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ABSTRACT:

(Received April 23, 1996; accepted February 17, 1997)

Nine urinary metabolites of selegiline hydrochloride [N-methyl-N- rine, (1R,2R)-pseudoephedrine, (R)-p-hydroxyamphetamine, and (R)-
propargyl(2-phenyl-1-methyl)ethylammonium chloride], a monoam-  p-hydroxymethamphetamine. The metabolites excreted 2 days after
ine oxidase inhibitor, after administration to humans were identified. = administration of 2.5-10 mg of selegiline hydrochloride amounted to
Their identities were confirmed by comparison of the spectra from 44-58% of the dose. Selegiline was metabolized by three distinct
GC/MS of peaks with those of authentic compounds. The following pathways: N-dealkylation, 3-carbon hydroxylation, and ring-hydroxy-
metabolites and unchanged drug (selegiline) were detected in urine: lation. The major metabolite was (R)-methamphetamine. During me-
(R)-desmethylselegiline, (R)-methamphetamine, (R)-amphetamine, tabolism, no racemic transformation occurred and pB-carbon hy-
(1S,2R)-norephedrine, (1R,2R)-norpseudoephedrine, (1S,2R)-ephed- droxylation showed apparently product stereoselectivity.

treatment of parkinsonism (1, 2).

There have been several reports of studies of selegiline metabolfs
eitherin vivo or vitro. Reynoldset al. (3) showed that methamphet-
amine and amphetamine were excreted in human urine after o
administration of the drug. Later, Heinonen al. (4) identified the
three metabolites (methamphetamine, amphetamine, and desmethyl-
selegiline) in human urine. Als@-hydroxyamphetamine ang-hy-
droxymethamphetamine have been identified as additional urinary
metabolites in the rat (5-7). However, penydroxylated metabolite
in humans has Re%nddgna'ﬁgql q:ng neither unchanged drug-hgs
droxylated metabolite was found in u[bne after admlglstratlon of
seleglllneoto humans or rats.
Seleglhne has a chlralfbcenter on tha:arbon atom of thve phenyl-

it & stereoselec-

Fen metabolltes togetnerwnn uncnanged drug, were identified and
guantified from human urine after administration of selegiline. Herein

we=fs0 report on the stereochemical aspects of selegiline metabolism.
e pd

It

a phetamlne and RLZR) norpseudoephedrlnel—lCI1 were purchased from
Sigma (Deisenhofen, Germany). R25-Norephedrine HCI, (1S2R)-

n hedrine HCI, (1R,29)-ephedrine HCI, (1S2R)-ephedrine HCI, and
(182R)-pseudoephedrineHCI were purchased from Fluka (Neu-Ulm, Ger-
many). Pure standards qf-hydroxyamphetaminep-hydroxymethamphet-
amine, p-hydroxynorephedrine, ang-chlorphentermine (internal standard)

1 Abbreviations used are: HCI, hydrochloride; MTPA - Cl, (+-N-a-methoxy-a-
(trifluoromethyl)-phenylacetyl chloride; TFA, trifluoroacetic acid; MSTFA, N-meth-
yl-N-trimethylsilyl trifluoroacetamide; MBTFA, N-methyl-bis-trifluoroacetamide;
MTESTFA, N-methyl-N-triethylsilyl trifluoroacetamide; HP, Hewlett-Packard; SIM,
single ion monitoring; TMS, trimethylsilane; NPD, nitrogen-phosphorus detected;
El, electron impact; TES, triethylsilane.
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Selegiline is a selective, irreversible inhibitor of monoamine oxiwvere provided by Tropon (Ko, Germany). Arylsulfatasgfglucuronidase
dase that has been used in combination withopamine in the Was provided by Serva (Heidelberg, Germany). Reagents were purchased fromg:
various sources: the chiral derivatizing reagent MTR& was from JPS
Hl{'nie (Bevaiz, Swiss); and diethylether, methanol, acetonitrile, TFA, sodium £
bicarbonate, and potassium carbonate were from Merck (Darmstadt, Germa&
r\gl MSTFA, MTESTFA, and MBTFA were purchased from Sigma.

Fic. 1. GC-NPD chromatogram of the metabolites in urine 2—4 hr after
administration of selegiline.

Peaks:Al, amphetamineA2, methamphetaminéd3, desmethylselegiline;
A4, selegiline;A5, nor(pseudo)ephedrine; ar®, (pseudo)ephedrine.
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Fic. 2. GC-SIM chromatograms of the metabolites in urine 2—4 hr after

administration of selegiline with ions at B1 nff20, B2m/z154, B3m/z
178, B4m/z96, B5-B8m/z 179, and B9—-B10Gn/z206.

Peaks:B1, amphetamin®-TFA; B2, methamphetamini; TFA; B3, des-
methylselegiliné\-TFA; B4, selegiline; B5, norpseudoephedring,TFA,O-
TMS; B6, norephedrinéy-TFA,O-TMS; B7, ephedrind\-TFA,O-TMS; B8,
pseudoephedring; TFA,O-TMS; B9, p-hydroxyamphetamink; TFA,O-TMS;
B10, p-hydroxymethamphetaminé;TFA,O-TMS; and|, chlorpenterminéy-

TFA (internal standard).
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Fic. 3. El spectra of (B1) amphetamine,N-TFA; (B2) methamphetamine,N- S
TFA; (B3) desmethylselegiline,N-TFA; and (B4) selegiline. o
o
<
dissolved in 5Qul of a mixture of acetonitrile:TFA (60:40, v/v) that contained R
200 ppm of methyl orange. The mixture was titrated with MSTFA until the 7,

color of the reaction mixture changes from red to yellow. The sample was §
heated for 10 min at 60°C. Two drops of MBTFA were added to the reaction
mixture, and the sample was heated for an additional 10 min at 60°C. After

Drug Administration and Sample Collection. 10, 5, and 2.5 mg of cooling, 2ul of the solution was injected into the GC/MS system.
selegiline- HCI (2, 1, and 0.5 tablets of Movergan, respectively; ASTA Calibration curves of peak area ratios of standard to internal standard
Pharma AG, Frankfurt, Germany) were orally administered to male volunteeagiainst concentrations of standards were constructed over the concentration
Subjects were four healthy males, aged 25-34. Urine samples were collegtte of 1.0-1000 ng/ml of standards in the urine. Concentrations of the

at various times over 72 hr and stored at 4°C.

Isolation of Unconjugated Metabolites.To 3.0 ml of urine,~100 mg of

unknown samples were determined by comparison to peak area ratios from the
standard curve.

sodium bicarbonate:potassium carbonate (2:1, g/g) and 50 ng of internaldentification of the Stereoisomers (11)The dry residue was dissolved in
standard p-chlorphentermine) were added. The metabolites were extract®@ ul of a mixture of acetonitrile:TFA (60:40, v/v) that contained 200 ppm of
with 8 ml of diethylethertert butanol (7:1, v/v). The organic layer was methyl orange. The mixture was titrated with MTESTFA until the color of the
transferred into a 15-ml glass centrifuge tube, with 0.4 ml of 0.06 M hydr@eaction mixture changed from red to yellow. The sample was heated for 10
chloric acid added. Extraction was performed by mixing for 5 min at §200min at 60°C. MTPA- CI (5 nl) was added to the reaction mixture, and the
and the organic layer was aspirated and discarded. The aqueous layer was ddaethble was heated for an additional 5 min at 60°C. Two microliters of the

in a desiccator over phosphorus pentoxide:potassium hydroxide.

Isolation of Conjugated Metabolites.3.0 ml of urine was adjusted to pH
5.2, with 1 ml of 0.2 M sodium acetate buffer, and incubated withub@f

solution was injected into the GC/MS system.
GC/MS. All mass spectra were obtained with an HP 5890/5971A instru-
ment, including an HP 9144 disk drive and an HP Think Jet printer. Separation

arylsulfatasgs-glucuronidase fronHelix pomatia(Serva) at 52°C for 5 hr. was achieved with an HP fused-silica capillary column with crossed-linked 5%
After cooling, the solution was neutralized W5 M KOH and adjusted to pH phenylmethylsilicone (SE-54) that wasL7 min length, with a 0.2 mm internal

9.6 with 200 mg of sodium bicarbonate:potassium carbonate (2:1, g/g). Fittiameter, and a 0.3@l film thickness. The operating parameters of GC/MS were
nanograms of internal standarg-¢hlorphentermine) was added. The proceas follows: detector, mass selective detector in scan or SIM mode; ionization,
dure for the extraction of the hydrolyzed metabolites from urine is identicalectron impact mode; ionization potential, 70 eV; injector temperature, 280°C;

with that for the extraction of unconjugated metabolites.

interface temperature, 300°C; initial oven temperature, 100°C; ramp, 15°C/min;

Quantification of Selegiline and Its Metabolites (10)The dry residue was final oven temperature, 320°C for 2 min; carrier gas, helium at a flow of 1.0
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Fic. 4. El spectra of (B5 and B6) nor(pseudo)ephedrine,N-TFA,O-TMS;
(B7 and B8) (pseudo)ephedrine,N-TFA,O-TMS; (B9)
p-hydroxyamphetamine,N-TFA,O-TMS; and (B10) p-

hydroxymethamphetamine, N-TFA,O-TMS.

Desmethylselegiline

N-despropynylation

Q CHz—CH—CH3
I]*I CHz—~CH—CHa
/ "H I
CHa NH2
(R) - (~) -Methamphetamine

IN-despropynylation

ml/min; and split ratio, 1:8. The ion®/z140 for amphetamind-TFA, m/z154
for methamphetaminB-TFA, m/z179 for norephedrin®&-TFA-O-TMS, norps-
eudoephedrin®-TMS-O-TMS, ephedrineN-TFA-OTMS, pseudoephedrirg-
TFA-O-TMS, m/z 206 for p-hydroxyamphetamind-TFA-O-TMS and p-hy-
droxymethamphetaming-TFA-O-TMS, m/z 178 for desmethylselegiline, and
m/z 96 for selegiline were selected for GC/MS (SIM) detection. Full-scan ma&g@ CHa~CH—CHg ©—?H—[}:H—EH3
spectraifn/z40-550) were recorded for analyte identification. /rLH OH N
GC with NPD. All GC experiments were performed with a HP 5890 A gas Cha CHz

chromatograph equipped with an NPD. GC temperature and column conditions(R); (;)-pydroxy- (18,2R) - (+) -hphedrine

(R) - (~) ~Amphetamine

p-hydroxylatin/ B-hydroxylation

p-hydroxylation |B-hydroxylation

ethamphetamine (1R, 2R) - (-) -Pseudoephedrine
were identical with those for GC/MS.
. . CHz—CH~—CH —CH-—
Results and Discussion “D@ fle= (= ths @?H fH-ths
NHz OH NHz
Identification of Metabolites. To detect the urinary metabolites of
(R) - (~) -p-Hydroxy- (1S,2R) -Norephedrine

selegiline, selegiline was administered to humans. The extracts from
human urine were examined by GC-NPD and GC/MS as free form or
derivatives. Identification of metabolites was conducted by compari-
son of the El mass spectra and the gas chromatographic retentdtrimethylsilylation showed 10 peaks (B1-B10) as shown in fig. 2.

amphetamine (1R, 2R)-Norpseudoephedrine

Fic. 6. Metabolic pathways of selegiline in humans.

6002 ‘TT AInC uo Ag Bio'sjeulnohadse pwp wolj papeojumoq

times of the extracted metabolites with those of authentic compoundsPeaks Al, A2, and A3 gave the same retention times as amphet-
In this study, nine urinary metabolites and unchanged drug weamine, methamphetamine, and desmethylselegiline. B1, B2, and B3

identified.

gave the same retention times and diagnostic ions as the trifluoro-

GC-NPD of the extract from human urine without derivatizatiomcetylated derivatives of amphetamine, methamphetamine, and des-

gave six peaks (A1-A6) (fig. 1), that aftéd-trifluoroacetylation,

methylselegiline, respectively (fig. 3) From these results, Al (B1), A2
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TABLE 1
Urinary recovery (%) of metabolites of selegiline in humans (0—48 hr)
Subject
Metabolites Means+ SD
1 3 4
(R)-Amphetamine 3.62 4.25 2.63 1.75 3.660.95
(R)-Methamphetamine 44.08 43.68 27.96 32.10 36:95.08
Selegiline 0.22 0.50 0.14 0.35 0.300.14
Desmethylselegiline 0.97 0.95 0.19 0.24 0:59.37
(1R,2R)-Norpseudoephedrine 0.03 0.05 0.01 0.03 0:03.01
(1S2R)-Norephedrine 0.09 0.19 0.07 0.13 012.05
(1R,2R)-Pseudoephedrine 0.04 0.09 0.02 0.02 0:04.03
(1S2R)-Ephedrine 0.66 0.44 0.36 1.00 0.620.25
(R)-p-Hydroxyamphetamine 2.71 1.90 3.32 3.90 296.74
(64.8) (58.2) (57.3) (76.2) (64.1= 7.6)
(R)-p-Hydroxymethamphetamine 5.96 2.94 9.10 13.64 793.96
(69.5) (67.8) (70.9) (77.3) (71.4= 3.6)
Total recovery 58.38 54.99 43.80 53.16 525%.41

Numbers in parentheses indicate percentage of the conjugated metabolites.

TABLE 2
Urinary recovery (%) of metabolites of selegiline according to various
doses
Amounts of Time (hr)
Metabolites selegiline: HCI
administered = 0-24  24-48 48-72
Selegiline 10 022 2 NDP
5 022 — —
25 — — —
Amphetamine 10 254 1.08 ND
5 172 132 0.28
25 201 042 0.15
Methamphetamine 10 33.77 10.31 ND
5 32.13 10.22 1.87
25 3254 533 134
Desmethylselegiline 10 094 0.03 ND
5 0.76 0.06 —
25 117 012 —
Norpseudoephedrine 10 0.03 — ND
5 0.01 — —
25 0.02 — —
Norephedrine 10 0.08 0.01 ND
5 012 — —
25 012 — —
Ephedrine 10 0.62 0.04 ND
5 0.44 0.03 0.01
25 041 0.03 —
Pseudoephedrine 10 0.04 — ND
5 0.03 — —
25 0.02 — —
p-Hydroxyamphetamine 10 192 079 ND
5 184 0.84 0.66
25 204 112 0.84
p-Hydroxymethamphetamine 10 447 149 ND
5 486 116 0.37
25 361 110 0.35

2 —, below detection limit.
P ND, not detected.

as the amino, hydroxyl, or carboxylic group. The retention times and g
mass spectra before and after derivatization would be unchanged. Th&
El mass spectrum showed the base peakn&t 96 and principal
fragment ions am/z 56, 91, 65, 97, and 115 (fig. 3).

Otherwise, peak A5 after selective derivatization gave two peaks .
(B5 and B6), and peak A6 gave two peaks (B7 and B8). Peak B6 had$
a longer retention time than peak B5, but no significant difference was 2
between the mass spectra of the two peaks. The El mass spectra g
peaks B5 and B6 showed the base peak&t179, and at the same &
retention times and diagnostic ions as the derivatives of norpseudo%
ephedrine and norephedrine, respectively (fig. 4). Also, peak B8 hadg
alonger retention time than peak B7, but no significant difference was 2
between the mass spectra of the two peaks. In El mass spectra, peaks
B7 and B8 gave the base peaknatz179, and at the same retention “;
times and diagnostic ions as the derivatives of ephedrine and pseudd;
ephedrine, respectively (fig. 4). c

Peak B9 gave El mass spectrum with a molecular iom/at319,
and principal fragment ions an/z140, 179, and 206. The analytical
data of B9 agreed with those pfthydroxyamphetamine (fig. 4).

The El mass spectrum of B10 showed a molecular iom/at333
and diagnostic ions/z154, 179, and 206, and was identical to that
of the derivative ofp-hydroxymethamphetamine (fig. 4).

Identification of the Stereoisomers of the Selegiline Metabolites.
For the identification of the stereoisomers of the selegiline metabo-
lites, the method of Shin and Donike (11)—applicable to the resolu-
tion and quantification of trace optical isomers containing more than one
reactive functional group—was used. Figure 5 shows the chromatogram
of the N-MTPA,O-TES derivatives of the authentic standard. All enan-
tiomers were well separated through conversion to the derivatives, but the
derivatives of (R 2S-ephedrine and @29-pseudoephedrine were
overlapped. The stereochemical identities of the metabolites in urinary
extracts were confirmed by comparison of the gas chromatographic
retention times of the diastereomeric derivatives of the extracted metab-
olites with those of the authentic standard. It appeared from this work that
the metabolites identified—amphetamine, methamphetamine, desmeth-
ylselegiline, p-hydroxyamphetamine, andp-hydroxymethamphet-

[}

o
D
o

pa
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(B2), and A3 (B3) were identified as amphetamine, methamphetmine—have theR)-absolute configuration. We also identified the ab-

amine, and desmethylselegil

ine.

solute configurations of the fouB-hydroxylated metabolites. Their

Peaks A4 and B4 showed the same retention time and mass spgdasolute configurations were§2R)-norephedrine, & 2R)-norpseudo-
trum as authentic selegiline. Selegiline does not have any functioeghedrine, ($2R)-ephedrine and & 2R)-pseudoephedrine. No peak of
group to be derivatized by the described derivatization method, sudR,29-ephedrine or (%29-pseudoephedrine, which could not be sep-
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Fic. 7. Excretion of selegiline and its metabolites after an oral dose of 10 mg of seleghi@.
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arated by this method, was found in the extracted metabolites. These fautgn between 3.5 and 6 hr. The maximal concentration of selegiline
indicated that it was during metabolism of selegiline that no racemaémd its metabolites in urine was reached in a very short time after oral

transformation at the 2-carbon position occurred. administration. This fact indicates that selegiline is readily absorbed
The main routes of metabolism of selegiline in humans are shownd/or rapidly distributed and/or metabolized in urine.
in fig. 6. It is important not only to identify active metabolites, especially

Urinary Excretion of Metabolites. The urinary excretion of the those with a mechanism of action different from that of the parent
metabolites after oral administration of selegilidCl for the time drug, but also to detect the parent drug. Analysis of the pharmacoki-
period of collection (0—48 hr) is summarized in table 1. Selegilineetics and pharmacodynamics of selegiline to date was limited by the
was detected as free form. Determination of amphetamine, methdagt that, after oral administration of therapeutic doses, its concentra-
phetamine, and desmethylselegiline was conducted as trifluoroacetyn in urine is therefore too low to be detected by the available
lated forms, whereas norephedrine, norpseudoephedrine, ephedanalytical method (12, 13).
pseudoephedrinep-hydroxyamphetamine, ang-hydroxymetham- Identification and detection of unchanged drug and new metabolites
phetamine were determined ldrifluoroacetylation©-trimethylsily- in this study may give especially useful new information for the
lation derivatives. From our present study, the detection limit aftudies of selegiline treatment.
selegiline was~0.3 ng/ml, and those of the other metabolites were
~0.1 ng/ml. There was a good linear relationship between the injec-
tion amounts and the detector response=( 0.999). Amounts of 1. J. Knoll: The pharmacology of—()deprenyl.J. Neural. Transm.22
conjugated forms were calculated from the difference in the amounEs W(Suppl.),75—89 (1986).

f tabolit tin th . tract bef d after hvdrol . Birkmayer, P. Reiderer, L. Ambrozi, and M. B. H. Youdim: Implica-
Oof metabolites present in the urine extract belore and atter NyarolysiS — ,n of combined treatment with “madopar’ andieprenyl in Parkin-
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