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ABSTRACT: Illicit amphetamine-type stimulant (ATS) tablets commonly contain one or more active ingredients, which have hallucinogenic
and ⁄ or stimulant effects. Because components such as 3,4-methylenedioxymethamphetamine (MDMA) and methamphetamine (MA) in ATS tablets
have similar chemical structures, they could be metabolized by common metabolic enzymes. To investigate potential metabolic interactions of ATS
tablet components, we studied the in vitro metabolism of MDMA and MA using human metabolic enzymes. MDMA and MA were mainly metabo-
lized by cytochrome P450 2D6 (CYP2D6) and mutually inhibited the production of their main metabolites. In vivo experiments were also performed
using intravenous administration of MDMA, MA, or their mixture to rats. The plasma concentrations of MDMA and MA after co-administration
were higher than those after administration of MDMA or MA alone. The results in this study imply that multiple components in ATS tablets can
interact to mutually inhibit their metabolism and potentially enhance the toxicity of each component.
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The amphetamine-type stimulant (ATS) family includes compounds
such as methamphetamine (MA), 3,4-methylenedioxymetham-
phetamine (MDMA), 3,4-methylenedioxyamphetamine (MDA),
and 3,4-methylenedioxyethylamphetamine (MDEA). These com-
pounds have similar chemical structures, and pharmacological
and toxicological effects on the central nervous system (1–4).
Abuse of ATS tablets has become a serious social problem world-
wide (1,5,6). In addition to the ATS, ATS tablets can contain
other active ingredients such as ketamine and caffeine, which
have hallucinogenic and ⁄ or stimulant effects (2,7–11). The com-
ponents in these tablets might interact with each other in vivo,
which could enhance toxicity. Therefore, investigations of inter-
actions of ATS and related compounds are important for public
health and forensic toxicology.

The only structural difference between MDMA and MA is the
presence or absence, respectively, of the methylenedioxy moiety.
Most ATS, including MDMA and MA, are metabolized by
N-demethylation and hydroxylation of their aromatic moieties.
MDMA is mainly metabolized to 4-hydroxy-3-methoxymetham-
phetamine (HMMA) and MDA, while MA is mainly metabolized
to p-hydroxymethamphetamine (OHMA) and amphetamine (AP) in
humans and rats (Fig. 1) (12–16). It has been reported that cyto-
chrome P450 2D6 (CYP2D6) is the dominant metabolic enzyme
contributing to the metabolism of MDMA and MA (17–21).

MDMA and MA have some pharmacological differences such
as the hallucinogenic effects of MDMA (2,3). MDA and AP them-
selves, which are metabolites of MDMA and MA respectively,
have hallucinogenic and ⁄or stimulant effects and are abused as illi-
cit drugs. HMMA, which is a main metabolite of MDMA, report-
edly affects the release of neurohypophysial hormones (22,23),
Therefore, the changes of metabolic patterns by co-administration
of drugs can bring unexpected adverse health effects.

We previously investigated interactions of ATS and related
compounds during absorption both in vitro using human intestinal
Caco-2 cells and in vivo using rats (24,25). MDMA and MA were
transported into Caco-2 cells via a common transporter, and the
uptake and permeation were mutually inhibited. Although metabolic
interactions of AP analogs have been reported, there are few reports
concerning direct interaction between MDMA and MA, and these
reports have focused on in vitro metabolism (17–19).

In this study, in vitro experiments with human metabolic enzymes
were used to study the interaction between MDMA and MA. In
addition, in vivo drug administration experiments were performed
using rats to examine the interactions of MDMA and MA because
we cannot perform in vivo experiments in humans. The correlation
between the in vitro and in vivo metabolic results was examined.

Materials and Methods

Materials

d-MA hydrochloride (MAÆHCl) and d-OHMAÆHCl were
purchased from Dainippon Pharmaceutical Co., Ltd. (Osaka, Japan)
and Sigma-Aldrich Co. (St. Louis, MO), respectively. dl-HMMA
and 3,4-dihydroxymethamphetamine (DHMA) were purchased as
methanol solutions from Cerilliant Co. (Austin, TX) and
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Lipomed Co. (Arlesheim, Switzerland), respectively. dl-
MDMAÆHCl, dl-MDAÆHCl, and dl-AP sulfate were synthesized
as reported previously (26,27). All other reagents and solvents
were purchased from Wako Pure Chemical Co. (Osaka, Japan).
Acetonitrile was of liquid chromatograph (LC)–mass spectrome-
ter (MS) grade.

Nicotinamide adenine dinucleotide phosphate (NADPH) regener-
ation system solution (1.3 mM NADP+, 3.3 mM glucose 6-phos-
phate, 0.4 U ⁄mL glucose 6-phosphate dehydrogenase, 3.3 mM
MgCl2) was purchased from Daiichi Pure Chemicals Co. Ltd.
(Tokyo, Japan). Human liver and intestinal microsomes, human
liver cytosol, and microsomes from human B-lymphoblastoid cell
lines that stably express specific human CYPs and microsomes
from baculovirus-infected insect cells that stably express human fla-
vine-containing monooxygenase (FMO) or monoamine oxidase
(MAO) were also purchased from Daiichi Pure Chemicals Co. Ltd.

Male Wistar rats weighing 200–250 g were purchased from the
Biomaterial Center of Japan Inc. (Tokyo, Japan). A polyethylene
tube for cannulation was purchased from Natsume Seisakusho Co.
(Tokyo, Japan).

In Vitro Metabolism Experiments

Drug solutions of MDMAÆHCl and MAÆHCl at various concen-
trations were prepared by dissolving the compounds in 100 mM
phosphate buffer (pH 7.4). Drug solution (30 lL) was mixed with
140 lL of NADPH regeneration system solution and 10 lL of
aqueous 11.6 mM S-adenosyl methionine (SAM). To this mixture,
20 lL of a solution containing metabolic enzymes (1 mg ⁄mL pro-
tein) was added. The mixture was incubated at 37�C, and 10-lL
aliquots of the solution were removed at 15, 30, 60, and 120 min.
Each of these aliquots was mixed with 90 lL of the LC mobile
phase as described in the LC-MS ⁄MS Conditions section contain-
ing 0.2 lg ⁄ mL dibenzylamine (DBA) as an internal standard. After
vortex mixing for 5 min and centrifugation (15,000 · g, 5 min),
the supernatant was filtered through a 0.45-lm filter. The filtrate
(5 lL) was injected into a liquid chromatograph-tandem mass spec-
trometer (LC-MS ⁄ MS).

Animal Experiments

The animal experiments were carried out under approval of an
ethics committee at the National Research Institute of Police Sci-
ence (Kashiwa, Japan). Polyethylene tubing (1.1 mm o.d.) for
administration of solutions of MDMAÆHCl and MAÆHCl in 0.9%
aqueous NaCl was inserted in the femoral vein of each rat under
diethyl ether anesthesia. After intravenous administration of
MDMAÆHCl (10 mg ⁄ kg), MAÆHCl (10 mg ⁄ kg), or a mixture of
MDMA (10 mg ⁄ kg) and MA (10 mg ⁄ kg), the rat was placed in a
cage. Blood (about 0.2 mL) was periodically collected (0.1, 0.5, 1,
1.5, 2, 3, 4, 6, 8, and 10 h) from the tail vein in a micro test tube
containing heparin and immediately centrifuged (2000 · g,
10 min). The plasma was transferred to another tube and stored at
)30�C until use.

Preparation of Analytical Sample from Plasma

Fifty microliters of plasma and 100 lL of 3 M hydrochloric acid
were poured into a 1.5-mL micro tube, and then the tube was
placed in a heat block at 120�C for 30 min for hydrolysis of the
conjugated compounds. Five hundred microliters of acetonitrile
containing 0.2 lg ⁄ mL DBA was added to the sample after hydroly-
sis. After vortex mixing for 5 min and centrifugation (15,000 · g,

10 min), the supernatant was transferred to another tube and evapo-
rated to dryness under a nitrogen flow. The residue was dissolved
in the LC mobile phase as described in the LC-MS/MS Conditions
section. After filtration, 5 lL of the sample solution was injected
into the LC-MS ⁄ MS.

LC-MS ⁄ MS Conditions

The LC (Shiseido Nanospace SI-2, Tokyo, Japan) was coupled to
a MS (Thermo Electron TSQ Quantum Ultra; Thermo Electron
Corp., San Jose, CA). Chromatographic separation was achieved
using a polymer-coated strong cation-exchange column (Shiseido
CAPCELL PAK SCX UG 80, 75 · 1.5 mm i.d.; Tokyo, Japan) at
40�C. The mobile phase was 25 mM ammonium acetate (pH 4.0)
and acetonitrile (1:3). The flow rate was maintained at 0.3 mL ⁄ min.
The switch valve was changed from a waste line to the MS line at
1 min. Positive mode of electrospray ionization and selected reaction
monitoring were used for quantification of compounds. The parame-
ters for MS were as follows: spray voltage, 5000 V; sheath gas pres-
sure, 6 Pa; auxiliary gas pressure, 0.5 Pa; capillary temperature,
300�C; tube lens offset, 50 V; collision pressure, 0.2 Pa; and colli-
sion energy, 15 eV. Precursor and product ions were monitored at
m ⁄ z 194 fi 163 (MDMA), m ⁄ z 150 fi 119 (MA), m ⁄ z 196 fi 165
(HMMA), m ⁄ z 180 fi 163 (MDA), m ⁄ z 182 fi 151 (DHMA), m ⁄ z
166 fi 135 (OHMA), m ⁄ z 136 fi 91 (AP), and m ⁄ z 198 fi 91
(DBA). Data acquisition and instrument control were performed
using Thermo Electron Xcalibur software.

Data Analysis

The initial production rates of metabolites were estimated using
linear regression analysis of a linear portion of the amount of
metabolite versus time. The data were fitted to the Michaelis–
Menten equation by an iterative nonlinear least-squares method:

FIG. 1—Metabolism of 3,4-methylenedioxymethamphetamine (MDMA) and
methamphetamine (MA).
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V ¼ Vmax½S�=ðKm þ ½S�Þ

where V represents the initial production rate of the metabolite
and [S] the initial concentration of substrate. To examine the
type of inhibition, a Lineweaver-Burk plot of the reciprocal of
substrate concentration (x-axis) and the reciprocal of metabolite
production rate (y-axis) with or without inhibitor was depicted.
The inhibition constant (Ki) was determined from the intersec-
tion of lines for two different concentrations of substrate on a
Dixon plot of inhibitor concentration (x-axis) and the reciprocal
of metabolite production rate (y-axis).

The interactions between MDMA and MA in drug administra-
tion experiments were evaluated using moment analysis. The area

under the plasma concentration–time curve (AUC) and the mean
residence time (MRT) were calculated based on the trapezoidal
areas of the plasma concentration–time curve from 0 h to infinity
after intravenous administration of drugs.

Results and Discussion

Metabolism of MDMA and MA by Various Metabolic Enzymes

The typical time courses from metabolite production of MDMA
and MA (Fig. 2) were recorded in media with human liver micro-
somes. The concentrations of the main metabolites of MDMA
(HMMA and MDA) and MA (OHMA and AP) linearly increased
with incubation time up to 60 min. The concentration of DHMA,
which is a metabolic intermediate in the conversion of MDMA to
HMMA (Fig. 1) (28), plateaued early in the incubation. DHMA is
produced by cleavage of the methylenedioxy moiety of MDMA. It is
subsequently metabolized to HMMA by O-methylation of catechol
by catechol O-methyl transferase using SAM as a methyl supplier
(29). We previously demonstrated that SAM addition was indispens-
able to reproduce MDMA in vivo metabolism because the amount of
SAM in microsomes was insufficient during in vitro experiments
(30). Therefore, SAM was added to in vitro experiments in this
study. DHMA was detected after 15 min of incubation and the
amount slowly decreased until 120 min. The results imply the pro-
duction of HMMA by fast cleavage of the methylenedioxy moiety
of MDMA and subsequent O-methylation of DHMA.

The production rates of the metabolites differed greatly depending
on the kind of enzymes (Table 1). With liver microsome incubation,
HMMA production was greater than MDA production from MDMA,
while OHMA production was lower than AP production from MA.
The production rates of the metabolites in liver microsomes were
greater than those in liver cytosol and intestinal microsomes. Among
the CYP isozymes tested, CYP2D6 dominantly contributed to
metabolism of MDMA and MA. MDA and AP were also produced
by other isozymes and enzymes such as FMO and MAO.

After addition of MDMA or MA alone, production of MDA
from N-demethylation of MDMA was inferior to HMMA produc-
tion, while AP production from N-demethylation of MA was supe-
rior to OHMA production. The difference in N-demethylation
reaction efficiency implies that in addition to CYP2D6, some other
enzymes contribute to N-demethylation. Baba et al. (31) proposed
that both N-hydroxymethyl-amphetamine production by CYP and
N-hydroxyl-methamphetamine production by FMO contribute to

FIG. 2—Typical time courses of metabolite production from 3,4-methylen-
edioxymethamphetamine (MDMA) and methamphetamine (MA). In vitro
metabolic experiments of MDMA and MA were performed using media with
human liver microsomes. The relative peak areas of each metabolite to
internal standard are indicated at each incubation time.

TABLE 1—Metabolism of MDMA and MA by various metabolic enzymes.

Metabolic Enzyme

Production Rate of Metabolite (pmol ⁄ min ⁄ mg Protein)

MDMA fi HMMA MDMA fi MDA MA fi OHMA MA fi AP

Liver microsome 75.1 € 0.9 1.78 € 0.13 23.8 € 1.3 30.4 € 0.7
Liver cytosol 2.25 € 0.31 0.37 € 0.21 0.13 € 0.04 3.32 € 0.87
Intestine microsome 6.03 € 1.00 0.99 € 0.55 1.59 € 0.11 1.65 € 0.63
CYP1A2 0.26 € 0.14 0.32 € 0.07 N.D. Trace
CYP2B6 Trace Trace N.D. Trace
CYP2C9 Trace Trace Trace Trace
CYP2D6 6.76 € 0.60 0.41 € 0.10 25.3 € 1.2 37.8 € 2.9
CYP3A4 Trace Trace N.D. Trace
FMO N.D. 0.57 € 0.08 N.D. 5.91 € 0.60
MAOA N.D. 0.22 € 0.16 N.D. 1.64 € 0.45
MAOB N.D. 0.24 € 0.05 N.D. 2.35 € 1.18

Each (20 lM) of MDMA and MA was incubated with various metabolic enzymes. Each value represents the mean € SD from three independent experi-
ments. ‘‘Trace’’ indicates the concentration was lower than the limit of quantification.

MDMA, 3,4-methylenedioxymethamphetamine; MA, methamphetamine; HMMA, 4-hydroxy-3-methoxymethamphetamine; MDA, 3,4-methylenedioxyam-
phetamine; OHMA, p-hydroxymethamphetamine; AP, amphetamine; CYP, cytochrome P450; FMO, flavine-containing monooxygenase; MAO, monoamine
oxidase (MAO); N.D., not detected.
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N-demethylation of MA. The opinion corresponds to the fact that
production of MDA and AP was high with FMO in this study.

In Vitro Interaction of MDMA and MA

When the mixture of MDMA and MA was incubated with human
liver microsomes, MDMA and MA mutually inhibited the production
of their metabolites (Table 2). HMMA production was inhibited
more than MDA production in MDMA metabolism, while OHMA
production was inhibited more than AP production in MA
metabolism.

The concentration dependences of production of the main metab-
olites of MDMA and MA were examined using microsomes from
cells that stably express human CYP2D6, which dominantly con-
tributed to metabolism of MDMA and MA. The curves for the four
main metabolites were fitted to Michaelis–Menten equation
(Fig. 3). When the mixture of MDMA and MA was added to the
medium, production of each of the four metabolites was inhibited.
The types of inhibition were competitive for each of four metabo-
lites because the lines with and without inhibitor on a Lineweaver-
Burk plot were intersected around y-axis (Fig. 4). The interaction
between MDMA and MA was depicted using a Dixon plot (Fig. 5)
and Ki was calculated (Table 3).

It was revealed that the metabolism of MDMA and MA was
mutually inhibited with CYP2D6 as well as with liver microsomes.
OHMA production was strongly inhibited by MDMA in media
with liver microsomes (Table 2), while the inhibition of OHMA
production by MDMA was not so high as that of HMMA produc-
tion by MA in media with CYP2D6 (Table 3). The differences in
degree of inhibition between in liver microsomes and in CYP2D6
imply that other components in liver microsomes complexly affect
the metabolism of MDMA and MA, although CYP2D6 greatly
contributes to the metabolism. The values of Ki calculated were
comparatively high (lg ⁄ mL levels) when they were converted to
plasma concentration. It is, however, considered that the concentra-
tions are probable levels even in humans, because the contents of
ATS tablets are uncertain and tablets containing MDMA and MA
in wide ranges of contents appear (11).

Interaction Between MDMA and MA in Rats

MDMA and MA were intravenously administered to rats and the
concentration of each drug was measured in plasma until 10 h

after administration (Fig. 6). The plasma concentration–time
curves were obtained for MDMA or MA administered individu-
ally and co-administered (Table 4). The AUC of MDMA after
co-administration of MDMA and MA was significantly higher

TABLE 2—Interaction between MDMA and MA in metabolism with human
liver microsomes.

Substrate fi Metabolite

Production Rate of Metabolite (pmol ⁄ min ⁄ mg
Protein)

Inhibitor ())

Inhibitor

MDMA MA

MDMA fi HMMA 75.1 € 0.9 – 30.8 € 0.5*
MDMA fi MDA 1.78 € 0.13 – 0.82 € 0.04*
MA fi OHMA 23.8 € 1.3 2.82 € 0.21* –
MA fi AP 30.4 € 0.7 16.7 € 0.3* –

Each (20 lM) of MDMA and MA was incubated with or without inhibi-
tor (MA or MDMA, 400 lM).

MDMA, 3,4-methylenedioxymethamphetamine; MA, methamphetamine;
HMMA, 4-hydroxy-3-methoxymethamphetamine; MDA, 3,4-methylenedi-
oxyamphetamine; OHMA, p-hydroxymethamphetamine; AP, amphetamine.

*A significant difference between amounts with and without inhibitor
using Student’s t-test (P < 0.05). Each value indicates the mean € SD from
three independent experiments.

FIG. 3—Concentration-dependent increase of metabolite production in the
metabolism of 3,4-methylenedioxymethamphetamine (MDMA) and metham-
phetamine (MA) with cytochrome P450 2D6 (CYP2D6). Various concentra-
tions of substrates (MDMA or MA) were added in media with CYP2D6. The
metabolite production rate was determined using the slope of the line from a
plot of amount of metabolite versus time. Vmax and Km were determined by fit-
ting to the Michaelis–Menten equation using the iterative nonlinear least-
squares method. HMMA, 4-hydroxy-3-methoxymethamphetamine; MDA, 3,4-
methylenedioxyamphetamine; OHMA, p-hydroxymethamphetamine; AP,
amphetamine.

FIG. 4—Types of inhibition between 3,4-methylenedioxymethamphetamine
(MDMA) and methamphetamine (MA) in metabolite production with cyto-
chrome P450 2D6 (CYP2D6). Various concentrations of substrates with or
without inhibitors (20 lM) were added in media with CYP2D6. The metabo-
lite production rate was determined using the slope of the line from a plot of
amount of metabolite versus time. Types of inhibition were evaluated using the
two lines obtained from plots of the reciprocal of substrate concentration
(x-axis) and the reciprocal of metabolite production rate (y-axis) with and
without inhibitor. HMMA, 4-hydroxy-3-methoxymethamphetamine; MDA, 3,4-
methylenedioxyamphetamine; OHMA, p-hydroxymethamphetamine; AP,
amphetamine.
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than that after a single administration of MDMA. The AUC of MA
after co-administration of MA and MDMA was also significantly
higher than that after a single administration of MA. Significant
differences were not observed for the MRT.

Because various enzymes related to MDMA and MA metabolism
are present in vivo, the in vivo interaction between MDMA and
MA is complicated. To simply analyze the in vivo interaction,
the moment analysis, which is model-independent analysis, is
used. In this study, the values of AUC were significantly chan-
ged between a single administration and co-administration,
while the values of MRT did not indicate significant differ-
ences. One of the reasons is that MRT tends to be calculated
with a larger error than AUC when a plasma concentration–time
curve is extrapolated to infinity (32). Co-administration of drugs
at different doses may delay the elimination of drugs from
plasma and enhance toxicity of each drug. Because users do not
know the exact components and their amounts in illicit ATS
tablets, serious toxicity might arise because of intake of these
tablets. Reports have detailed unexpected death and adverse
effects because of in vivo interaction of ATSs (33,34) and in vitro
toxicity of MDMA and MA (35). We found previously that
similar compounds with amine moiety such as MDMA and MA
interact during intestinal absorption both in vitro with human
intestinal Caco-2 cells and in vivo in rats (24). In this study, it
is revealed that MDMA and MA interact during metabolism.

Although the polymorphisms of enzymes and the differences of
species can affect some metabolic patterns, it is important for public
health and forensic toxicology to inform potential toxicity by the inter-
action between compounds with similar chemical structures. There
are various designer drugs including phenethylamine derivatives such

TABLE 3—Kinetic parameters of MDMA and MA metabolism with
CYP2D6.

Substrate fi Metabolite
Vmax (pmol ⁄ min ⁄

mg Protein) Km (lL)

KiðlMÞ

Inhibitor
MDMA MA

MDMA fi HMMA 153 53 2.1 –
MDMA fi MDA 3.9 247 10 –
MA fi OHMA 500 37 – 45
MA fi AP 544 95 – 17

MDMA, 3,4-methylenedioxymethamphetamine; MA, methamphetamine;
CYP2D6, cytochrome P450 2D6; HMMA, 4-hydroxy-3-methoxymetham-
phetamine; MDA, 3,4-methylenedioxyamphetamine; OHMA, p-hydroxy-
methamphetamine; AP, amphetamine.

FIG. 6—Plasma concentrations of 3,4-methylenedioxymethamphetamine (MDMA) and methamphetamine (MA; 10 mg ⁄ kg individually or as a mixture) after
intravenous administration to rats. Each value indicates the mean € SD from three independent experiments.

TABLE 4—Pharmacokinetic parameters of MDMA and MA on plasma
concentration–time curve.

AUC (mgÆh ⁄ mL) MRT (h)

MDMA alone 2.4 € 0.3 1.7 € 0.1
MDMA with MA 3.5 € 0.1* 1.6 € 0.2
MA alone 3.0 € 0.4 2.1 € 0.4
MA with MDMA 4.3 € 0.2* 2.4 € 0.1

MDMA, 3,4-methylenedioxymethamphetamine; MA, methamphetamine;
AUC, area under the plasma concentration–time curve; MRT, mean resi-
dence time.

*A significant difference between values for individual administration
and co-administration using Student’s t-test (P < 0.05). Each value indicates
the mean € SD from four independent experiments.

FIG. 5—Interaction between 3,4-methylenedioxymethamphetamine (MDMA)
and methamphetamine (MA) in metabolite production with cytochrome P450
2D6 (CYP2D6). Various concentrations of substrates and inhibitors were
added in media with CYP2D6. The metabolite production rate was determined
using the slope of the line from a plot of amount of metabolite versus time. Ki

was determined from the intersection of the two lines obtained from plots of
inhibitor concentration (x-axis) and the reciprocal of metabolite production
rate (y-axis) for two different concentrations of substrate. HMMA, 4-hydroxy-
3-methoxymethamphetamine; MDA, 3,4-methylenedioxyamphetamine; OHMA,
p-hydroxymethamphetamine; AP, amphetamine.
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as N-hydroxy MDMA and methylone that are synthesized in clandes-
tine laboratories and are available on the street (36,37). These designer
drugs as well as MDMA and MA may alter the pharmacokinetics with
each other.

Conclusion

In this study, in vitro experiments with human metabolic
enzymes were performed to study the interaction between MDMA
and MA. MDMA and MA were mainly metabolized by CYP2D6,
and mutually inhibited the production of their main metabolites. In
addition, in vivo drug administration experiments were performed
using rats to examine the interactions of MDMA and MA. The
plasma concentrations of MDMA and MA after co-administration
were higher than those after administration of MDMA or MA
alone. Because compounds with similar chemical structures can be
metabolized by the same metabolic enzyme, interactions may occur
with other combinations of ATSs as well.
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