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ABSTRACT

In recent years, many analogs of narcotics have been widely distributed as easily available psychotropic
substances and have become a serious problem in Japan. To counter the spread of these non-controlled
substances, the Pharmaceutical Affairs Law in Japan was amended in 2006 to establish a new category,
“designated substances”, to more strictly control these psychotropic substances. Fifty-one substances
have been listed in this category as of December 2010, However, many new analogs have appeared,
one after the other. Although the distribution of tryptamine-type designer drugs has decreased since
the amendment of the law, the distribution of cathinone derivatives, as well as of phenetylamine-type
and piperazine-type designer drugs, has increased. Moreover, non-controlled psychotropic plants have
become popular in place of chemical psychotropic substances, which are now subject to stricter controls,
Additionally, since 2008, new herbal products containing synthetic cannabinoids (for example, a brand
named “Spice”) have appeared. Sixteen synthetic cannabinoids, classified into four groups, have been
detected in products purchased up to December 2010 via Japanese-based websites. The distribution of
products containing the psychoactive substances described above (so-called “legal highs" in European
countries) is a worldwide prablem. In this review, we survey current trends in the abuse of psychotropic
substances and plants in Japan, focusing especially on synthetic cannabinoids, cathinone derivatives and

psychotropic plants.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In the last 10 years, many analogs of narcotics have been widely
distributed in Japan as easily available psychotropic substances
and have become a serious problem {1-23]. Products, ranging from
herbal mixtures to synthetic drugs, that are sold for “decorative
purposes” or as “herbal incense” or “research chemicals” are avail-
able in various forms via the Internet or at video stores. In Japan,
these products are called “dappo drugs” or “iho drugs”. They are
not controlled under the Narcotics and Psychotropics Control
Law in Japan because their pharmacological effects have not yet
been proven scientifically. Although these substances should be
controlled by the Pharmaceutical Affairs Law, enforcement is diffi-
cult because these drugs are sold as non-pharmaceuticals, such as
reagents. To fight their distribution, the Ministry of Health, Labor
and Welfare of Japan amended the Pharmaceutical Affairs Law in
2006 by establishing a new category of “designated substances”
(Shitei-Yakubutsu). In April 2007, 31 compounds (11 tryptamines,
11 phenethylamines, 6 alky! nitrites, 2 piperazines and salvinorin
A} and 1 plant (Salvia divinorum) were first listed as designated
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substances (three of them were then designated as narcotics and
removed from the category of designated substances). After that
first designation, many new analogs have appeared, one after the
other, in the illegal drug market {11-23]. Up to September 2010,
22 compounds {1 tryptamine, 13 phenethylamines (including 5
cathinone derivatives), 2 piperazines, 5 synthetic cannabinoids
and 1 other) have been newly added to this category.

Before 2007, the major psychotropic substances distributed in
the Japanese illegal drug market were tryptamine-type derivatives
(such as 5-MeO-DIPT; N,N-diisopropyl-S-methoxytryptamine,
“Foxy™), phenetylamine-type derivatives (such as 2C series, for
example, 2C-T-7; 2-(2,5-dimethoxy-4-propylsulfanylphenyl)eth-
anamine) and piperazine-type derivatives (such as BZP; 1-benzyl-
piperazine) [1-3,5-10}. Alkyl nitrites, such as isobutyl nitrite and
isopentyl nitrite (“Rush™), were also widely distributed in jJapan
[4,9]. After these compounds were listed as narcotics or designated
substances, they quickly disappeared from the market; instead,
cathinone derivatives have been widely distributed, as well as
phenetylamine-type and piperazine-type designer drugs [11-
15,23]. Although the tryptamine-type designer drugs have been
decreasing, non-controlled psychotropic plants have become pop-
ular in place of chemical psychotropic substances, which are now
subject to stricter controls. Additionally, in recent years new herbal
products containing synthetic cannabinoeids (for example, “Spice”)
have appeared [15-22]. Similarly, the distribution of these non-
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controlled psychoactive products, so-called “legal highs” in Euro-
pean countries, is a serious problem in other countries [24-29}.

In this review, we survey current trends in the abuse of psycho-
tropic substances and plants in Japan, focusing especially on syn-
thetic cannabinoids, cathinone derivatives and psychotropic
plants.

2. Survey of newly distributed designer drugs in Japan
2.1. Synthetic cannabinoids

Since 2006, many psychotropic herbal products have been glob-
ally marketed on the Internet under names such as “Spice” and
“herbal blends” for their expected cannabis-like effects, and such
substances have appeared in japan since 2008 [15,24]. These her-
bal products have been distributed in the form of dried leaves or
solids (resins). Recently, powdery products have also begun to ap-
pear, in early 2009, it was reported that these herbal products con-
tained synthetic cannabinoids as psychoactive ingredients
[15.16,30]. These compounds have been synthesised as cannabim-
imetic substances and were reported to have affinity actions on
cannabinoid CB, andfor CB, receptors [31,32]. The CB, receptor,
located in the central nervous system, mediates the psychoactive
effects associated with cannabinoids such as A°-tetrahydrocan-
nabinol (A%-THC), the major active component of cannabis. The
CB, receptor is expressed mostly in peripheral immune cells. Four
groups of synthetic cannabinoids have detected as psychoactive
ingredients in herbal products available in Japan since 2009 [15-
18,20-22] (compounds 1-186, Fig. 1). Some of these compounds
have also found in herbal products in Germany [30,33,34].

The first group of the synthetic cannabinoids consists of cyclo-
hexylphenols such as cannabicyclohexanol (CCH) and CP-47,497,
as shown in Fig. 1. These compounds were first found as a new type
of designer drugs: synthetic cannabinoids in herbal products
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[15,30]. The cyclohexylphenols were synthesised as cannabimi-
metic analogs by Pfizer Inc. during the 1970s and 1980s [31,35-
38). CCH and CP-47,497 have respectively 10- and 4-fold more po-

-tent affinity to CB; and/or CB, receptors than does A®-THC [31,39].

CCH was detected together with its trans-diastereomer in many
herbal products [30,17], and these cyclochexylphenols have two
chiral centers in their structures. Chiral analyses of the herbal
products revealed that CCH and the trans-diastereomer existed as
mixtures of enantiomers [20]. The second and third groups consist
of naphthoylindoles (JWH-015, JWH-018, JWH-019, JWH-073,
JWH-081, JWH-122, JWH-200, JWH-210) and phenylacetylindoles
{(JWH-203, JWH-250, JWH-251), respectively (Fig. 1). These JWH
compounds have been synthesised mainly by Huffman et al. since
the 1990s [32]. Although the chemical structures of the JWH com-
pounds differ greatly from those of A%-THC, the JWH compounds
have a higher affinity to CB, and/or CB, receptors and have activi-
ties more potent than that of A°-THC [32,4041]. Only JWH-015
acts as a selective CB, receptor agonist [42]. Since January 2009,
CP-47,497, its three homologs (including CCH) and JWH-018 have
been controlled, first in Germany [43] and later in other countries
[24]. In Japan, CCH, CP-47,497, JWH-018, JWH-073 and JWH-250
have been controlled as designated substances under the Pharma-
ceutical Affairs Law as of December 2010. The fourth group con-
sists of benzoylindoles such as AM-694 and RCS-4 (Fig. 1). AM-
694 was reported to have potent binding activity to CB; and (B,
receptors [44]. However, RCS-4 has not been reported to have
any biologic activity.

The classical cannabinoid HU-210 (Fig. 1) was identified in
herbal products in the US and the UK {24]. In addition, JWH-
398 was found in the UK and Germany in October 2009
{(Fig. 1) [24]. Both compounds were reported as cannabinoid
receptor agonists [32,41]. However, these compounds have not
been detected or reported in Japan. HU-210 has been controlied
in several European countries since 2009 and in the US since
March 2010 [24.45].

Naphthoylindoles

JWH-015 (4); Ry = (CHg)oCHg. Ry = CHg, Ry = H
JWH-018 (5); Ry = (CH5)4CH3, Ro=H, Ry =H

JWH-019 (6): Ry = (CHg)sCH3. Ro=H. Rg=H

JWH-073 (7} Ry = (CHy)3CH3, Ry =H, Ry =H

JWH-081 (8): Rq = (CHp)4CH3. Ry = H, R; = OCHj
JWH-122 (9): R¢ = (CH3)4CH3, Ry =H, Rz =CHj
JWH-200 (10): Ry = 2-(4-morpholinojethyl. R; = H, R3 = H
JWH-210 (11): Ry = (CH3)4CH3. Ry = H, R = CH,CH;
JWH-398: Ry = (CHo}4CH3. R, = H. Ry = Cl

OH

A%THC

Fig. 1. Chemical structures of synthetic cannabinoids and AS-THC.
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The packaging labels on some of these products indicate that
they contain mixtures of several potentially psychoactive plants.
However, the results of genetic analyses did not accord with the

plant species named on the labels. Therefore, it might be that the-

plant materials were included mainly as diluents for the synthetic
compounds, since no reliable psychoactive effects have been re-
ported for the listed plants {17,30].

More than 140 different “Spice”-like products of herbal and
chemical mixtures available in Japan have been surveyed since
June 2008. CCH, CP-47 497 and J[WH-018 were the most frequently
detected adulterants in these products from June 2008 to October
2009 [17]. Oleamide (cis-9,10-octadecencamide), which is an
endogenous cannabinoid, was also detected in some products
[14,30]. Soon after the japanese law declared these three com-
pounds as designated substances in November 2009, synthetic
cannabinoids in herbal products were replaced by JWH-073,
JWH-250, JWH-081, JWH-251, JWH-015 and JWH-200 [18,19].
Then, after the prohibition of twoe compounds (JWH-073 and
JWH-250) in September 2010, novel cannabinecids such as JWH-
122, JWH-019, JWH-210, JWH-203, AM-694 and RCS-4 began to
appear in products {22]. This situation underscores the fact that
various new synthetic cannabinoids will emerge to replace legally
controlled cannabinoids.

2.2, Cathinone derivatives

Cathinone is one of the alkaloids that can be extracted from
fresh leaves of Catha edulis (khat). Cathinone possesses a ketone
oxygen at the B-carbon and represents the B-keto analog of
amphetamine. In Japan, cathinone and its N-methyl derivative,
methcathinone (ephedrone), have been controlled as narcotics,
and pyrovalerone and amfepramone (diethylpropion} have been
controlled as psychotropics under the Narcotics and Psychotropics
Control Law (Fig. 2). Cathinone and methcathinene are amphet-
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amine-like behavioral stimulants, with methcathinone being
approximately 10 times more potent than cathinone {46]. Amfe-
pramone and pyrovalerone have both been proposed as appetite
suppressants, although they are not currently in clinical use.

The basic cathinone structure can be altered in some predict-
able ways, such as through a variation of the o~carbon substituent
(Ry), N-alkylation {or inclusion of the nitrogen atom in a ring struc-
ture, typically pyrrolidine, R, and Rs) and additional functionality
to the aromatic ring (ring substitution, R,) (Fig. 2). It is noticed that
multiple modifications may be present in a single derivative. Re-
cently, there have been an increasing number of reports of cathi-
none-type designer drugs in EU countries, especially in the UK
[47-52,25-27]. 4-Methylmethcathinone, well known as mephed-
rone, has been the most commonly used cathinone derivative in
EU countries [47-52,25-27], There are two reported fatalities in
the EU in which 4-methylmethcathinone appears to be the sole
cause of death, and there are at least another 37 deaths in which
4-methylmethcathinone has been detected in post-mortem sam-
ples [28]. The European Monitoring Centre for Drugs and Drug
addiction (EMCDDA) submitted a Risk Assessment Report on 4-
methylmethcathinone [28)], and the EU made a Council decision
to subject 4-methylmethcathinone to control measures in 2010
[29]. This compound is now controlled in a number of EU countries
{28,52].

In Japan also, various cathinone-type designer drugs have ap-
peared on the illegal drug market, one after another, as shown in
Fig. 2. [6-8,11,13,23]. Methylone (bk-MDMA) was controlled first,
in 2007, as a narcotic by the Narcotics and Psychotropics Control
Law. Successively, bk-MDEA (ethylone) and bk-MBDB (butylone)
were controlled as designated substances by the Pharmaceutical
Affairs Law in January 2008. As a consequence of the p-keto substi-
tuent, it is also common practice for widely accepted amphetamine
acronyms to be augmented with the prefix ‘bi’. For example, ethy-
lone, the cathinone analog of MDEA, is often referred to as ‘bk-

Regulation category in Japan

Common name Ri Re Rs Ry (as of December, 2010)
Cathinone CHa H H H Narcotic
Methcathinone (Ephedrone) CHs CH3 H H Narcotic

Ethcathinone CHs3 CHaCH3 H H Designated substance
Amfepramone (Diethylpropion) CHs CH2CH3 CH2CH3 H Psychotrapic
4-Methylmethcathinene (Mephedrone) CHs CHa H 4-CHs Designated substance
4-Methylethcathinone CHs CHzCHz H 4-CHs

4-Fluorometheathinone (Flephedrone) CHs CHz H 4-F

3-Fluoromethcathinone CHs CHs H 3-F

4-Methoxymethcathinone (Methedrone) CHs CHs H 4-QCH3

Buphedrane CH2CH3 CHa H H

Methylone (bk-MDMA) CHs CHs H 3.4-methylenedioxy Narcotic

Ethylone (bk-MDEA) CHs CHzCHs H 3 4-methylenedioxy Designated substance
Butylone (bk-MBDB) CHaCHa CHa H 3,4-methylenedioxy Designated substance
Pentylone CH2CH2CHs  CHa H 3,4-methylenedioxy

MPPP CHs pyrrolidinyl 4-CHs

Pyrovalerone CH2CH2CH3 pyrrolidiny! 4-CHa Psychotropic

MDPBP CH2CHs pyrrolidinyl 3,4-methylenedioxy

MDPV (3,4-Methylenedioxypyrovalerone) CHaCH2CH3 pyrrolidinyl 3,4-methylenedioxy Designated substance
Naphyrone {Naphthylpyrovalerone) CHCH2CHa pyrrolidinyl (naphthy! structure)

Fig. 2. Chemical structures of cathinone derivatives controtled under the taws in Japan and non-controlied compounds detected in products purchased via Japanese-based

websites up to December 2010.
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MDEA'. MDPV (3.4-methylenedioxypyrovalerone) and ethcathi-
none, the N-ethyl derivative of cathinone, were added to desig-
nated substances in January 2009. 4-Methylmethcathinone was
additionally controlled in November 2009. Besides these com-
pounds controtled as narcotics or designated substances, the fol-
lowing cathinones were detected in our analyses of products
purchased up to December 2010 via Japanese-based websites
[23]: 4-fluoromethcathinone (flephedrone), 3-fluoromethcathi-
none, 4-methoxymethcathinone (methedrone, bk-PMMA), 4-
methylethcathinone, buphedrone, pentylone, MPPP and MDPBP
{Fig. 2). In addition, a naphthyl analog of pyrovalerone, naphyrone
{naphthylpyrovalerone}, which has novel properties of cathinones,
was detected in several products [23]. They were sold mostly as
powder or liquid. The distribution of products containing these
compounds has also been reported in Germany and in the UK
[49-51,25,26,53]. As te 4-methoxymethcathinone, two fatalities
involving this drug were reported in Sweden [54].

Specific field tests based on immunoassays for screening of the
cathinone derivatives are not yet commercially available, although
some chemical tests, using reagents such as the Simon's or Marquis
reagenis, may be used to indicate the presence of some cathinones.
The color of B-carbonyl-methylenedioxyamphetamines, such as
methylone, bk-MDEA and bk-MBDB, produced by the Marquis re-
agent was brilliant yellow, although typical methylendioxyam-
phetamines, such as MDMA and MDA, showed black, and B-
carbonylamphetamines, such as cathinone and methcathinone,
did not react with this reagent [10].

The cathinones act as central nervous system stimulants,
although their potencies are generally lower than those of the
amphetamine-type compounds. Studies of the effects of cathinon-
es on monoamine neurotransmission in rat brain confirm their
mechanism of action to be similar to that of amphetamines. Both
groups of drugs bind ro monoamine transporters for dopamine,
serotonin and noradrenaline {norepinephrine) in the brain and
promote the release of these monoamines [55,56]. As with the dif-
ferent amphetamines, individual cathinone derivatives vary in
their relative potencies as inhibitors of the three monoamine trans-
porters [55,56). Little data are available on either the pharmacoki-
netics or pharmacodynamics of the cathinones. Research on the
metabolism of bk-MBDB and bk-MDEA has suggested that N-deal-
kylation (demethylation) followed by O-methylation and B-keto
reduction are major metabolic pathways [57].

As is the case with synthetic cannabinoids, medicinal chemistry
has been used to produce synthetic cathinones. Therefore, it is pos-
sible that a variety of cathinone derivatives will appear in the glo-
bal illegal drug markets. .

3. Survey of psychotropic plants distributed in Japan
3.1. Typical psychotropic plants

In recent years, various products made from non-controlied
psychotropic plants have become popular [58,59]. In 2002, “magic
mushrooms” (containing strong hallucinogens, psitocin andfor psi-
locybin) were designated as a narcotic plant-by the Narcotics and
Psychotropics Control Law in Japan. Moreover, S. divinorum (con-
taining a strong hallucinogen, salvinorin A) was listed as a desig-
nated substance by the Pharmaceutical Affairs Law in 2007.
However, it is difficult to control other psychotropic plants that
are distributed in the illegal drug markets because there is insuffi-
cient scientific information on their species, active compounds and
pharmacology. ’

To survey current trends in the abuse of psychotropic plants,
127 kinds of plant products (purchased via Japanese-based web-
sites from April 2004 to May 2007) were analyzed using LC-MS

[59]. As a result of the analyses, typical hallucinogenic plant com-
ponents were determined in 51 products, as follows: N.N-dimeth-
yltryptamine (the genus Phalaris and Psychotria viridis et al.),

~mescaline (“San Pedro”; Trichocereus pachano and “Peyote™; Lopho-

phoria williamsii et al.), salvinorin A (S. divinorum), lysergamide
("Hawaiian baby woodrose”; Argyreia nervosa and “Morning
glory™; Ipomea violacea et al.), harmine and harmaline (Banisteriop-
sis caapi and the seeds of Peganum harmala et al.). Moreover,
mitragynine (“Kratom"; Mitragyna speciosa), atropine and scopor-
amine (the genus Datura et al.) were detected in the products.
One-third of the products were mixtures of several plant materials,
and the compounds detected in some products were not consistent
with the ingredients listed on the product labels. Moreover, there
were products in which the contents of the active compounds were
sufficient to produce hallucinogenic effects in humans. According
to a survey in the UK [49], the top five products marketed as “legal
highs” on UK-based websites from April 2009 to June 2009 by fre-
quency were “S. divinorum”, “Kratom”, “Hawaiian Baby Woodrose
Seeds”, “Fly Agaric" (Amanita muscaria, a mushroom containing
ibotenic acid and muscimol) and a herbal mixture called “Genie”
(containing synthetic cannabinoids). This result was not inconsis-
tent with the results of our survey.

For the simple and rapid screening of these psychotropic con-
stituents in various plant products, a Direct Analysis in Real Time
(DART) time-of-flight mass spectrometer (TOFMS) was suitable
{60]. DART is a novel ionization technique that provides for the ra-
pid ionization of small molecules under ambient conditions [60].
This analytical method provided molecular information about tar-
get compounds without time-consuming extraction and pre-treat-
ment steps.

3.2. Mitragyna speciosa {Kratom)

Before considering the designation of psychotropic plants that
are distributed in the illegal drug markets, it is necessary to clarify
the contents of their active constituents (chemical analysis) and
the genetic classification of these species (DNA analysis). We have
carried out both chemical and DNA analyses of the commercial
products of various psychotropic plants {61-69].

The leaves of a tropical plant, M. speciosa (known as “Kratom”),
have been traditionally used as a substitute for opium in Thailand
and Malaysia. Mitragynine, a major constituent of M. speciosg, has
an opioid agonistic activity, and its derivative 7-hydroxymitragy-
nine (a minor constituent) is much more potent than mitragynine
or morphine (Fig. 3) [70]. Recently, many kinds of products con-
taining this plant have been distributed as “incense™ in the illegal
drug market in Japan for their expected narcotic effects, As a result
of our chemical and DNA analyses of commercial products of Kra-
tom {67,68], mitragynine, 7-hydroxymitragynine and other alka-
loids were detected in 11 of the 13 products using LC-MS. The
contents of mitragynine in the products ranged from 1% to 6%,

Fig. 3. Chemical structures of active compounds in Mitragyna speciosa, mitragynine
(1) and 7-hydroxymitragynine (2).
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Fig. 4. Chemical structures of three indole alkaloids from V. africana root bark, which have potent antagonist activities against the CB1 receptor: voacamine (1), 3,6-

oxidovoacangine (2) and 5-hydroxy-3.6-oxidovoacangine {3).

and those of 7-hydroxymitragynine ranged from 0.01% to 0.04%.
The ITS sequence analysis of the products revealed that most of
them were derived from M. speciosa or closely related plants, while
others were made from the same tribe plant as M. speciosa. 7-
Hydroxymitragynine has a highly potent narcotic activity, more
potent than morphine. Therefore, M. speciosa abuse may be a mat-
ter of major concern.

3.3. Voacanga africana

Voacanga africana (Apocynaceae) is a small tropical African tree.
The root bark and seeds of this tree contain a number of alkaloids,
including ibogaine (a hallucinogenicfaphrodisiac compound in
bark), tabersonine (a major constituent of seeds) and other voac-
anga alkaloids, traditionally used in Africa for religious purposes.
Recently, some kinds of products containing this plant (root bark
and seeds) have been distributed in the illegal drug market in
the expectation of their hallucinogenic/aphrodisiac effects. As a re-
sult of LC/MS analyses of eight commercially available products
[69], these products were classified into two chemical types: an
ibogaine type and a tabersonine type. The samples of the ibogaine
type contain ibogaine (0.05-0.6%) and other voacanga alkaloids;
voacamine, voacamidine and voacangine, while those of the tab-
ersonine type contain mainly tabersonine (0.6-1.6%). The sequence
analyses of chloroplast DNA traL-F region suggested that most of
the products were derived from V. africana or closely related plants
[69]. They were classified into four genotypes based on the nucle-
otide sequence of the trnl-F IGS region.

For the plant extracts and isolated alkaloids from V. africana,
their agonistic or antagonistic activities on a dopamine (D) recep-
tor, a serotonin (SHT24) receptor, kappa-~ and mu-opioid receptors
and a CB, receptor were investigated using the aequorin/GPCR cell-
based Ca®* functional assay [71]. This revealed that the MeOH ex-
tract of V. africana root bark showed potent antagonistic activity
against the CB; receptor. Takayama et al. isolated three active in-
dole alkaloids from V. africana root bark, such as one iboga-voba-
sine-type bis-indole alkaloid, voacamine, and two iboga-type
monomer alkaloids, 3,6-oxidovoacangine and 5-hydroxy-3,6-oxid-
ovoacangine [72] (Fig. 4). These compounds exhibited relatively
potent CB, receptor antagonistic activities compared with rimona-
bant, a typical antagonist. Rimonabant was an anorectic antiobe-
sity medicine first approved as the (B, receptor antagonist.
However, the approval of this drug was officially withdrawn by
the European Medicines Agency in 2009 due to the risk of serious
psychiatric problems and even suicide. Concerning this fact, there
is a possibility that the roots of V. africana, which contain these
compounds with relatively potent CB, antagonist activities, could
cause unexpected psychiatric problems in the abusers,

4. The future

The recently distributed designer drugs, such as synthetic can-
nabinoids and cathinone derivatives, were partially produced by
medicinal chemistry. Until now, their numerous analogs have been
synthesised during the development of new medicines affecting
the central nervous system, and only some of them have appeared
as designer drugs in the illegal drug market. Therefore, it is possi-
ble that other analogs that have strong activity levels will appear
one after the other. In fact, the actual composition in terms of syn-
thetic additives in the psychotropic products is dynamically chang-
ing and rapidly responding to the newly implemented control
measures.

There is little information on the pharmacology, toxicology, and
safety of the newly distributed psychotropic substances and plants
for humans, but there may be possibilities of serious health dam-
age to their abusers. Thus, continuous monitoring of herbal and
chemical products in the illegal drug market is needed. In view
of the worldwide trend in herbal or chemical products (including
adulterated products) an international cooperation system for
sharing analytical information is required to prevent their world-
wide spread.
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Three indole alkaloids, voacamine (1), 3,6-oxidovoacangine (2), and a new alkaloid, 5-hydroxy-3,6-oxid-
ovoacangine (3), isolated from Voacanga africana were found to exhibit potent cannabinoid CB1 receptor
antagonistic activity. This is the first example of CB1 antagonists derived from natural alkaloids.

© 2011 Elsevier Ltd. All rights reserved.

The endocannabinoid system is involved in a wide variety of
psychological and physiological processes. The cannabinoid (CB)
receptors are G-protein-coupled receptors (GPCRs) and two sub-
types are known: CB1 and CB2." The CB1 receptor is distributed
throughout the body, mainly expressed in the brain, and involved
in memory, cognitive process, pain, and appetite. It is also one of
the targets of drug development for the treatment of obesity, met-
abolic syndrome, obesity-related cardiovascular disorder, sub-
stance abuse, and cognitive impairment. The therapeutic
potential of CB1 receptor antagonists has been demonstrated.! In
this Letter, we disclose three indole alkaloids possessing CB1
receptor antagonistic activity: voacamine (1), 3,6-oxidovoacangine
(2), and a new alkaloid, 5-hydroxy-3,6-oxidovoacangine (3), iso-
lated from Voacanga africana (Fig. 1).

The screening of plant extracts and isolated alkaloids for agonis-
tic or antagonistic activity on the CB1 receptor was performed
using the aequorin/GPCR cell-based Ca®* functional assay.?
CP55940 or rimonabant was used as the positive control for ago-
nist or antagonist. As a result, we found that the MeOH extract of
V. africana root bark showed potent activity. This prompted us to
clarify the active principle in V. africana. Separation of the crude
base that was prepared from V. africana root bark resulted in the
isolation of three active indole alkaloids: one iboga-vobasine-type

* Corresponding author. Tel./fax: +81 (43) 290 2901.
E-mail address: htakayam@p.chiba-u.ac.jp (H. Takayama).

0960-894X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2011.02.036

bis-indole alkaloid, voacamine (1), and two iboga-type monomer
alkaloids, 3,6-oxidovoacangine (2)* and 5-hydroxy-3,6-oxidovo-
acangine (3).° These compounds exhibited relatively potent CB1
receptor antagonistic activity with ICsp of 0.041, 0.199, and
0.141 pM, respectively, compared with that of rimonabant (ICso
0.004 pM). These are a new class of small molecules possessing
CB1 receptor antagonistic activity. Figure 2 shows that their effects
were concentration-dependent. Interestingly, well-known co-
existing alkaloids, such as voacangine (4), vobasine (5), and tabers-
onine (6), did not show the activity.

Among the three alkaloids, 5-hydroxy-3,6-oxidovoacangine (3)
is a new alkaloid and its structure was deduced by spectroscopic
analysis as follows. Compound 3 was found to have the molecular
formula CyyHa6N20s5 from HREIMS [m/z 398.1844 (M*)], which
indicated that 3 has an extra oxygen atom compared to 3,6-oxid-
ovoacangine (2). The UV spectrum exhibited a characteristic 5-
methoxyindole chromophore. Its NMR spectra were similar to
those of 3,6-oxidovoacangine (2) except for the existence of a
low-field oxygenated methine group at éy 5.16 and 6¢c 92.7 in the
H and '*C NMR spectra, respectively, instead of a methylene group
due to C-5. HMBC correlation of the proton at § 5.16 to the carbon
at § 59.0 due to C-21, together with the above data, indicated that
the hydroxyl group was attached to C-5 (Fig. 3). As a result of the
rigid character of the skeleton, the relative configuration at C-3,
C-6, C-14, C-16, and C-21 was restricted, that is, 35%, 6R*, 14R",
16S*, and 21S*. The NOE correlation of H-5 to H-21 suggested that
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MeO

R=H:
3,6-Oxidovoacangine (2)
R=OH : 5-Hydroxy-3,6-
oxidovoacangine (3)

COo,Me
Voacamine (1)

MeO,C
MeO 2 H

—Me

A

COMe

Tabersonine (6)

Figure 1. Structures of indole alkaloids 1-3 with CB1 receptor antagonistic activity
and alkaloids 4-6 from Voacanga africana.

both protons were in cis relationship and the hydroxyl group at C-5
had R* configuration. The absolute configuration at C-16 was de-
duced to be S from the negative Cotton effect that appeared at
approximately 280 nm in the CD spectrum, which was the same
as that of voacangine (4), whose absolute configuration is known.®
Therefore, new alkaloid 3 was deduced to be 5-hydroxy-3,6-
oxidovoacangine.

In conclusion, we have found three cannabinoid CB1 receptor
antagonists, voacamine (1), 3,6-oxidovoacangine (2), and 5-hydro-
xy-3,6-oxidovoacangine (3), from V. africana. As far as we know,
these are the first examples of natural alkaloids having CB1 recep-
tor antagonistic activity. Further studies of the medicinal chemis-

MeO

— HMBC

Figure 3. Selected HMBC and NOE correlations of 5-hydroxy-3,6-oxidovoacangine
(3).

try using these structurally and biologically unique alkaloids are
under way in our laboratories.
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Abstract In order to develop an analytical method for the
discrimination of dextromethorphan (an antitussive medi-
cine) from its enantiomer, levomethorphan (a narcotic) in
biological samples, chiral analyses of these drugs and their
O-demethyl and/or N-demethyl metabolites in rat plasma,
urine, and hair were carried out using LC-MS/MS. After the
i.p. administration of dextromethorphan or levomethorphan
to pigmented hairy male DA rats (5 mg/kg/day, 10 days),
the parent compounds and their three metabolites in plasma,
urine and hair were determined using LC-MS/MS. Com-
plete chiral separation was achieved in 12 min on a Chiral
CD-Ph column in 0.1% formic acid—acetonitrile by a linear
gradient program. Most of the metabolites were detected as
being the corresponding O-demethyl and N, O-didemethyl
metabolites in the rat plasma and urine after the hydrolysis
of O-glucuronides, although obvious differences in the
amounts of these metabolites were found between the
dextro and levo forms. No racemation was observed
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through O- and/or N-demethylation. In the rat hair samples
collected 4 weeks after the first administration, those
differences were more clearly detected and the concen-
trations of the parent compounds, their O-demethyl, N-
demethyl, and N, O-didemethyl metabolites were 63.4, 2.7,
25.1, and 0.7 ng/mg for the dextro forms and 24.5, 24.6,
2.6, and 0.5 ng/mg for the levo forms, respectively. In order
to fully investigate the differences of their metabolic
properties between dextromethorphan and levomethorphan,
DA rat and human liver microsomes were studied. The
results suggested that there might be an enantioselective
metabolism of levomethorphan, especially with regard to
the O-demethylation, not only in DA rat but human liver
microsomes as well. The proposed chiral analyses might be
applied to human samples and could be useful for
discriminating dextromethorphan use from levomethorphan
use in the field of forensic toxicology, although further
studies should be carried out using authentic human
samples.

Keywords Levomethorphan - Dextromethorphan - Chiral
analysis - Biological samples - LC-MS/MS -
Enantioselective metabolism

Introduction

Dextromethorphan is widely used all over the world as an
over-the-counter antitussive medicine. It produces little or
no central nervous system depression at therapeutic doses,
but it has dissociative effects similar to ketamine and
phencyclidine in large doses as an N-methyl-D-aspartate
receptor antagonist [1-6]. To obtain its hallucinogenic
effect, young people abuse this drug by large doses and
many fatalities from overdoses have been reported [7, &]. In
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contrast, its enantiomer, levomethorphan, is a potent
narcotic analgesic [9] (Fig. 1), and an .O-demethyl com-
pound of levomethorphan, levorphanol, is known to have
stronger opioid pharmacological effects [9, 10]. Levome-
thorphan is strictly controlled in the world as a narcotic and
is never used for therapeutic purposes.

In humans, as shown in Fig. 2, it has been reported that
dextromethorphan is primarily metabolized to dextrorphan
via O-demethylation by cytochrome P450 2D6 (CYP2D6),
which is polymorphically expressed in humans, who can be
classified as poor, intermediate, and extensive metabolizers
[I1, 12]. Dextromethorphan is N-demethylated via an
additional route to 3-methoxymorphinan (3-MEM), primar-
ily mediated by CYP3A4 in human liver microsomes [11,
13]. Dextrorphan and 3-MEM are then demethylated to 3-
hydroxymorphinan (3-HM) via CYP3A4 and CYP2D6,
respectively. Moreover, dextrorphan and 3-HM are glu-
curonized to their O-glucuronides and these are mainly
excreted into human urine [14, 13].

A variety of analytical methods for the determination of
dextromethorphan and its metabolites in biological samples
have been reported using capillary electrophoresis (CE)
[t6, 17], HPLC [18-22], GC-MS [23-26], and LC-MS
(/MS) [15, 27-30]. However, there is little information
regarding the metabolic properties of levomethorphan.
Although a chiral separation method of dextromethorphan
and levomethorphan using HPLC with fluorometric detec-
tion [22] or using CE [17] has been reported, there has been
no report that describes a simultaneous determination of
dextromethorphan, levomethorphan, and their metabolites
in biological samples after administration of these drugs.
Considering the possibility of the adulteration or substitu-
tion of dextromethorphan with levomethorphan due to its
chemical similarities for illegal purposes, it is necessary to
establish the enantiometric separation of dextromethorphan
and levomethorphan in biological samples.

In order to develop an analytical method for the
discrimination of dextromethorphan from levomethorphan
in biological samples, we first investigated chiral analyses
of these drugs and their O-demethyl and/or N-demethyl
metabolites in plasma, urine, and hair samples of rats
administered with each enantiomer, using LC-MS/MS. In

CH30 I
ng
eJN—CHg

Dextromethorphan

CH30.

Levomethorphan

Fig. 1 Chemical structures of dextromethorphan and its enantiomer,
levomethorphan
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addition, detailed metabolic properties of these drugs were
investigated using rat and human liver microsomes.

Experimental
Materials

Levomethorphan was obtained from Cerilliant (Round
Rock, TX, USA). Dextromethorphan hydrobromide, dex-
trorphan tartrate, (+)-3-HM hydrobromide, (+)-3-MEM
hydrochloride, and levallorphan tartrate (used as internal
standard, IS) were from Sigma-Aldrich (St. Louis, MO,
USA). Levorphanol tartrate was given by Professor T.
Nagano (Graduate School of Pharmaceutical Sciences, The
University of Tokyo, Japan). A f-glucuronidase solution
(EC 3.2.1.31, 103,000 units/mL, Source: Helix pomatia)
was purchased from Wako Chemicals (Osaka, Japan). A
solid-phase extraction column (OASIS HLB, 3 cc, 60 mg)
was obtained from Waters (Milford, MA, USA), and the
membrane filter (Ultrafree-MC, 0.45 um) was from Milli-
pore Corporation (Bedford, MA, USA).

Liver microsomes from individual male dark agouti
(DA) rats (n=4, 6 weeks old, around 125 g mean weight)
were prepared by ultracentrifugation as described [31, 32].
The concentrations of microsomal protein were estimated
using a bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL). Human liver microsomes (50-donor pool,
20 mg/mL) were purchased from BD Biosciences (Woburn,
MA, USA). Nicotinamide adenine dinucleotide phosphate
(NADP) and glucose 6-phosphate (G-6-P) were obtained
from Oriental Yeast Co., Ltd. (Tokyo, Japan) and G-6-P
dehydrogenase (G-6-PDH) was from Roche Diagnostics
(Indianapolis, IN, USA). All other chemicals and solvents
were of an analytical reagent grade or HPLC grade (Wako
Chemicals, Osaka, Japan).

Instrumentation

The UPLC analysis was performed using a Waters Acquity
Ultra-Performance™ liquid chromatography system
(Waters, Milford, MA, USA). The separations were
achieved using a Chiral CD-Ph column (150x2.1 mm i.d.,
5 um) from Shiseido (Tokyo, Japan). The column temper-
ature was maintained at 30 °C, and the following gradient
system was used with a mobile phase A (0.1% formic acid)
and mobile phase B (0.1% formic acid/acetonitrile) delivered
at 0.25 mL/min: 80% A/20% B (2 min hold)—70% A/30% B
(15 min). The mobile phase was used as a wash solvent to
avoid any carry-over from previous injections. The auto-
sampler was maintained at 4 °C, and the injection volume was
2 ulL. Quantitation was achieved by MS/MS detection in a
positive ion mode using a Quattro Premier XE mass
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Fig. 2 Main metabolic pathway
of dextromethorphan in humans

CH30.

g HH

Dextromethorphan

N-demethy!ationl(CYPSAéi)

3-Methoxymorphinan
(3-MEM)

spectrometer (Waters, Milford, MA, USA) equipped with an
electrospray ionization (ESI) interface. Quantification was
performed using multiple reaction monitoring of the tran-
sitions of precursor ions to product ions with each cone
voltage and collision energy as shown in Table 1. The optimal
MS parameters obtained were as follows: capillary 3.0 kV,
source temperature 120 °C, and desolvation temperature
350 °C. Nitrogen was used as the desolvation and cone gas,
with a flow rate of 800 and 50 L/h, respectively. Argon was
used as the collision gas, with a flow rate of 0.25 mL/min.
All data collected in the centroid mode were processed using
MassLynx™ NT4.1 software with a QuanLynx™ program
(Waters, Milford, MA, USA).

Since the standard compounds of (—)-3-MEM and (-)-3-
HM were not available, these peaks were confirmed by
comparison of their retention times and mass fragmenta-
tions with those of the standard compounds of the dextro
forms ((+)-3-MEM and (+)-3-HM) using an ODS column.
The analyses were performed using an Acquity HSS T3
column (100x2.1 mm i.d., 1.8 um) from Waters (Milford,
MA, USA). The column temperature was maintained at
40 °C, and the following gradient system was used with a
mobile phase A (1% formic acid) and mobile phase B (1%
formic acid/acetonitrile) delivered at 0.3 mL/min: 90%
A/10% B (0 min)}-70% A/30% B (8 min). The MS
parameters were the same as for the analyses using the
chiral column described above.

Animal experiments

The animal experimental model was designed as shown in
our previous reports [33, 34]. All experiments were carried
out with the approval of the Committee for Animal Care
and Use of the National Institute of Health Sciences, Japan.
Dextromethorphan hydrobromide (dissolved in an isotonic
sodium chloride solution, 2.5 mg/mL. rat 1-3) or levome-

HO
O-demethylation O
W g " ———> O-glucuronide
N—CHs \jN—-CHs
Dextrorphan

(CYP3A4)l N-demethylation

HO.

O-demethylation
—

— )
(CYP2D6) O-glucuronide

3-Hydoxymorphinan
(3-HM)

thorphan (dissolved in a mixed solution of 5% Emulphor™
EL-620/5% ethanol/90% isotonic sodium chloride solution,
2.5 mg/mL, rat 4-6) was administered to male DA
pigmented rats, which were 5 weeks old and around 90 g
mean weight (Japan SLC, Shizuoka, Japan). The drugs
were given once daily at 5 mg/kg by intraperitoneal
injection for ten successive days. Blood samples were
collected 5, 15, 30, 60, 120, and 360 min after the first
administration from the orbital vein plexus. Plasma
samples were prepared by centrifugation at 10,000xg
for 3 min and stored at —20 °C until analysis. The area
under the plasma concentration time curve (AUC) was
calculated by the conventional method. Urine samples
were collected 0-24, 24-48, and 48-72 h after the last
administration and stored at —20 °C. Each animal had been
shaved on the back just before the first drug administra-
tion. The new growing hair samples were collected 28 days
after the first administration.

Extraction of parent compounds and their metabolites
from rat plasma and urine samples

For the quantitative analysis of O-demethyl and N,
O-didemethyl metabolites in the rat plasma and urine
samples, the analytes were measured as free compounds
after the hydrolysis of O-glucuronides. The optimal
condition of the hydrolysis was evaluated, with the peak
of putative O-glucuronide at nearly 2 min (m/z 434—258)
on the MRM chromatogram disappearing from rat plasma
and urine samples after the hydrolysis.

A 25-ul plasma sample with 50 uL of added 10 mM
ammonium formate buffer (pH 5.0) was reacted with 20 pL
of the B-glucuronidase solution at 37 °C for 20 h. To
precipitate the proteins in the plasma, 40 plL of the IS
methanol solution and 100 uL of methano! were poured into
each tube, and the mixtures were then vigorously mixed. The
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Table 1 Analytical conditions of LC-MS/MS using the Chiral CD-Ph column

Compounds Retention time Precursor ions Cone voltage Product ions Collision energy
min mlz v mlz eV
Dextromethorphan 10.6 272 40 171 45
Dextrorphan 6.1 258 45 157 40
(+)-3-MEM 8.1 258 40 170 35
(+)-3-HM 3.9 244 30 156 35
Levomethorphan 1.3 272 40 171 45
Levorphanol 55 258 45 157 40
(—)-3-MEM 9.8 258 40 170 35
(-)-3-HM 45 244 30 156 35
Levallorphan (IS) 7.5 284 40 157 40

mixed solution was centrifuged at 1,200xg for 3 min and
filtered prior to the injection for the LC-MS/MS analysis.
To a 50-pL urine sample (20 pL for 0-24 h samples)
was added 100 pL of the B-glucuronidase solution, 1 mL of
10 mM ammonium formate buffer (pH 5.0) and 50 uL of
the IS aqueous solution, respectively. The mixed solution
was incubated at 37 °C with gentle shaking. After an
OASIS HLB column was pre-activated with 2 mL of
methanol and distilled water, the reaction mixture was
applied to the column. Following the wash of the column
with 2 mL of distilled water, 1 mL of methanol was passed
through the column to elute the target drugs. A 2-pL of the
solution was automatically injected into the UPLC-MS/MS.

Extraction of parent compounds and their metabolites
from rat hair samples

Hair samples were washed three times with 0.1% sodium
dodecyl sulfate under ultrasonication, followed by washing
three times with water under the same condition. After the
sample was dried under a nitrogen stream at room
temperature, approximately 10 mg of finely cut hair was
precisely weighed and extracted with 1 mL of methanol/
5 M hydrochloric acid mixed solution (20:1) containing
50 pL of the IS methanol solution for 1 h under
ultrasonication. Following overnight storage at room tem-
perature, the hair was filtered off, the filtrate was evaporated
with a nitrogen stream, and the residue was dissolved in
I mL of distilled water. The solution was treated with an
OASIS HLB column and analyzed as described above.

Linearity, precision, and recovery of the analytical method
for the rat samples

An individual standard solution of 1.0 mg/mL of each drug,
dextromethorphan, levomethorphan, dextrorphan, 3-
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hydroxymorphinan, 3-methoxymorphinan, and levorphanol,
was prepared in methanol and stored at 4 °C. The IS solutions
of 1 ug/mL of levallorphan in methanol for the analysis of hair
samples and those of 1 pg/mL of levallorphan in distilled
water for plasma and urine samples were also prepared.

The drug concentrations in the samples were calculated
using the peak—area ratios of the ions monitored for the target
compounds versus IS. The calibration curves for the determi-
nation were constructed by analyzing extracted drug-free
control samples spiked with the standard solution, as described
above. The calibration samples containing 0, 1, 2, 4, 20, 40,
200, and 400 ng/mL of the target drugs for the rat plasma, 0, 5,
10, 50, 100, 500, 1,000 2,500, 5,000, and 10,000 ng/mL for
the urine samples and 0, 0.1, 0.5, 1.0, 5.0, 10, 25, and 50 ng/
mg for the hair samples were prepared just before analysis.
The limit of quantitation (LOQ) of each drug was chosen to be
the concentration of the lowest calibration standard with an
acceptable limit of variance, while the limit of detection
(LOD) was defined as concentrations in a sample matrix
resulting in peak areas with signal-to-noise ratios (S/N) of 3.

The precision of the method was evaluated by five
consecutive analyses of the plasma and urine samples that
were spiked with the standard solutions containing 2, 20,
and 200 ng/mL for the rat plasma samples and 5, 500, and
5,000 ng/mL for the urine samples, respectively. For the
hair analyses, the control samples spiked with the standard
solutions each containing 0.1, 5, and 50 ng/mg of the
targeted drugs were evaluated. The recoveries of the four
analytes from the rat samples were determined using each
sample spiked with the analytes at a concentration of 80 ng/mL
for the plasma, 500 ng/mL for the urine, and 10 ng/mg for the
hair, respectively. To determine the recoveries, the responses of
the analytes in the standard solutions and in the extracts from
the rat control samples were compared. For the quantitative
analysis of (—)-MEM and (—)-HM, the calibration curves of
(+)-MEM and (+)-HM were used.
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Demethylation of dextromethorphan/levomethorphan in rat
and human liver microsomes

For the in vitro experiments with rat and human liver
microsomes, the reaction mixture consisted of 0.1 M
potassium phosphate buffer (pH 7.4) with an NADPH
generating system (1.3 mM NADP, 3.3 mM G-6-P, 0.4 U/
mL G-6-PDH, 3.3 mM MgCl,), 50 uM substrate (dextro-
methorphan or levomethorphan), and 0.5 mg protein/mL
microsomes (rat or human liver microsomes) in a final
volume of 200 puL. Dextromethorphan and levomethorphan
were dissolved in methanol, and the final concentration of
the organic solvent was 0.1%. The incubation was started
by adding the microsomal fraction and then continued for 0,
5, 10, or 20 min. The reaction was terminated by adding an
equal volume of a mixed organic solution of 50%
acetonitrile and 50% methanol, including 10 pM levallor-
phan (IS), and vigorous shaking. At the same time, a
reaction mixture without the microsomal fraction was also
incubated as an enzyme-free control. The mixture was
centrifuged at 3,500xg for 3 min at 4 °C, and the
supernatant was filtered prior to the injection for the LC-
MS/MS analysis. The in vitro experiments for kinetic
analyses were also performed as described above, except
that 2, 5, 10, 50, 100, and 150 uM of substrates were
incubated with the rat and human liver microsomes for
10 min. Each experiment was performed in duplicate and
kinetic parameters were calculated with Eadie-Hofstee
plots.

The results of the in vitro experiments were each
evaluated by three consecutive analyses. The amounts
of dextromethorphan/levomethorphan and their metabo-
lites were calculated on the basis of calibration curves
made by spiking known amounts of these compounds

into the reaction mixture without the microsomal

fraction.

Results

Chiral separation of dextromethorphan/levomethorphan
and their metabolites

Complete chiral separation of dextromethorphan, levomethor-
phan, and their metabolites was achieved in 12 min on a Chiral
CD-Ph column in 0.1% formic acid—acetonitrile by a linear
gradient program. The retention time of each compound was
as follows: the parent compounds (dextro/levo forms, 10.6/
11.3 min) and their metabolites of O-demethyl (6.1/5.5 min),
N-demethyl (8.1/9.8 min), and O, N-didemethyl (3.9/
4.5 min) as shown in Table 1. Figure 3 shows LC-MS/MS
total ion current chromatograms (MRM maode) of the extract
from plasma (30 min after the first administration), urine (0-
24 h after the last administration), and hair (collected 4 weeks
after the first administration) of rats administered with
dextromethorphan or levomethorphan. Under the chromato-
graphic conditions used, there was no interference with any
of the compounds or the internal standard by any extractable
endogenous materials in the rat samples. The peaks 7
(9.8 min, m/z 258—170) and 8 (4.5 min, m/z 244—156)
on the chromatograms shown in Fig. 3 were identified as
those of (—)-3-MEM and (—)-3-HM when the mass frag-
mentations of these peaks were considered, although the
standard compounds of these two metabolites were not
available. These peaks were also confirmed by comparison
of their retention times and mass fragmentations with those
of the standard compounds of the dextro forms ((+)-3-MEM
and (+)-3-HM) using an ODS column.

Plasma (30 min) Urine (0-24hr) Hair
(A) A ¢ (A) !
1 /8
. 218 3 2
/ |S)/ 1 4 2 IS
i H 1] H i LSRN AN i i 7 t i H ] i 1 b 4
6 B B)
® ° (8) (
[} 5
s ° 5 7 ? Cos
Y - _Is 8 2 7
1S 1!6:“7 ARAS {00 AFLLAR SALI MY M A T ey tARAMI diasiass ML AL Lok Aian ey Akis bt sian)
2 4 6 8 10 12 (min) 2 4 6 8 10 12 (min) 2 4 6 8 10 12 (min)

Fig. 3 LC-MS/MS total ion current (TIC) chromatograms (MRM
mode) of the extracts from plasma, urine, and hair of rats administered
with (A) dextromethorphan and (B) levomethorphan using a chiral

column. / Dextromethorphan, 2 Dextrorphan, 3 (+)-3-MEM, 4 (+)-3-
HM, 5 Levomethorphan, 6 Levorphanol, 7 (—=)-3-MEM, § (-)-3-HM
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Table 2 Validation of results of the LC-MS/MS analyses of dextromethorphan/levomethorphan and their metabolites in rat plasma, urine and hair

samples (#=5)

LOD LOQ Linearr  Recoveries Precision (%) Accuracy (%)

Samples Compounds (S/N>3) (S/N>10) ranges (%) (n=5) (n=5)
2.0 20 200 2.0 20 200
(ng/mL) 80 ng/ml ng/mL  ng/mL ng/mL  ng/mL  ng/mL ng/mL
Dextromethorphan 0.8 1.0 106.1 22.1 9.3 1.5 -19.2 5.5 -0.2
Plasma b, iro, Dextrorphan 0.4 08 1.0.400 81.7 10.2 38 15 102 2.2 -3.6
(50 pL) (+)-3-MEM 0.8 1.0 110.5 15.0 32 2.5 235 2.1 2.6
(+)-3-HM 0.8 1.0 92.5 16.7 6.1 1.8 13.7 -8.3 2.9

thorph . . E X % - -
Lev Levomethorphan 0.8 1.0 1.0-400 100.8 8.6 4.9 2.5 21.6 4.4 5.7
Levorphanol 0.8 1.0 90.7 15.9 4.1 2.3 -10.6 -5.6 -3.6
5.0 500 5000 5.0 500 5000
(ng/ml) 500 ng/ml. ng/mL  ng/mL ng/mL  ng/mL  ng/mL ng/mL
Dextromethorphan 1.0 2.5 90.2 9.7 0.8 2.6 -4.8 -5.2 -4.8
Urine  pextro Dextrorphan 1.0 25 5 0.10000 106.1 23.6 46 32 179 111 -3.3
(100 ub) (+)-3-MEM 2.5 5.0 102.5 19.7 6.1 4.2 10.4 -5.8 2.7
(+)-3-HM 2.5 5.0 91.3 24.6 5.1 2.6 1.6 -9.9 1.5
10 ng/ml. 10 ng/mbL

Levomethorphan 1.0 5.0 10-10000 94.6 109 9.5 2.6 -4.3 -17.0 2.2
Levorphanol 1.0 5.0 93.1 4.8 4.5 4.6 18.6 -8.0 6.8
0.1 5.0 50 0.1 5.0 50
(ng/mg) 10ng/mg ng/mg  ng/mg ng/mg _ ng/mg  ng/mg ng/mg
Dextromethorphan 0.025 0.05 84.2 115 45 2.8 4.6 18.8 -6.6
Hair Dextrorphan 0.025 005 . o 99.8 6.4 2.6 2.7 3.7 15.4 -3.5
(10 mg) (+)-3-MEM 0.025 0.05 83.8 1886 3.9 1.5 4.7 0.6 -2.2
(+)-3-HM 0.025 0.1 91.4 11.2 6.2 2.8 4.6 18.8 -6.6
Levomethorphan 0.025 0.1 0.1-50 98.1 9.9 9.8 5.5 0.1 -2.3 -5.1
Levorphanol 0.025 005 112.2 8.8 2.8 4.2 11.9 1.3 -3.8

Linearity and precision of the analytical method for the rat
urine, plasma, and hair samples

The calibration curves were linear over the concentration
range 1.0-400 ng/mL for rat plasma, 5.0-10,000 ng/mL
(compounds of dextro forms) and 10.0-10,000 ng/mL
{compounds of levo forms) for rat urine, and 0.1-50 ng/mg
for rat hair, with good correlation coefficients of #>0.996,
respectively. The LOD of each drug was 0.4 or 0.8 ng/mL
for the plasma, 1.0 or 2.5 ng/mL for the urine, and 25 pg/mg
for the hair samples. The recoveries and the precision and
accuracy data from the analytical procedures for the rat
samples (n=5), spiked with a standard solution of the
targeted compounds, are shown in Table 2.

Determination of dextromethorphan/levomethorphan
and their metabolites in DA rat plasma, urine, and hair
samples

It has been reported that a female DA rat lacks the CYP2DI
enzyme, which is known to be related to O-demethylation
of dextromethorphan in the SD rat; it is therefore used as a
model animal for the poor metabolizer phenotype of
dextromethorphan [35-37]. As such, the metabolic data
from female DA rats may not reflect the “normal” situation.
On the other hand, pigmented hairy rats appear to be
suitable for the investigation of analytical methods of basic
drugs in hair samples, compared with albino rats (SD or
Wistar rats) because pigmentation (the melanin contents) is
one of the most important factors regarding the incorpora-
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tion of basic drugs into hair, as described before [38].
Therefore, thus far, we have studied the analytical proper-
ties of various drugs in hair samples using the pigmented
hairy male DA rats, avoiding female DA rats.

After the ip. administration of dextromethorphan or
levomethorphan to pigmented hairy male DA rats, the
parent compounds and their three metabolites in the plasma,
urine, and hair were determined using LC-MS/MS. The
optical purities of the resuiting metabolites were unchanged
in any rat biological sample, and no racemation was observed
through O- and/or N-demethylation (Fig. 3). In the rat plasma
(AUCsp_340 min) and urine samples (total excretions for 0—
72 h) after the hydrolysis of O-glucuronides, most metabo-
lites were detected as being the corresponding O-demethyl
and N, O-didemethyl compounds, as shown in Table 3.
However, obvious differences in the amounts of these
metabolites were found between the dextro and levo forms.
After administration of dextromethorphan, dextrorphan and
(+)-3-HM were the major metabolites in the plasma (59.4 and
64.3 mg/L-min) and urine (106.1 and 226.9 pg/mL). However,
O-demethyl metabolites (levorphanol) were mainly detected
in the plasma (197.1 mg/L-min) and urine (210.5 pg/mL)
after administration of levomethorphan (Table 3).

In the hair samples, the differences in the amounts of the
metabolites are more clearly detected. After administration
of dextromethorphan, the parent compound and the N-
demethyl metabolite ((+)-3-MEM) were mainly detected at
63.4 and 25.1 ng/mg, respectively, although the O-demethyl
metabolite of dextromethorphan (dextrorphan) was detected
at only 2.70 ng/mg, which was nearly one tenth of the level
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Table 3 Rat plasma AUCsg_30min, total excretion into rat urine, and concentrations in rat hair of dextromethorphan/levomethorphan and their

metabolites

Administrations Targeted compounds Plasma

AUCO-}(\()min (mg/L ‘mi l'l)

Urine Hair
Total excretion 0-72 h (pug) Concentration (ng/mg)

Dextromethorphan (rat 1-3)

Levomethorphan (rat 4-6)

Dextrorphan
(+)-3-MEM
(+)-3-HM -

Levorphanol
(-)-3-MEM
(—)-3-HM

Dextromethorphan

Levomethorphan

23.8+17.6 2.13+1.05 63.4+4.6
59.4+16.3 106.1+£15.3 2.70£0.04
3.10£2.15 6.95+0.68 25.1+£1.9
64.3+31.3 226.9+51.3 0.70+0.11
6.90+5.12 0.59+0.61 24.5+5.3
197.1+48.2 210.5£36.2 24.6+2.4
1.47+0.64 0.13+0.06 2.57+0.71
51.5£9.6 39.0+5.9 0.49+0.09

of levorphanol. In contrast, after the administration of
levomethorphan, the parent compound and the O-demethyl!
metabolite (levorphanol) were mainly detected at 24.5 and
24.6 ng/mg, respectively, with a small amount of the N-
demethyl metabolite ((—)-3-MEM). The N, O-didemethyl
metabolites (3-HM) were hardly detected in either sample
(Table 3). The ratios of the parent compounds, their
O-demethyl, N-demethyl, and N, O-didemethyl metabolites
in the hair samples were 100:4:40:1 for the dextro forms
and 100:100:11:2 for the levo forms, respectively.

The rat plasma AUCs, total excretions into rat urine and
concentrations in rat hair of dextromethorphan or levome-
thorphan, and their metabolites are summarized in Fig. 4. The
metabolic ratios of dextromethorphan/levomethorphan,
O-demethyl, N-demethyl, and N, O-didemethyl metabolites
in rat plasma (AUCq 360 min) and hair (collected 4 weeks
after the first administration) were 1:3:0.1:3 and
1:0.04:0.4:0.01 for the dextro forms and 1:29:0.2:7 and
1:1:0.1:0.02 for the levo forms, respectively. It is of interest
that the concentrations of dextromethorphan and levome-

Urine Hair
Total excretions 0-72 h (ug)

Concentrations (ng/mg)
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Fig. 4 Rat plasma AUCS_3eomin, total excretions into rat urine, and
concentrations in rat hair of parent compounds and their metabolites
after administration of (A) dextromethorphan and (B) levomethor-
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Fig. 5 Demethylation of (A)
dextromethorphan and (B) levo-
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(B) Levomethorphan
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thorphan in the rat hair were obviously high compared with
those in the plasma, while those of their O-demethyl and N,
O-didemethyl metabolites in the hair (which mostly existed
as very hydrophilic metabolites, O-glucuronides in the plasma)
were extremely low considering their high plasma AUCs.

Demethylation of dextromethorphan/levomethorphan in
DA rat liver microsomes

In order to fully investigate the differences of the metabolic
properties between dextromethorphan and levomethorphan,
DA rat liver microsomes were studied. Figure 5 shows the
O- and/or N-demethylation of dextromethorphan/levome-
thorphan in the rat liver microsomes.

The optical purities of the resulting metabolites were
unchanged in the liver microsomes, and no racemation
was observed through O- and/or N-demethylation. After
20-min incubation, 4.8% of dextromethorphan and 45% of
levomethorphan were transformed to each O-demethyl
metabolite, and 22% and 19% of the parent compounds
were transformed to each N-demethyl metabolite. The N-
demethylation was preferred over O-demethylation for
dextromethorphan. In contrast, O-demethylation was
preferred over N-demethylation for levomethorphan and
the O-demethylation of levomethorphan was performed at
levels 9.4 times that of dextromethorphan after 20-min
incubation. The N-demethylation of levomethorphan was
almost the same as that of dextromethorphan. Table 4
shows kinetic parameters for O-demethylation of dextro-
methorphan and levomethorphan by the DA rat micro-
somes. The V.. value for levomethorphan (3.8+

10 20 min 0 10

0.3 nmol/min/mg protein) was 5.9 times higher than that
of dextromethorphan (0.65+0.03 nmol/min/mg protein).
The K, values for levomethorphan and dextromethorphan
were 22.1+5.0 and 44.1x4.0 uM, respectively. These
results suggest that there might be an enantioselective O-
demethylation of levomethorphan in the DA rat liver
microsomes. This enantioselective metabolism might be
the cause of the different amounts of the metabolites
observed in the rat plasma, urine, and hair after adminis-
tration of dextromethorphan and levomethorphan.

Demethylation of dextromethorphan/levomethorphan in
pooled human liver microsomes

In order to investigate whether the enantioselective
metabolism could be observed in humans as well as in
DA rats, the pooled human liver microsomes were
examined. Figure 6 shows the O- and/or N-demethylation
of dextromethorphan/levomethorphan in the human liver
microsomes.

The optical purities of the resulting metabolites were
unchanged also in the human liver microsomes, and no
racemation was observed through O- and/or N-demethyla-
tion. After 20-min incubation, 3.3% of dextromethorphan
and 11% of levomethorphan were transformed to each
O-demethyl metabolite and 2.5% and 7.1% of the parent
compounds were transformed to each N-demethyl metabo-
lite. The total amounts of the three metabolites from
levomethorphan were higher than those from dextrome-
thorphan in human (3.1 times) microsomes. Kinetic
parameters for O-demethylation of dextromethorphan and

Table 4 Kinetic parameters for O-demethylation of dextromethorphan/levomethorphan by DA rat and human liver microsomes

DA rat liver microsomes

Human liver microsomes

Dextromethorphan Levomethorphan Dextromethorphan Levomethorphan
Vinax (nmol/min/mg protein) 0.65+0.03 3.8+0.3% 0.26+0.03 0.58+0.02%
K (uM) 44.14£4.0 22.145.0° 4.5£0.9 8.9+1.7*

 Significantly different from dextromethorphan (p<0.01)
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levomethorphan in the human liver microsomes are listed in
Table 4. The V.« value for levomethorphan (0.58+
0.02 nmol/min/mg protein) was 2.2 times higher than that
of dextromethorphan (0.26£0.03 nmol/min/mg protein).
The K, values for levomethorphan and dextromethorphan
were 8.9+1.7 and 4.5+0.8 puM, respectively. There could
also be an enantioselective metabolism of levomethorphan
in human liver microsomes.

Discussion

In this study, we first investigated the analytical methods of
dextromethorphan/levomethorphan and their metabolites in
biological samples using DA male rats. As a result, chiral
separation of dextromethorphan, levomethorphan, and their
metabolites in biological samples was achieved in 12 min
on a Chiral CD-Ph column. The optical purities of the
resulting metabolites were unchanged in all rat biological
samples, and no racemation was observed through O- and/
or N-demethylation. The proposed chiral analyses might be
applied to human samples and could provide useful
information for discriminating dextromethorphan use from
levomethorphan use, considering the possibility of the
adulteration or substitution of dextromethorphan with
levomethorphan for illegal purposes. However, for applica-
tion to forensic toxicological purposes, further studies
should be carried out using authentic human samples.

The concentrations of dextromethorphan and levome-
thorphan in the rat hair were obviously high compared with
those of metabolites in the plasma and urine samples in this
study. In our previous study [38], we determined the
melanin affinity and lipophilicity of 20 abused drugs and
these values were compared with the ratio of drug
concentration in hair to plasma AUC as an index of the
incorporation tendency into hair. As a result, the combina-
tion of melanin affinity (basicity) and lipophilicity showed
a high correlation with the incorporation tendency into hair.
Parent compounds can be detected relatively easily in hair

in comparison with their hydrophilic metabolites. Actually,
it has been reported that cocaine is detected in hair at a
much higher concentration than its metabolite, benzoylec-
gonine, although cocaine is rapidly hydrolyzed to benzoy-
lecgonine and disappears from plasma [39]. Considering
those reports, the physico-chemical properties of dextro-
methorphan/levomethorphan and their metabolites could be
significantly related to their concentrations in the hair
samples. Additionally, the drug concentrations in the rat
hair (collected 4 weeks after the first administration)
reflected the total amounts of drugs in the plasma of rats
administered with dextromethorphan/levomethorphan for
ten successive days, and the differences might become
more distinct. The detection of the parent compounds from
hair samples would provide useful information regarding
the monitoring of their use over a long period.

In the DA rat samples, obvious differences in the ratios
of the metabolites were found between the dextro and levo
forms. These differences were most clearly detected in the
hair samples. The concentrations of the parent compounds,
their O-demethyl, N-demethyl, and »N, O-didemethyl
metabolites were 63.4, 2.7, 25.1, and 0.7 ng/mg for the
dextro forms and 24.5, 24.6, 2.6, and 0.5 ng/mg for the levo
forms, respectively. In order to investigate the differences
of their metabolic properties between dextromethorphan
and levomethorphan, DA rat and human liver microsomes
were studied. As a result, we have shown the enantiose-
lective metabolism of levomethorphan, not only in DA rats
but also in human liver microsomes, especially with regards
to the O-demethylation. Because it is well-known that
CYP2D6 (mainly related to O-demethylation of dextro-
methorphan) is polymorphically expressed in humans, it
may be difficult to discuss the enantioselective metabolism in
humans who can be classified as poor, intermediate and
extensive metabolizers of dextromethorphan. In future stud-
ies, the metabolic properties of these drugs using CYP2D6
enzymes (having a variety of phenotypes) should be examined
to clarify the effects of their genotypes on the enantioselective
O-demethylation of levomethorphan observed in this study.

Fig. 6 Demethylation of (A) (A) Dextromethorphan (B) Levomethorphan
dextromethorphan and (B) levo- 12 12
methorphan in human liver
microsomes 10 { —@ Dextrophan 1o | & levorpharol
-4~ (+)-3-MEM -~ 8- (-)-3-MEM
81 --a-(+)-3-HM 8 1 -a-()-3-HM

Demethylation (nmole/mg protein)
[=2]
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Conclusions

In this present study, we have established procedures for
chiral analyses of dextromethorphan, levomethorphan, and
their O-demethyl and/or N-demethyl metabolites in rat
plasma, urine, and hair using LC-MS/MS. These analytical
methods might be applied to human samples and could be
useful for discriminating dextromethorphan use from
levomethorphan use although further studies should be
carried out using authentic human samples for forensic
toxicological purposes. In addition, we have found the
enantioselective metabolism of levomethorphan, not only
in DA rats but also in human liver microsomes, especially
with regards to the O-demethylation. This is the first
report describing the differences in metabolic properties
between dextromethorphan and levomethorphan in rats
and humans.
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