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Abstract

In order to develop a sensitive and reliable analytical method for psilocin (PC) in urine samples, the hydrolysis conditions
including the acid, alkaline and enzymatic hydrolyses have been investigated by monitoring not only PC but also psilocin
glucuronide (PCG) by liquid chromatography tandem mass spectrometry (LC-MS-MS); PCG was initially identified in a “magic
mushroom (MM)” user’s urine by liquid chromatography mass spectrometry (LC-MS) and LC-MS-MS.

The proposed conditions optimized for the hydrolysis are as follows: hydrolysis, enzymatic hydrolysis; enzyme,Escherichia
coli �-glucuronidase (5000 units/ml urine); incubation, pH 6 at 37◦C for 2 h. The complete hydrolysis of PCG in urine was
obtained under these conditions, while the enzymatic hydrolyses with three types of�-glucuronidases originated from bovine
liver (Type B-1),Helix pomatia(Type H-1) andAmpullariaprovided uncompleted hydrolysis of PCG. Also, neither the acid
nor alkaline hydrolysis was found to be applicable. According to the present method, 3.55�g/ml of psilocin was detected in the
“magic mushroom” user’s urine after the enzymatic hydrolysis, though psilocin was not detected without hydrolysis.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Indole derivatives, psilocin (PC) and its phosphate
psilocybin (PB), have structural similarity to a neu-
rotransmitter, serotonin, and thereby exhibit a highly
hallucinogenic potency. They are both principally con-
tained in some species of the genusPsilocybe, which
go under the name of “magic mushrooms (MMs)”,
including Psilocybe cubensis, Psilocybe mexicana,
Psilocybe subcubensis, Psilocybe semilanceata, Psilo-

∗ Corresponding author. Tel.:+81-6-6268-1234;
fax: +81-6-6271-8066.

E-mail address:t-kamata@mahoroba.ne.jp (T. Kamata).

cybe argentipus(Japanese name: Hikageshibiretake),
etc. and naturally occur throughout the world.

The mushrooms were originally used as godly
traditional medicine for centuries in the religious
ceremony by the shamans in Central and South Amer-
ica. Nowadays, they have extensively been used for
recreational purposes as hallucinogenic substances in
various countries including the European and Amer-
ican countries, and even in Japan. It has resulted in
increasing abuse of MMs and sometimes in hallucino-
genic intoxication by overdosing. Therefore, not only
the contained hallucinogenic ingredients PB and PC,
but also the fruit body of the MMs are controlled in
Japan.
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Fig. 1. An expected metabolic pathway for psilocybin. More information appears in the reference[6].

For confirmation of MM intake, the detection of
PC in human urine has been generally performed by
gas chromatography mass spectrometry (GC-MS) and
liquid chromatography mass spectrometry (LC-MS),
because PB is expected to be rapidly and readily de-
phosphorylated into PC by the intrinsic phosphates in
animals[1,2]. PC is also expected to be metabolized
by conjugation with glucuronic acid, demethylation,
deamination, oxidation, etc.[3], though the metabolic
pathways for PC and PB are not currently known. The
expected metabolic pathway of psilocybin is shown
in Fig. 1. Several publications have reported analy-
ses of urinary PC by GC-MS[4,5] or HPLC-ECD
[6] and described that the enzymatic hydrolysis with
�-glucuronidase led to the evident increase in the
amount of detected urinary PC[4–6], suggesting the
fairly high elimination of PC as psilocin glucuronide
(PCG) in urine. Thus, the direct analysis of PCG may
be promising. Actually, several LC-MS techniques
have been developed for the direct determination of
glucuronide conjugates[7–13]. Our research group
has also reported the application of LC-MS to the
direct analyses of glucuronide conjugates of forensic
interests including morphine glucuronides[7], ox-
azepam glucuronide[8] and ethyl glucuronide[11]

in body fluids. However, the direct LC-MS analysis
of PCG is not practical for the reliable confirma-
tion of the MM intake because the standard PCG
is not currently available. The cleavage of PCG
into PC by hydrolysis followed by the determina-
tion of PC would be currently preferable, and the
complete hydrolysis of PCG is, therefore, indispens-
able for the confirmation of the MM intake by urine
analysis.

For the hydrolysis of PCG in urine, some studies
have reported the investigation of the conditions[5,6].
However, it was not clarified whether PCG present
in urine was completely cleaved or not, because only
the released PC was determined before and after the
hydrolysis. The optimization of the hydrolysis for the
complete cleavage of PCG would be required for a
more accurate and sensitive analysis.

In the present study, PCG was initially identified
in urine collected from a “magic mushroom user” by
employing liquid chromatography tandem mass spec-
trometry (LC-MS-MS), which allows a more accurate
identification, in addition to LC-MS. The optimization
of the complete hydrolysis of PCG has been explored
by directly monitoring PCG as well as PC throughout
the hydrolysis with�-glucuronidase.
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2. Experimental

2.1. Materials

PC and PB were obtained from the Ministry of
Health, Labour and Welfare of Japan, and those
standard stock solutions were prepared in methanol
(1 mg/ml). The solutions were stored at−20◦C until
used, and adjusted to the appropriate concentration
with distilled water or drug-free human urine imme-
diately prior to use.

�-Glucuronidases (EC 3.2.1.31) originating from
bovine liver (Type B-1),Helix pomatia (Type H-1)
and Escherichia coli (Type IX-A) were purchased
from Sigma (St. Louis, MO, USA), and that from
Ampullaria from Wako (Osaka, Japan). Enzyme
solutions were prepared in 0.5 M acetate buffer
(25,000 units/ml) immediately prior to use. Acetoni-
trile was of HPLC-grade, and the other chemicals
used were of analytical grade from Wako. The acetate
buffer (0.5 M) used for sample preparation in the en-
zymatic hydrolysis was prepared by adjusting a 0.5 M
sodium acetate aqueous solution to a pH specific for
each�-glucuronidase with 3% (v/v) acetic acid.

2.2. Instrumentation

LC-MS and LC-MS-MS were performed on an
Agilent 1100 HPLC system (Agilent, Palo Alto, CA,
USA) linked to a Quattro LC (Micromass, Manchester,
UK) triple quadrupole mass spectrometer equipped
with an electrospray ionization (ESI) interface. The
analytical column used was an L-column ODS
semi-micro column (1.5 mm i.d.× 150 mm, Chemi-
cals Evaluation and Research Institute, Tokyo, Japan).
The mobile phase consisted of acetonitrile–10 mM
ammonium formate buffer (pH 3.5) (12.5/87.5, v/v),
and the flow rate was 0.1 ml/ min.

The operating parameters for mass spectrom-
etry were as follows: capillary voltage, 4.5 kV;
cone voltage, 30 V; ion source temperature, 280◦C.
Collision-induced dissociation (CID) was performed
using argon as the collision gas at a collision energy
of 15 V, and ions atm/z 205 and 381 were selected
as precursor ions for PC and its expected glucuronide
conjugate PCG, respectively.

Urinary PC and PCG were monitored by LC-MS-MS
in selected reaction monitoring after the sample prepa-

ration described below. The reactions monitored were
m/z 381 > 205 for PCG andm/z 205 > 160 for PC,
and the integrated peak areas were measured. The PC
analysis was validated by analyzing spiked urine at
concentration of 1�g/ml.

2.3. History of urine specimen

The urine specimen used in the present study was
collected from a 16-year-old female. She had allegedly
taken approximately 9 g of dried MM obtained via In-
ternet. The urine was collected 8 h after intake. The
leftover mushrooms were submitted for LC-MS de-
termination, and 0.375 mg/g of PC and 11.2 mg/g of
PB were detected in our laboratory. Determinations of
PC and PB in the mushrooms were performed by an-
alyzing methanolic extract in selected ion monitoring
mode. The ions atm/z 205 for PC andm/z 285 for PB
were selected, and the integrated peak areas of them
were compared with those of standards.

2.4. Hydrolyses of urine specimen

For the enzymatic hydrolyses,�-glucuronidase so-
lution was added to 100�l of each urine specimen ad-
justed to the appropriate pH (between 5 and 6) with
10% (v/v) acetic acid, and the mixture was incubated
at 37◦C. In order to explore the optimum conditions
for the complete enzymatic hydrolysis of PCG, four
types of�-glucuronidases from different sources in-
cluding bovine liver,H. pomatia, Ampullaria andE.
coli were used. In the pre-experiment, the urine spec-
imen was incubated with each�-glucuronidase (final
enzyme concentration being 5000 units/ml urine) at
37◦C for 3 h.

For the acid and alkaline hydrolyses, 100�l of each
urine specimen was mixed with 100�l of concentrated
hydrochloric acid and 20�l of 10 M potassium hy-
droxide aqueous solution, respectively. The mixture
was incubated at 50◦C for 30 min, and neutralized
with 1.2 M hydrochloric acid or 10 M potassium hy-
droxide aqueous solution.

The incubation mixture was subjected to LC-MS
and LC-MS-MS analyses after the sample preparation.

2.5. Sample preparation

A urine sample with/without hydrolysis was de-
proteinized by adding two volumes of methanol, and
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centrifuged at 1500× g for 10 min. The supernatant
was evaporated to dryness under a gentle stream of
nitrogen at 40◦C. The residue was dissolved in 100�l
of the mobile phase, and the 5�l aliquot was injected
into the LC-MS and LC-MS-MS system.

3. Results and discussion

3.1. Identification of psilocin glucuronide (PCG)
in urine

A urine specimen from the user (referred to as
specimen A) as well as those from drug-free volun-
teers as blank urine samples were prepared according
to the procedure described inSection 2 followed
by LC-MS, and the resultant chromatograms from
specimen A and the blank urine specimens were
compared. A relatively large peak specific to speci-
men A (referred to as peak A) appeared inFig. 2 at
the retention time of 2.9 min in the extracted mass
chromatogram atm/z 381, which corresponds to the
protonated molecule of PCG. The spectrum obtained
for peak A was characterized by a predominant ion at
m/z 381 and some less intense ions such as an ion at
m/z 205 corresponding to the protonated molecule of
PC. For further examination, the LC-MS analysis at a
higher acetonitrile concentration (80%) in the mobile
phase was performed, however, no other peak was
detected in the extracted mass chromatogram atm/z

Fig. 2. Extracted mass chromatogram atm/z 381 obtained from a
“magic mushrooms” user’s urine without hydrolysis (top) and a
mass spectrum for the peak A (bottom).

381. On the other hand, free PC was not detected in
specimen A.

Additionally, a liquid–liquid extraction with chlo-
roform followed by the LC-MS analysis was carried
out for specimen A and no peak corresponding to peak
A was detected. This is consistent with the presump-
tion that PCG would not be extracted by chloroform
because of its high polarity, suggesting that peak A
corresponds to PCG.

For the confirmation of the direct LC-MS identifi-
cation of PCG, we explored the LC-MS-MS analysis.
In the pre-experiment, the collision energy was varied
between 10 and 25 eV, and the product ion spectrum
derived from the ion atm/z 381 was measured. As
depicted inFig. 3A–C, the higher voltage of the colli-
sion energy produced lower and higher intensities of
ions atm/z 381 and 205, respectively. Finally, a prod-
uct ion atm/z 160 also appeared at 20 eV; the ion at
m/z 160 was postulated to be due to [M-N(CH3)2]+
which can be seen in the cleavage of PC. Also, the
CID of the ion atm/z 205 was further accomplished
at the collision energy of 15 eV.Fig. 3D shows the
product ion spectrum produced from the precursor
ion at m/z 205. The spectrum was characterized by
a predominant ion atm/z 160 and a minor ion at
m/z 205, which well agreed with the product ion
spectrum of PC (Fig. 3E) acquired under the same
operating condition. These represent the structure
of PCG.

Based on the above examination, the compound
corresponding to peak A was assigned to PCG, and
peak A was used for PCG in the following experi-
ment. In a further experiment for specimen A, none
of the specific peaks were observed on the extracted
mass chromatograms corresponding to other expected
conjugates of PC including the sulfate conjugate (m/z
285), methyl conjugate (m/z 219), and glucose conju-
gate (m/z 367).

3.2. Re-investigation of operating parameters of MS
and MS-MS for PC and PCG

The optimum operating parameters of MS and
MS-MS for both PC and PCG were re-investigated
using specimen A. As mentioned above, PCG would
not be readily extracted by organic solvents. For
the simultaneously monitoring both PC and PCG,
the specimen was prepared according to the pro-
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Fig. 3. Product ion spectra of psilocin glucuronide produced from the precursor ions atm/z 381 with collision energies of 10 eV(A), 15 eV
(B), and 20 eV (C), and product ion spectra of psilocin glucuronide (D) and psilocin (E) produced from the precursor ions atm/z 205.
Other conditions appear in the text.

cedure described inSection 2. The capillary and
cone voltages were varied between 3.0 and 5.0 kV,
and 10 and 40 V, respectively, and the intensity
of the protonated molecules of PC (m/z 205) and
PCG (m/z 381) were measured by LC-MS. The
optimal parameters were set at 4.5 kV and 30 V
for the capillary and cone voltages, respectively,
where the intensities of both protonated molecules
were the highest. Under these conditions, the op-
erating parameters of MS-MS by choosing each
protonated molecule as the precursor ions were
further explored. The collision energy was varied
between 10 and 25 eV, and the intensity of the
product ions atm/z 160 for PC and 205 for PCG
were monitored by LC-MS-MS. The optimal colli-
sion energy was set at 15 eV, where the intensities
of both product ions were the highest. The final
optimized parameters were set as follows: capil-
lary voltage, 4.5 kV; cone voltage, 30 V; collision
energy, 15 eV.

3.3. Precision of the present method

The present LC-MS-MS method was validated for
determination of urinary PC level. A calibration curve
was prepared in the range 0.5–5�g/ml urine, and there
was a linear relationship between concentration and
peak area. The intra- and inter-day coefficients of vari-
ation were 7.07 and 9.11%, respectively. The lower
limit of detection was 0.5 ng/ml urine.

3.4. Optimization of hydrolysis for PCG

With acid hydrolysis, neither PC nor PCG was de-
tected. This could have been caused by the decom-
position of PCG without release of PC or by further
decomposition of the released PC. With alkaline hy-
drolysis, no decrease in the concentration of PCG was
observed, and no released PC was detected. These re-
sults suggest that PCG was not cleaved by incubation
with alkaline. On the other hand, it is well known that
the hydrolysis rate of glucuronides changes mainly de-
pending on the configuration of the enzyme and sub-
strate[14,15].

As shown inFig. 4, the hydrolysis withE. coli
�-glucuronidase was found to produce complete
cleavage of PCG and to release the highest amount
of PC among the four. These results are quite consis-
tent with the previous report by Grieshaber et al.[5].
Therefore, we choseE. coli �-glucuronidase for the
hydrolysis of PCG, and the optimum conditions were
further explored.

Fig. 5 shows the time-course of the concentration
of the remaining PCG and the released PC under the
incubation conditions of 37◦C and pH 6 with differ-
ent amounts of the enzyme. Although 9.1% PCG re-
mained unhydrolyzed with 1000 units/ml enzyme for
even 5 h, the complete hydrolysis was achieved by in-
cubation with 5000 units/ml enzyme for 2 h. Also, with
5000 units/ml enzyme, the PC concentration reached
the highest level, 3.55�g/ml urine, after 2 h of incuba-
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Fig. 4. Comparison of the hydrolysis rates for urinary psilocin glucuronide with four different�-glucuronidases. (�), Remained psilocin
glucuronide (%); (�), released psilocin (�g/ml); error bars: standard deviation, hydrolysis conditions appear in the text.

Fig. 5. Time-course of remained psilocin glucuronide (closed symbols) and released psilocin (open symbols) during incubation with
E. coli �-glucuronidase. Amounts of added enzyme were 1000 units/ml (�, �), 3000 units/ml (�, �), and 5000 units/ml (�, �) of urine.
Incubation was performed at pH 6 and 37◦C.

tion while an extended incubation time led to a slight
loss of PC. For further improvement, the effect of the
incubation temperature and urinary pH was examined,
however, no significant improvement was achieved.

Based on these results, we have established the opti-
mal hydrolysis conditions for urinary PCG as follows:
enzyme,E. coli �-glucuronidase; amount of enzyme,
5000 units/ml urine; urinary pH during incubation, pH
6; incubation time, 2 h; incubation temperature, 37◦C.

4. Conclusion

For optimization of the hydrolysis conditions for
PCG in human urine, urinary PCG was, for the first
time, identified in an preliminary experiment using
LC-MS and LC-MS-MS. Also, the optimal hydrolysis
conditions were explored by monitoring not only PC
but also PCG by LC-MS-MS. The proposed optimal
hydrolysis conditions are as follows: hydrolysis, en-



T. Kamata et al. / J. Chromatogr. B 796 (2003) 421–427 427

zymatic hydrolysis; enzyme,E. coli �-glucuronidase
(5000 units/ml urine); incubation, pH 6 at 37◦C for
2 h. These established conditions allow the complete
and effective hydrolysis of PCG and, therefore, will
contribute toward accurate and sensitive analyses for
the confirmation of “magic mushroom” intake in the
forensic and clinical science fields.
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