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Abstract. We investigated the effects of non-steroidal anti-inflammatory drugs on substrate-
induced currents of L-glutamate (L-Glu) transporter EAAT1 expressed in Xenopus laevis oocytes.
Niflumic acid (NFA) and diclofenac inhibited L-Glu-induced current through EAATI in a non-
competitive manner. NFA produced a leftward shift in reversal potential (Ery) of L-Glu-induced
current and increased current amplitude at the potentials more negative than —100 mV. Diclofenac
had no effects on E., and inhibited the current amplitude to the same extent at all negative poten-
tials. These results indicate that NFA and diclofenac inhibit the L-Glu-induced EAAT] current via

different mechanisms.

[Supplementary methods and Figure: available only at http://dx.doi.org/10.1254/jphs.09260SC]

Keywords: L-glutamate transporter, niflumic acid, diclofenac

L-Glutamate (L-Glu) transporters, EAATSs, are the
only significant mechanism for removal of L-Glu from
extracellular fluid and maintenance of non-toxic concen-
trations. A growing body of evidence has suggested the
correlation of EAATSs with synaptic transmission and a
variety of central nervous system (CNS) diseases (1).

Non-steroidal anti-inflammatory drugs (NSAIDs) are
major anti-inflammation drugs and their effects are at-
tributed to the inhibition of cyclooxygenase. Although
NSAIDs are reported to have diverse effects on the CNS
(2, 3), their effects cannot be explained only by their
anti-inflammatory effects.

In recent report, fenamates, a group of NSAIDs,
modulated substrate-induced current through EAATSs
(4, 5), suggesting a new molecular target for NSAIDs.
We therefore investigated the effects of other types of
NSAIDs on EAATI.

All procedures were in accordance with the Guiding
Principles for the Care and Use of Laboratory Animals
approved by The Japanese Pharmacological Society. The
detailed methods for expression of EAAT1 in oocytes
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and electrophysiology were shown in the Supplementary
Methods (available in the online version only). L-Glu
was applied for 15 s with regular 30-s intervals. NSAIDs
were applied from 30 s before to 5 s after the end of the
application of L-Glu.

The NSAIDs were dissolved as follows: niflumic
acid (NFA) (Sigma, St. Louis, MO, USA), 300 mM in
DMSO; diclofenac (Wako, Osaka), 300 mM in MeOH,;
aspirin (Wako), 300 mM in EtOH; and indomethacin
(Sigma), 100 mM in EtOH. Arachidonic acid (AA)
(Calbiochem, Darmstadt, Germany) was dissolved at 100
mM in DMSO.

All data were given as the mean = S.E.M. P values
were obtained by statistical analysis, as noted in the
figure legends.

The left traces in Fig. 1A-a illustrate inward control
current produced by L-Glu (30 4M) in Xenopus oocytes
expressing EAAT1 at =50 mV (bold line) and —120
mV (thin line). We examined the effects of a variety of
NSAIDs (Fig. 1: A and B). At—50 mV, NFA (300 4M — 3
mM) inhibited the EAAT1 current dose-dependently. At
—120 mV, NFA enhanced EAAT]1 current and the effect
was significant at 3 mM. Xenopus oocytes have endog-
enously Ca®*-activated Cl1~ channels (CaCC) and Ca**
entry through voltage-dependent Ca®" channels elicits a
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Fig. 1. Effects of NFA and diclofenac on L-Glu-induced currents in EAAT1-expressing Xenopus oocytes. A: The traces of L-Glu (30
#M)—induced inward currents in the presence or the absence of NFA (a) or diclofenac (b) at =50 mV (bold line) and —120 mV (thin line).
The oocytes were held at —50 mV and hyperpolarized to —120 mV for 400 ms, every 2 s. B: Concentration—response relationships for
various NSAIDs at —50 and —120 mV. The amplitude of EAAT1 current in the presence of the drug was normalized to that just before
the application. NFA (n =5 —9), diclofenac (n = 5), and indomethacin (n = 5) significantly inhibited EAAT1 currents. Aspirin (n = 4) did
not affect EAAT1 currents. The inhibition by NFA was always more remarkable at =50 mV than at =120 mV. *P < 0.05 vs. the control
group. *P < 0.05 vs. the =50 mV group. Tukey’s test following ANOVA. C: Concentration-response curves of EAATI currents at —50
mV in the absence or the presence of NFA (n = 9) (left) or diclofenac (n = 8) (right). The currents were normalized to the maximal current
induced by 3 mM L-Glu. I and Kos were calculated using every concentration-response trace by fitting with the following equation:
1= Lnax[L-Glu] / (K5 + [L-Glu]), using Graphpad PRISM 4 for Windows. Mean In. with the drug was normalized to the mean L., without
drug. Treatment with NFA (n=9) and diclofenac (n = 8) resulted in a decrease in the Inx without affecting the Kos (Student’s r-test).
*P < 0.05 vs. the control group. Tukey’s test following ANOVA.
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transient outward current varied by CI”. Although NFA
is reported to inhibit CaCC (6), the contribution of CaCC
to EAATI current may be negligible at =50 and —120
mV according to the report. Diclofenac (100 uM — 1
mM) inhibited the EAAT] current dose-dependently.
Indomethacin (100 and 300 M) inhibited the EAAT1
current, but the effects were even weaker. In the case of
diclofenac and indomethacin, the strength of the effects
at —50 and —~120 mV were almost the same. Aspirin (100
4M — 1 mM) had no effects. At —50 mV, co-application
of NFA with varying doses of L-Glu significantly reduced
the maximal current (In.x) to 55.1 + 1.8% (Fig. 1C, left).
The affinity for L-Glu (Kos) was not affected by NFA
(from 50.0 + 5.0 to 33.9 & 6.3 yM). Similarly, diclofenac
resulted in a decrease in the Im.x (81.7 £ 1.2%) without
affecting the Kos (from 27.3 £4.0 to 35.2+£ 6.3 xM) in
a non-competitive manner (Fig. 1C, right). Although
vehicle alone had no significant effect on L. and Kos
(data not shown), the K5 value for diclofenac-vehicle
was smaller than that for NFA-vehicle, which might
have been attributed to the slight conformational change
caused by DMSO and MeOH. Taken together, these re-
sults suggest that NFA and diclofenac modulate EAAT1
via a site different from the L-Glu recognition site.

AA is known to decrease EAAT] current in a noncom-
petitive manner (7). Therefore, we compared the effects
of NFA and diclofenac when co-applied with AA. The
doses used for NFA and diclofenac were determined so
as to obtain the equivalent effects and not to reach maxi-
mum effects (Fig. S1) (Supplementary Figure: available
in the online version only). NFA and AA have an almost
additive effect (Fig. 2A). Diclofenac and AA did not
show an additive effect (Fig. 2B). The enhancement by
AA of diclofenac’s effect was significantly weaker than
that of NFA’s effect (Fig. 2C). These results imply that
NFA and diclofenac interact with EAAT1 in different
manners,

Figure 3A shows representative current—voltage curves
for the EAATI currents in the presence or in the absence
of NFA. The current value in the presence of NFA alone
has been subtracted from that in the presence of NFA and
L-Glu. NFA produced a significant leftward shift of re-
versal potential (E) (from 28.9 +£5.110 5.2+ 5.7 mV).
At the potentials more negative than —100 mV, NFA
increased the current amplitude. The influence of NFA
on the current amplitude was voltage-dependent (Fig.
3B). Diclofenac inhibited the current amplitude to the
same extent at all negative potentials and had no effects
on the E,ey (from 33.8 £ 9.1 t0 27.5+ 6.1 mV) (Fig. 3: C
and D). These results further support the implication that
NFA and diclofenac interact with EAAT] in different
manners.

The differences in voltage dependency and the effects
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Fig. 2. AA differently influenced the effects of NFA and diclofenac.
A and B: The percentage decrease was calculated by comparing the
current amplitude induced by 30 M L-Glu with drugs to that induced
by L-Glu alone at =50 mV. NFA and AA have an almost additive
effect (28.9 £ 4.6% decrease for NFA [1 mM], 17.4 + 3.8% decrease
for AA [100 uM], 48.3 £3.4% decrease for NFA + AA, n=4).
Although AA also enhanced the inhibitory effect of diclofenac,
the enhancement was even weaker than that of NFA (28.7 + 2.6%
decrease for diclofenac [300 #M], 21.3 + 4.3% decrease for AA [100
#M], 39.3 +4.0% decrease for diclofenac + AA, n=15). *P<0.05
vs. the NSAIDs alone group. Paired #-test. C: The fold enhancement
was calculated by comparing the percentage decrease by NSAIDs
to that by NSAIDs with AA at =50 mV. The enhancement by AA
of diclofenac’s effects was significantly weaker than that of NFA’s
effect (1.7 £0.2 vs. 1.3 £ 0.1 fold; *P < 0.05, Student’s #-test).

on E,., suggest that NFA and diclofenac regulate EAAT1
via different mechanisms. The EAAT] currents are the
net result of charge movements from amino acid (aa) and
ion cotransport (Na* / H / K*) (L,,) and the ligand-gated
CI” conductance (Ic) (8). NFA has been reported to en-
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diclofenac (C). The current-voltage relation-
ships were obtained with a holding potential
of =50 mV and implementing 400-ms voltage
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from —120 to +60 mV. In the control, current
values at steady-state have been subtracted
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from that in the presence of L-Glu. In the drug
(NFA or diclofenac)-treated group, the current
value in the presence of drug alone has been
subtracted from that in the presence of the drug
and L-Glu. NFA (n = 10) produced a leftward
shift of E., (P<0.05), whereas diclofenac
(n=4) had no effect (paired #-test). B and D:
The relationship between the effects and the
holding potential. The current in the presence
of these drugs was normalized to that obtained
just before the application. The effect of NFA
(n=10) was voltage-dependent. Diclofenac

—&— 30 pM L-Glu
3004 —O— * 300 uM Diclofenac

hance the L-Glu-induced EAAT4 current by activating an
uncoupled H' conductance (5). In our preliminary data,
NFA did not cause a modulation in the rate of I.. and
I, but rather modulates an uncoupled H* conductance
of EAAT1 (unpublished observation), which may be
related to the effect of NFA obtained in our study. In
contrast, diclofenac altered only the current amplitude
but not the E... E. for the net current depends on the
relative magnitude of I, and Iq (8). Diclofenac might
have affected both I, and I¢; so as not to change Er.. The
mechanism for the effects of diclofenac needs further
investigation.

In our study, the influences on EAATI1 currents were
caused by NFA, diclofenac, and indomethacin but not by
aspirin. Mefenamic acid, diclofenac, and indomethacin
are known to induce reproducible symptoms in patients
with affective disorder (9). Aspirin has not been reported
to have such side defects to date. If you take into account
that GLAST (rodent EAAT1)-deficient mice showed
phenotypic abnormalities related to schizophrenia (10),
our results suggest that the psychiatric side effects of
some NSAIDs have correlation with their effects on
L-Glu transporters. Because NSAIDs have high affinity
with the plasma protein, their brain delivery is restricted
by the blood brain barrier (11). For example, the concen-
tration of enantiomers of ibuprofen in cerebrospinal fluid
is less than 1.5 uM after therapeutic application (12).
Based on these data, the effective concentrations of NFA
and diclofenac in our study are higher than that expected
for therapeutic application. Habjan et al. recently indi-

— T T
-120-110-100-90 -80 -70 -60 -50 -40
membrane potential (mV)

(n=15) inhibited the current amplitude to the
same extent at all negative potentials.

cated that EAATI current was inhibited by NFA. The
extent of the effects was application time—dependent
and partially irreversible (4), raising the possibility that
NFA and diclofenac modulate EAAT] after long-term
administration.

NSAIDs are widely used for patients with inflamma-
tion, fever, and pain. Our results may help understand-
ing the mechanisms of side effects caused by some
NSAIDs.
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Epidemiological studies have suggested that cigarette smoking is related to increased breast cancer risk.
Nicotine is most likely related to the risk in cigarette smoking. However, the mechanisms by which nic-
otine promotes cancer development are not fully understood. It has recently been suggested that devel-
opment of breast cancer are originated from cancer stem cells, which are a minor population of breast
cancer. In the present study, we investigated the effects of nicotine on the population of cancer stem cells
in MCF-7 human breast cancer cells, using flow cytometry with a cancer stem cell marker aldehyde dehy-
drogenase (ALDH). We found that nicotine increased ALDH-positive cell population in a dose-dependent
Nicotine manner. We further demonstrated that a PKC-Notch pathway is involved in the effect of nicotine. In addi-
Notch tion, the effect of nicotine was blocked by treatment with the o7 subunit-selective antagonist of nicotinic
PKC acetylcholine receptors (nAChR) a-Bungarotoxin. These data suggest that nicotine increases the stem cell
population via «7-nAChR and the PKC-Notch dependent pathway in MCF-7 cells. These findings reveal a
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relationship between nicotine and the cancer stem cells in human breast cancer.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Epidemiological studies have suggested that smoking is related
to increased breast cancer risk [1]. Nicotine is considered to be
most likely related to the risk in cigarette smoking [2]. Nicotine ex-
erts its cellular functions through nicotinic acetylcholine receptors
(nAChRs), which are heterodimers of nine different types of o sub-
units («2-0t10) and three kinds of B subunits (32-p4). Recent stud-
ies have shown that nAChRs are present in a variety of cells, such
as cancer cells, brain, and vascular smooth muscle cells [2-4].
However, little is known about the relationship between nicotine
and the increased risk of breast cancer.

There is increasing evidence that many types of cancer, includ-
ing breast cancer, are initiated from and maintained by a small
population of cancer stem cells [5,6]. This minor population pro-
duces the cancer bulk through continuous self-renewal and differ-
entiation, which contributes to the cancer cellular heterogeneity.
Aldehyde dehydrogenase (ALDH), which is a detoxifying enzyme
responsible for the oxidation of intracellular aldehydes, has been
recently used as a functional marker for identification of cells with
enhanced tumorigenic/metastatic potential [7-9]. In addition,
ALDH-positive cells from breast tissue can be used as a predictor
of clinical outcome in breast cancer patients [10].
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The self-renewal behavior of cancer stem cells has been re-
ported to be mediated by several signaling pathways, such as
Notch, Hedgehog, and Wnt [11-13]. Notch might be important
for breast cancer stem cells. Transgenic mice overexpressing iso-
forms of Notch, a signaling pathway active in stem cells, are more
prone to develop mammary tumors [14]. Furthermore, the expres-
sion level of Notch-1 and Jagged-1 has been shown to correlate
with poor prognosis [15]. Aberrant Notch-1 activation was re-
ported in breast carcinomas of various subtypes [16].

In the present study, we investigated the effects of nicotine on
the population of cancer stem cells in MCF-7 human breast cancer
cells, using flow cytometry with the cancer stem cell marker alde-
hyde dehydrogenase (ALDH). We report here that nicotine in-
creases stem cell population in MCF-7 cells. In addition, our data
suggest that the effect of nicotine is mediated via the o7 subunits
of nAChR and the PKC-Notch dependent pathway in MCF-7 cells.
These findings might explain the development of breast cancer in
cigarette smokers.

2. Materials and methods
2.1. Materials

Nicotine was from Wako Pure Chemicals (Osaka, Japan).
Mecamylamine hydrochloride (MCA) and PHA543613 (N-[(3R)-1-
Azabicyclo[2.2.2]oct-3-yl]furo[2,3-c]pyridine-5-carboxamide) were
from Sigma-Aldrich (St. Louis, MO, USA). o-Bungarotoxin was from
Tocris Bioscience (Bristol, UK). GF109203X (3-[1-[3-(dimethyl-
amino)propyl]-1H-indol-3-yl]-4-(1H-indol-3-yl)-1H-pyrrole-2,5-
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dione monohydrochloride) and DAPT (N-[N-(3,5-difluorophenace-
tyl)-L-alanyl]-S-phenylglycine t-butyl ester) were from Enzo Life
Sciences (Farmingdale, NY, USA). All other reagents were of analyt-
ical grade and obtained from commercial sources.

2.2, Cell culture

MCF-7 cells were provided from the American Type Culture Col-
lection and cultured in Dulbecco’s modified Eagle’'s medium
(DMEM, #D6046, Sigma-Aldrich) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Biological Industries, Ashrat,
Israel), 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco
BRL, Invitrogen Corp., Carlsbad, CA, USA).

2.3. Aldefluor assay

The Aldefluor kit (Stem Cell Technologies, Durham, NC, USA)
was used to detect stem cell population with high ALDH enzyme
activity. Briefly, the cells were plated at 3 x 10° cells/100 mm dish.
After serum deprivation for 3 days, the cells were suspended in
Aldefluor assay buffer containing the ALDH substrate BAAA
(1 pM) and incubated for 30 min at 37 °C. As a negative control,
cells were treated with diethylaminobenzaldehyde (15 uM), which
is a specific ALDH inhibitor. FACS Aria II cell sorter (BD Biosciences,
San Diego, CA, USA) was used to measure the ALDH-positive cell
population.

2.4. Mammosphere-forming assay

Mammosphere-forming assay was performed as previously de-
scribed with slight modification [17]. Briefly, MCF-7 cells were pla-
ted on ultra-low attachment 6-well plates (Corning, Acton, MA,
USA) at a density of 10,000 cells/ml in serum-free DMEM supple-
mented with N, supplement (Gibco) and 20 ng/ml basic Fibroblast
Growth Factor (R&D Systems, Minneapolis, MN, USA). The number
of spheres was microscopically analyzed.

2.5. Real-time RT-PCR

Total RNA was isolated from MCF-7 cells using ISOGEN (Nippon
Gene, Osaka, Japan), according to the manufacturer’s instructions.
Quantitative real-time reverse transcription (RT)-PCR with a Quan-
tiTect SYBR Green RT-PCR Kit (QIAGEN, Valencia, CA, USA) was per-
formed using the ABI PRISM 7900HT sequence detection system
(Applied Biosystems, Foster City, CA, USA). The relative changes
in the amount of transcripts in each sample were determined by
normalizing with the GAPDH mRNA levels. The sequences of the
primers used for real-time PCR analysis are as follows: Hes-1 (for-
ward, 5-AGCGGGCGCAGATGAC-3'; reverse, 5'~-CGTTCATGCACTCG
CTGAA-3'), GAPDH (forward, 5-GTCTCCTCTGACTTCAACAGCG-3/;
reverse, 5'-ACCACCCTGTTGCTGTAGCCAA-3").

2.6. Conventional RT-PCR

RT was performed in a 20-pl reaction volume comprising 1 pug
total RNA, 1x reaction buffer, 0.5 mM dNTP mixture, 2.5 pM oli-
go(dT) primer, 40 U RNase OUT, and 200 U Superscript Il reverse
transcriptase (Invitrogen). PCR was performed using a thermal cy-
cler (Gene Amp PCR System 2400-R, Perkin-Elmer, Norwalk, CT,
USA) in a 20-pl reaction volume comprising 0.2 ul RT product,
1x PCR buffer, 0.5 uM each of the sense and antisense primers,
and 0.1 U long and accurate Taq (Sigma-Aldrich). The following
primers were used: o7-nAchR (forward, 5-CGGAGTCAACGGATT
GGTCGTAT-3'; reverse, 5'-CAGCGTACATCGATGTAGCA-3'); GAPDH
(forward, 5-CGGAGTCAACGGATTGGTCGTAT-3'; reverse, 5'-AGCCT
TCTCCATGGTGGTGAAGAC-3'). The cycling conditions were as

follows: 1 min at 94 °C, 40 cycles of 30s at 94 °C, 30s at 54 °C,
and 30 s at 72 °C, followed by 7 min at 72 °C.

2.7. PKC activity

PKC activity was measured using a Pep Tag Non-Radioactive
PKC Assay kit (Promega, Madison, WI, USA), according to the man-
ufacturer’s instructions. Briefly, MCF-7 cells were starved for 4 h
and then stimulated with nicotine for 30 min. After the cells were
lysed in a PKC extraction buffer, the cell lysates were incubated
with the specific peptide substrate and the reaction buffer for
30 min at 30 °C. The reaction was stopped by placing the tube in
a 95 °C heating block for 5 min. The samples were then separated
on a 1% agarose gel at 100 V for 15 min. The phosphorylated bands
were extracted from the gel and the intensity of the bands was
measured at 570 nm using a microplate reader (iMark; Bio-Rad,
Hercules, CA, USA).

2.8. Statistical analysis

The values are expressed as the arithmetic mean + SD of three
independent experiments. The data were statistically analyzed
using two-tailed Student’s t-test. Results were considered statisti-
cally significant if P < 0.05.

3. Results
3.1. Nicotine increases ALDH-positive cell population in MCF-7 cells

To investigate whether nicotine affects the size of stem cell pop-
ulation, we performed the Aldefluor assay, which is used for the
identification of cancer stem cells, in human MCF-7 breast cancer
cells. As shown in Fig. 1A, stimulation with 1 M nicotine increased
the ratio of ALDH-positive cell population. Nicotine increased both
ALDH-positive cells (from 3.52 x 10% to 9.43 x 102 cells; approxi-
mately 2.7-fold) and ALDH-negative cells (from 3.16 x 10° to
3.47 x 10° cells; approximately 1.1-fold), suggesting that the effect
of nicotine is due to the proliferation of the ALDH-positive cells. As
shown in Fig. 1B, the effect of nicotine was observed in a dose-
dependent manner and maximal effects were achieved at a concen-
tration of 1 uM. To confirm whether nicotine increases the stem cell
population, we measured the mammosphere-forming ability, which
is used for self-renewal capability [17]. We found that the nicotine-
treated MCF-7 cells formed approximately 2.0-fold more mammo-
spheres than untreated control cells (Fig. 1C), suggesting that nico-
tine induces the stem cell proliferation. To examine whether the
effect of nicotine is mediated through its nAChR, we tested the ef-
fects of a nAChR antagonist on the ALDH-positive cell population.
As shown in Fig. 1D, a nAChR antagonist MCA inhibited the
nicotine-induced increase in ALDH-positive cell population. MCA
alone did not affect the ALDH-positive cell population. Taken
together, these data suggest that nicotine increases ALDH-positive
cell population via its nAChR in MCF-7 cells.

3.2. Nicotine induces a Notch-Hes1 pathway in MCF-7 cells

To investigate whether the effects of nicotine is involved in a
stem cell-dependent pathway, we examined the Notch pathway,
which is a feature of cancer stem cells. We found that nicotine in-
duced an expression of Notch target gene Hesl in MCF-7 cells
(Fig. 2A). We next tested the effect of DAPT, which inhibits cleav-
age of activated Notch receptors by y-secretase, and thereby pre-
vents Notch signaling. DAPT reduced the nicotine-induced Hes1
expression (Fig. 2A) and the nicotine-induced increase in ALDH-po-
sitive cell population (Fig. 2B). These data suggest that nicotine in-
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Fig. 1. Nicotine increases the stem cell population in MCF-7 cells. (A) MCF-7 cells were incubated with 1 pM nicotine for 72 h and the ALDH-positive cell population was
measured by the Aldefluor assay kit and flow cytometry. (B) Effects of various concentrations of nicotine on ALDH-positive cell population. (C) After MCF-7 cells were
stimulated with 1 UM nicotine, mammosphere-forming assay was performed in ultra-low attachment plates. (D) After MCF-7 cells were pretreated with the nicotine
antagonist Mecamylamine (MCA, 10 pM), the cells were stimulated with 1 uM nicotine and then ALDH-positive cell population was measured. Values represent the
mean # SD from three independent experiments. *P < 0.05 as compared with the respective control.

creases the ALDH-positive cell population via a Notch-Hes1 path-
way in MCF-7 cells.

3.3. Effect of PKC on stem cell population in MCF-7 cells

Since protein kinase C (PKC) has been shown to be activated by
nicotine and correlated with aggressiveness in breast tumor
[18,19], we studied whether PKC is involved in the ALDH-positive
cell population in MCF-7 cells. The potent PKC inhibitor
GF109203X inhibited the nicotine-induced Hes1 expression
(Fig. 3A) and nicotine-induced ALDH-positive cell population
(Fig. 3B), suggesting that Notch act at a downstream of PKC. In
addition, nicotine induced PKC activation via nAChR in MCF-7 cells.
GF109203X inhibited the nicotine-induced PKC activation in MCF-

7 cells (Fig. 3C). These data suggest that nicotine-induced PKC acti-
vation mediates the Notch pathway to drive the ALDH-positive cell
population in MCF-7 cells.

3.4. Effect of o7 nAChR on stem cell population

We further investigated the subtype of nAChR. Since A549 hu-
man alveolar epithelial cells and other cancer cells are known to
express o.7-nAChR [4], we examined the involvement of a7-nAChR
in stem cell population. As shown in Fig. 4A, o7-nAChR was de-
tected in MCF-7 cells by RT-PCR. A549 cells were used as a positive
control. As shown in Fig. 4B, the o7-selective nAChR agonist
PHA543613 increased the ALDH-positive cell population in a
dose-dependent manner. Furthermore, o-Bungarotoxin, an o7-
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Fig. 2. Effect of a Notch-Hes pathway on the stem cell population in MCF-7 cells. (A)
MCF-7 cells were pretreated with the «7-nAChR antagonist BTX (1 uM) or the
Notch inhibitor DAPT (5 uM) and then stimulated with 1M nicotine. Hes1
expression was measured by real-time RT-PCR. (B) After MCF-7 cells were
pretreated with DAPT, the cells were stimulated with 1 uM nicotine and then the
ALDH-positive cell population was measured. Values represent the mean + SD from
three independent experiments. *P < 0.05 as compared with the respective control.

selective nAChR antagonist, inhibited the nicotine-induced in-
crease in ALDH-positive cell population in MCF-7 cells (Fig. 4C).
o~Bungarotoxin also inhibited the nicotine-induced Hes1 expres-
sion and PKC activation (Fig. 4D and E). These data suggest that nic-
otine increases the ALDH-positive cell population via a7-nAChR in
MCF-7 cells.

4, Discussion

In the present study, we demonstrated that nicotine increases
the stem cell population in MCF-7 cells. We found the o7-nAChR
as a mediator of the stem cell population. Furthermore, we showed
that the Notch-Hes1 pathway act at the downstream of nAChR in
the stem cell population.

There is increasing evidence regarding the existence of breast
cancer stem cells and their central role in tumorigenesis. Clinical
studies have suggested that smokers have enhanced metastasis
of breast cancers to the lung [20,21]. These data raise the possibil-
ity that nicotine affect breast cancer stem cells. Our findings sug-
gest that 1 uM nicotine increases ALDH-positive cell population
via nAChR in MCF-7 cells. Since the plasma concentration of nico-
tine was reported to range between 10 nM and 10 pM in cigarette
smokers [22], the concentrations of nicotine tested in our study are
closely related to the blood concentrations of nicotine in cigarette
smokers and might possibly induce growth or differentiation of
breast cancer stem cells. Our observations support the idea that
nicotine is related to the development of breast cancer in cigarette
smokers.

We identified oi7-nAChR as the major mediators of the stem cell
population. Nicotine is known to activate many signaling cascade,
such as Src, PI-3kinase, Akt signaling via nAChR [22]. Since the tar-
geting of these pathways is not considered to be highly selective
against cancer, o7-nAChR might be a good target for anti-cancer
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Fig. 3. Role of PKC on the stem cell population in MCF-7 cells. (A) After
pretreatment with or without a PKC inhibitor GF109203X (GFX; 1 uM), MCF-7
cells were stimulated with 1 @M nicotine. Hes1 expression was measured by real-
time RT-PCR. (B) After MCF-7 cells were pretreated with GFX, the cells were
stimulated with 1 pM nicotine and then the ALDH-positive cell population was
measured. (C) After MCF-7 cells were stimulated with 1 uM nicotine for 30 min,
PKC activity was measured using a non-RI method. Values represent the mean + SD
from three independent experiments. *P < 0.05 as compared with the respective
control.

agents. We are currently conducting studies to examine the effect
of o7-nAChR on in vivo tumorigenicity from breast cancer stem
cells.

Our study demonstrated that nicotine increased the expression
of the Notch target gene Hes1 and the stem cell population. Since
Notch signaling has been shown to be required in mammosphere
formation [12], our results using ALDH assay confirm a role for
Notch signaling in breast cancer stem cells. However, the mecha-
nism of how nicotine activates the Notch-dependent pathway is
not well understood. ADAM protease has been implicated in the
cleavage of Notch receptors [23]. Since PKC activity induces ADAM
membrane translocation in glioblastoma [24], nicotine might acti-
vate ADAM by PKC and thereby induce Notch activation and the
stem cell population in MCF-7 cells.

Cigarette smoking contains over 4000 different chemicals,
many of which are toxic and/or carcinogenic in a variety of cells
including breast epithelial cells [25,26]. Whereas we show nicotine
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increases the stem cell population, there are numerous other mol-
ecules in cigarette smoking that can affect cancer stem cells. NNK,
which is a nicotine-derived nitrosamino ketone, has been found to
transform human normal breast cells [27]. Thus, NNK also might
contribute to the observed stem cell population. Future studies
would be required to examine whether the other cigarette compo-
nents are involved in breast cancer stem cells.

In conclusion, we show here that nicotine increases the stem
cell population via o7-nAChR in MCF-7 cells. These findings reveal
a novel role for nicotine as a stimulant of the cancer stem cell pop-
ulation in human breast cancer. These findings might explain the
development of breast cancer in cigarette smokers. Development
of agents that can disrupt the o7-nAChR signaling pathway may
provide a new therapeutic way for the treatment of breast cancer.
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An N-hydroxy analogue of 3,4-methylendioxymethamphetamine (MDMA), N-hydroxy MDMA (N-OH
MDMA), has recently been distributed as a new designer drug in some drug markets. Very little data is
available to the metabolic and pharmacological properties of N-OH MDMA, although it has been reported
that the N-demethyl analogue, N-hydroxy-3,4-methylenedioxyamphetamine (N-OH MDA), is mainly
metabolized to MDA in rats. In this study, an analytical method for the determination of N-OH MDMA
and its metabolites in biological samples was developed, and the metabolic properties of N-OH MDMA in

ﬁeéﬁoﬁgM o rats were investigated.

MDMA After the i.p. administration of N-OH MDMA to pigmented hairy rats (5 mg/kg/day, 10 days), N-OH
MDA MDMA and its N-dehydroxy and N-demethyl metabolites (MDMA, N-OH MDA and MDA) in rat plasma,
Rats urine and hair samples were determined by ultra-performance LC (UPLC)-MS/MS. The hair sample was

extracted by 1-h sonication and overnight soaking in 5M hydrochloric acid-methanol (1:20). The
plasma, urine, and hair extract samples were purified using a solid-phase extraction procedure. N-OH
MDMA in the samples could be precisely analyzed by avoiding an alkaline environment. The parent
compound very rapidly disappeared from the rat plasma (<15 min) and urine (<10 h), and most of the N-
OH MDMA was excreted in the rat urine as MDMA and MDA in 72 h. In the rat hair samples collected 4
weeks after the first administration, N-OH MDMA (0.03 ng/mg) and N-OH MDA (0.13 ng/mg) were
clearly detected as well as MDMA (149 ng/mg) and MDA (52 ng/mg). This analytical method will be
useful for the analysis of N-OH MDMA and its metabolites in biological samples.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Biological samples
UPLC-MS/MS

1. Introduction lenedioxyamphetamine (N-OH MDA; N-demethyl analogue of N-

OH MDMA). N-OH MDA is unstable at high temperatures (e.g. GC-

Various designer drugs of 3,4-methylenedioxymethampheta-
mine (MDMA) have appeared as street drugs in recent years.
Besides N-alkyl derivatives of MDMA such as 3,4-methylenediox-
yethylamphetamine (MDEA), the use of beta-keto compounds
such as methylone, 1-(3,4-methylenedioxyphenyl-2-(pyrrolidin-
1-yl)-1-pentanone (MDPV), 2-methylamino-1-(3,4-methylene-
dioxyphenyl)butan-1-one (bk-MBDB), and 2-ethylamino-1-(3,4-
methylenedioxyphenyl)propan-1-one) (bk-MDEA) has become
widely spread throughout the world [1-7]. Moreover, an N-
hydroxyl analogue of MDMA, N-hydroxy MDMA (N-OH MDMA,
FLEA), has also been distributed as a new designer drug in some
drug markets [5,8].

The N-hydroxy group has been found to have unique analytical
properties in similar compounds such as N-hydroxy-3,4-methy-

* Corresponding author. Tel.: +81 3 3700 8764; fax: +81 3 3707 6950.
E-mail address: kikura@nihs.go.jp (R. Kikura-Hanajiri).

0379-0738/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2010.02.013

MS analysis) and decomposes to MDA and the oxime of 3,4-
methylenedioxyphenyl-2-propanone [9]. Moreover, N-OH MDA
(pKa value =6.22) is considerably less basic than MDA (pKa
value = 10.04), and thus its capacity factors show greater variation
with mobile phase pHs in the 2.5-6.0 range for HPLC analysis,
while retention of the primary amine, MDA, and N-alkyl MDAs
remains relatively constant over this range [10]. The aqueous
solution stability of N-OH MDA has been found to decrease with
increases in the aqueous solution pH, and the degradation half-life
decreases to a value of 2.57h at pH 10 [10]. In an alkaline
environment, N-OH MDA is mainly transformed to its correspond-
ing oxime. This pH-dependent mechanism is different from that in
the pyrolysis of N-OH MDA, as observed in the GC-MS analysis. On
the other hand, Ravis et al. [11] have reported that N-OH MDA is
rapidly metabolized to MDA in rats and that no other major
metabolites could be detected in a rat liver slice, plasma, or urine
sample. As compared with N-OH MDA, very little data is available
as to the analytical, metabolic, and pharmacological properties of
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N-OH MDMA, although it has been reported that direct GC-MS
analysis of N-OH MDMA gives no indication of the parent
compound and that only MDMA (N-dehydroxy compound) and
MDA (N-dehydroxy and N-demethyl compound) are detected as
the major components of the sample [8].

In this study, the stability of N-OH MDMA in sample solutions
under various conditions (including wide pH ranges) was studied
to establish suitable conditions for animal studies. Furthermore, a
rapid and sensitive analytical method for the simultaneous
determination of N-OH MDMA and its metabolites in rat plasma,
urine, and hair samples was developed using ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/
MS), and the metabolic properties of N-OH MDMA in rats were
investigated.

2. Materials and methods

2.1. Chemicals and reagents

MDMA hydrochloride [12], MDA hydrochloride [12], N-OH MDA hydrochloride
[13] and 2-methylamino-1-phenylpropane-2,3,3,3-d4 hydrochloride (methamphe-
tamine(MA)-d4, used as an internal standard) [14] were prepared, as previously
reported. N-OH MDMA oxalate was synthesized from 3,4-methylenedioxyphene-
tylacetone and N-methylhydroxylamine according to the procedure reported by
Noggle et al. [9]. Its structure and purity were confirmed by the measurements of
accurate mass, the infrared spectrum [8], GC-MS (acetylated derivatives) [8], LC-
MS [8], and 'H- and '*C-nuclear magnetic resonance (NMR) [5]. The accurate mass
of [M+H]" was m/z 210.11309 in the positive scan mode by AccuTOF JMS-T100
(JEOL, Tokyo, Japan). The error between the observed mass and the theoretical mass
of [M+H]* (C;1H;6NO3) was +0.07 mmu. The structures of these drugs are shown in
Fig. 1. A solid-phase extraction column (Bond Elut Plexa, 30 mg/1 mL) was obtained
from Varian (Harbor City, CA, USA), and the membrane filter (Ultrafree-MC,
0.45 wm) was from Millipore Corporation (Bedford, MA, USA). All other chemicals
and solvents were of an analytical reagent grade or HPLC grade (Wako Chemicals,
Osaka, Japan).

2.2. Instrumentation

The UPLC analysis was performed using a Waters Acquity Ultra-Performance™
liquid chromatography system (Waters, Milford, MA, USA). The separations were
achieved using an Acquity HSS T3 column (100 mm x 2.1 mm i.d., 1.8 pum) 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% formicacid)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 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 pL. The total run time for each sample
analysis was 8.0 min. Quantitation was achieved by MS/MS detection in a positive
ion mode using a Quattro Premier XE mass spectrometer (Waters, Milford, MA,
USA) equipped with an electrospray ionization (ESI) interface. Quantification was
performed using multiple reaction-monitoring (MRM) of the transitions of m/z
210.2 — 163.2 for N-OH MDMA (4.5 min), m/z 196.2 — 163.2 for N-OH MDA
(3.9 min), m/z 194.3 — 163.2 for MDMA (3.3 min), m/z 180.2 — 163.2 for MDA
(2.9 min), and m/z 154.2 — 92.1 for IS (3.1 min), with a scan time of 0.05 s per
transition. The cone voltage and collision energy were set at 20 and 15 for N-OH
MDMA, MDMA, and IS, and at 20 and 10 for N-OH MDA and MDA, respectively. The
optimal MS parameters obtained were as follows: capillary 3.0 kV, source
temperature 120 °C, and desolvation temperature 400 °C. Nitrogen was used as

0 o N 0 o

N-OHMDMA N-OH MDA
<0 o
a_ <
NH
[o] N o 2
MDMA MDA

Fig. 1. Structures of N-OH MDMA and its metabolites.

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).

2.3. Animal experiments

The animal experimental model was designed as shown in our previous reports
[15,16]. All experiments were carried out with the approval of the Committee for
Animal Care and Use of National Institute of Health Sciences, Japan. N-OH MDMA
oxalate was administered to male dark agouti (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 10 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 10,000 x g 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 [15]. Urine samples were collected 0-10, 10-24, 24-34,
34-48, and 48-72 h after the last administration and stored at —20 °C. To prevent
the degradation of N-hydroxy compounds in the urine samples, 1mL of 1M
phosphate buffer (pH 3) was added in advance to the collection vials and then
cooled in an ice-bath (4 °C), and the pH of the collected urine was kept under acidic
conditions. Each animal had been shaved on the back just before the first drug
administration. The new growing hair samples were collected 28 days after the first
administration.

2.4. Sample preparation

2.4.1. Stock solution

An individual standard solution of 1.0 mg/mL of each drug, N-OH MDMA, N-OH
MDA, MDMA, and MDA, was prepared in methanol and stored at 4 °C. The IS
solutions of 2 pg/mL of MA-d4 in methanol for the analysis of hair samples and
those of 2 wg/mL of MA-d4 in distilled water for plasma and urine samples were
also prepared.

2.4.2. Stability of N-OH MDMA

To investigate the stability of N-OH MDMA under various pH conditions, 0.5 mL
of sample solutions containing 0.1 pg/mL of N-OH MDMA and MA-d4 (IS) were
prepared with 0.1 M phosphate buffers at various pHs. The pHs of the buffer
solutions, containing either mono- or di-basic potassium phosphate, were
adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 by adding 1 M phosphoric
acid or 1 M potassium hydroxide, respectively. Fifty microliters of each sample
solution was pipetted into the corresponding test tube, into which was previously
added 0.45 mL of the mixed solution of methanol and acetonitrile (1:1)at0, 1, 2, 4,
5,and 24 h after sample preparation, and analyzed using the UPLC-MS/MS system.
The results were calculated using the peak-area ratios of the ions monitored for
the target compounds versus IS, and indicated as a percentage of the remaining N-
OH MDMA.

To establish suitable conditions for animal studies, N-OH MDMA and MA-d4 (1S)
were dissolved in the rat drug-free urine (pH 8-9) at concentrations of 1 pg/mL. The
stability of N-OH MDMA in the urine was studied under six different conditions
described as follows: (1) kept at room temperature, (2) added 1mL of 1M
phosphate buffer (pH 3.0) and kept at room temperature, (3) kept on ice, (4) added
1 mL of 1 M phosphate buffer (pH 3.0) and kept on ice, (5) the control urine was
heated at 70 °C for 15 min before the addition of the drugs and was kept at room
temperature, and (6) the urine was heated at 70 °C for 15 min and 1 mL of 1 M
phosphate buffer (pH 3.0) was added before addition of the drugs. One hundred
microliters of the sample under each condition was pipetted into the corresponding
test tube, into which was previously added 1 mL of 0.1 M of phosphate buffer (pH
3.0)at 0, 1, 2, 4, 5, and 24 h after the sample preparation, and immediately the
solution was treated with Bond Elut Plexa and analyzed as below. For the rat plasma
samples, N-OH MDMA and MA-d4 (IS) were dissolved in the rat drug-free plasma
(pH 7) at concentrations of 1 pg/mL. After being maintained at room temperature
oron ice for 1, 2, and 4 h, 100 pL of each sample was pipetted and analyzed using
the same method as with the urine samples.

2.4.3. Extraction of N-OH MDMA and its metabolites from plasma and urine samples

To a 50-p.L plasma sample or a 100-.L urine sample were added 50 L of the IS
aqueous solution and 1 mL of 0.1 M phosphate buffer (pH 3.0), respectively. Before
the quantitative analysis of MDMA and MDA, due to their high concentrations, the
urine (0-10, 10-24, and 24-48 h) and plasma samples were diluted with the control
specimens 100 times and 5 times as concentrations, respectively. After a Bond Elut
Plexa was pre-activated with methanol and distilled water, the sample solution was
applied to the Bond Elut Plexa. After the column was washed with 0.5 mL of distilled
water, 0.5 mL of the solution of 2% formic acid/methanol was passed through the
column to elute the target drugs. Following evaporation of the solvent under a
nitrogen stream, the residue was dissolved in 0.5 mL of the mixed solution of
methanol and acetonitrile (1:1). Two microliters of the solution was automatically
injected into the UPLC-MS/MS.
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2.4.4. Extraction of N-OH MDMA and its metabolites from hair samples

Hair samples were washed three times with distilled water under ultrasonica-
tion. 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
1.5 mL of methanol/5 M hydrochloric acid mixed solution (20:1) containing 50 L
of each IS methanol solution for 1 h under ultrasonication. For the quantitative
analysis of MDMA and MDA, 2-mg hair samples were used separately. Following
overnight storage at room temperature, the hair was filtered off, the filtrate was
evaporated with a nitrogen stream, and the residue was dissolved in 1 mL of 0.1 M
phosphate buffer (pH 3.0). The solution was treated with Bond Elut Plexa and
analyzed as above.

2.4.5. Linearity, precision, and recovery of the analytical method

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 determination were constructed by analyzing extracted drug-free
control samples spiked with the standard solution, as described above. The
calibration samples containing 0, 0.5, 1, 5, 10, 50, 100, and 500 ng/mL of the target
drugs for the rat plasma and urine samples were prepared just before analysis. The
samples containing 0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, and 0.75 ng/mg of N-OH
MDMA and N-OHMDA, and0, 1,2.5,5,10,25,50, and 75 ng/mg of MDMA and MDA for
the hair samples were also prepared. For the urine analysis, 1 M phosphate buffer (pH
3.0) was added to the drug-free control urine samples before the addition of the
standard solution of target drugs, to prevent the degradation of N-OH compounds. The
limit of quantitation of each drug was chosen to be the concentration of the lowest
calibration standard with an acceptable limit of variance.

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
0.5, 50, and 500 ng/mL of the target drugs, respectively. For the hair analyses, the
control samples, spiked with the standard solutions each containing 0.01, 0.05, and
0.5 ng/mg of N-OH MDMA and N-OH MDA and 1, 5, and 50 ng/mg of MDMA and
MDA, were evaluated. The limit of detection (LOD) was defined as concentrations in
a sample matrix resulting in peak areas with signal-to-noise (S/N) ratios of 3. The
extraction recoveries of the four analytes, using the solid-phase extraction column,
were determined using 0.1 M phosphate buffer (pH 3.0) spiked with the analytes at
a concentration of 100 ng/mL, respectively. To determine the recoveries, the
responses of the analytes spiked in the solutions before and after extraction were
compared.

3. Results and discussion
3.1. Stability of N-OH MDMA

N-OH MDA, an N-demethyl analogue of N-OH MDMA, was
unstable at high temperatures or in alkaline environments. It
mainly decomposed to the oxime and/or its N-dehydroxy
compound [9,10]. To evaluate the stability of N-OH MDMA oxalate
in the stock solution, the methanol or aqueous solution of N-OH
MDMA at a concentration of 1 mg/mL was kept at 4 °C for 2 weeks
and the ratio of the remaining drug was measured. In both
solutions, more than 90% of N-OH MDMA remained and thus they
can be used as stock solutions for at least 2 weeks. In the same way,
the stability of N-OH MDMA in the solution for the UPLC-MS/MS
measurement was also studied. The ratios of the remaining drug of
the solutions of 0.1% formic acid, acetonitrile, methanol, methanol/
acetonitrile (1:1), 0.1% formic acid/10% acetonitrile (the initial
composition of the mobile phase for the UPLC-MS/MS analysis)
and 2% formic acid/methanol (the solution for eluting the drugs
from the solid-phase extraction column) at a concentration of
0.1 pg/mL were analyzed over 24 h. As a result, the mixed solution
of methanol/acetonitrile (1:1) was found to be the most suitable
for the measurement of the UPLC-MS/MS system in this study.

To investigate the stability of N-OH MDMA under various pH
conditions, the ratios of the remaining drugs in the buffer solutions
under various pHs were analyzed over 24 h. N-OH MDMA was
relatively stable in acidic conditions below pH 5, although it
rapidly decomposed under basic conditions. Almost no
parent compound was detected in the buffer solutions above pH
8 (Fig. 2). Beckett and Al-Sarraj [17] have reported that N-
hydroxyamphetamine is readily decomposed into both the
corresponding syn- and anti-oximes in alkaline solutions. The rate
of the decomposition of N-hydroxyamphetamine is increased by
dissolved oxygen in the solution, and a free radical mechanism has

120

(h)

Fig. 2. Stabilities of N-OH MDMA oxalate in phosphate buffers at different pHs. W,
pH3.0; x,pH4.0; @, pH5.0; *, pH 6.0; ¢, pH 7.0; A, pH 8.0; (1, pH 9.0; &, pH 10.0.

been proposed [17]. In contrast, Valaer et al. [10] have reported
that N-OH MDA is chemically decomposed to its oxime and that
this mechanism is pH-dependent. In our additional study, we
detected the oxime- and nitroso-compounds of MDA as the
decomposed products of N-OH MDMA in alkaline environments by
NMR analyses [18]. Under these conditions, as compared with N-
OH MDA, some other mechanism would be responsible for the
chemical transformation of N-OH MDMA to its corresponding N-
demethyl oxime- and nitroso-compounds.

Because of the instability of N-OH MDMA in an alkaline
environment, it appears likely that this drug would decompose in
rat urine samples (pH 8-9). To set suitable conditions for animal
studies, the ratios of the remaining drug in the rat control urine (pH
8-9) with added N-OH MDMA were analyzed under six different
conditions over 24 h (Fig. 3). The ratios of the remaining N-OH
MDMA of the urine samples kept on ice were approximately 80%
after 4 h and 50% after 24 h, while no N-OH MDMA was detected in
the urine kept at room temperature after 24 h. When the urine
samples were heated before adding the drugs to remove the
influences of bacteria and endogenous enzymes, the ratios of the
remaining drug were almost the same as those of the non-treated
urine samples and no N-OH MDMA was detected after 24 h at room
temperature. Furthermore, when the pH of the urine samples was
adjusted to pH 4-5 before adding the drugs, the ratios of the

0 T T T B

0 5 10 15 20 25
(h)

Fig. 3. Stabilities of N-OH MDMA oxalate in urine samples kept under different
conditions. @, kept at room temperature; @, added 1 mL of 1 M phosphate buffer
(pH 3.0) and kept at room temperature; A, kept on ice; ¢, added 1mL of 1 M
phosphate buffer (pH 3.0) and kept on ice; *, the control urine was heated at 70 °C
for 15 min before addition of the drugs and was kept at room temperature, +, the
urine was heated at 70 °C for 15 min and 1 mL of 1 M phosphate buffer (pH 3.0) was
added before addition of the drugs.
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Table 1
Linear ranges, calibration curves, and RSDs of analyses of N-OH MDMA and its metabolites in rat plasma, urine, and hair samples.
Compounds Linear ranges Calibration curves® Conc. added Conc. measured RSDs (%)°
Plasma (ng/mL) : ; : i o i
N-OH MDMA 0.5-500 ! 0.5 0.7 17
. y=05797x+0.1111 50.0 69.8 24
?=09988 5000 5345 43
'N-OH MDA 0.5-500 : 0.5 0.7 26
y=0.4413x+0.0647 50.0 64.7 3.7
?=0.9983 500.0 493.3 4.6
MDMA 0.5-500 g 0.5 03 7.1
: y=1.2243x+0.2837 50.0 ) 58.5 23
r*=0.9984 500.0 513.2 23
MDA 0.5-500 ) 05 04 17
y=1.2047x+0.2660 : 50.0 61.8 1.8
?=0.9994 : 500.0 . 530.9 1.8
- Urine (ng/mL) : { ! ; ‘ i
N-OH MDMA : 5 0.5-500: : . 0.5 : 03 5.5
y=0.8636x+0.2218 .50.0 : 44.2 2.2
) r?=0.9981 = SQQ.O 540.0 2.2
N-OH MDA ... 0.5-500 SR . ; 0.5 03 6.8
; y=0.3836x-0.0111 50.0 ' 46.2 2.7
?=0.9983 © 5000 : 4495 1.1
MDMA , . 05-500 . . 05 03 69
y=0.4741x+0.2510 ; 50.0 53.0 25
?=0.9920 500.0 522.7 16
- MDA 0.5-500 ‘ TN : 05 . 03 27
y=0.5269x+0.2294 500 45.2' 49
r’=0.9812 500.0 465.3 2.1
Hair (ng/mg) : o ERRR R 4 i :
N-OH MDMA 0.01-0.75 o E : © 001 0.01 4.6
o el y=4.8339— 0.0019 0.05 0.03 7.1
*=0.9900 - 0.50 0.42 23
N-OH MDA 0.01-0.75 el 001 0.01 43
i ! " y=2.3578-0.0056 0.05 0.04 5.7
?=0.9892 0.50 0.56 26
MDMA 1-50 ' - , 10 12 25
) : 'yé3.2766f 0.8837 5.0 5.2 2.4
'12=0.9953 : ©50.0 L "53.1: 1.5
MDA B 1-50 o Lo 10 - 1.1 25
’ : i y=2.4426+0.2389 5.0 i 35 1.9
© r?=09980 50.0 '55.3 12
* Weighting: 1/x.
b RSD: relative standard deviation (n=5).
Table 2
Time courses of drug concentrations in rat urine after the last administration of N-OH MDMA (5 mg/kg, i.p.).
Rat Compounds o Concenttationf» in urine (p.g/mL) i
. 0-10h 10-24h : 24-34h 34-480 48-72h
~ N-OH MDMA 0.05 o TR ‘ TR - TR TR
N-CH MDA 0.34 : 0.04 - . TR TR TR
Rat 1 MDMA 75.3 124 DS 1.97 0.68 0.17
MDA 536 130 209 053 0.18
Volume (mL) 25 53 28 36 62
N-OH MDMA TR TR ND ND ND
N-OH MDA 0.16 0.01 TR TR TR
Rat 2 : MDMA e : 63.4- 735 179 0.73 0.36
MDA 428 7.69 ) 1.64 0.72 0.39
Volume (mL) 2.7 43 ) ; 3.0 36 6
N-OH MDMA TR - TR e TR ND ND
. - N-OH MDA : 0.16 0.03 TR TR TR
Rat 3 : MDMA . - 69.9 : 125 i 343 0.64 0.66
2 ~ - MDA : 31.3 134 ! 251 0.51‘ ) 0.51
Volume (mL) - 35 38 B 30 238 37

TR: trace level, <10ng/mL. ND: not detected.
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Fig. 4. UPLC-MS/MS MRM chromatograms of the extract from the rat urine 0-10 h after the last administration of N-OH MDMA (5 mg/kg, ip., rat 1).

remaining drugs after 24 h were approximately 95% on ice and 85%
at room temperature (Fig. 3). On the basis of these results,
adequate volumes of the phosphate buffer (pH 3.0) were added in
advance to the collection vials in an ice-bath (4°C), and the
collected urine was kept under the acidic conditions in this study.
On the other hand, no serious decomposition of N-OH MDMA in the
plasma control samples kept on ice or at room temperature was
observed for at least 2 h.

3.2. Pre-treatment steps

N-OH MDMA was unstable under the basic conditions, as
described above. Moreover, it has been reported that N-OH MDA is
considerably less basic than MDA and that its capacity factors show
greater variation with mobile phase pH values for HPLC analysis
using a C18 column [10]. Therefore, for the simultaneous
extraction of target drugs from biological samples, a polymer-
based solid-phase extraction column (Bond Elut Plexa™) was used
without any basic solvents. According to the method described in
Section 2, the recoveries of N-OH MDMA and its metabolites, N-OH
MDA, MDMA, and MDA, from the samples added with their
standard solutions (100 ng/mL), were 93.0, 85.5, 101.5 and 94.8%,
respectively.

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

Under the chromatographic conditions used, there was no
interference with any of the drugs or the internal standard by any
extractable endogenous materials in the control rat plasma, urine,
and hair extracts. The calibration curves were linear over the
concentration range 0.5-500 ng/mL for rat plasma and urine, and
0.01-0.75 ng/mg (N-OH MDMA and N-OH MDA) and 1-50 ng/mg
(MDMA and MDA) for rat hair with good correlation coefficients of
r? > 0.981, respectively. The LODs of each drug were 0.1 ng/mL for
the urine and plasma samples and 5 pg/mg for the hair samples,
respectively. The precision data from the analytical procedure (n = 5)
for the rat urine, plasma and hair samples, spiked with standard
solution of N-OH MDMA, N-OH MDA, MDMA, and MDA, are
presented in Table 1.

3.4. Time course of excretion of N-OH MDMA and its metabolites into
rat urine

After intraperitoneal administration of N-OH MDMA oxalate to
3 rats at 5 mg/kg, the concentrations of N-OH MDMA and its
metabolites in the rat urine were monitored using UPLC-MS/MS.
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Fig. 5. Time courses of rat plasma drug concentrations after the first administration of
N-OH MDMA (5 mg/kg, i.p., n = 3). The error bar indicates each standard deviation.

The time courses of excretion of N-OH MDMA, N-OH MDA, MDMA,
and MDA in the urine over 72 h are shown in Table 2. Fig. 4 shows
LC-MS/MS MRM chromatograms of the extract from the rat urine
0-10 h after the last administration of N-OH MDMA (rat 1). The
major metabolite excreted in the rat urine was MDMA (the N-
dehydroxy metabolite), and 63-76 pg/mL of MDMA was detected
from O to 10 h after administration. MDA (the N-dehydroxy and N-
demethyl metabolite) was also detected at high concentrations of
31-54 pg/mL in the 0-10 h urine. In contrast, N-OH MDMA and N-
OH MDA (the N-demethyl metabolite) were slightly detected only
in 0-10 h urine and 0-24 h urine, and accounted for approximately
0.01 and 0.16% of the dose, respectively. More than 90% of the dose
was excreted as MDMA and MDA in the rat urine in 72 h (Table 3),
although other minor metabolites were not examined in this study.
N-OH MDA has also been reported to be rapidly metabolized to
MDA, and no other major metabolites have been detected in rats
[11]. The rapid N-dehydroxylation of N-OH MDMA/N-OH MDA
would make it difficult to discriminate N-OH MDMA/N-OH MDA
use from MDMA/MDA use by urine analysis.
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Fig. 6. UPLC-MS/MS MRM chromatograms of the extract from the rat plasma 5 min after the first administration of N-OH MDMA (5 mg/kg, i.p., rat 1).
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Table 3
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The amounts of N-OH MDMA and its metabolites in urine, plasma, and hair.

Rat Compounds Total excretion into urine (g, 0-72h) Plasma AUC (g min/mL) Concentrations in hair {(ng/mg)
Rat 1 N-OH MDMA 0.1 ' 1.1 0.03+0.00
N-OH MDA 1.1 7.2 0.07 +0.00
MDMA 263.0 149.6 163.3+173
MDA 211.8 74.0 48.7+0.7
Rat 2 N-OH MDMA 0.0 14 0.02 £0,00
N-OH MDA 0.5 7.5 0.08 £0.00
MDMA 2129 130.9 1176176
MDA 158.8 77.6 414+1.7
Rat 3 N-OH MDMA 0.0 14 0.03 £0.006
N-OH MDA 0.7 10.2 0.23+0,02
MDMA 306.7 143.2 164.5+11.1
MDA 1715 89.0 66.3+14

3.5. Concentrations of N-OH MDMA and its metabolites in rat plasma

Fig. 5 shows the time courses of the rat plasma concentrations
of N-OH MDMA and its metabolites over 360 min after the first

administration of N-OH MDMA oxalate at 5 mg/kg. LC-MS/MS

MRM chromatograms of the extract from the rat plasma 5 min

MDMAS19 "MRM of 5 Channels ES+
210.2 > 163.2
5.00e4
210>163 X 100 expanded
N-OH MDMA
439
R R
! 2.00 ! 4,00 T 600 ' 8.00 10,00
MDMAG1S MRM of § C?angels ES+
96.2> 163.2
N~Ol;l72ﬂDA 5.0084
196>163 X 100 expanded
e
312 507
) 2,00 ' 4.00 ! 6.00 ' 8.00 T 1000
MDMAB39 MRM of 5 Channels ES+
MDMA 194.3> 1832
318 5.00e6
194>163
' 2.00 ) 4.00 j 6.00 ' 8.00 10.00
MDMASB38 MRM of 5 Channels ES+
180.2 > 1683.2
5.00e8
180>163
MDA
284
“' L) LA 1 T L] i 1] I U
2.00 400 6.00 8.00 10.00
MDMAG38 MRM of 6 Channels ES+
o 154.2> 82,1
5.0028
MA-d4(IS
154>92 3.00 (15)
=
-1 T T T T T T T y Tima
2,00 4.00 6.00 .00 10.00

after the administration of N-OH MDMA (Rat 1) are shown in Fig. 6.
The concentrations of N-OH MDMA and N-OH MDA were

Fig. 7. UPLC-MS/MS MRM chromatograms of the extract from the rat hair collected 4 weeks after the first administration of N-OH MDMA (5 mg/kg x 10 days, i.p., rat 1).
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extremely low and their average peak concentrations (n = 3) were
130 ng/mg at 5 min and 490 ng/mL at 5 min, respectively. It was
difficult to detect N-OH MDMA in the plasma at 120 min after
administration. The concentrations of the major metabolites,
MDMA and MDA in the plasma showed peaks (970 and 410 ng/mL)
within 30 min. The AUC values of N-OH MDMA, N-OH MDA,
MDMA, and MDA in the rat plasma were 1.1-1.4, 7.2-10.2, 130.9-
149.6, and 74.0-89.0 p.g min/mL, respectively, as shown in Table 3.
The AUC values of MDMA and MDA were approximately 110 and
65 times larger than those of N-OH MDMA, respectively.

3.6. Drug concentrations in rat hair

Various procedures for the extraction of drugs from hair
samples have been reported, including digestion with alkali, acid
extraction, and enzymatic treatment [19,20]. Because N-OH
MDMA is unstable under alkaline conditions, the procedures
using alkali digestion (above pH 10) and enzymatic treatment
(above pH 7) may not be acceptable for the extraction of N-OH
MDMA. We have reported that the mixed solution of methanol and
5M hydrochloric acid (20:1) is suitable for the extraction of
phenethylamine-type compounds from hair samples [20,16].
Therefore, in this study, the acidic organic solvent was used for
the extraction of N-OH MDMA and its metabolites from the rat hair.
To investigate the stability of these drugs during the extraction
procedure described in Section 2, the rat control hair samples, with
added N-OH MDMA and its metabolites (10 ng/mg each), were
analyzed. As a result of the analysis, almost no degradation of the
N-OH compounds was observed.

Fig. 7 shows UPLC-MS/MS MRM chromatograms of the extract
from the rat hair collected 4 weeks after the first administration of
N-OH MDMA (5 mg/kg x 10 days, i.p., rat 1). In the rat hair samples,
although MDMA (149 ng/mg) and MDA (52 ng/mg) were mainly
detected in large quantities, N-OH MDMA (0.03 ng/mg) and N-OH
MDA (0.13 ng/mg) were also clearly detected. The detection of N-
OH compounds from the hair samples might provide useful
information for distinguishing N-OH MDMA use from MDMA use
over a long period. However, it has been reported that N-OH
MDMA and N-OH MDA are also detectable as N-hydroxylated
metabolites in the urine of horses, orally administered with MDMA
[21]. It may therefore be difficult to conclude whether N-OH
MDMA detected in biological samples is the parent compound or
the N-hydroxylated metabolite of MDMA. In further studies, the
ratios of the parent compound to the metabolites in the samples
obtained from N-OH MDMA users and MDMA users should be
examined to deduce the source of the compound detected.

4. Conclusions

In this study, we have established a detailed procedure for the
analysis of N-OH MDMA, N-OH MDA, MDMA, and MDA in rat urine,
plasma, and hair samples using UPLC-MS/MS. Moreover, the
established method was applied to investigate the metabolic
properties of N-OH MDMA in rats. N-OH MDMA in biological
samples could be precisely analyzed by avoiding alkaline
environments. N-OH MDMA very rapidly disappeared from rat
plasma and urine, and most of the N-OH MDMA was excreted in rat
urine as MDMA and MDA in 72 h. The rapid N-dehydroxylation of
N-OH MDMA would make it difficult to discriminate N-OH MDMA
use from MDMA use by urine analysis. In the rat hair samples
collected 4 weeks after the first administration, N-OH MDMA and

N-OH MDA were clearly detected as well as MDMA and MDA,
which were found to be the major metabolites in hair. The
proposed analytical method will be useful for the analysis of N-OH
MDMA and its metabolites in biological samples.
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