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3,4-Methylenedioxymethamphetamine (MDMA) is one of the most
commonly abused illicit drugs in the world. We developed a rapid
and simple high-performance liquid chromatography with a fluorescence (FL) detector method to determine MDMA and its metabolites,
such as 3,4-methylenedioxyamphetamine (MDA), 4-hydroxy-3-methoxyamphetamine (HMA) and its main unstable metabolite 3,4-dihydroxymethamphetamine (HHMA) besides the internal standards, in a
perfusion medium. The separation of analytes was performed at
2588 C on a Chromolithw C18 (100 3 4.6 mm) column from Merck
(Darmstadt, Germany) without any derivatization. The FL detector
wavelength was fixed at 285 nm for excitation and at 320 nm for
emission. Acetonitrile:phosphate buffer (0.02 M) at pH 5 3 (5:95 v/v)
was used as the mobile phase. The elution order was HHMA, HMA,
MDA and MDMA with a retention time of 1.7, 2.6, 6.1 and 7.4 min,
respectively. The method was validated according to the FDA bioanalytical method validation guideline. The limits of quantifications
(LOQs) obtained for MDMA, MDA, HMA and HHMA were 1, 1, 1.5 and
5 ng/mL, respectively. The repeatability of relative standard deviation
was <11% (except for LOQs). This method was applied successfully
to determine MDMA and its metabolites in rat liver perfusion samples.
To our knowledge, this is the first method introduced for the determination of HHMA as a free form with an FL detector.
Introduction
3,4-Methylenedioxymethamphetamine (MDMA, ecstasy) was
ﬁrst introduced to physicians as an appetite suppressant in
1940s. However, in 1980s, its usage was forbidden in many countries due to its fatal side effects (1, 2). MDMA is a releaser and
presynaptic reuptake inhibitor of serotonin and dopamine.
Moreover, it is a potent agonist of trace amine-associated receptor 1 (3). This compound, due to its psychotropic and entactogenic effects such as euphoria, increasing sociability, well-being
and stimulation (2), is one of the most commonly abused drugs
in the world (4). The use of this compound has increased among
young people over the past two decades (1, 5).
In vitro and in vivo studies revealed that MDMA is metabolized
through two main pathways via cytochrome P450 isoenzymes:
O-demethylation, which produces 3,4-dihydroxymethamphetamine
(HHMA), and N-dealkylation, which produces 3,4-methylenedioxyamphetamine (MDA). CYP2D6 is the main isoenzyme in
O-demethylation. CYP1A2 and CYP3A4 play a minor role in this
biotransformation. CYP1A2 and CYP2B6 are the most important
isoenzymes in the N-dealkylation procedure (2, 6). HHMA is
further metabolized via catechol-O-methyltransferase to form
4-hydroxy-3-methoxyamphetamine (HMA). HMA can also be
produced from MDA to a small extent (7, 8).
In vitro studies showed that HHMA is the main metabolite
(up to 70%) of MDMA with a catecholamine structure (9, 10).
Studies revealed that MDMA itself is not neurotoxic. It seems

that HHMA is responsible for MDMA cell toxicity in abusers.
HHMA causes apoptosis and necrosis in rat hippocampal
neurons (7, 9). However, data on its role are contradictory. Only
few studies have been published about the determination of
HHMA in serum, urine and water using high-performance liquid
chromatography/electrochemical detection (HPLC/ED) (7),
liquid chromatography/mass spectrometry (LC/MS) (6) and capillary electrophoresis methods (11).
MDA, which is also known as “Love Drug,” has effects similar
to those of MDMA on abusers (12). This compound is the most
important and reported metabolite of MDMA in various human
ﬂuids, such as blood, serum, urine, vitreous humor (1, 13), oral
ﬂuid (5), hair (12) and sweat (8).
Different combinations of MDMA and its metabolites have
been determined via various chromatographic methods. The
high-tech chromatographic methods such as LC/MS (2, 6, 14) or
gas chromatography/mass spectrometry (GC/MS) (8, 15) are
sensitive and speciﬁc. The applications of these methods have
encountered some limitations. The LC/MS is very expensive and
every lab cannot afford its expenses. The determination of
MDMA and its metabolites via GC/MS needs derivatization prior
to analysis, which is time consuming and complicated. The
HPLC system equipped with an ultraviolet (UV) detector has
low sensitivity. However, HPLC with a ﬂuorescence detector
(HPLC/FL) is accessible in almost all labs and has a reasonable
sensitivity for the determination of MDMA and its metabolites
without derivatization. Buechler et al. (10) developed an HPLC/
FL method without derivatization in human plasma for the determination of MDA, and Clauwaert et al. (13) did it in whole
blood, serum, vitreous humor and urine for the determination of
MDMA and MDA.
To the best of our knowledge, there is no report of simultaneous determination of HHMA besides MDMA, MDA and HMA as
free forms in physiological ﬂuids. However, the determination of
the HHMA-free form in various physiological ﬂuids is important
to establish the contribution of HHMA to MDMA neurotoxicity
in humans. In this study, we developed a speciﬁc, sensitive, rapid
and simple HPLC/FL method for the simultaneous determination of MDMA, MDA, HMA and HHMA in a perfusion medium.
This method was applied to real rat liver perfusion samples after
validation.

Materials and methods
Chemicals
Acetonitrile and methanol of HPLC grade and all other chemicals
of analytical grade were purchased from Merck (Darmstadt,
Germany). Ultrapure water was obtained from Millipore
Direct-Q system. MDMA, MDA, HMA and HHMA, along with four
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proposed compounds (1-(3,4-dimethoxyphenyl)-N-methylpropan-2-amine (1a), 1-(3,4-dimethoxyphenyl)-N-methylbutane2-amine (2a), 1-(4-methoxyphenyl)propan-2-amine (3a) and
1-(benzo[d][1,3]dioxol-5-yl)-N-ethylpropan-2-amine (MDEA, 4a))
as an internal standard (IS) (Figure 1), were synthesized in the
medicinal chemistry department, Faculty of Pharmacy, Tehran
University of Medical Sciences, according to a modiﬁed, previously reported method that showed the acceptable purity when
compared with standard samples purchased from Lipomed
Pharmaceutical (Switzerland) (16). The structure of the compounds was conﬁrmed by IR, 1H-NMR and 13C-NMR spectra.

Apparatuses and chromatographic conditions
The Knauer chromatographic system used consisted of a pump
model K-1001, a ﬂuorescence detector model RF-10AXL, a
solvent degasser and a 100 mL loop injector. EZChrom Elite software was used for instrument control, data acquisition and analysis. The separation of analytes was performed at ambient
temperature (258C) on the Chromolithw Performance RP-18e
(100  4.6 mm) column with Chromolithw RP-18e (5  4.6 mm)
guard from Merck (Darmstadt, Germany). The FL detector
wavelength was ﬁxed at 285 nm for excitation and at 320 nm for
emission.

Standard and biological sample preparation
The 1 mg/mL methanolic solutions of MDMA, MDA, HMA, HHMA
and ISs were prepared as working standards.

Analytical samples were prepared by dilution of working standards in water and in the perfusion medium. These analytical
samples were centrifuged at 14,462 g for 15 min and diluted in
the mobile phase where necessary.
The quality control samples were prepared separately from
working standards at three different concentrations (limits of
quantiﬁcation (LOQ), 10 and 50 ng/mL) in water and in the
perfusion medium for HHMA, MDMA, MDA, HMA and ISs.
Rat liver perfusion samples (500 mL) were centrifuged at
14,462 g for 15 min. The supernatants were then transferred and
stored at 2208C. Samples were diluted in the mobile phase
where necessary.

Method development
Method development involved the investigation of ﬂow rates
(1–2 mL/min) and mobile phase constitution. As a mobile phase,
either acetonitrile or methanol in varying ratios (v/v) was added
to potassium dihydrogen phosphate, sodium acetate and ammonium acetate (0.02–0.04 M; pH ¼ 3), separately. Orthophosphoric
acid and acetic acid were used for pH adjustment in the case of
phosphate buffer and acetate buffer, respectively.

Method validation
The method was validated for intra- and inter-day precision,
accuracy, limits of detection (LOD), LOQ, linearity, recovery and
stability according to the FDA bioanalytical method validation
guideline (17).

Figure 1. (a) The HPLC/FL chromatogram of the blank perfusion medium which was passed through the isolated liver for 30 min. (b) The HPLC/FL chromatogram of MDMA, MDA,
HMA, HHMA and MDEA (as IS) in water and perfusion medium along with their structures. The concentrations in water for MDMA, MDA, HMA, HHMA and MDEA are 18, 50, 10,
25 and 20 ng/mL, respectively. The concentrations in perfusion medium for MDMA, MDA, HMA, HHMA and MDEA are 15, 15, 6, 34 and 5 ng/mL, respectively. The structures of
proposed compounds as an IS are also demonstrated: (1-(3,4-dimethoxyphenyl)-N-methylpropan-2-amine (1a), 1-(3,4-dimethoxyphenyl)-N-methylbutan-2-amine (2a),
1-(4-methoxyphenyl)propan-2-amine (3a) and 1-(benzo[d][1,3]dioxol-6-yl)-N-ethylpropan-2-amine (4a, MDEA)).
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For intra-day precision, the relative standard deviation (RSD)
of ﬁve replicates at LOQ, 10 and 50 ng/mL for MDMA, MDA and
HMA in the perfusion medium and for HHMA in water was calculated. The RSD of these concentrations was calculated for ﬁve
replicates over 3 days to establish inter-day precision.
The difference between the true value and the measured concentration of ﬁve replicates at LOQ, 10 and 50 ng/mL for MDMA,
MDA and HMA in perfusion medium and for HHMA in water was
used for the determination of accuracy.
For linearity study, the calibration curves were constructed for
MDMA, MDA and HMA in a perfusion medium and for HHMA in
water at concentrations between LOQ and 50 ng/mL, by linear
regression, without weighting. Peak areas were used to construct the calibration curves.
The LOD was deﬁned as the lowest concentration of analytes
that produced a response three times higher than the background noise. The LOQ was also deﬁned as the lowest concentration of analytes that produced a response 10 times higher
than the background noise.
The stability of the samples (LOQ, 10, 50 and 100 ng/mL) of
MDMA, MDA, HMA, HHMA and ISs in water or perfusion medium
were studied at 2208C for 3 months, at 48C for 3 days and at
ambient temperature (258C) for 24 h. The obtained results were
compared with those obtained from the freshly prepared samples.
Method application
This method was applied for the determination of MDMA and its
three metabolites in rat liver perfusion samples.
The Krebs buffer (6.903 g/L NaCl, 0.335 g/L KCl, 0.162 g/L
KH2PO4, 0.163 g/L MgSO4, 0.305 g/L CaCl2, 2.1 g/L NaHCO3
and 1 g/L glucose, the pH was adjusted to 7.2 –7.4) was used as a
perfusion medium. The JMS perfusion pump model OT-711 was
used for the circulation of the buffer through the isolated rat
liver with the ﬂow of 10 mL/min. During the perfusion period,
the buffer was oxygenated by 95% O2 þ 5% CO2, and the buffer
temperature was kept at 37 + 18C.
A male Sprague – Dawley rat with a weight of 328 g was used.
It was housed in an animal care room of the Faculty of Pharmacy,
Tehran University of Medical Sciences. It was kept at 25 + 18C
temperature with 12 h light/dark cycle and had free access to
food and water. The rat was anesthetized by IP injection of a
ketamine/xylazine mixture (ketamine 100 mg/kg and xylazine
10 mg/kg). An IV cannula was introduced into the portal vein
and inferior vena cava. The liver was washed with a perfusion
medium for 10 min. After the washing period, 200 ng/mL solution of MDMA in a perfusion medium was circulated in the isolated rat liver for 180 min. The perfusion was done in a recycle
mode, and samples were taken at the appropriate time (0.1, 10,
20, 30, 40, 50, 60, 80, 100, 120, 150 and 180 min) from the inferior vena cava and analyzed. The study protocol was performed
according to the animal ethical codes of the Faculty of
Pharmacy, Tehran University of Medical Sciences.
Results and discussion
Method development
The retention time and area under the curve (AUC) of analytes
peaks were affected by the ﬂow rate changes. In ﬂow rates
.1.5 mL/min, the HHMA and HMA were not separated

reasonably from interfering peaks. When the ﬂow rate increased,
the AUC of analytes peaks decreased. This effect was in accordance with the Chen et al. report (18). Substituting potassium
dihydrogen phosphate with sodium or ammonium acetate slightly changed the retention time of analytes. Methanol had a similar
effect with acetonitrile on the separation of analytes, in higher
ratios (about two times of acetonitrile ratio). When the ratio of
acetonitrile in mobile phase increased, from 5 to 10% (v/v), the
time of analysis decreased from 7.4 to 6.2 min. However, the
HHMA peak was not separated properly from the solvent peak. If
the acetonitrile component was removed from the mobile
phase, the HHMA peak separated from the solvent peak reasonably, but the run time exceeded 20 min. The results showed that
the mixture of potassium dihydrogen phosphate (0.02 M) at
pH ¼ 3 and acetonitrile (95:5 (v/v)), with the ﬂow rate of
1.5 mL/min in isocratic mode, can separate MDMA and its metabolites properly. Changing the ratio of acetonitrile to 6 or 4%
(v/v) did not affect the separation of analytes signiﬁcantly. In the
selected chromatographic condition, the elution order of analytes was HHMA, HMA, MDA and MDMA. The separation of
MDMA and its metabolites was performed in ,8 min, which was
shorter than the previously reported HPLC/FL methods (10, 13).
Among the four compounds proposed as the IS, only compounds
1a and 4a had a suitable retention time of 12.7 min and 10.8 min,
respectively (Figure 1). The selected ISs had the most structural
similarity to the analytes; structural similarity is one of the most
important criteria in IS selection.
Method validation
The validation parameters related to inter- and intra-day precision, recovery, linearity, accuracy, LOD and LOQ for MDMA,
MDA and HMA in the perfusion medium and for HHMA in water
are presented in Table I. The repeatability RSDs for these analytes were ,11% (except at the LOQ level).

Table I
Validation Parameters for MDMA, MDA and HMA in Perfusion Medium and for HHMA in Water

Calibration range (ng/mL)
Calibration points
Correlation coefficient (r)
Slope
Intercept
Limit of quantification (LOQ) (ng/mL)
Limit of detection (LOD) (ng/mL)
Recovery (%)
Precision (RSD)
Intra (n ¼ 5)
50 (ng/mL)
10 (ng/mL)
LOQ
Inter (n ¼ 15)
50 (ng/mL)
10 (ng/mL)
LOQ
Accuracy (%)
Intra (n ¼ 5)
50 (ng/mL)
10 (ng/mL)
LOQ
Inter (n ¼ 15)
50 (ng/mL)
10 (ng/mL)
LOQ

HHMA

HMA

MDA

MDMA

5 –50
7
0.994
19982.5
4493.1
5
1.5
96

1.5 –50
7
0.996
56512.5
214981.6
1.5
0.5
99

1 – 50
7
0.996
196119.6
249749.2
1
0.3
97

1 –50
7
0.991
181211.2
258234.6
1
0.3
99

7.9
8.0
11.7

5.0
8.5
13.2

2.5
8.7
16.3

10.2
9.7
19.6

6.3
9.4
9.5

5.1
5.9
15.4

3.2
5.3
18.9

5.9
13.6
19.8

2.1
2.4
1.0

0.6
4.2
9.6

1.1
8.3
6.9

0.8
20.4
2.1

22.4
0.6
4.6

0.1
5.4
0.7

20.1
0.5
14.9

27.5
23.0
3.7

Determination of MDMA and Its Three Metabolites in the Rat Perfused Liver 3

(Kdegradation ¼ 0.002 min21 (0.0006–0.003) at 08C). For further
investigation of this effect, we developed a separate welldesigned study to clear the instability of HHMA in perfusion
medium. The results of that new study (20) demonstrated that
calcium cation and alkaline pH were the main causes of HHMA
instability in perfusion medium.

Figure 2. The concentration changes of MDMA and its metabolites when 200 ng/mL
solution of MDMA in perfusion medium was recycled in the isolated rat liver for
180 min. Samples were taken at 0.1, 10, 20, 30, 40, 50, 60, 80, 100, 120, 150 and
180 min from output cannula. The data of one rat was demonstrated as a sample.

There were no interfering peaks in the chromatogram of
blank perfusion medium, blank perfusion medium which
was passed through the isolated rat liver and spiked media with
analytes (Figure 1).
The LOQs obtained for MDMA, MDA and HMA in this method
were two times lower than the reported values in the GC/MS
study by Scheidweiler and Huestis (15), whereas these values
were comparable with those reported by LC/MS/MS (14, 19).
This is the ﬁrst time that HHMA has been determined via
HPLC/FL. The previously reported LOQs for HHMA were 9 and
32 ng/mL for plasma and urine, respectively, which had been
obtained by HPLC/ED (7). By this method, the LOQ obtained for
HHMA was 5 ng/mL for the perfusion medium.
All calibration curves showed an acceptable linearity in the
selected ranges. The differences between the slopes of calibration curves and zero were signiﬁcant (P , 0.05) in all cases.
Moreover, the intercepts of calibration curves showed no signiﬁcant differences with zero (P . 0.05).
The samples (LOQ, 10, 50 and 100 ng/mL) of MDMA, MDA
and HMA in water and in the perfusion medium were stable
under all investigated conditions. No signiﬁcant differences
between the AUCs of freshly prepared and stored samples were
observed (P . 0.05). The stability results for aqueous solutions
of MDMA and MDA were in accordance with the results of
Clauwaert et al. (1) and in contrast to the results published by
Concheiro et al. (5), which reported MDMA and MDA degraded
in water, and this degradation was not temperature dependent.
The aqueous solutions of HHMA were also stable in all investigated conditions, while HHMA solutions in the perfusion
medium were unstable. Our results indicated that, after 2 h,
almost 100% of the HHMA was degraded at ambient temperature
(Kdegradation ¼ 0.037 min21 (0.030 –0.047) at 258C) and a new
small peak appeared in the chromatogram at a retention time of
3 min. This new peak separated reasonably from the peak of
the HMA and, due to the very small area, did not interfere with
the HMA. The reduction in the temperature to 08C lowered the
rate of degradation, and after 2 h, 20% of the HHMA degraded
4 B. Jamali et al.

Method application
The perfusion was started by a 200 ng/mL concentration of
MDMA, a concentration close to the MDMA maximum plasma
concentration in humans who abused ecstasy pills (21). The real
rat liver perfusion samples were analyzed and the data are shown
in Figure 2. The MDMA concentration increased over the ﬁrst
30 min and did not change until the end of the liver perfusion.
The data indicated that 50% of MDMA changed to metabolites.
The concentration of MDA, which is a minor metabolite, was
4% of MDMA at the plateau phase. The maximum concentration of HMA was 140 ng/mL in the ﬁrst 30 min of liver perfusion.
However, its production decreased after this period. The reduction in the HHMA concentration may be due to its spontaneous
degradation and/or to the reduction in the production of this
metabolite. These data speciﬁed that after 30 min, the metabolism of MDMA (200 ng/mL) was reduced in isolated rat liver.
Since liver failure is the most-addressed cause of MDMA fatality,
this effect may be due to liver toxicity (22). On the other hand,
this reduction in MDMA metabolism may be due to the reported
auto-inhibition produced by this compound (23).

Conclusion
To the best of our knowledge, the present method is the ﬁrst
that can determine HHMA as a free form, together with HMA,
MDA and MDMA using HPLC/FL, without prior derivatization
and extraction in physiological ﬂuids. The shorter run time that
was achieved by this method, compared with previously
reported FL detection methods, can reduce the analysis cost.
The reasonably selected ISs, suitable sensitivity and simplicity of
this method enable researchers to use it for pharmacokinetic
studies in isolated animal organs to reveal the unknown kinetics
aspect of MDMA and its metabolites. The results of the perfusion
study presented in this paper should be conﬁrmed by another
study with a higher rat population. This method can be used for
the determination of these compounds in other media after
some modiﬁcations.
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