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Abstract Salvia divinorum is a widespread hallucino-

genic herb traditionally employed for divination, as

well as a medicament for several disorders including

disturbances of gastrointestinalmotility. In the present

study we evaluated the effect of a standardized extract

from the leaves of S. divinorum (SDE) on enteric cho-

linergic transmission in the guinea-pig ileum. SDE re-

duced electrically evoked contractions without

modifying the contractions elicited by exogenous

acetylcholine, thus suggesting a prejunctional site of

action. The inhibitory effect of SDE on twitch response

was abolished by the opioid receptor antagonist

naloxone and by the j-opioid antagonist nor-binaltor-

phimine, but not by naltrindole (a d-opioid receptor

antagonist), CTOP (a l-opioid receptor antagonist),

thioperamide (aH3 receptor antagonist), yohimbine (an

a2-receptor antagonist), methysergide (a 5-hydroxy-

tryptamine receptor antagonist), NG-nitro-L-arginine

methyl ester (an inhibitor of NO synthase) or apamin (a

blocker of Ca2+-activated K+ channels). Salvinorin A,

themain active ingredient of S. divinorum, inhibited in

a nor-binaltorphimine- and naloxone-sensitivemanner

electrically induced contractions. It is concluded that

SDE depressed enteric cholinergic transmission likely

through activation of j-opioid receptors and this may

provide the pharmacological basis underlying its tra-

ditional antidiarrhoeal use. Salvinorin A might be the

chemical ingredient responsible for this activity.

Keywords Salvia divinorum, salvinorin A, intestine,

cholinergic transmission, j-opioid receptors,

gastrointestinal motility.

INTRODUCTION

Salvia divinorum belongs to the family Labiatae

(Lamiaceae), commonly referred to as the mint family.

Shamanic healers of the Mazatec region in Oaxaca,

Mexico, traditionally use the psychoactive herb by

chewing fresh leaves or by drinking the juice of the

leaves.1–3 It also has been used traditionally as a

medicine for the treatment of a number of diseases

including headache, rheumatism, abdominal swelling

and diarrhoea.1,4 More recently, there have been

reports of using S. divinorum recreationally for its

hallucinogenic effects. Salvia divinorum leaf prepara-

tions or concentrated extracts are indeed widely

available in western Europe and the USA, notably

on Internet sites,5 and also used as marijuana substi-

tute.6,7 The hallucinatory effect that results has been

reported to be potent and intense, lasting for up to an

hour when smoked.6,8 Although it is an emerging

intoxicant in the USA and Europe9 very little phar-

macological research has been conducted on this

plant.

The main active constituent of S. divinorum is

salvinorin A, a neoclerodane diterpene. Salvinorin A

represents the only known hallucinogenic terpenoid and

has been reported to be the most potent naturally

occurring hallucinogen, with an effective dose, when

smoked, of 0.2–1 mg in humans.7 Salvinorin A

induces an intense, short-lived hallucinogenic experi-

ence qualitatively distinct from that induced by

the classical hallucinogens such as lysergic acid
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diethylamide (LSD), psilocybin and mescaline.7 Quite

recently, it has been reported that salvinorin A has high

affinity and selectivity for the cloned j-opioid recep-

tor.10 Indeed, it has been suggested, that salvinorin A is a

j-opioid receptor agonist,10–13 although there is no

definitive evidence that hallucinations are mediated by

j-opioid receptors. However, the effects of salvinorin A

on neural functions are largely unexplored.

Because of anecdotal reports that extracts of

S. divinorum may possess antidiarrhoeal activity1 and

because j-opioid receptors may modulate intestinal

peristalsis,14,15 we investigated the effect of S. divino-

rum, and its main active ingredient, salvinorin A, on

myenteric cholinergic transmission. For this purpose

we evaluated the effect of a standardized extract from

S. divinorum leaves (SDE) and of isolated salvinorin A

on the contractions elicited either by electrical stimu-

lation or by exogenous acetylcholine in the guinea-pig

ileum.

MATERIAL AND METHODS

Male guinea-pigs weighing between 250 and 350 g

were purchased from Harlan Italy (S. Pietro al Nati-

sone, UD, Italy), and were maintained under controlled

conditions of temperature (24 ± 2 �C) and humidity

(60%) until used. The guinea-pigs had free access to

water and food. All experiments complied with the

Italian D.L. no. 116 of 27 January 1992 and associated

guidelines in the European Communities Council

Directive of 24 November 1986 (86/609/ECC).

Guinea-pigs were killed by asphyxiation with CO2

and segments (1–1.5 cm) of the distal ileum lying 5–

15 cm proximal to the ileocaecal valve were quickly

removed and flushed of luminal contents and placed

in Krebs solution (mmol L)1: NaCl 119, KCl 4.75,

KH2PO4 1.2, NaHCO3 25, CaCl2 2.5, MgSO4 1.5 and

glucose 11). The segments were set up (in such a way

so as to record contractions mainly from the longitud-

inal axis) in an organ bath containing Krebs (20 mL)

equilibrated with 95%O2, 5%CO2 at 37 �C. The

tissues were connected to an isotonic transducer (load

0.5 g) connected to PowerLab system (Ugo Basile,

Comerio, Italy).

After a minimal 1 h equilibration period, the strips

were subjected to electrical field stimulation (EFS,

2.5 Hz for 1 s, 400 mA, 1 ms pulse duration), delivered

through electrodes placed around the tissue.

Stable and reproducible contractions for a time

period of 4 h were obtained with stimulation every

20 s. Contractions were expressed as % of contractions

produced by 10)5 mol L)1 carbachol; this concentra-

tion of carbachol produced a maximal contractile effect

(100% contraction). After stable control contractions

evoked by EFS had been recorded, the contractile

responses were observed in the presence of increasing

cumulative concentrations of SDE (0.01–300 ng mL)1).

The contact time for each concentration was 10 min.

Preliminary experiments showed that this contact

time was sufficient for SDE to achieve maximal effect.

The effect of SDE was also evaluated after the

administration in the bath (contact time 30 min) of

NG-nitro-L-arginine methyl ester (L-NAME,

3 · 10)4 mol L)1) (to block NO synthesis), apamin

(10)7 mol L)1) (a blocker of Ca2+-activated K+ channels

which blocks the enteric inhibitory component medi-

ated by ATP or a related purine), yohimbine

(10)7 mol L)1) (to block a2-adrenergic receptors), thiop-

eramide (10)6 mol L)1) (to block H3 receptors), met-

hysergide (10)6 mol L)1) [to block 5-

hydroxytryptamine (5-HT) receptors], naloxone

(10)6 mol L)1) (to block opioid receptors), naltrindole

(3 · 10)8 mol L)1) (to block d-opioid receptors), CTOP

(10)6 mol L)1) (to block l-opioid receptors) and nor-

binaltorphimine (3 · 10)8 mol L)1) (to block j-opioid

receptors). In preliminary experiments the effect of

tetrodotoxin (3 · 10)7 mol L)1) or atropine

(10)6 mol L)1) (contact time 10 min) on EFS-induced

contractions was evaluated. These concentrations were

selected on the basis of previous work.15–18

The effect of SDE was also evaluated (contact time

10 min) on the contractions produced by exogenous

acetylcholine (10)6 mol L)1). This concentration of

acetylcholine gave a contractile response that was

similar in amplitude to that of electrical stimulation.

Acetylcholine was left in contact with the tissue for

60 s and then washed out. The interval between each

contraction was 10 min.

In another set of experiments, the effect of salvinorin

A (10)12–10)6 mol L)1), the j-opioid antagonist U-

50488 (10)12–10)6 mol L)1) or SDE without salvinorin

A (1–100 000 ng mL)1) on EFS- or acetylcholine-in-

duced contractions was also evaluated (contact time:

10 min for each concentration). Salvinorin A was also

evaluated in the presence of naloxone (10)6 mol L)1),

naltrindole (3 · 10)8 mol L)1), CTOP (10)6 mol L)1)

and nor-binaltorphimine (3 · 10)8 mol L)1).

Drugs

An ethanolic extract (320 g) from dried S. divinorum

leaves (2 kg) was prepared and a portion of this extract

(20 g) was standardized to contain 1.6% salvinorin A

(SDE) or the equivalent to 0.3% salvinorin A from dried

leaves. Briefly, the extract was separated by reverse

phase C18 vacuum liquid chromatography (VLC)
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eluted in a gradient manner using methanol : water

(70 : 30–100 : 0) until no colour was observed in the

fractions. The fractions containing salvinorin A were

combined and all VLC fractions and washings, with the

exception of the salvinorin A fractions, were recom-

bined and evaporated to dryness to give an extract

without salvinorin A (263 g). The salvinorin A from

the crystallizations and column fractions was purified

by solvent/solvent partitions (aqueous methanol : hex-

anes) and recrystallizations (95% ethanol). A 1.6%

standardized extract was made from the purified

salvinorin A (333 mg) and the extract without salvin-

orin A (19.78 g). Acetylcholine hydrochloride, carba-

chol chloride, apamin, yohimbine hydrochloride,

methysergide, L-NAME hydrochloride, thioperamide,

U-50488, naloxone hydrochloride, tetrodotoxin, were

purchased from Sigma (Milan, Italy). Naltrindole,

CTOP and nor-binaltorphimine were purchased from

Tocris Cookson (Avonmouth, UK). Salvinorin A, nal-

trindole, CTOP, nor-binaltorphimine, tetrodotoxin,

thioperamide were dissolved in dimethyl sulphoxide

(DMSO). SDE and SDE without salvinorin A were

dissolved in DMSO (stock solution: 1 mg mL)1 and

100 mg mL)1, respectively) and then diluted in dis-

tilled water for the lower concentrations. The other

drugs were dissolved in distilled water. DMSO

(<0.01%) did not modify EFS-induced contractions.

Statistic

Results are expressed as mean ± SEM. Nonlinear regres-

sion analysis for all concentration response curves were

performed (Graph Pad Instat program version 4.01;

GraphPad Software, Inc., San Diego, CA, USA). Data

were analysed by two way ANOVA. A value ofP < 0.05 was

considered significant. The concentrations of SDE, SDE

without salvinorin A, salvinorin A or U-50488 that

produced 50% inhibition of EFS-induced contractions

(IC50) or maximal effect (Emax) were used to characterize

their potency and efficacy respectively. The IC50 and

Emax values [geometric mean ± 95% confidence limits

(CL)] were calculated using the Graph Pad Instat

program version 4.01.

RESULTS

EFS-induced contractions: effect of various
antagonists or inhibitors

The EFS (2.5 Hz for 1 s, 400 mA, 0.25 ms pulse

duration) of the guinea-pig ileum evoked a contractile

response that was 49 ± 5% of the contraction produced

by 10)4 carbachol (n ¼ 7). These EFS-induced contrac-

tions were abolished by tetrodotoxin (3 · 10)7 mol L)1)

or atropine (10)6 mol L)1), thus indicating that these

contractions were because of release of acetylcholine

from enteric nerves. EFS-induced contractions were

not significantly modified by naloxone (10)6 mol L)1)

(5 ± 3% increase), yohimbine (10)7 mol L)1) (6 ± 4%

increase), L-NAME (3 · 10)4 mol L)1) (22 ± 5% in-

crease), thioperamide (10)6 mol L)1) (4 ± 5% increase),

naltrindole (3 · 10)8 mol L)1) (12 ± 4% increase),

CTOP (10)6 mol L)1) (10 ± 5% increase), (n ¼ 7–8

experiments for each antagonist used). By contrast,

nor-binaltorphimine (3 · 10)8 mol L)1) and apamin

(10)7 mol L)1) significantly increased EFS-induced con-

tractions (36 ± 5% and 46 ± 4% increase, respectively,

P < 0.05, n ¼ 7–8 experiment for both compounds).

Methysergide (10)6 mol L)1) produced a transient con-

tractile effect, but did not modify EFS-induced con-

tractions after 30-min contact (data not shown).

EFS-induced contractions: effect of SDE or
salvinorin A

The SDE (0.01–300 ng mL)1) as well as SDE without

salvinorin A (3–100 000 ng mL)1) decreased, in a con-

centration-dependent manner, the amplitude of EFS-

evoked contractions (Fig. 1). Statistical significance

was achieved starting from the 3 ng mL)1 concentra-

tion (SDE) and 10 000 ng mL)1 concentrations. The

IC50 (95% CL) values were 1.72 ng mL)1 (0.93–3.1) for
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Figure 1 Effect of Salvia divinorum extract (SDE) with or
without salvinorin A on the contractile response produced by
electrical field stimulation (EFS) in the isolated guinea-pig
ileum. Each point represents the mean of 7–8 experiments.
Vertical lines show SEM. *P < 0.05 and **P < 0.01 vs corres-
ponding controls.
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SDE and 7504 ng mL)1 (5406–1042) for SDE without

salvinorin A. The Emax (95% CL) values were 55.89%

(48.89–62.88) for SDE and 59.67% (52.19–67.16)% for

SDE without salvinorin A.

Figure 2 shows the effect of SDE on EFS-evoked

contractions in the presence of drugs that block main

prejunctional receptors (i.e. opioid, a2-adrenergic and

histamine H3 receptors) (Fig. 2A), or in the presence of

selective opioid receptor antagonists (Fig. 2B), or in the

presence of drugs that block the enteric inhibitory

transmission (i.e. L-NAME and apamin) (Fig. 2C).

Naloxone and nor-binaltorphimine, but not the other

drugs, counteracted the inhibitory effect of SDE on

EFS-induced contractions. Moreover, the inhibitory

effect of SDE on EFS-induced contractions was not

modified by methysergide [(% variation, SDE):

0.01 ng mL)1: 1.1 ± 1; 0.03 ng mL)1: 1.90 ± 1;

0.1 ng mL)1: 2.61 ± 2; 0.3 ng mL)1: 4.98 ± 3; 1 ng mL)1:

21.24 ± 4; 3 ng mL)1: 36.49 ± 5; 10 ng mL)1: 53.07 ± 4;

30 ng mL)1: 54.13 ± 5; 100 ng mL)1: 55.13 ± 4;

300 ng mL)1 55.52 ± 5; (% variation, SDE + methyserg-

ide) 0.01 ng mL)1: 1.5 ± 4; 0.03 ng mL)1: 2.0 ± 4;

0.1 ng mL)1: 3.0 ± 4; 0.3 ng mL)1: 5.10 ± 5; 1 ng mL)1:

20.04 ± 4; 3 ng mL)1: 31.63 ± 6; 10 ng mL)1: 49.50 ± 5;

30 ng mL)1: 50.82 ± 5; 100 ng mL)1: 52.64 ± 4;

300 ng mL)1 55.91 ± 5; n ¼ 7–8].

The effect of salvinorin A, the main psychoactive

compound in S. divinorum, on EFS-induced contrac-

tions is shown in Fig. 3. Salvinorin A (10)12–

10)6 mol L)1) decreased, in a concentration-dependent

manner, the amplitude of EFS-evoked contractions

[IC50 (95% CL): 3.9 · 10)9 mol L)1 (8.40 · 10)10–

1.48 · 10)8); Emax (95% CL): 68.12 (50.62–87.28)%].

The inhibitory effect of salvinorin A was counteracted

by naloxone and nor-binaltorphimine, but not by

CTOP or naltrindole. The selective j-opioid receptor

agonist U-50488, used as a reference compound, also

inhibited EFS-induced contractions [(IC50 (95% CL):

1.86 · 10)9 mol L)1 (1.48 · 10)9–2.23 · 10)9); Emax

(95% CL): 51.32% (49.47–53.18)].
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Figure 2 Electrical field stimulation (EFS)-induced contrac-
tions in the isolated guinea-pig ileum: Effect of Salvia di-

vinorum extract (SDE; 0.01–300 ng mL)1) alone (vehicle) or in
presence of yohimbine (10)6 mol L)1), naloxone
(10)6 mol L)1), thioperamide (10)6 mol L)1) (A), naltrindole
(3 · 10)8 mol L)1), CTOP (10)6 mol L)1), nor-binaltorphimine
(3 · 10)8 mol L)1) (B), NG-nitro-L-arginine methyl ester (L-
NAME, 3 · 10)4 mol L)1) or apamin (10)7 mol L)1) (C). Each
point represents the mean of 7–8 experiments. Vertical lines
show SEM. ***P < 0.001 vs vehicle (significance between
curves).
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Acetylcholine-induced contractions: effect of
SDE or salvinorin A

When the ileum was stimulated with exogenous

acetylcholine (10)6 mol L)1), both SDE and salvinorin

A were without effect [(% inhibition): SDE

0.01 ng mL)1: 1.8 ± 4; SDE 0.03 ng mL)1: 2.3 ± 5; SDE

0.1 ng mL)1: 4.0 ± 4; SDE 0.3 ng mL)1: 8.10 ± 5;

SDE 1 ng mL)1: 6.04 ± 4; SDE 3 ng mL)1: 8.53 ± 5; SDE

10 ng mg)1: 8.53 ± 4; SDE 30 ng mL)1: 9.02 ± 5; SDE

100 ng mL)1: 7.74 ± 4; SDE 300 ng mL)1: 8.71 ± 5,

P > 0.05, n ¼ 7–8; salvinorin A 10)12 mol L)1: 0.8 ± 4;

salvinorin A 10)11 mol L)1: 1.3 ± 4; salvinorin A

10)10 mol L)1: 5.0 ± 5; salvinorin A 10)9 mol L)1:

6.50 ± 5; salvinorin A 10)8 mol L)1: 8.04 ± 5; salvinorin

A 10)7 mol L)1: 7.53 ± 5; salvinorin A 10)6 mol L)1:

8.0 ± 4; P > 0.05, n ¼ 7–8]. At the higher concentra-

tions tested neither SDE (300 n mol L)1) nor salvin-

orin A (10)6 mol L)1) significantly modified the

concentration–response curve to acetylcholine (10)8–

10)4 mol L)1) (data not shown).

DISCUSSION

Salvia divinorum is a hallucinogenic sage that has

been gaining recreational popularity. Although tradi-

tionally the herb is mainly used for its psychoactive

effects, it is also reportedly used to treat a variety of

disorders, including those affecting the digestive tract

(e.g. abdominal swelling and diarrhoea).1,19 However,

the potential pharmacological activities of this plant

related to the central and peripheral nervous system are

largely under-researched. In the present study we have

shown that SDE, as well as its main active ingredient

salvinorin A, inhibited enteric cholinergic transmis-

sion in the guinea-pig ileum. These results could

provide the pharmacological basis underlying its tradi-

tional antidiarrhoeal use.

We have shown that SDE inhibited the contrac-

tions induced by EFS in the guinea-pig ileum, which

are mediated by the release of acetylcholine from

myenteric nerves. Moreover, when the ileum was

exposed to SDE at concentrations that markedly

inhibited the twitch response, the contractile re-

sponse to exogenous acetylcholine (which is medi-

ated by activation of postjunctional muscarinic

receptors) remained unchanged. These observations

strongly support the hypothesis that SDE inhibits

the twitch response by acting prejunctionally rather

than through a direct action on intestinal smooth

muscle. Consequently, we tried to investigate the

mechanism(s) underlying the inhibition of neural

function by SDE.

It is well known that opioid peptides exert inhibitory

effects on gastrointestinal motor function.20 Opioid

agonists inhibit acetylcholine release from myenteric

neurones and attenuate twitch contraction of the

longitudinal muscle in response to transmural electri-

cal stimulation.21 Immunohistochemical studies have

revealed that the opioid receptor subtypes l, d and j are

present in neural tissues of the guinea-pig enteric

nervous system, but not in smooth cells,22 and their

activation results in inhibition of enteric cholinergic

transmission.22 In the present study we provide strong

evidence that the inhibitory effect of SDE is mediated

by j-opioid receptors. Indeed the inhibitory effect of

SDE on electrically evoked contractions was abolished

by the non-selective opioid antagonist naloxone and

the selective j-opioid antagonist nor-binaltrophimine,

but not by the l-opioid antagonist CTOP or by the

d-opioid antagonist naltrindole.

Our experiments enable us to exclude a number of

factors as potential contributory mechanisms involved

in the inhibition of cholinergic transmission by SDE.

In particular we can exclude the involvement of (a)

other prejunctional systems (i.e. histamine H3 and a2-

adrenergic receptors) negatively coupled to cholinergic
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Figure 3 Electrical field stimulation (EFS)-induced contrac-
tions in the isolated guinea-pig ileum: effect of salvinorin A
(10)12–10)6 mol L)1) (vehicle) alone or in presence of naloxone
(10)6 mol L)1), of naltrindole (3 · 10)8 mol L)1), of CTOP
(10)6 mol L)1) and of nor-binaltorphimine (3 · 10)8 mol L)1).
Each point represents the mean of 7–8 experiments. Vertical
lines show SEM. ***P < 0.001 vs vehicle (i.e. the naloxone
and nor-binaltorphimine concentration–response curves were
significantly different from the vehicle curve).
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transmission as the inhibitory effect of SDE was not

affected by a2-adrenergic receptor antagonist yohim-

bine or by the histamine H3 receptor antagonist

thioperamide; (b) enteric inhibitory nerves as apamin

[a blocker of Ca2+ activated K+ channels which blocks

the enteric inhibitory component mediated by ATP or

related purine23] or L-NAME (an inhibitor of NO

synthase) did not modify the inhibitory effect of SDE

on twitch response; (c) 5-HT receptors as the depres-

sant effect of SDE was insensitive to the 5-HT receptor

antagonist methysergide. The lack of involvement of

5-HT receptors is relevant in the light of the observa-

tion that 5-HT2A receptors represents the primary

molecular target responsible for the actions of classic

hallucinogens such as LSD, psilocybin and mesca-

line.24,25 Salvia divinorum contains numerous biolo-

gically active constituents, including salvinorins,

divinatorins and hardwickiic acid.2 Salvinorin A is

believed to be the compound responsible for the

hallucinogen properties of S. divinorum. Salvinorin A

has been reported to be the most potent naturally

occurring hallucinogen, with an effective dose, when

smoked, of 200–1000 g in humans.7,8 In the present

study we provide strong evidence that the pharmaco-

logical activity of SDE on myenteric nerves observed

here is mainly the result of salvinorin A content.

Indeed, extracts of SDE without salvinorin A were

about 4500-fold less active than the same extract with

salvinorin A, and salvinorin A itself inhibited myen-

teric cholinergic transmission. Moreover, we con-

firmed with salvinorin A the main findings reported

for SDE. In particular, we found that salvinorin A: (a)

inhibited electrically evoked contractions without

affecting the contractions induced by exogenous acet-

ylcholine (which is consistent with a prejunctional site

of action); (b) exerted this inhibitory effect likely

through activation of j-opioid receptors, as the inhib-

itory effect of this compound (as well as of the j-opioid

agonist U-50488, used as a reference compound) on

electrically induced contractions was abolished by the

non-selective opioid antagonist naloxone as well as by

the selective j-opioid antagonist nor-binaltrophimine.

Consistent with our results, it has been shown that

salvinorin A has been found to be a potent agonist of

the human j-opioid receptor expressed in human

embryonic kidney 293 (HEK293) cells with an EC50 of

1.05 nmol L)1.10 Moreover, our finding that salvinorin

A has similar potency and efficacy as U50488 in

inhibiting cholinergic transmission is in accord with

other experiments in isolated cells (i.e. oocytes from

Xenopus laevis, Chinese hamster ovary, HEK293)

expressing j-opioid receptors.10–12 It is interesting to

note that both salvinorin A and U50488 did not

produce a total inhibition of the contractions evoked

by EFS (Emax values in the 50–70% range), which is in

line with the ability of U50488 to produce a partial

inhibition (maximal inhibition: 55%) of electrically

evoked acetylcholine release from guinea-pig myenter-

ic neurones.26 In preparing our manuscript, others have

found that salvinorin A produced j-opioid agonist-like

discriminative effects in rhesus monkeys27 and

decreased dopamine levels in the mouse caudate

putamen through activation of j-opioid receptors.28

In conclusion, we have reported here that the

hallucinogenic herb S. divinorum exerted inhibitory

effects on enteric cholinergic transmission in the

guinea-pig ileum through activation of prejunctional

j-opioid receptors. Salvinorin A may be the chemical

constituent responsible for this activity. These data

might justify the traditional use of the herb in the

treatment of diarrhoea.
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