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Abstract
1.	Salvinorin A is the main active psychoactive ingredient in Salvia divinorum, a Mexican plant that has
been widely available as a hallucinogen in recent years. The aims of this study were to investigate the
stability of salvinorin A in rat plasma, esterases responsible for its degradation, and estimation of the
degradation products.
2.	The apparent first-order rate constants of salvinorin A at 37°C, 25°C, and 4°C were 3.8 × 10−1, 1.1 × 10−1,
and < 6.0 × 10−3 h−1, respectively.
3.	Salvinorin A degradation was markedly inhibited by the addition of sodium fluoride, an esterase
inhibitor. Moreover, phenylmethylsulfonyl fluoride (serine esterase inhibitor) and bis-p-nitrophenyl
phosphate (carboxylesterase inhibitor) also inhibited salvinorin A degradation. In contrast, little or no
suppression of the degradation was seen with 5,5´-dithiobis-2-nitrobenzoic acid (arylesterase inhibitor), ethopropazine (butyrylcholinesterase inhibitor), and BW284c51 (acetylcholineseterase inhibitor).
These findings indicated that carboxylesterase was mainly involved in the salvinorin A hydrolysis in rat
plasma.
4.	The degradation products of salvinorin A estimated by liquid chromatography-mass spectrometry included the deacetylated form (salvinorin B) and the lactone-ring-open forms of salvinorin
A and salvinorin B. This lactone-ring-opening reactions were involved in calcium-dependent
lactonase.
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Introduction
Salvia divinorum (Lamiaceae), which is native to Oaxaca
in Central Mexico, has been used for traditional medicine and spiritual practices because of its hallucinogenic
properties (Valdés et al. 1983). In recent years, this plant
has been become widely available as a hallucinogen
throughout the world due to internet trading. It is illegal at
present to buy, sell or possess the plant or its active principal component in several countries such as Australia,
Belgium, Denmark, Finland, Italy, South Korea, and Spain
(Medana et al. 2006). In Japan, selling this plant has been
controlled by the Pharmaceutical Affairs Law since 2007.

The main active ingredient in S. divinorum is
salvinorin A (SalA), a non-nitrogenous neoclerodane
diterpene (Siebert 1994; Valdés 1994). This compound
is shown to be a potent and selective -opioid receptor
agonist in vitro and in vivo (Roth et al. 2002; Chavkin
et al. 2004; Butelman et al. 2004). SalA may be converted
to a deacetylated metabolite salvinorin B (SalB), which
is devoid of significant affinity for the -opioid receptor
(Chavkin et al. 2004), in rhesus monkey blood by esterases (Schmidt 2005). Considering this SalA instability,
it is necessary to investigate the stability of SalA and how
to prevent its degradation for the future pharmacokinetic study.
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In rat, esterase activity in whole blood was mainly
attributed to high plasma esterase activity (Minagawa
et al. 1995). Rat plasma contains four kinds of pharmacokinetically important esterases: butyrylcholinesterase
(BChE, EC 3.1.1.8), acetylcholinesterase (AChE, EC
3.1.1.7), arylesterase (ArE, EC 3.1.1.2), and carboxylesterase (CES, EC 3.1.1.1). It is important for pharmacokinetic studies to determine the responsible esterase
species, because these esterases have broad but different
substrate specificities. For example, CES is responsible
for degradation of CPT-11 (Tsuji et al. 1991), while ArE
is responsible for degradation of prulifloxacin (Tougou
et al. 1998).
In this paper, we first evaluated the stability of SalA
and its metabolite SalB in rat plasma, as well as the
effects of sodium fluoride (NaF), an esterase inhibitor.
Secondly, we attempted to characterize the esterases
responsible for SalA degradation using selective inhibitors. Finally, we estimated degradation products of
SalA using liquid chromatography-mass spectrometry
(LC-MS) and the esterases responsible for the degradation using inhibitors.

Materials and methods
Chemicals and materials
SalA was isolated from leaves of S. divinorum as previously described with minor modifications (Tidgewell
et al. 2004). SalB and SalA-d3 were prepared from SalA
according to the method previously reported (Tidgewell
et al. 2004). NaF, 5,5´-dithiobis-2-nitrobenzoic acid
(DTNB), and ethylenediaminetetraacetic acid (EDTA)
disodium salt dihydrate were obtained from Wako
Pure Chemical Industry (Osaka, Japan). Sodium bis-pnitrophenyl phosphate (BNPP), phenylmethylsulfonyl
fluoride (PMSF), and BW284c51 were obtained from
Sigma (St Louis, MO, USA). Ethopropazine hydrochloride was obtained from Spectrum Chemical (New
Brunswick, NJ, USA). Other chemicals were of reagent
or high-performance liquid chromatography (HPLC)
grade.
Fresh whole blood was collected from diethyl etheranaesthetized male Wistar rats (Nihon Seibutsu Zairyo
Center, Tokyo, Japan) into heparinized tubes. Plasma
was separated by centrifugation at 1200g at 4°C for
10 min and pooled plasma was stored at −80°C. The frozen plasma was thawed at 4°C before assay.
Evaluation of SalA and SalB stability in rat plasma
The rat plasma (100 l) was pre-incubated at 37°C, 25°C
or 4°C for 5 min. The reaction was initiated by adding
20 l of SalA solution (50 ng, in 2.5% v/v acetonitrile in

water). The assay was carried out at 37°C, 25°C or 4°C,
which corresponded to body temperature, usual room
temperature or short-term storage temperature in a
refrigerator, respectively. At different time intervals
(maximum incubation = 48 h), the reaction was stopped
by addition of 50 l of saturated NaF solution and by
placement of the tube on ice, and 350 l of 50 mM TrisHCl buffer (pH 7.4) were added. Quantification of SalA
and SalB in these samples was performed as described
below.
Investigation of the effects of the esterases on SalA
and SalB stability was carried out by adding NaF (10 mg
ml−1) to the plasma before assay. These samples were
also assayed as described above.
Effect of the various esterase inhibitors on SalA
degradation
To characterize the esterases responsible for SalA
degradation, SalA was incubated in the rat plasma in
the presence of the various esterase inhibitors, such
as PMSF, BNPP, ethopropazine, and DTNB. The rat
plasma (100 l) was mixed with 350 l of 50 mM TrisHCl buffer (pH 7.4) and either 50 l of the inhibitor
solution (in 10% v/v dimethylsulfoxide in water) or
50 l of the 10% dimethylsulfoxide (as control). The
reaction was initiated by adding 20 l of SalA solution (50 ng, in 2.5% v/v acetonitrile in water). The
mixtures were incubated at 37°C for 2 h. The reaction
was stopped by adding 50 l of saturated NaF solution
and the tube was placed on ice. Quantification of SalA
and SalB in these samples was performed as described
below. Uninhibited hydrolysis activity was calculated
as follows:
Uninhibited hydrolysis activity = A / B 

(1)

where A and B represent SalB amounts produced by the
incubation with and without the inhibitor, respectively.
Quantitative analysis of SalA and SalB
After adding 10 l of SalA-d3 solution (1 g ml−1 in
acetonitrile) as an internal standard, the samples were
extracted twice with 2 ml portions of chloroform/2-propanol (9:1, v/v) for 5 min. After centrifugation (1620g)
for 5 min, the organic layer was transferred to a tapered
glass tube and evaporated to dryness under nitrogen
gas. The residues were dissolved in 100 l of a mixture of
aqueous solution of 0.05% v/v formic acid/acetonitrile
(7:3, v/v), followed by filtration through a 0.45 m membrane (UNIFILTER, Whatman, Clifton, NJ, USA) and a
5-l aliquot was used for analysis.
The separation and detection were carried out
using a Waters liquid chromatography-tandem mass
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The kinetic data were calculated by the KaleidaGraph
computer program (Synergy Software; Reading, PA,
USA) and were fitted by non-linear least-squares regression analysis. Kinetic parameters and their standard
errors (SE) were calculated from mean values of triplicate determinations at each time point.
Estimation of SalA and SalB metabolites and their
time-intensity profiles
Estimation of unknown SalA and SalB metabolites and
their time-intensity profiles of the relative amounts
were carried out using higher-concentrated samples. To
200 l of rat plasma, 5 l of SalA or SalB solution (each
1 mg ml−1 in dimethylsulfoxide) were added. The samples containing 10 mg ml−1 of NaF or 3 mg ml−1 EDTA
in the plasma were also prepared. After these samples
were incubated at 37°C for 24 h (for estimation of the
metabolites) and 0 h, 1 h, 2 h, 4 h, 8 h and 24 h (for the
time-intensity profile study), they were mixed with
1 ml of acetonitrile and centrifuged at 10000g at 4°C for
10 min. After the supernatant was evaporated to dryness
under nitrogen gas, the residue was dissolved in 100 l
of a mixture of an aqueous solution of 0.05% v/v formic
acid/acetonitrile (6:4, v/v), followed by filtration and a
20-l aliquot was used for analysis.
The separation and detection were carried out using
a Waters LC-MS system consisting of a 2690 series
high-performance liquid chromatography system and
a ZQ single-quadrupole mass spectrometer with an

Results and discussion
Effect of temperature and NaF on the SalA
degradation
Figure 1 indicates the relationship between the residual
percentage of SalA on a logarithmic scale and time in the
absence and presence of NaF at three different temperatures. Considering that each plot in Figure 1 was nearly
linear, the degradation reaction of SalA in plasma was an
apparent first-order reaction. Table 1 summarized the
apparent first-order constant kobs for SalA degradation.
The degradation rate of SalA in rat plasma decreased
with decreasing temperature and with addition of NaF.
On the other hand, SalA was stable in 50 mM Tris-HCl
buffer (pH 7.4) for 24 h at 37°C (data not shown). These
results indicated that SalA degradation in rat plasma
was not caused by chemical instability but by enzymatic
hydrolysis.
There was practically no degradation for at least 48 h
in the presence of NaF at 4°C. In future pharmacokinetic
studies of SalA, it may be reasonable to cool the collected
plasma first, followed by the addition of NaF.
NaF+

NaF−
100

100
SalA residue (%)

Data analysis

ESI interface in the negative mode. Chromatographic
separations were performed with a Mightysil RP-18 column (2. 0 mm ×  150 mm, 5 m; Kanto Chemical, Tokyo,
Japan), maintained at 40°C. The mobile phase was
0.05% v/v formic acid in water/acetonitrile with a constant flow rate of 0.2 ml min−1. The acetonitrile percentages were: 0–1 min, 40%; 1–16 min, linearly from 40% to
70%; 16–18 min, linearly from 70% to 100%; 18–21 min,
100%; and 21–35 min (equilibration of the column), 40%.
Eluting materials were recorded in the scan mode (scan
range = m/z 200–500) for estimation of the metabolites
and in the selected ion monitoring mode (monitoring
ions = m/z 389, 407, 431 and 449) for the time-intensity
profile study.

SalA residue (%)

spectrometry system (LC-MS/MS) (Milford, MA, USA)
consisting of an Acquity Ultra Performance Liquid
Chromatography system and a Quattro Premier XE triple
quadrupole mass spectrometer equipped with an electrospray ionization (ESI) interface. Chromatographic
separations were performed with an Acquity UPLC
BEH C18 column ( 50 mm × 2. 1 mm, 1.7 m; Waters)
maintained at 40°C. The mobile phase was 0.05% v/v
formic acid in water/acetonitrile with a constant flow
rate of 0.2 ml min−1. The acetonitrile percentages were:
0–0.3 min, 30%; 0.3–7.0 min, linearly from 30% to 70%;
7.0–9.0 min, linearly from 70% to 90%; 9.0–10.0 min,
100%; and 10.0–15.0 min (equilibration of the column),
30%. Measurement of SalA, SalA-d3 and SalB was carried out by selected reaction monitoring in the positiveion mode. Monitoring ion pairs (precursor/product)
were 433.0/372.7 for SalA, 435.9/372.5 for SalA-d3 and
390.7/250.8 for SalB.
The calibration curves were linear in the ranges of
10–500 ng ml−1 for SalA and 2–500 ng ml−1 for SalB, with
correlation coefficients that were routinely greater than
0.997.
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Figure 1. Plots showing the in vitro degradation of SalA in rat
plasma. Each point represents the mean ± standard deviation of
three determinations.

Stability of SalB produced by SalA degradation
Table 1 indicates the residual SalA and SalB percentages
of the initial SalA concentration after 24-h incubation in
rat plasma. SalB increased with a decrease in SalA concentration except for the NaF-present condition at 4°C.
However, under the conditions where SalA was quickly
degraded (for example, NaF-absence at 37°C), the sum
of the residual percentages of SalA and SalB did not
equal 100%. This result suggested that additional SalB
degradation took place and/or the existence of other
metabolic pathways of SalA.
Figure 2 indicates the time–concentration profiles of
SalA and SalB at 37°C and 25°C in the absence of NaF.
The profiles of SalB under these conditions showed not
only an upward phase but also a downward phase. This
result suggested that both SalA and SalB were degraded.
On the assumption that these degradations were two
consecutive reactions that followed first-order rate laws,
the concentrations of SalB were expressed by the following equation:
C1 = C 0 ×[k1 /(k2 − k1 )]×[exp(−k1t ) − exp(−k2t )]



(2)

where C0 represents the initial concentration of SalA;
C1 represents the concentrations of SalB at time t;
and k1 and k2 represent the degradation constants of
SalA and SalB, respectively. The progress curves by
the non-linear regression analysis gave reasonable
fits to the above equations. The combinations of k2/k1
values at 37°C and 25°C were 2.7 × 10−2/4.3 × 10−1 h−1
and 7.3 × 10−3/2.0 × 10−1 h−1, respectively. The estimated
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Table 1. Apparent first-order constants (kobs) for SalA degradation
and residual SalA and SalB percentages after 24-h incubation in rat
plasma.
Residue (%) after 24-h
incubation
Temperature NaF
(°C)
(mg ml−1)
kobs (h−1)
SalA
SalB
< 2.0c
47.7 ± 2.4
37
0
3.8 ± 0.3 (× 10−1)
25.3 ± 8.1
38.1 ± 8.9
10
5.9 ± 0.3 (× 10−2)
12.2 ± 1.3
58.5 ± 8.9
25
0
1.1 ± 0.2 (× 10−1)
82.8 ± 8.7
13.5 ± 1.8
10
< 6.0 × 10−3 a
88.1 ± 3.9
9.6 ± 1.1
4
0
< 6.0 × 10−3 a
103.4 ± 8.1 2.1 ± 0.6
10
−b
Each kobs value represents the mean ± standard error (SE). Each
residue (%) after 24-h incubation represents the mean ± standard
deviation (SD) of three determinations. The initial SalA concentration
was 50 ng in 120 l (100 l of rat plasma plus 20 l of the SalA solution)
of the final incubation solution.
a
The kobs value of < 6.0 × 10−3 h−1 indicates that less than 25% of the
substrate was degraded within 48 h.
b
Degradation of SalA was not observed within 48 h.
c
The residual percentage of < 2.0 means that the SalA concentration
after 24 h was less than 10 ng ml−1 (the lowest concentration of the
calibration curve).

SalA and SalB residue (%)
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Figure 2. Time profiles of SalA and SalB concentration in rat plasma
at 37°C and 25°C in the absence of NaF. The SalA time profiles are
same as those in Figure 1. The non-linear curve fittings for SalA and
SalB are fitted to models of first-order and two consecutive with firstorder rate (equation 2), respectively. Each point represents the mean
± standard deviation (SD) of three determinations.

Table 2. Effects of various esterase inhibitors on SalA degradation.
Inhibitors
Concentration Uninhibited hydrolysis activity (%)
PMSF
10.5 ± 3.4
100 M
91.8 ± 13.5
1 M
BNPP
9.5 ± 2.0
100 M
26.4 ± 4.0
1 M
Ethopropazine
96.7 ± 25.1
10 M
BW284c51
113.8 ± 17.9
10 M
DTNB
1 mM
86.0 ± 18.9
Each value represents the mean ± standard deviation (SD) of three
determinations.

degradation constants of SalB (k2) were obviously
smaller than those of SalA (k1).
It was impossible to estimate the effects of NaF on the
SalB degradation in this study because the downward
phase in the SalB profiles was not shown in the presence
of NaF. This may be attributed to slower hydrolysis of
SalA under these conditions.
Effects of various esterase inhibitors on SalA
degradation
The esterases responsible for the SalA degradation were
characterized using the various esterase inhibitors. As
demonstrated in Table 2, the hydrolytic activity in rat
plasma was inhibited by BNPP and PMSF in a concentration-dependent manner. The inhibition of hydrolytic
activity by BNPP (CES inhibitor) suggested that CES
may be responsible for SalA degradation. The inhibition by PMSF (serine esterase inhibitor) supported the
involvement of CES, which is a serine esterase (Imai
2006). These results were consistent with the inhibition
of the SalA degradation by adding NaF into rat plasma,
because 10 mg ml−1 of NaF is a high enough concentration to inhibit CES activity (Dean et al. 1991). On the
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other hand, ethopropazine (BChE inhibitor), BW284c51
(AChE inhibitor), and DTNB (ArE inhibitor) scarcely
inhibited the hydrolytic activities of SalA. In the previous
report, BChE, AChE, and ArE were sufficiently inhibited
by 10 M of Ethopropazine, 10 M of BW284c51 and
1 mM of DTNB, respectively (Yamaori et al. 2006). Thus
BChE and ArE scarcely contributed to the SalA hydrolysis in rat plasma.
Distribution of blood esterase activity differs between
animal species. In contrast to high CES activity in rat
plasma, humans have CES activity not in plasma but in the
red blood cell membrane (Minagawa et al. 1995; Li et al.
2005). If this study was repeated using human blood, it
would also necessary to apply the red blood cell fraction.
Estimation of unknown SalA and SalB metabolites
and their time-intensity profiles
Figure 3 illustrates a total ion current chromatogram
and mass chromatograms obtained from the SalASalB
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Figure 3. Total ion current chromatogram and mass chromatograms
obtained from the NaF-present SalA-spiked sample incubated for
24 h at 37°C.

spiked sample containing NaF. Three peaks (numbers
1−3) due to unknown metabolites were observed in
the chromatograms. These reactions were not nonenzymatic but enzymatic, because these metabolites
were not produced by the incubation in 50 mM TrisHCl buffer (pH 7.4).
Peak 1, one of the major peaks, was observed in both
the SalA-spiked sample and the SalB-spiked one. The
mass spectrum of the peak 1 showed major ions at m/z
407, 443, and 445 (Figure 4a). These may correspond to
the deprotonated molecule [M − H]− (m/z 407) and the
chlorinated adduct of the molecular ion [M + Cl]− (m/z
443 and 445). The most probable structure for this
metabolite M1 is the lactone-ring open form of SalB,
which explains its earlier elution than SalB on the C18
reversed-phase column.
The production of M1 from SalB was inhibited by
addition of EDTA. In addition, as shown in Figure 5, the
EDTA (chelating agent for calcium)-present SalA-spiked
sample indicated a lower M1 intensity course and a
higher SalB intensity course than the no inhibitor sample
despite no difference of the SalA profiles between two
samples. Considering that rat has calcium-dependent
lactonase in serum (Roth et al. 1967), these results suggested that calcium-dependent lactonase such as ArE
was involved in hydrolysis of SalB to M1 (Teiber et al.
2003). On the other hand, NaF hardly affected the production of this metabolite from SalB. This suggested that
NaF-sensitive esterase such as CES or BChE was not
involved in this hydrolysis.
Peak 2 was a minor peak undetected on the total
ion current chromatogram. The peak 2 was observed
only from the NaF-present SalA-spiked sample under
the condition of the metabolite estimation study. The
mass spectrum of this peak showed major ions at m/z
389, 425, and 427 (Figure 4b). These may correspond to
the deprotonated molecule [M − H]− (m/z 389) and the
chlorinated adduct of the molecular ion [M + Cl]− (m/z
425 and 427). This spectrum pattern was similar to that
of SalB (Figure 4c). This metabolite M2 was supposed
to be an isomer of SalB. However, the information was
not enough to propose the structure of this metabolite
at this time.
This metabolite was detected only in the NaF-present
sample incubated for more than 8 h even in the timecourse experiment. Therefore, time course of this
metabolite is omitted in Figure 5.
Peak 3 was a minor peak undetected on the total ion
current chromatogram. This peak was observed only
from the NaF-present SalA-spiked sample under the
condition of the metabolite estimation study. The mass
spectrum of the peak 3 showed a major ion at m/z 449
(Figure 4d), which was 18 Da higher than [M − H]− of
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Figure 4. Negative-ion ESI mass spectra of (a) peak 1, (b) peak 2, (c) SalB, (d) peak 3, and (e) SalA obtained from Figure 3.

SalA (Figure 4e). The most probable structure for this
metabolite M3 is the lactone-ring open form of SalA.
In the time-course experiment, this metabolite was
detected in any samples. However, the time courses of
M3 intensities were different between the samples. The
intensity of the no inhibitor sample showed an upward
phase until 4 h, followed by a downward phase. That of
the NaF-present sample indicated a constant increase
until 24 h. The increase of the intensity of the EDTApresent sample was inhibited in comparison with the
two former samples. These results suggested that the

hydrolysis of SalA to M3 and the degradation of M3
were involved in calcium-sensitive lactonase and NaFsensitive esterase, respectively. The degradate of M3 was
not confirmed in this study.
The metabolic pathway of SalA in rat plasma is proposed in Figure 6. The pathway from SalA to SalB was
advantageous in comparison with that to metabolites M2
and M3. However, considering deficient of CES activity in
human serum and similar activities of serum lactonase
between rat and human (Roth & Giarman 1966), the metabolic pathway for M3 may be major in human serum.
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two determinations.
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Conclusion
Degradation of SalA to SalB in rat plasma was catalysed
by CES. SalB was additionally degraded to a presumptive
metabolite, its lactone-ring open form. These findings
will be very useful for future pharmacokinetic studies.
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