A (Ki � 3400 versus 1.9 nM)
(Simpson et al., 2007). This has led to several studies
aiming to investigate the effect of substitutions to C-12
of des-furyl analog 206 (Fig. 9) (Béguin et al., 2009;
Simpson et al., 2009; Yang et al., 2009). The C-12 car-
boxylic acid derivative 207, which was shown to be a full
agonist at KOP receptors with a modest reduction in
affinity compared with salvinorin A (Ki � 55 versus 2.5
nM), was used to produce esters (208–215), ketones
(216–220), and amides (221–228), and was reduced to
produce a series of hydroxymethyl derivatives 229–233.
In the ester series (208–215), short alkyl chains dis-
played KOP receptor binding affinity that was approxi-
mately 50- to 100-fold lower than salvinorin A, whereas
larger chains (benzoyl and 2-methylfuroyl derivatives
211 and 212, respectively) were devoid of activity at all
opioid receptor subtypes. It is noteworthy that although
the bicycle 215 also showed low affinity for KOP recep-
tors (Ki � 610 nM), marginal affinity was also seen at
DOP receptors (Ki � 3360 nM). A series of aromatic
ketones was also evaluated for KOP binding and activ-

FIG. 8. Furan ring modified analogs of salvinorin A.
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ity. Keto-2-thiophene 217 and ketopyrazine 220 were
the only derivatives to show detectable affinity (Ki � 38
and 83 nM, respectively) in this series. This is interest-
ing, considering that the keto-2-furan 216 showed no
activity in this assay (Ki � 10,000 nM). Another inter-
esting finding from this study was that the reduced
derivative of 216 (233) was found to be a high-affinity
(Ki � 20 nM) KOP receptor agonist; however, the respec-
tive contribution of each individual epimer is currently
unknown. Amide derivatives 221–228 generally exhib-
ited low affinity for KOP receptors. It is noteworthy that
bromophenylamide derivatives 226 to 228 all showed
preferential binding affinity for MOP over KOP recep-
tors, reinforcing the notion that opioid receptor subtype
selectivity can be altered by modification of the C-12
furan ring. With the exception of the aforementioned
2-hydroxymethylfuryl derivative 233, removal of the
carbonyl of acid 207 was generally poorly tolerated
(229–232). A general summary of the known structure-
activity relationship of 1 is provided in Fig. 10.

B. Proposed Binding Interactions with
�-Opioid Receptors

Salvinorin A was identified as the first non-nitroge-
nous opioid receptor-selective ligand, raising questions
as to the binding epitope of this unique structural scaf-
fold. It had previously been hypothesized that a posi-
tively charged amino substituent would form a salt

bridge with a negatively charged aspartate residue,
which is highly conserved within the third transmem-
brane domain of the opioid receptor (Surratt et al., 1994;
Mansour et al., 1997; Lu et al., 2001). The lack of such
functionality within the tricyclic skeleton makes it un-
likely that these ionic interactions are stabilizing salvi-
norin A in a manner similar to that of other nitrogenous
opioids. Numerous studies have been devoted to eluci-
dating the interactions between salvinorin A and KOP
receptors. These include biochemical approaches, such
as development of chimeric opioid receptors and single-
point modifications to KOP receptors, as well as the
development of computational models that aim to relate
the physiochemical properties of salvinorin A analogs
with observed pharmacological effects.

1. Receptor-Based Binding and Activity Studies. Several
models have been proposed to explain the selectivity and
binding mode of KOP receptor-selective ligands. One of
the earliest studies aimed to identify the structural fea-
tures of the bivalent selective antagonist nor-binaltor-
phimine (norBNI), responsible for KOP receptor selec-
tivity (Hjorth et al., 1995). It was found, using a
systematic series of chimeras between MOP and KOP
receptors, that extracellular domain III and transmem-
brane domains (TM) VI and VII play prominent roles in
the KOP-selective binding of norBNI, with a Glu297
residue located at the top of TM-VI identified as partic-
ularly important for KOP selectivity. In addition to this

FIG. 9. C-17 des-furyl homologated analogs of salvinorin A.

FIG. 10. General SAR for salvinorin A activity at KOP receptors. [Adapted from Prisinzano TE and Rothman RB (2008) Salvinorin A analogs as
probes in opioid pharmacology. Chem Rev 108:1732–1743. Copyright © 2008 The American Chemical Society. Used with permission.]
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residue, a series of mutagenesis studies identified addi-
tional elements of KOP receptors recognized by antago-
nists norBNI and guanidino naltrexone, which impart
their observed selectivity, namely 1) a highly conserved
Asp138 in TM III, and (2) a lipophilic, aromatic pocket
formed by TMs V, VI, and VII (Hjorth et al., 1995; Jones
et al., 1998; Larson et al., 2000; Metzger et al., 2001)
(Fig. 11).

In contrast to reports proposing KOP receptor binding
interactions for nitrogenous opioid ligands, the binding
of salvinorin A to KOP receptors is enigmatic, particu-
larly because salvinorin A lacks the basic amine sub-
stituents that are hypothesized to be vital for binding of
the “address” to Glu297 and Asp138 residues in the KOP
receptor. One of the first studies to describe the effect of
single-point mutations on salvinorin A binding to KOP
receptors highlighted a region of TM VII and TM II
characterized by lipophilic tyrosine residues (Yan et al.,
2005). Mutations of Tyr313, Tyr119, and Tyr320 caused
a dramatic decrease in salvinorin A binding affinity to
KOP receptors compared with radioligand [3H]diprenor-
phine. For mutations to Tyr313 (Y313A) and Tyr119
(Y119A), a diminished loss of affinity was seen with
arylacetamide agonist (5�,7�,8�)-(�)-N-methyl-N-(7-(1-
pyrrolidinyl)-1-oxaspiro(4,5)dec-8-yl)benzeneacetamide
(U69,593) and endogenous peptide agonist dynorphin
A(1–13), indicating that these residues preferentially
engage in more favorable interactions with salvinorin A.
It is notable that although Y313A mutation on TM 7

caused a 22-fold drop in affinity of salvinorin A for KOP
receptors, a Y313F mutation, in which phenylalanine
maintains hydrophobic interactions but removes the hy-
drogen-bonding potential of tyrosine, causes no loss of
affinity of salvinorin A. Agonist potency experiments
indicated a 6-fold loss of potency of salvinorin A as the
result of a Y313A mutation, and Y313F had no effect on
salvinorin A potency, consistent with the finding that
this mutation had little effect on KOP receptor binding
affinity. Mutations to Y139A, Y312A, and Y119A also
negatively affected agonist potency, whereas the corre-
sponding Tyr-to-Phe mutations had no discernible ef-
fect. The 2-thiosalvinorin B analog 86 was also com-
pared with salvinorin A in KOP receptor double-mutant
studies, wherein C315S mutations were combined with
cysteine mutations to several residues located within
the binding pocket. One significant finding was the fact
that a C315S–Y313C double mutation was not tolerated
by salvinorin A (14-fold drop in affinity compared with
C315S) but had no effect on binding of 2-thio analog 86,
further supporting the notion that the 2-position of
salvinorin A engages in interactions with Tyr313.

An additional model proposed by Kane et al. (2006)
uses KOP receptor chimeras and single-point mutations
to describe salvinorin A binding. Using chimeric KOP
receptors spliced with portions of MOP and DOP recep-
tors, it was found that only a combination of KOP(1–
227)/DOP(215–372) maintained similar binding affinity
for salvinorin A as KOP receptors, in fact exhibiting an

FIG. 11. Graphical representations of the human KOP receptor. A, amino acid sequence alignments for TM II and the EL II of human and rat KOP
receptor (hKOR and rKOR, respectively), human MOP receptor (hMOR), and human and mouse DOP receptor (hDOR and mDOR, respectively).
B, molecular models of KOP receptor before rotation (green) and after rotation (orange) with salvinorin A docked and energy minimized in both
receptors. [Reprinted from Vortherms TA, Mosier PD, Westkaemper RB, and Roth BL (2007) Differential helical orientations among related G
protein-coupled receptors provide a novel mechanism for selectivity. Studies with salvinorin A and the kappa-opioid receptor. J Biol Chem
282:3146–3156. Copyright © 2007 The American Society for Biochemistry and Molecular Biology. Used with permission.]
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increase in affinity of approximately 10-fold. Single-
point mutation studies then revealed that mutation of
Y320A caused a 32-fold loss in affinity relative to salvi-
norin A, consistent with previous reports (Yan et al.,
2005) that demonstrated the importance of Tyr320.
Combined, this work proposes a unique binding epitope
for salvinorin A that vertically spans TM II, TM VII, and
EL II. Residues determined to be important for KOP re-
ceptor binding include Tyr119, Tyr320, Asn115, Tyr313,
and Tyr312. A follow-up study (Kane et al., 2008) exam-
ined the effects of additional single-point mutations to TM
VII, and found that a mutation of I316A abolished binding
affinity of salvinorin A to KOP receptors by interrupting
the lipophilic �-helical bundle of Tyr313 and Tyr320 in TM
VII. Modifications to TM I had little effect on KOP receptor
binding, and modifications to TM VI, which contains
Glu297 required for KOP selectivity of nitrogenous opioid
ligands, also had little effect, suggesting that this domain
is not required for salvinorin A binding and selectivity.

Using chimeras, site-directed mutagenesis, and the
substituted cysteine accessibility method, more key res-
idues for KOP receptor binding of salvinorin A were
identified (Vortherms et al., 2007). It was found that
inclusion of TM II of DOP receptors to KOP receptors
had a deleterious effect on salvinorin A binding, whereas
binding affinity was retained in MOP and DOP recep-
tors mutated with TM II and EL II of KOP receptors.
Single-point mutations of nonconserved residues V108A
and V118K proved detrimental to KOP receptor binding
for salvinorin A but not for the nonselective antagonist
naloxone. This suggests that these residues are respon-
sible for the selectivity of salvinorin A for KOP recep-
tors, which would indicate a unique binding mode that is
not shared by nitrogenous ligands. This study further
suggests that residues in the helix of TM II are rotated
within the KOP receptor, which maximizes favorable
interactions with salvinorin A. This would represent a
unique mechanism of selectivity among G-protein-cou-
pled receptor (GPCR) binding.

After the many receptor modification studies, struc-
tural analogs of salvinorin A have been developed that
act as active-state probes of the native KOP receptor
(Yan et al., 2009). As described in section IV.A, short-
chain, lipophilic modifications to the C-2 acetate group
are typically tolerated in KOP receptor binding. Fur-
thermore, several models have indicated that the resi-
due Cys315 is located in TM VII in a region near the

salvinorin A recognition site of KOP receptors. Covalent
KOP receptor labeling probes were developed that would
covalently bind the KOP receptor through this site (Fig. 12).
In addition to showing enhanced binding affinity and
potency (Table 1), the 22-thiocyanatosalvinorin A deriv-
ative 234 exhibited wash-resistant KOP receptor bind-
ing. This irreversible binding probe is also active in vivo
and provides a unique tool for elucidating the potential
active site interactions of salvinorin A in vitro and the
activity of KOP receptors in vivo.

2. Computational Models for KOP Receptor Bind-
ing. Computational models have been used to describe
KOP receptor binding and selectivity for KOP agonists
(Metzger et al., 1996; Subramanian et al., 1998; Wan et
al., 2000; Iadanza et al., 2002; Holzgrabe and Brandt,
2003). It has been proposed that the Asp138 carboxylate
in TM III forms a salt bridge with the protonated amine
of arylacetamides and benzomorphans, and a hydropho-
bic pocket consisting of Tyr312, Leu224, Leu295, and
Ala298 side chains hosts the phenyl ring of arylacet-
amides. Benzomorphans are thought to form favorable
hydrogen bonding interactions with His291 (Lavecchia
et al., 2000). For KOP-selective peptide dynorphin A(1–
8), a model identified residues in EL II, and TMs III, IV,
and V as determinants of KOP selectivity for peptide
agonists at KOP receptors (Wan et al., 2000).

Receptor- and ligand-based studies described in sec-
tion IV.B.2 led to the hypothesis that the binding mode
of salvinorin A differs from that of nitrogenous KOP
ligands. Target-based computational models initially
identified four interactions that were proposed to ex-
plain the binding of salvinorin A (Roth et al., 2002)
(Fig. 13A): 1) hydrogen bonding interactions between
Gln115 and the furan oxygen; 2) Tyr139 forming a hy-
drogen bond with the C-17 lactone carbonyl; 3) Tyr312
interacting with the C-4-carbomethoxy substituent; and
4) Tyr313 interacting with the C-2 acetyl group. After
observations of salvinorin A binding interactions with
KOP receptor mutants, a newer model was proposed
that highlighted three functional group interactions re-
quired for KOP receptor activity (Yan et al., 2005) (Fig.
13B): 1) the furan oxygen interacting with Tyr119 and
Tyr320; 2) the 4-carbomethoxy group interacting with
Glu297 and Ile294; and 3) the 2-acetyl group interacting
via a hydrophobic manner with Tyr313. A further re-
fined model, developed after studies using receptor chi-
meras and site-directed mutagenesis (Kane et al., 2006),

FIG. 12. Mechanism of covalent receptor modification by KOP receptor probe, 234.
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also proposed interactions between KOP receptors and
the C-12 furan (Tyr320), C-17 lactone (Gln115), C-4-
carbomethoxy group (Tyr119), and C-2 acetate (Tyr312,
Tyr313) (Fig. 13C).

In conjunction with target-based models, ligand-based
pharmacophore models have also been effective in deter-
mining SAR for KOP receptor ligands. A model that
described a pharmacophore based on KOP-selective ary-
lacetamide agonists has been described (Singh et al.,
2008). Salvinorin A was not identified as a KOP ligand
in this study, reinforcing the hypothesis that salvinorin
A binds the KOP receptor through a unique recognition
site. Yamaotsu et al. (2010) has recently proposed a
general 3D pharmacophore for KOP receptor agonists
that incorporates salvinorin A in the model training set.
Despite the wealth of information supporting the sug-
gestion that salvinorin A binds in a manner unique from
other nitrogenous opioids, this model was developed
with the idea that the structural features required for
salvinorin A to bind with the receptor would directly
overlap with similar features of 4,5-epoxymorphinan
and arylacetamide agonists.

Another computational model used a novel integrated
approach to pharmacophore development, developing
quantitative, ligand-based pharmacophores simultane-
ously refined with target-based methods (Singh et al.,
2006). First, a training set of 15 salvinorin A-based
derivatives was used to develop an initial, ligand-based
pharmacophore that was validated against a test set.
This model successfully distinguished among ligands

with moderate to low affinity for KOP receptors. Several
key features of this first model was the presence of
hydrophobic regions separated by 8.38 Å, which corre-
spond to the C-12 furan and C-4 carbomethoxy substitu-
ent, and hydrogen bond-accepting groups surrounding
the C-2 oxygen and C-4 carbonyl moieties. A target-
based model was then created from induced fit-docking
of salvinorin A into a receptor binding site that was
guided by site-directed mutagenesis studies described
earlier (section IV.B.1) (Yan et al., 2005; Kane et al.,
2006). In accordance with previous reports (Kane et al.,
2006), the KOP receptor binding pocket was formed
primarily between TMs II and VII and was largely lipo-
philic. Lipophilic interactions between the furan ring
and Tyr320 were once again noted, as were hydropho-
bic interactions between the C-4 carbomethoxy methyl
group and Tyr119. However, two key interactions
were noted that further refined the ligand-receptor
model (Fig. 13D): 1) Gln115, which had previously
been suggested to form hydrogen bonds with the furan
oxygen or C-17 lactone oxygen, instead preferentially
identified the C-2 oxygen; and 2) Tyr313, which all
other previous models suggested interacts with the
C-2 acetate (Roth et al., 2002; Yan et al., 2005; Kane et
al., 2006), was instead proposed to form hydrogen-
bonding interactions with the C-4 carbomethoxy ester
carbonyl. It was found that the combined hydrophobic
and hydrogen bonding regions of the pharmacophore
model coincide well with residues identified from the
docked receptor model.

FIG. 13. Proposed binding modes between salvinorin A and key residues within the KOP receptor. A, Roth et al. (2002). B, Yan et al. (2005). C, Kane
et al. (2006). D, Singh et al. (2006).
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A more recent computational study used comparative
molecular field analysis methodology to describe three-
dimensional quantitative SARs of salvinorin A deriva-
tives (McGovern et al., 2010). Here, a training set con-
sisting of structural modifications confined to the C-2
acetate of salvinorin A was aligned and correlated with
experimentally obtained affinity data. These data con-
firm that short (3-carbon length) alkyl chains are toler-
ated at the C-2 position and identify a sizable region of
steric incompatibility immediately surrounding this
group. Although previously observed qualitatively, these
comparative molecular field analysis studies provided
further evidence that regions exist within the KOP re-
ceptor that engage in favorable interactions with elec-
tronegative atoms of the C-2 position of salvinorin A.
This model was also able to identify regions above the
plane of ring A of salvinorin A where electropositive
interactions are favorable. This would help to explain
how C-2 epimeric amino derivatives 129 to 133 exhib-
ited enhanced binding affinity over corresponding C-2-�
ethers (115, 116) and thioethers (117, 118).

V. Effects of Salvinorin A In Vivo

As noted in the Introduction (section I), salvinorin A is
unique among opioids, not only because it shares little
structural similarity to other classes of nonpeptidic opi-
oid receptor ligands but also because it does not have the
positively charged nitrogen atom, which was thought to
be an absolute requirement for the interaction of opioid
ligands with opioid receptors (Rees and Hunter, 1990).
The discovery of a novel structural class of opioid recep-
tor ligands raised the possibility of developing new opi-
oid receptor probes with novel properties. Moreover, the
role of the endogenous dynorphin (KOP) system in stress
(Bruchas et al., 2010) and reward (Bruijnzeel, 2009), as
well as the possible role of KOP receptor agonists and
antagonists for the treatment of psychiatric disorders,
such as mood and thought disorders (Carlezon et al.,
2009), emphasizes the need to explore the development
of novel KOP agonists and antagonists. In addition, pe-
ripherally active KOP agonists, including salvinorin A,
may have a role in treating chronic pain (Vanderah,
2010) and gastrointestinal disorders (Capasso et al.,
2006; Fichna et al., 2009).

The discovery of the KOP agonist activity of salvinorin
A (Roth et al., 2002) led to numerous pharmacological
studies of this small molecule. Although many studies
demonstrated that salvinorin A produced classic KOP
agonist effects, others revealed different responses com-
pared with standard KOP agonists, such as U69,593 or
U50,488. This section will review these studies with an
emphasis on studies that reveal such differences.

A. �-Opioid Receptor-Mediated Effects of Salvinorin A

Evaluation of the drug discrimination effects was an
important step toward thoroughly understanding the

KOP receptor-mediated effects of salvinorin A in vivo.
Drug discrimination is a widely used behavioral para-
digm where a subject, typically a rat, is first trained to
respond to a drug, then subsequently other drugs are
tested for their ability to generalize to, or “substitute”
for, the training drug (for review, see Porter and Prus,
2009). In one of the earliest studies, Butelman et al.
(2004) tested the ability of systemically administered
(subcutaneous) salvinorin A to substitute for U69,593 in
rhesus monkeys. Salvinorin A fully substituted for
U69,593. The highest dose of salvinorin A (0.032 mg/kg)
did not decrease the rate of responding and produced
mild overt behavioral effects, such as sedation. The ef-
fects of salvinorin A were completely blocked by pre-
treatment with the opioid antagonist quadazocine, using
a dose that blocks the behavioral and endocrine effects of
KOP receptor agonists in the rhesus monkey. The selec-
tive KOP antagonist 5�-guanidinonaltrindole (Stevens et
al., 2000) reduced the effects of salvinorin A in two of
three monkeys. Butelman et al. (2004) further reported
that ketamine, a dissociative anesthetic and NMDA re-
ceptor antagonist with hallucinogenic effects in humans,
did not substitute for U69,593, thereby suggesting that
the hallucinogenic effects of salvinorin A in humans are
not mediated by the NMDA receptor. Willmore-Ford-
ham et al. (2007) extended these studies to rats. Salvi-
norin A (1–3 mg/kg i.p.) fully substituted for U69,593
without altering response rates. Moreover, the KOP-
selective antagonist norBNI completely blocked the ef-
fects of salvinorin A but had no effect by itself. The
research published by Baker et al. (2009) extended these
findings. In this study, conducted in rats, salvinorin A,
and the metabolically stabilized salvinorin A analogs
salvinorin B ethoxymethyl ether and salvinorin B me-
thoxymethyl ether substituted completely for U69,593.
In addition, this study showed that U69,593 and
U50,488 substituted for salvinorin A in rats trained to
discriminate salvinorin A from saline.

In light of the hallucinogenic effects of salvinorin A in
humans, several studies examined the effects of salvi-
norin A compared with known hallucinogens. As noted
above, Butelman et al. (2004) showed that ketamine did
not substitute for U69,593. Li et al. (2008) significantly
extended these findings. Rhesus monkeys were trained
to discriminate between saline and 1-(2,5-dimethoxy-4-
methylphenyl)-2-aminopropane, a 5-HT2A receptor ago-
nist that is hallucinogenic in humans. Neither U69,593
nor salvinorin A was shown to substitute for 1-(2,5-
dimethoxy-4-methylphenyl)-2-aminopropane. Butelman
et al. (2010) further showed that structurally diverse
KOP agonists (bremazocine, U69,593, U50,488), but not
psilocybin, a 5-HT2A receptor agonist that is hallucino-
genic in humans, substituted for salvinorin A in rhesus
monkeys trained to discriminate salvinorin A from sa-
line. Nemeth et al. (2010) compared the effects of ket-
amine and salvinorin A in the five-choice serial reaction
time task (5CSRTT) in rats. This paradigm is a food-
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motivated attention test that is similar to the continu-
ous performance test used to study attention in human
research subjects. Patients with schizophrenia demon-
strate impaired performance in this test (Holzman,
1992), suggesting that drugs that impair performance in
the 5CSRTT may produce cognitive dysfunction similar
to that observed in psychiatric disorders such as schizo-
phrenia. In these experiments, salvinorin A and ket-
amine, a dissociative anesthetic similar in its action to
phencyclidine, produced the same type of disruptive ef-
fects in the 5CSRTT, including signs often associated
with reduced motivation and processing deficits. These
findings collectively support the hypotheses that the
hallucinogenic effects of salvinorin A arise from a differ-
ent neural mechanism (KOP receptor agonism) than
that associated with the classic hallucinogens that act as
5-HT2A receptor agonists (Nichols, 2004) and that KOP
receptors might be involved the cognitive dysfunction
present in psychiatric illnesses such as schizophrenia.

B. Behavioral Evaluation of Salvinorin A

The endogenous KOP receptor system has been impli-
cated in various diverse disease states. Agonists of MOP,
KOP, and DOP receptors have been shown to mediate
pain response and are intriguing targets for the treat-
ment of various other centrally mediated phenomena,
including mood disorders, stress, and psychosis, and for
mediating reward. The therapeutic potential of salvi-
norin A and analogs has thus been thoroughly examined
as potential treatments of these various conditions.

1. Antinociception Studies. Several studies exam-
ined the effects of salvinorin A in animal models of
antinociception. Wang et al. (2005) reported that salvi-
norin A administered to mice (at doses up to 40–50
mg/kg s.c.) produced low and inconsistent effects in the
acetic acid abdominal constriction test as well as against
compound 48/80-induced scratching, assays in which
classic KOP agonists demonstrate antinociceptive activ-
ity. However, a subsequent study by McCurdy et al.
(2006) reported that salvinorin A administered intra-
peritoneally to mice produced transient and relatively
weak antinociception as well as hypothermia. In a sub-
sequent study, Wang et al. (2008) reported that the
presumably metabolically stabilized salvinorin A analog
2-methoxymethyl-salvinorin B (94) produced antinocice-
ption and hypothermia in rats. The discrepant results
reported by Wang et al. (2005) and McCurdy et al. (2006)
are most likely explained by differences in route of ad-
ministration and pharmacokinetics. In nonhuman pri-
mates, salvinorin A has a short half-life in plasma but a
longer elimination half-life (Schmidt et al., 2005a). In
the rat, salvinorin A (intraperitoneal administration)
rapidly produces high plasma levels and is then elimi-
nated with a half-life of 75 min (Teksin et al., 2009).
Because lower doses of salvinorin A do have effects in
other bioassay systems, such as drug discrimination
(Willmore-Fordham et al., 2007), and other bioassays

(for example, Carlezon et al., 2006), it is also possible
that factors other than pharmacokinetics might explain
the inactivity of salvinorin A in the acetic acid writhing
test and the scratch test as reported by Wang et al.
(2005).

Consistent with the experiments reported by Wang et
al. (2005), Ansonoff et al. (2006) also observed no salvi-
norin A-induced antinociception in the radiant heat tail-
flick assay when salvinorin A (5 mg/kg i.p.) was ad-
ministered to mice. However, intracerebroventricular
salvinorin A did produce antinociception and hypother-
mia, an effect that was also not observed in KOP recep-
tor knockout mice. This observation provides evidence
that these effects of salvinorin A require the KOP recep-
tor. John et al. (2006) also provided a key role for the
KOP receptor in mediating salvinorin A antinociception.
These investigators reported that intrathecally admin-
istered salvinorin A produced dose-dependent antinoci-
ception in the mouse tail-flick test and that this effect
was completely attenuated by pretreatment with the
KOP receptor antagonist norBNI. Pretreatment with
the MOP-selective antagonist �-funaltrexamine or the
DOP-selective antagonist naltrindole did not reduce the
peak antinociceptive effect of salvinorin A at 10 min.

2. Studies Examining Stress, Mood, and Reward. A
growing literature supports a role of the endogenous
KOP receptor system with mood disorders, stress, psy-
chosis, and brain reward mechanisms (for review, see
Kreek, 1996; Rothman et al., 2000; Sheffler and Roth,
2003; Shippenberg et al., 2007; Carlezon et al., 2009;
Mysels and Sullivan, 2009; Knoll and Carlezon, 2010).
Not surprisingly, salvinorin A and related analogs have
been tested in animal models related to these endpoints.
It is well established by in vivo microdialysis studies
that opioid agonists such as U69,593 and U50,488 de-
crease dopamine (DA) levels in the caudate and nucleus
accumbens of mice and rats (Di Chiara and Imperato,
1988; Spanagel et al., 1992). Consistent with this action,
KOP agonists are known to produce aversive effects in a
variety of behavioral assays, such as conditioned place
preference (CPP) (Shippenberg and Herz, 1987), intra-
cranial self-stimulation (ICSS) (Todtenkopf et al., 2004),
and immobility in the forced swim test (FST) (Mague et
al., 2003). Agonists of KOP receptors are also reported to
decrease cocaine-induced behavioral sensitization (Heidbre-
der et al., 1993), to reduce cocaine self-administration (Glick
et al., 1995; Schenk et al., 1999), and to attenuate cocaine-
induced reinstatement of cocaine self-administration (Schenk
et al., 1999).

Consistent with the known pharmacology of KOP ago-
nists, Morani et al. (2009) reported that salvinorin A and
other KOP agonists (U50,488 and spiradoline) attenu-
ated cocaine-induced reinstatement of cocaine self-ad-
ministration, after enough time had elapsed such that
responding for cocaine had extinguished. Moreover,
Zhang et al. (2005) reported that salvinorin A signifi-
cantly decreased extracellular DA in the caudate of
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C57BL/J6 mice at doses of 1.0 and 3.2 mg/kg i.p. and in
the nucleus accumbens at 3.2 mg/kg i.p. Moreover, salvi-
norin A produced an aversive response in the CPP test
that was reversed by the KOP antagonist norBNI. Sim-
ilar results were reported by Carlezon et al. (2006) in the
nucleus accumbens of rats. In that study, salvinorin A
(1.0 mg/kg i.v.) decreased extracellular DA but not 5-HT.
Gehrke et al., (2008) extended these findings. This study
showed that administration of salvinorin A (1.0 and 3.2
mg/kg i.p.) decreased extracellular DA in the nucleus
accumbens. It is noteworthy that repeated daily admin-
istration of salvinorin A for 5 days did not alter extra-
cellular DA levels 48 h after the last injection, although
long-term treatment with salvinorin A (3.2 mg/kg) en-
hanced cocaine-induced increases in extracellular DA
but not cocaine-induced locomotor activity. These re-
sults differ from previous experiments conducted with
U69,593, which showed that long-term administration
of U69,593 reduced cocaine-induced locomotor activity
(Heidbreder et al., 1998). The different results obtained
in these two studies with salvinorin A and U69,593
suggest that salvinorin A may produce different results
than synthetic KOP agonists, a finding that is consistent
with differential effects observed in a cellular model
system (Wang et al., 2005).

A study by Braida et al. (2008), conducted in rats,
suggests that the actions of salvinorin A on extracellular
DA and CPP may be more complex than previously
appreciated. In this study, salvinorin A was adminis-
tered to rats over a broad range of doses (0.05–160 �g/kg
i.p.). Salvinorin A produced a dose-dependent positive
CPP response (0.05–40 �g/kg), a neutral response at a
dose of 80 �g/kg, and a negative CPP response a dose of
160 �g/kg. The maximum CPP response observed with
the 40 �g/kg dose was reduced by the CB1 receptor
inverse-agonist rimonabant as well as norBNI. In con-
trast to other studies (Zhang et al., 2005; Gehrke et al.,
2008), 40 �g/kg salvinorin A increased extracellular DA
by �150% of baseline for 140 min in the shell of the
nucleus accumbens. Consistent with the salvinorin A-in-
duced increase in extracellular DA observed in this
study, intracerebroventricular salvinorin A supported
self-administration behavior, an effect that was attenu-
ated by either rimonabant or norBNI. Beerepoot et al.
(2008) also reported a finding, similar to that of Braida
et al. (2008), that low and high doses of salvinorin A
have opposite effects in a behavioral assay. This study
observed that cotreatment of rats with U69,503 and the
D2/D3 agonist quinpirole produced a potentiated degree
of locomotor sensitization. In contrast, salvinorin A po-
tentiated (2.0 mg/kg), had no effect (0.4 mg/kg), or at-
tenuated (0.04 mg/kg) quinpirole-induced locomotor
sensitization.

ICSS is a behavioral assay in which electrodes are
surgically implanted in a brain area associated with
mediating reward, such as the medial forebrain bundle
at the level of the lateral hypothalamus, the ventral

tegmental area, or the prefrontal cortex. Rats are then
trained on a schedule of reinforcement to self-administer
pulses of electricity-induced brain stimulation. All ad-
dictive drugs, when acutely administered, lower the
threshold required to maintain ICSS. This is interpreted
as the ability of these drugs to enhance the stimulating
effects of ICSS (Kornetsky et al., 1979). In contrast,
aversive drugs, such as the KOP agonist U69,593, in-
crease the threshold required to maintain ICSS, an ef-
fect similar to that which occurs after withdrawal from
various substances of abuse (Todtenkopf et al., 2004).

Carlezon et al. (2006) extended these observations to
salvinorin A. This study demonstrated that short-term
administration of salvinorin A to rats (0.125–2.0 mg/kg
i.p.) did not affect locomotor activity but dose-depend-
ently elevated the threshold for ICSS. In addition, salvi-
norin A administration increased immobility and de-
creased swimming behavior in the FST, an action
opposite that observed with a wide variety of different
antidepressant treatments (Cryan et al., 2002). These
findings, together with other evidence, have raised the
possibility that selective KOP antagonists might have
clinical utility as antidepressants (Pliakas et al., 2001;
Mague et al., 2003) or treatments for drug addiction
(Rothman et al., 2000; Gerra et al., 2006; McCann,
2008). Béguin et al. (2008) subsequently showed that the
orally active N-methylacetamide analog of salvinorin A
(N-acetyl-N-methyl-2-amido salvinorin B; 69) also in-
creased the ICSS threshold.

As noted above, Carlezon et al. (2006) also reported
that salvinorin A decreased extracellular DA, as mea-
sured with in vivo microdialysis. Ebner et al. (2010)
extended these observations by reporting that salvinorin
A administration increased the ICSS threshold, de-
creased phasic DA release in the nucleus accumbens
core and shell, and significantly lowered the break point
on a progressive ratio responding for sucrose, suggesting
that salvinorin A can decrease motivated behavior. As
noted for CPP studies, lower doses of salvinorin A
(10–80 �g/kg i.p.) had antidepressant effects, as as-
sessed by swimming time in the FST (Braida et al.,
2009). Further research will be needed to reconcile the
apparently contradictory findings reported by Braida et
al. (2008, 2009) and Carlezon et al. (2006). One possible
key difference in the experimental paradigm used by
these two groups is that whereas Braida et al. (2008,
2009) administered salvinorin A once before the FST
procedure, Carlezon et al. (2006) administered salvi-
norin A three times, at 1, 19, and 23 h after the first
baseline exposure to forced swimming. It should be
noted that Braida et al. (2009) also observed anxiolytic
effects, rather than aversive effects, in the elevated plus
maze test after salvinorin A administration. Both the
KOP receptor antagonist norBNI and the cannabinoid
CB1 receptor antagonist N-(piperidin-1-yl)-5-(4-iodophe-
nyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-
carboxamide (AM251) blocked the anxiolytic and anti-
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depressant effect. Given that salvinorin A has very low
affinity for CB1 receptors and lacks activity in various
assays for CB1 receptor activation (Braida et al., 2009;
Walentiny et al., 2010), the involvement of the CB1
receptor in some of the actions of salvinorin A is likely to
involve indirect mechanisms. The report by Walentiny
et al. (2010) demonstrated that the CB-related effects of
salvinorin A are mediated not by direct modulation of
CB receptors or indirect modulation of the endocannabi-
noid system but by direct activation of KOP receptors.

A number of studies indicate that salvinorin A acts
differently than synthetic KOP agonists. Some of these
were described above and will not be elaborated upon
here (Beerepoot et al., 2008; Braida et al., 2008, 2009;
Gehrke et al., 2008). In vitro studies demonstrated dif-
ferential effects of salvinorin A and standard KOP ago-
nists. For example, Wang et al. (2005) reported that
although salvinorin A and U50,488 had similar potency
in stimulation of [35S]GTP-�-S binding, salvinorin A was
approximately 40-fold less potent in inducing KOP re-
ceptor internalization. Xu et al. (2008) examined the
effect of long-term treatment of Chinese hamster ovary
cells that express the human KOP receptor with various
KOP agonists on the expression of G�12, a G-protein that
is up-regulated in the brain of rats rendered tolerant
and dependent on morphine (Xu et al., 2005). Whereas
(�)-U50,488 and (�)-ethylketocyclazocine up-regulated
G�12, salvinorin A, etorphine, and U69,593 did not. Ex-
amining the proliferation of immortalized astrocytes,
McLennan et al. (2008) observed that U69,593 rapidly
activated extracellular signal-regulated kinase 1/2, an
effect that was sustained for more than 2 h, and induced
a proliferative response. In contrast, C-2-methoxy-
methyl salvinorin B (94) produced the rapid, but not the
sustained, activation of extracellular signal-regulated
kinase 1/2 and did not induce proliferation. These obser-
vations are consistent with the occurrence of functional
selectivity, which is well established for many GPCRs
(Kenakin, 2003). Rothman et al. (2007) reported that
salvinorin A, unlike (�)-U50,488, partially inhibited
MOP receptor binding and allosterically modulated the
MOP receptor. It should be noted that other researchers
have not observed partial inhibition of MOP receptor
binding by salvinorin A (Wang et al., 2005). The reasons
for these discrepant results remain to be clarified. Fi-
nally, Grilli et al. (2009) and Phipps and Butterweck
(2010) observed differences in the effects of U69,593 and
salvinorin A in neurochemical and behavioral experi-
ments, respectively.

C. Pharmacological Evaluation of Herkinorin

An interesting development in the assessment of
salvinorin A analogs was the evaluation of herkinorin
(47) (Harding et al., 2005a). This compound has high
affinity for the MOP receptor (Ki � 12 � 1 nM) and, in
the [35S]GTP-�-S functional binding assay, it has an
EC50 value of 500 � 140 nM compared with 1320 � 150

nM at the KOP receptor (Table 1). Unlike morphine and
[D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin, herkinorin does
not promote recruitment of �-arrestin-2 to the MOP
receptor and does not produce receptor internalization,
even in the presence of G protein-coupled receptor ki-
nase overexpression (Groer et al., 2007). A subsequent
study identified four herkinorin analogs, three of which
also did not promote recruitment of �-arrestin-2 to the
MOP receptor or receptor internalization (Tidgewell et
al., 2008). Herkinorin therefore provides a striking ex-
ample of functional selectivity in opioid receptor phar-
macology (Urban et al., 2007).

Herkinorin, as a ligand that does not promote MOP
receptor internalization, has been a useful tool for study-
ing the role of MOP receptor internalization in the de-
velopment of opioid tolerance and dependence in a cel-
lular model system. Thus, Xu et al. (2007) studied the
effect of long-term treatment of Chinese hamster
ovary cells that express the cloned human MOP recep-
tor with internalizing ([D-Ala2,N-Me-Phe4,Gly5-ol]-en-
kephalin) and noninternalizing (herkinorin) MOP ago-
nists. The results indicated that although each agonist
produced a different spectrum of effects on cellular
markers of tolerance and dependence, both agonists do
produce tolerance and dependence, indicating that the
absence or presence of MOP receptor internalization is
not a critical factor in the development of cellular toler-
ance and dependence. A particular difference between
these two types of MOP receptor agonists was that long-
term exposure of herkinorin induced the formation of
constitutively active MOP receptors to a profound de-
gree. The evidence supporting the assertion that long-
term herkinorin administration produced constitutively
active MOP receptors was 3-fold: 1) an increase of basal
[35S]GTP-�-S binding, an effect that was reversed by the
addition of antagonists; 2) an increase in the basal Bmax
of the high-affinity agonist-responsive [35S]GTP-�-S
binding site; and 3) a great (approximately 60%) reduc-
tion of forskolin-stimulated cAMP accumulation. This
action proved useful in generating a cellular system with
which to facilitate the identification of neutral MOP
receptor antagonists (Sally et al., 2010). Studies in non-
human primates provided neuroendocrine evidence for
both MOP agonist and partial KOP agonist effects of
herkinorin (Butelman et al., 2008). It is clear that more
studies must be initiated to facilitate understanding of
this unique ligand.

D. Effects of Salvinorin A in Humans

As reviewed elsewhere (Vortherms and Roth, 2006),
when smoked, salvinorin A produces a rapid and intense
hallucinatory effect that typically lasts between 10 and
15 min and includes a “highly modified perception of
external reality” (González et al., 2006). In many coun-
tries, including the United States, it is legal to purchase
S. divinorum from internet suppliers. Twenty-three U.S.
states have passed legislation controlling its use and
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sale (Siebert, 2010), 15 of which have made possession or
use of S. divinorum illegal, and the U.S. Drug Enforce-
ment Administration regards S. divinorum as a “drug of
concern” (Brown, 2009).

The first anecdotal reports of the effect of salvinorin A
in humans were described in the mid-1990s (Siebert,
1994; Ott, 1995). Various methods of administration
of salvinorin A were evaluated, including absorption
through the oral mucosa and inhalation of vaporized
material. Oral administration of encapsulated salvi-
norin A produced no effects. Vaporization of 200 to 500
�g of salvinorin A produced subjective effects similar to
those of the smoked herb, and threshold effect was typ-
ically noted around 200 �g. When inhaled in this man-
ner, salvinorin A produced effects with a fast onset of
action of approximately 30 s, peak effects lasting approx-
imately 5 to 10 min before a gradual decrease over 20 to
30 min. Salvinorin A (2 mg in 1 ml of ethanol) absorbed
through oral mucosa had a slightly delayed onset of
action compared with vaporized material (5–10 min ver-
sus 30 s). The peak effects of orally absorbed material
were reported to gradually build and last for approxi-
mately 1 h, before gradually subsiding over another 1-h
period. It was speculated that gradual release of salvi-
norin A from the oral mucosa was responsible for the
observed duration of effects; however, the effect of sol-
vation in ethanol was not addressed in this study. A
report in 1995 also described pharmacological effects of
salvinorin A in humans after multiple routes of admin-
istration (Ott, 1995). In contrast to the Siebert (1994)
study, Ott (1995) reported that infusions of S. divinorum
and sublingual administration of a 1% solution in ace-
tone were able to produce visionary effects at doses as
low as 100 �g, 250 �g to 1 mg producing definite psy-
choactivity. As with the Siebert (1994) study, it should
be noted that this route of administration used acetone
and DMSO solvation, both of which are irritants, with
DMSO capable of potentiating or producing psychologi-
cal effects.

Since these studies, two controlled trials using human
volunteers have been reported. Mendelson et al. (2010)
aimed to thoroughly investigate the effect of salvinorin
A when administered sublingually. This placebo-con-
trolled study examined the subjective effects (Subjective
Drug Effects Questionnaire, Altered States of Con-
sciousness Questionnaire, and Positive and Negative Af-
fect Schedule) and physiological effects (heart rate, blood
pressure, O2 saturation, and body temperature) of an
ascending dose (0–4000 �g sublingual) of salvinorin A
solvated in 25% DMSO/75% polyethylene glycol. The
effects of salvinorin A administered in this way were not
significantly different from those of placebo at even the
highest doses (4000 �g), because there was no effect of
dose on responses to the Subjective Drug Effects Ques-
tionnaire, Altered States of Consciousness Question-
naire, and Positive and Negative Affect Schedule. Heart
rate, blood pressure, O2 saturation, and core tempera-

ture remained normal in this study, suggesting a favor-
able safety profile or lack of bioavailability of salvinorin
A administered in this way. In addition, blood and urine
samples were collected after administration of the high-
est dose of salvinorin A; most concentrations were found
to be below the limit of quantitation.

Another double-blind, placebo-controlled study to re-
port controlled use of salvinorin A in human trials has
only recently been accepted for publication (Johnson et
al., 2011). Here, a group of four volunteers was given
increasing doses (0.375–21 �g/kg) of vaporized salvi-
norin A, and subjective effects (drug strength) and phys-
iological effects (safety and tolerability, heart rate, blood
pressure) were measured over a period of 60 min. After
each session, volunteers were then asked to complete
questionnaires designed to measure dysphoric effects
(drug “liking” versus “disliking”), hallucinogenic effects
(Hallucinogen Rating Scale) (Strassman et al., 1994),
and mystical effects (Mysticism Scale) (Hood et al., 2001)
experienced during the session. Time- and dose-related
effects were observed: subject-rated drug strength peaked
at the first time point (2 min) and gradually diminished
over a 20-min period. The hallucinogenic and mystical
effects of salvinorin A appeared similar to those produced
by intravenously administered DMT and oral psilocybin. It
is noteworthy that there was no significant effect of dose on
blood pressure and heart rate, and no resting or kinetic
tremors were observed during any session, suggesting a
safe physiological profile of salvinorin A at the given doses
under the controlled conditions of the study.

Survey-based studies describing the pattern of use
and usage behavior have also been reported (González et
al., 2006; Baggott et al., 2010; Sumnall et al., 2010).
These reports are in general agreement that salvinorin
A produces intense psychological effects, and Baggott et
al. (2010) described that users reported positive after-
effects (increased insight, improved mood) lasting for
more than 24 h after use of S. divinorum. The survey
reported by Sumnall et al. (2010) found that respondent
use of S. divinorum was not categorized as a disorder
according to the Severity of Dependence Scale (Gossop et
al., 1995). This is in agreement with preclinical data
suggesting that KOP receptor agonists are less reinforc-
ing than MOP and DOP receptor agonists (Young et al.,
1984; Shippenberg et al., 1987; Woods and Winger, 1987;
Sumnall et al., 2010). It should be stressed, however,
that, like other entheogens, S. divinorum, and salvi-
norin A in particular, produces very potent visionary
effects that contribute to its recreational use, which is
gaining in popularity. Because the concept of “drug
abuse” considers factors such as “use for nontherapeutic
effects,” in this context, salvinorin A may be considered
an agent with recreational abuse liability similar to that
of LSD. However, the results of the first randomized
human trials have shown a safe physiological profile
(heart rate, blood pressure, etc.) associated with expo-
sure to S. divinorum and seem to suggest that there is
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low potential for drug-induced rewarding behavior. It
should be noted that KOP receptor agonists generally
produce dysphoria, as opposed to MOP receptor ago-
nists, which produce euphoria, and have not been clas-
sified as controlled substances in the United States.
Taken together, there is a great need for more studies to
further evaluate the recreational abuse liabilities of S.
divinorum and salvinorin A.

VI. Summary and Future Directions

Natural product lead optimization has represented a
great resource for the development of novel therapeutics
(Koehn and Carter, 2005). As a CNS receptor probe,
salvinorin A has thus far already challenged many pre-
conceived notions of opioid receptors and opioid ligands
as therapeutic tools. Data regarding salvinorin A have
called into question the idea that a basic amino substitu-
ent is required for opioid receptor binding. It was then
shown that salvinorin A does not produce hallucinations
mediated by the classic target of hallucinogenic natural
products, the 5-HT2A receptor, but rather produces hal-
lucinogenic effects through KOP receptor activation that
are unique from other KOP receptor agonists. This
raises even more questions about the intricate neuro-
chemical pathways involved in the psychoactive effects
of hallucinogenic agents. As a secondary metabolite pos-
sessing unique structural and pharmacological profiles,
salvinorin A has produced a wealth of information about
non-nitrogenous opioid receptor ligands and has rejuve-
nated interest in KOP receptor ligands as therapeutic
targets (for a recent review of the therapeutic potential
of KOP receptor agonists, please see Aldrich and
McLaughlin, 2009).

Modulation of KOP receptor activation represents a
unique approach toward treating schizophrenia. Typical
antipsychotics act as modulators of DA receptors in the
CNS and are prone to produce invasive side effects,
which may vary from involuntary Parkinson-like trem-
ors to akathisia and tardive dyskinesia. Although sec-
ond-generation, atypical antipsychotics have a reduced
instance of extrapyramidal effects, it remains to be seen
whether the development of tardive dyskinesia remains
a concern with prolonged administration (i.e., decades).
A growing body of evidence (for a comprehensive review,
see Schwarzer, 2009) suggests that the perceptual dis-
turbances associated with schizophrenia may be medi-
ated in part by dysregulation of the release of the en-
dogenous KOP agonist dynorphin (Heikkilä et al., 1990;
Hurd, 2002; Bortolato and Solbrig, 2007). In studies
monitoring prepulse inhibition in Sprague-Dawley rats
as a measure of sensorimotor gating in patients with
schizophrenia, KOP agonists such as U50,488 have been
found to produce dose-dependent reduction in prepulse
inhibition that is reversed upon administration of the
KOP receptor antagonist norBNI (Bortolato et al., 2005).
A second group (Tejeda et al., 2010) failed to confirm

these findings, however, indicating that more studies
are required to understand the utility of KOP receptor
activity in psychotic disorders. Salvinorin A-based an-
tagonists may thus be beneficial in treating the sen-
sorimotor deficits associated with this psychological
disorder.

The suggestion that salvinorin A is an allosteric modu-
lator of MOP receptors introduces the therapeutic poten-
tial of allosteric modulators of opioid receptors. Allosteric
modulators of GPCR have the potential to potentiate the
effects of endogenously expressed CNS receptor ligands,
with the ceiling effect of the allosteric modulator poten-
tially reducing the severity of narcotic effects currently
associated with opioid overdose (Christopoulos and Ke-
nakin, 2002). Before salvinorin A, cannabidiol was re-
ported as an allosteric modulator of MOP and DOP recep-
tors in two independent studies (Vaysse et al., 1987;
Kathmann et al., 2006). The SAR highlighted here demon-
strate that the salvinorin A scaffold can be derivatized to
modify affinity and efficacy at all opioid receptor subtypes
(MOP, DOP, KOP), and salvinorin A-based probes could
direct investigation into a new class of neuroactive agents.

The C-2-benzoyl derivative herkinorin (47) is an illus-
tration of how natural product-based optimization can
lead to novel probes of GPCR signaling mechanisms. In
addition to greatly increased MOP receptor binding af-
finity and selectivity compared with salvinorin A, herki-
norin exhibits a profile of MOP receptor activation
unique among opioid ligands. In particular, activation of
MOP receptors by herkinorin does not promote recruit-
ment of �-arrestin-2 to receptor surfaces and also does
not promote receptor internalization. Conversely, the
C-2-benzamide derivative 73 displays potent MOP ago-
nism yet also produces �-arrestin-2 recruitment and
receptor internalization. That such a subtle structural
modification can produce vastly different cellular re-
sponses may lead to insights that uncover the ligand-
receptor interactions responsible for functional selectiv-
ity in GPCRs. The concept of functional selectivity has
been well characterized among GPCR (Urban et al.,
2007). Functionally selective 5-HT2A receptor ligands,
for example, have therapeutic potential for treatment of
cognitive and mental deficits without hallucinogenic
side effects commonly associated with 5-HT2A receptor
activation. Few functionally selective 5-HT receptor ago-
nists exist, however, and natural sources may provide
new scaffolds for probing interactions between 5-HTR
ligands with various G-protein signaling pathways.
Likewise, salvinorin A analogs herkinorin and 73 are
already useful tools for continuing to develop the concept
of functionally selective opioid ligands as therapeutic
targets (Keith et al., 1996; Whistler et al., 1999).

The future of salvinorin A will revolve around further
elucidation of the mechanisms responsible for its ob-
served behavioral and psychological effects and optimi-
zation of this skeleton to improve its therapeutic profile.
In particular, although its short duration of action has
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been well established, the exact mechanisms behind the
metabolism and elimination of salvinorin A largely re-
main a mystery, as do any mechanisms of tolerance that
may arise from long-term administration. Elucidating
these biological processes of inactivation will be crucial
for increasing the duration of action to therapeutically
relevant levels. Furthermore, separating the hallucino-
genic actions of KOP receptor agonists would be crucial
for developing clinically relevant pharmacotherapies,
which is a contributor to the lack of success of previously
developed KOP receptor agonists (for reviews, please see
Barber and Gottschlich, 1997; DeHaven-Hudkins and
Dolle, 2004). Despite the wealth of knowledge gained
thus far regarding the SAR of salvinorin A at KOP
receptors, much work remains to be done. In particular,
the structural requirements of the B ring of salvinorin A
have been largely uncharacterized, as have the contri-
butions of the � methyl groups at C-5 and C-9. This is
largely due to the lack of established methods that
would produce selective transformation of these regions.
The future of SAR development of salvinorin A therefore
rests on the completion of a scalable total synthesis that
would allow for selective modifications of these skeletal
regions with relative ease.

Natural products are a fertile source of inspiration for
medicinal chemists, and salvinorin A is a fine example of
the power and scope of medicinal chemistry. Ethnophar-
macological observation of the psychotropic effects of S.
divinorum led to the arduous task of the initial isolation of
salvinorin A; chemical methods were developed to modify
the sensitive tricyclic scaffold, producing hundreds of ana-
logs; and these analogs have, in turn, been tested and
analyzed in cells, in rodents, and in primates, with these
results collectively used to develop computational models
designed to describe and predict biological activity. In sum-
mation, the results reviewed here are evidence supporting
an assertion made by Prof. Samuel Danishefsky in 2002
regarding the role of natural products in modern drug
development (Borman, 2002; Hudlicky and Reed, 2007;
Danishefsky, 2010): “a small collection of smart com-
pounds may be more valuable than a much larger hodge-
podge collection mindlessly assembled.”
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Béguin C, Potter DN, Dinieri JA, Munro TA, Richards MR, Paine TA, Berry L, Zhao
Z, Roth BL, Xu W, et al. (2008) N-methylacetamide analog of salvinorin A: a highly
potent and selective kappa-opioid receptor agonist with oral efficacy. J Pharmacol
Exp Ther 324:188–195.
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Bortolato M, Aru GN, Frau R, Orrù M, Fà M, Manunta M, Puddu M, Mereu G, and

Gessa GL (2005) Kappa opioid receptor activation disrupts prepulse inhibition of
the acoustic startle in rats. Biol Psychiatry 57:1550–1558.

Bortolato M and Solbrig MV (2007) The price of seizure control: dynorphins in
interictal and postictal psychosis. Psychiatry Res 151:139–143.

Braida D, Capurro V, Zani A, Rubino T, Viganò D, Parolaro D, and Sala M (2009)
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