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INTRODUCTION

Drug abuse remains a world-wide problem its
impact on society is increasing. In addition to the
abuse of classical drugs, such as heroin, cocain and
methamphetamine, a number of new drugs have
appeared. Unfortunately, it is generally expected that
acute intoxication and drug-related crime will con-
tinue to increase. To help solve this problem, the
general public needs to be taught about the adverse
effects of drug abuse as far as mental and physical
health, and social cohesion are concerned. Advances
in the development of specific and sensitive tech-
niques for the analysis of abused drugs in body will
help address this problem. In addition, forensic toxi-
cologists need more information about the metabo-
lism of abused drugs and the underlying mecha-
nisms. This is because drug concentrations in the
body largely depend on metabolism. Furthermore,
it is well-known that inter-individual differences in
metabolic capacity can partially explain differences

in drug sensitivity, although there are many cases
which cannot be understood simply by the single
nucleotide polymorphisms (SNPs) of genes coding
drug metabolizing enzymes. In this review, we shall
focus on the metabolism of drugs of abuse, and dis-
cuss the significance of this in terms of their toxic-
ity.

AMPHETAMINES INCLUDING MDMA

The metabolic fate of amphetamine (AP) and
methamphetamine (MP) in man have been described
in detail by Caldwell, Williams and their col-
leagues.1–4) Although unchanged AP and MP are eas-
ily detectable in urine of abusers, a large fraction of
these drugs is metabolized in the body following
absorption. The major metabolites of AP in man are
p-hydroxy-AP and benzoic acid including its gly-
cine conjugate (Fig. 1A).1) While a portion of the
MP ingested is N-demethylated to AP, the other path-
ways of MP metabolism are similar to those of AP.2,4)

For example, MP is also converted to p-hydroxy-
lated metabolites and benzoic acid (Fig. 1A). The
difference in the metabolism is that the formation of
deaminated product (benzoic acid) from AP is greater
than that from MP. The N-demethylation of MP pro-
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duces an active metabolite, AP. However, because
AP and MP have almost equivalent stimulant
potency, it is unlikely that the degree of N-
demethylation markedly affects the action of MP.
On the other hand, aromatic hydroxylation and
deamination of AP/MP are thought to be detoxica-
tion pathways, although early studies have raised the
possibility that p-hydroxylated metabolites may con-
tribute to chronic psychological effects by affecting
catecholamine levels.5,6) The cytochrome P450
(P450) participating in the deamination of AP/MP
has been suggested to be an isoform of the CYP2C
subfamily (Fig. 1A).7,8) This suggests the possibility
that polymorphism(s) for the CYP2C enzyme con-
tributes to the inter-individual differences in AP/MP
action. However, this is not certain and needs to be
proved.

Aromatic hydroxylation of AP/MP has been
shown to be catalyzed by CYP2D enzymes.9–11) The
importance of this detoxication pathway on MP ac-
tion can be understood by the observation that the
difference in the stimulating effect of MP stereoiso-
mers (d > l) reversely correlates with the difference
in the p-hydroxylation by CYP2D enzyme (l > d).10)

It is well-known that this isoform of P450 exhibits
inter-individual differences in its expression and
function.12) About 0.7 and 7% of Japanese and Cau-
casians are poor metabolizers, respectively, due to
the lack of or reduced catalytic function of CYP2D6.

Although the serum level of MP in the poor
metabolizers (PM) does not markedly differ from
that in the extensive metabolizers (EM), PM are re-
ported to be more sensitive to the pharmacological
action of MP.13) In addition, CYP2D polymorphism
affects developmental neurotoxicity in rats produced
by maternal exposure to MP.14) This suggests that
the higher sensitivity exhibited by PM metabolizers
toward MP action is due to the higher concentration
of the drug in brain.13)

The polymorphism for CYP2D is also suggested
to be involved in the psychological toxicity produced
by methylenedioxy-MP (MDMA). The demethy-
lenation of MDMA is mainly catalyzed by CYP2D6
(Fig. 1B).10,11,15) whereas other forms of P450, such
as CYP1A2, CYP2B6 and CYP3A4, are also capable
of mediating this metabolic conversion.16) The
demethylenation of MDMA results in a catechol
derivative of MP which may produce neurotoxicity
following conversion to a reactive quinone
(Fig. 1B).17) Thus, CYP2D polymorphism may af-
fect the occurrence of MDMA neurotoxocity. How-
ever, it should be noted that a report disagreeing with
this hypothesis has been published. In Dark Agouti
(DA) rats, while the male is an extensive metabolizer
as far as CYP2D polymorphism is concerned, the
female is a poor metabolizer. On comparing the
MDMA-induced elevation of body temperature
which also occurs in humans ingesting MDMA, the

Fig. 1. Metabolic Pathways of MP (A) and MDMA (B)
Major metabolic pathway is indicated by bold arrow. As this figure does not show all minor pathways, see references 1–4 (MP) and 15 (MDMA) for

the details. CYP and FMO shown above arrow mean cytochrome P450 and flavin-containing monooxygenase, respectively, which are mainly involved in
the metabolism. In the figure B, -SG shows the conjugated metabolite with glutathione.
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symptom has also been found in female DA rats.18)

Therefore, the possibility that CYP2D polymorphism
significantly affects MDMA action needs further
study to confirm its validity.

OPIOIDS

It has long been known that there are great in-
ter-individual differences in the pharmacological
effects of morphine and heroin. Glucuronidation of
the 3- and 6-hydroxy groups is the main metabolic
pathway of morphine (Fig. 2).19,20) The same is true
for heroin, although this drug requires hydrolysis of
the 3- and 6-acetoxy groups before glucuronidation
(Fig. 2). It is well-known that the main metabolite,
morphine-3-glucuronide (M-3-G), is a detoxified
metabolite, and the 6-glucuronide (M-6-G) has far
greater analgesic activity than the parent com-
pound.21–24) As the ratio of free morphine to total
morphine, including its glucuronides, is a useful in-
dex for assessing the magnitude of acute intoxica-
tion by morphine and heroin,25) it is likely that the
catalytic activity for 3-glucunonide formation is at
least one of the determinants of sensitivity to these
drugs. The major isoform of human UDP-
glucuronosyltransferase (UGT) responsible for mor-
phine 3- and 6-conjugation is assumed to be
UGT2B7.26) Many types of SNP have been reported
for the UGT2B7 gene.27–30) Although base substitu-
tions for these SNPs between morphine-responders
and non-responders have been reported,29) it remains
unknown whether these SNPs have an effect on
UGT2B7 function. At least two SNPs, UGT2B7*1
and *2, discovered in the coding region of the

UGT2B7 gene have been shown not to affect enzy-
matic function.31) In connection with this, it has been
suggested that factors other than UGT2B7 polymor-
phism may affect the variability in the serum ratio
of morphine glucuronide to morphine.28) On the other
hand, Duguay et al. have demonstrated that SNPs at
the promoter region of the UGT2B7 gene affect tran-
scription.32) Thus, although the SNPs for the
UGT2B7 gene may explain at least partially the in-
ter-individual differences in morphine sensitivity,
much more effort will be needed to establish this
beyond doubt. Alternatively, it is conceivable that
the SNPs for the opioid receptor gene can explain
the different sensitivity of individuals to opioids. The
human µ-opioid receptor, encoded in the OPRM1
gene,33,34) is the major site for the analgesic action of
opioids. The mutant allele of the 118A > G SNP in
the OPRM1 gene, which codes an Asn40Asp µ-
opioid receptor, has been associated with reduced
opioid activity in carriers of the 118G allele.35) The
polymorphism A118G of the human OPRM1 gene
may be responsible for the different sensitivity to-
wards M-6-G but not morphine.35) In addition, evi-
dence from clinical studies points to the functional
importance of several OPRM1 SNPs as far as opioid
addiction is concerned.36) However, the SNPs of
opioid receptors reported thus far do not seem to
fully explain the inter-individual differences in sen-
sitivity towards morphine.37) Interestingly, oligomer-
ization of opioid receptors has been reported.38)

Heterodimeric associations between µ-δ opioid re-
ceptors have been shown,39) and this report also sug-
gested that the occupancy of δ receptors with an-
tagonists enhances its binding to µ opioid receptors,
resulting in increased signaling activity. Further-

  

    

Fig. 2. Metabolic Pathways of Morphine, Heroin and Codeine
Bold arrows indicate major metabolic pathways.
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more, δ receptor antagonists enhance morphine-me-
diated intrathecal analgesia. Thus, receptor-recep-
tor interaction between opioid receptors and SNPs
of opioid receptor genes need to be investigated to
increase our understanding of alterations in opioid
effects.

Current studies in our laboratory have suggested
a distinct mechanism which may explain inter-indi-
vidual differences in the ability to metabolize mor-
phine in humans. In these studies, we have exam-
ined a hypothesis that UGT function is changed by
protein-protein interaction with P450. This hypoth-
esis is based on an observation which showed effec-
tive trapping of UGTs by a P450-immobilized col-
umn.40) In support of this, our recent data suggest
that P450 functions as a substrate supplier to UGT;41)

and P450 associates with UGT to alter its function.42)

As far as the latter possibility is concerned, we
observed a CYP3A4–dependent alteration of
UGT2B7 function using morphine glucuronidation
as the index. This suggests that the polymorphic
expression of CYP3A4 is one of the determinants
regulating the bioavailability of morphine. However,
this should be further examined by clinical studies
in volunteers.

The phamacological effect of heroin is thought
to depend on its hydrolyzed metabolites, 6-
acetylmorphine and morphine. In agreement with
this, esterase inhibition increases the effect of heroin
but not morphine in mice.43) It has been suggested
that the pharmacological effect of heroin and mor-
phine is different because the specific receptor for
6-acetylmorphine differs from that for morphine.44)

If this is true, an inter-individual difference in heroin
hydrolase(s) would affect the effect and development
of dependency produced by this dangerous drug.
Regarding this, human carboxylesterases (CES) 1
and 2 can hydrolyze both the 3- and 6-acetoxy groups
of heroin.45,46) CES2 has been suggested to play a
more important role than CES1 in heroin metabo-
lism. However, to the best of our knowledge, the
relationship between the polymorphism of human
CESs and its impact on the metabolism and
pharamacological effect of heroin has not yet been
reported.

It is also of interest that CYP2D polymorphism
is involved in the inter-individual differences in co-
deine pharmacology. This drug has long been used
as a safe analgesic and cough medicine. UGT2B7
catalyzes codeine glucuronidation as well as mor-
phine metabolism (Fig. 2), but codeine is a much
poorer substrate of this enzyme.26) This seems to be

one of the reasons why codeine resists the first-pass
effect. The analgesic activity of codeine is thought
to largely depend on its O-demethylated metabolite,
morphine, which is produced by catalysis involving
the CYP2D subfamily (Fig. 2).47) Codeine cannot
produce its analgesic activity in about 10% of Cau-
casians.48) As this is roughly consistent with the popu-
lation of CYP2D poor metabolizers, it is likely that
the CYP2D enzyme plays a major role in codeine
analgesic activity and dependency.

COCAINE AND TETRAHYDRO-
CANNABINOL

The main metabolic pathway of cocaine is hy-
drolysis to benzoylecgonine and ecgonine methyl
ester. These reactions are catalyzed by serum
butyrylcholine esterase and hepatic CES2.46,49) The
contribution of these esterases to cocaine disappear-
ance remains to be clarified. However, as the addi-
tion of butyrylcholine esterase to blood containing
cocaine results in a marked reduction in its concen-
tration, this enzyme must play an important role.50)

While the inter-individual differences in cocaine
hydrolysis remain largely unknown, it has been re-
ported that there are individuals exhibiting an ex-
tremely low excretion of ecgonine methyl ester fol-
lowing cocaine ingestion.51) Thus, it is likely that
differences in sensitivity to cocaine are linked to
polymorphism of cocaine esterase(s).

Tetrahydrocannabinol (THC), an active ingre-
dient in marihuana, is mainly metabolized via oxi-
dation of the methyl group (C11) at the C9 position
to give the carboxylic acid derivative. As the human
liver microsomal activity of THC 11-hydroxylation
is markedly inhibited by anti-CYP2C9 antibody,52)

this subfamily is likely to play a major role. Watanabe
et al. have reported that a purified preparation of
mouse P450 (Cyp2c29) catalyzes the conversion of
THC to the 9-carboxylic acid.53) This means that
CYP2C enzyme(s) catalyzes the oxygenation of the
aldehyde intermediate as well as the formation of
11-OH and its aldehyde, although non-P450 oxidases
also contribute to the formation of the carboxylate
metabolite. To date, few studies have been under-
taken to investigate the relationship between the
metabolic capacity of individuals and THC action.
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FUTURE PERSPECTIVES

The mechanism of the different sensitivity of
individuals to drugs of abuse remains largely un-
known, even although these drugs have been abused
for a long time. Clarification of these issues would
help in the prevention of abuse and the treatment of
intoxication by these drugs. As discussed, differences
in the sensitivity to drugs may be due not only to the
SNPs in the genes, but also to an alteration in the
function of drug metabolizing enzymes by protein-
protein interaction. To identify the factors involved
in the inter-individual differences in drug sensitiv-
ity, more studies are needed from both basic and
clinical standpoints. In addition, studies of the me-
tabolism of novel synthetic drugs and their possible
toxic effects will also be required.
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