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Abstract. Incubation of liver microsomes from phenobarbital-treated rats with N-methylamphetamine
(1) and its N-oxidized congeners N-hydroxy-N-methylamphetamine (2). N-methylene-1-phenyl-2-pro-
pylamine N-oxide (3a) and N-(l-phenyl-2-propylidene)methylamine N-oxide (3b) gave rise to the
formation of cytochrome P-450 product complexes characterized by maximum absorbances in the 453
457 nm region. Compounds 1. 2 and 3a showed maximum absorbances at 456 nm and for 2 and 3a both
the rate and extent of complex formation was increased several fold over those of 1. with the complexing
activity being about 90 per cent of that of N-hydroxyamphetamine (4a). Contrary to . 2. 3a and 4a.
nitrone 3b showed its maximum absorbance at 453 nm and the spectral perturbations were identical to
those seen with N-hydroxymethylamine (4b). Demethylation of [ and 2. as monitored by formaldehyde
production, showed good correlation with the complex formation. From the results it scems safe to
conclude that 3a, formed after metabolic N-oxidation of N-methylamphetamine (1), undergoes further
conversion to N-hydroxyamphetamine (4a), the latter being the ultimate precursor to the ligand erming
the cytochrome P-455 complex. The results substantiate the notion that there is a preference for the
formation of nitrones related to 3a rather than 3b during the metabolism of N-alkylamphetamines.
Thus. in addition to a-carbon oxidation. N-oxidation is indicated as a route instrumental to the metabolic

demethylation of N-methylamphetamine.

Since the discovery that a number of primary ali-
phatic amines, related to amphetamine, are able to
form cytochrome P-450 product complexes during
their metabolism [1], quite a bit of information has
been gained as to the nature of these complexes.
There is little doubt that N-oxidation is a prerequisite
for complex formation [2-4] and several lines of
circumstantial evidence indicate the nitroso con-
geners to be the ultimate ligands [4-6]. Complex
formation also occurs during the NADPH-depen-
dent metabolism of several secondary amines related
to amphetamine [1.7] but the mechanism of this
reaction has not been investigated. In a previous
publication [8] we indicated that N-oxidation seems
to be a prerequisite for complex formation with the
secondary amine norbenzphetamine (1. R = CyHs,
Fig. 1). Moreover, in three recent publications [9-
11} secondary hydroxylamines (2, Fig. 1) as well as
nitrones (3a, Fig. 1) have been identified as in vitro
metabolites of N-methylamphetamine (1, R = H in
Fig. 1), N-ethylamphetamine (1, R = CH3) and nor-
benzphetamine (1, R = CsHs).

These findings warranted further investigation of
the various N-oxidized products formed following
the metabolism of secondary amines and as part of
our studies on N-hydroxylation and cytochrome P-

* For part III see ref [8]. Presented in part at the Sixth
European Work-Shop on Drug Metabolism. Leiden, June
1978.

455 complex formation {2, 4, 8], we investigated the
occurrence of complex formation during metabolism
of N-methylamphetamine and in this report describe
the results of a study examining the complexing
activity of various N-oxidized congeners (1-4b,R = H
in Fig. 1).

MATERIALS AND METHODS

Instrumentation

Mass spectra (MS) were recorded on an LKB 9000
mass spectrometer using the direct probe technique.
The ionizing potential was 70 eV. the trap current
60 A and the accelerating voltage 3.5kV. The tem-
perature of the ionic source was 270°,

Ultraviolet (u.v.) and infrared (i.r.) spectra were
recorded on a Beckman 25 and a Perkin-Elmer 157
G spectrophotometer, respectively. Nuclear mag-
netic resonance (NMR) spectra were run on a Perkin-
Elmer R 12 spectrometer using C°HCl: solutions.
Chemical shifts are expressed in p.p.m. (8) with
tetramethylsilane as the internal marker. Micro-
somal complex formation was determined by differ-
ence spectroscopy using an  Aminco DW-2
spectrophotometer.

Analytical thin layer chromatography (TLC) was
done on precoated silica gel (60 PF, Merck) plates.
Preparative TLC was performed with Merck’s silica
gel 60 PF, spread on glass plates to a thickness of
I'mm. Linear regression analysis was done on a
Hewlett Packard HP 9810A calculator.
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Chemicals and symnthesis

N-Methylamphetamine (1) was supplied by ACO
Likemedel and N-methylhvdroxylamine-HCl (4b)
was purchased from Fluka AG. The synthesis of N-
hyroxyamphetamine (da) has previously  been
described [12]. N-Hyvdroxy-N-methyvlamphetamine
(2) was prepared according to Coutts ef ol [9] and
pure samples of nitrones 3a and 3b were obtained
by modifications of their methods.

N-Methylene-1-phenyi-2-propylamine N-oxide
{3a). To a solution of N-hydroxyamphetamine (da.
500 mg, 3.3mmol) in cthanol (99%, 10ml) was
added NaHCO: (554 mg. 6.6 mmol). An excess of
gaseous formaldehyde. generated by heating para-
formaldehyde, was led into the reaction vessel and
the mixture was left at 40° for 3 hr. The solvent was
evaporated in vacuo and the residue treated with dry
ether. Evaporation of the ether vielded u colorless
oil which was repeatedly treated with a mixture of
ether-ligroin. After evaporation of the solvent mix-
ture, a final yield of 90 per cent of pure 3a was
obtained. TLC developed in CHClu:MeOLHL. 8&: 1 viv
showed only one spot with R; = (0.49, indicating that
no N-hydroxyamphetamine (da. Rr = 0.39) was pres-
ent. NMR, i.r. and MS-data were in good agreement
with those reported by Coutts er &/, [9]. u.v. A at
230 nm. The oil was stored under nitrogen at —20°
until used in the biological experiments.

N-(1-Phenyl-2-propvlidene)methylamine N-oxide
(3b). As described by Coutts er al. [9], a benzene-
water mixture containing N-methyvlhydroxylamine-
HCI (4b, 2.5 g. 30 mmol} and [-phenyl-2-propanone
(810 mg, 6 mmol) was refluxed in a Dean Stark
apparatus until no more water was collected. Evap-
oration of the benzene in vacuo yielded a straw
colored oil. On TLC (CHCIx:MeOH, 8:1 v/v), the
oil gave two major (R = 0.31 and 0.25) and two less
abundant spots. one of them (Ry = (1.72) correspond-
ing to 1-phenyl-2-propanone. About 300 mg of the

crude oil was subjected to preparative TLC in a
developing system of CHClzMeOH (8:1 viv). A
broad zone corresponding to 3b was scraped oft.
extracted with 20% methanol in chloroform and the
solvent was evaporated under dry N: to vield 80 mg
of a coloriess oil. MSuw/e (per cent relative abun-
dance) 163 (M4, 100). 146 (58), 131 (96). 130 (1Y),
117 (32). 15 (26). 105 (37). 91 (81) and 56 (63).
NMR: 7.33 (S.5H.Ar). 400 (S.IH.CH:. 3.78
(broad S. 4H, CH: and N-CH:), 2.16 and 1.98 (twao
S. 3H assignable to two non-cquivalent CHs). IR-
vaae (film). Strong to medium bands at: 1150 and
1180 cm ™', either of which can be assignable to the
N-O-stretching, 1580 cm ' (C=N). UViAgu. at
228-230nm. The oil was stored under nitrogen at
=20° until used in the biological experiments.

All chemicals used in the enzvmic studies were of
analvtical grade. NADPH and bovine serum albumin
were purchased from Sigma Chemicals. The water
used was doubly distilled.

Stability studies of nitrones 3a and 3

To ascertain pure substrates for the enzyvmic stud-
ies, the hydrolytic properties of nitrones 3a and 3b
were investigated. Hydrolyses were performed by
stirring freshly prepared 1077—10 ° M solutions of
the nitrones in open vessels at 257, The medium was
20% ethanol and the appropriate bufter to a final
ionic strength of 0. 1. The hydrolysis was monitored
bv means of u.v. with spectra being repeatedly
recorded in the 210-300 nm range.

Enzymic studies

Hepatic microsomes were prepared trom pheno-
barbital treated (three daily i.p. injections of
8O0 mgkg and 40 mg/kg on the fourth day) male
Spraguc—Dawley rats weighing 220-240 ¢ and were
1solated by gel filtration |13} to ensure complete
removal of hemoglobin [14].
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Spectrophotometric measurements were done at
25°. The microsomal concentration was 1 mg pro-
tein/ml in S0 mM potassium phosphate buffer pH
7.5. Microsomal suspension (5.8 ml) containing sub-
strate as indicated and 10 mM MgCh was divided
between the cuvettes and the base line in the range
390-500 nm was recorded. Water (0.1 ml) was added
to the reference cuvette and the enzymic reaction
was started by addition of 1 mg NADPH in 0.1 ml
water to the sample cuvette. The change of absorb-
ance AA (s - wmol P-4507" as a function of time
was determined by repetitive scanning. Kuupp and
Viusionsy Were obtained by linear regression analysis
of the Lineweaver-Burke plots with Vi being
equal to the initial rate. The correlation coefficients
were 2 .98 for the substrate ranges studied.

In one set of experiments demethylation of 1 and
2 was monitored by formaldehyde production meas-
ured by the method of Nash [15]. The incubation
mixture was identical to that used for the spectral
studies. The incubation was terminated by the
addition of 1.5 ml of 5.1% perchloric acid. Controls
were obtained by incubating | and 2 in the presence
of co-factors and inactivated microsomes (heated at
90 for 5 min).

Protein concentration [16] and cytochrome P-450
[17] were determined according to standard
procedures.

RESULTS AND DISCUSSION

Nitrones 3a and 3b—Chemical considerations

Coutts er al. [9] have fuily characterized nitrone
3a but not nitrone 3b. They prepared and used 3b
as a mixture of products, containing about 70 per
cent of the desired nitrone, without further purifi-
cation. Our studies used the nitrones as substrates
for enzymic studies and required pure substrates.
While nitrone 3a could be obtained directly suffic-
iently pure, nitrone 3b had to be further purified.
This was achieved by preparative TLC.

The puritied oil showed an NMR-spectrum with
two non-equivalent CHs-groups exhibiting signals of
equal intensity indicating a mixture of two isomers,
Evidently the purified fraction constituted an equi-
molar mixture of the E- and Z-forms of the nitrone
[18] (Fig. 2). with stereochemical properties anal-
ogous to those found for l-phenyl-2-propanone
oxime. an amphetamine metabolite (5b, Fig. 2) [19].

The oxime (5b) exhibits an NMR-spectrum very
similar to that of 3b [12]. Purified 3b showed a mass
spectrum in qualitative agreement with that of the
impure product [9] but the relative abundances of
certain fragments were quite different. The product
contained no detectable amounts of the 3a isomer.

Both nitrones are stable for weeks when stored
under N: at -20°. They are also surprisingly stable
towards chemical hydrolysis at pH 7.5. Thus, pre-
liminary kinetic studies indicate that in phosphate

* In a previous report Mansuy ef al. [6] indicated a Amax
of 455 nm for the complex with N-hydroxymethylamine
(4b). The difference between 4a and 4b noted by us has.
however, been confirmed by an independent reinvestiga-
tion performed by Dr. Mansuy (private communication).
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Fig. 2. Structures of the (E)- and (Z)-isomers, 3b: and 3b;
respectively, of N-(1-phenyl-2-propylidene )methviamine
N-oxide and their relationship to the (E)- and {Z}-isomers.
Sbr and 5by respectively, of 1-phenyl-2-propanone oxime
(phenylacetoneoxime}).

buffer at pH 7.5 and 25°, 3a and 3b have half-lives
of at least 22 hr. Both nitrones are. however, very
sensitive towards alkaline as well as acidic hydrolysis,
Further details on the chemical stability of these and
related nitrones {8, 20] will be published elsewhere.

Cytochrome P-450 product complex formation

Typical difference spectra obtained during
NADPH-dependent metabolism of N-hydroxy-N-
methylamphetamine (2) and the nitrone 3a are
shown in Fig. 3. The spectra are indistinguishable
and they are in turn identical with that obtained
during NADPH-dependent metabolism of the pri-
mary hydroxylamine, N-hydroxyamphetamine {4a)
[21].

Among the various substrates investigated in this
study (1-4b) differences are seen both in the rate
and extent of complex formation (Fig. 4 and Table
1). N-Methylamphetamine (1} is a relatively poor
substrate with a significant lag phase prevailing dur-
ing the first minute of incubation, and in this respect
1 behaves like amphetamine [1. 2]. For N-hydroxy-
N-methylamphetamine (2) and nitrone 3a both the
rate and extent of complex formation are increased
several fold over those of I, while between them-
selves 2 and 3a show only small differences, The
extent of complex formation (Table 1) for 2 and 3a
is also approaching that obtained with N-hydroxy-
amphetamine (4a), the most active substrate of
those investigated. N-Hydroxy-N-methylamine (4b)
and nitrone 3b are both considerably less active than
their analogues 4a and 3a. It should also be noted
that precise spectral measurements revealed a blue
shift in the maximum absorbance of 3—4 nm for 4b
and 3b with respect to all the other compounds (Fig.
5).* No complex formation occurred with any of the
substrates when sodium dithionite was substituted
for NADPH {3, 4]. but once formed all the com-
plexes investigated were stable to the presence of
dithionite.
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Fig. 3. Difference spectra produced during NADPH-dependent microsomal metabolism of N-hydroxy-
N-methylamphetamine (2) and N-methylene-1-phenyl-2-propylamine N-oxide (3a). The time difference
between each scan is ~ 40 sec. For the experimental conditions see Materials and Methods.
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Fig. 4. Cytochrome P-450 complex formation by compounds 1-4b in microsomes isolated from pheno-
barbital treated rats. Microsomes (2 uM of cytochrome P-450) were incubated in the presence of N-
methylamphetamine (1), N-hydroxy-N-methylamphetamine (2), N-methylene-1-phenyl-2-propylamine
N-oxide (3a), N-(1-phenyl-2-propylidene)methylamine N-oxide (3b), N-hydroxyamphetamine (4a) and
N-hydroxymethylamine (4b) respectively under the conditions described in Materials and Methods. All
substrate concentrations were 250 uM. One representative experiment out of 4. For standard deviations

¢f. Table 1.
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Table 1. The rate and extent of complex formation in NADPH-dependent metabolism of 1,

3633

2, 3a and 4a

Amount of complex

Range
Compd. Vinax(obs)™ KontapmypM uM [s] uM Admat Time (sec)

1 — — — 50 8.3 ) 980 h
i — — — 250 18.6 = 1O 937 + 18 (3%
1 - — o 5000 22.7+2.3(2) 1036 > 17(2)
! — _ - 10.000 209 (1) 1047 (n
2 334+ 130N 19 £ 4(3)t 2.5-100 250 54,4+ 2.9(2) 835+ 30(2)
3a 55+ 13 (3)t 59 + 6(3)F 5.0-100 250 518+ 1.3(2) RO8 + 72 (2}

4a§ 187+14 (3 11.7206(3)F  1.0-100 250 594 % 1.7(2) 343 £ 57(2)

* AA (455-490) - - P-450 mM™' - min”".

+ AA (455-490) - - P-450 mM ™!,

i+ S.E.M. (n).

§ Cf {13, 21] ‘K5 = 33 uM, AAmex = 60 (455-490) - cm™’ - P-450 mM™".

For the experimental particulars see Materials and Methods.

In agreement with what has been reported for the
primary phenylalkylamines [4, 6], N-oxidation seems
a necessity for complex formation with the secondary
amines. This was also indicated in a recent study
with norbenzphetamine [8]. Thus N-methylamphe-
tamine (1) is not able to form a complex without the
prerequisite of metabolism, and the enhanced rate
and extent of complex formation seen with 2 suggest
this compound to be closer to the complex forming
metabolite. In the case of primary amines, the nitrox-
ides or nitroso species are regared as the ultimate
ligands [2-6]. Further oxidation of 2 (Fig. 1) could
result in the formation of either or both of the
nitrones 3a and 3b, both being counterparts to the
nitrosc compounds. One could then speculate
whether either of these is the actual ligand, but
contrary to the nitroso compounds, nitrones 3a and

T ¥ T

450 460
WAVELENGTH (nm)

Fig. 5. Difference spectra produced during NADPH-

dependent microsomal metabolism showing the blue shift

in the Soret peak position for 3b and 4b with respect to 1,
2, 3a and 4a.

3b are unable to form complexes without the pre-
requisite of metabolism. The possibility of a second-
ary nitroxide (Fig. 6), formed after reduction of 3a
or 3b, to act as the ligand, can also be excluded.
because in the presence of dithionite both nitrones
3a and 3b should generate the very same nitroxide.
i.e. 3a and 3b would be expected to exhibit identical
spectral activities which is not the case (Fig. §).

Reactions, other than reduction, of the nitrones
(3a and 3b) at or close to their nitrogen center will
involve their hydrolysis {22, 23] (Fig. 1). implicating
the formation of the primary hydroxylamines 4a and
4b. This mechanism generates the very same inter-
mediates as the metabolism of the primary amines
and, as indicated above, the corresponding nitroso
species will then be the ultimate ligands. Moreover
as 2, 3a and 4a effect identical spectral perturbations,
different from those caused by 3b and 4b (Fig. 5 and
Table 1), the former and not the latter are the
intermediates that relay the spectral properties seen
with 2. In this context it could be noted that both
isomers of the oxime 5b (Fig. 2) are devoid of com-
plexing activities [3].

The implication of the mechanism outlined above
is further indicated by the demethylation studies,
which give direct evidence. coupling oxidation of 2
to complex formation. Thus demethylation of N-
hydroxy-N-methvlamphetamine {(2). as monitored

?
@cnz~§H—N=CH2

3a CHs

\e* /H‘E‘

\ / CHy- CH N CH3
CH3

?
@cm-gw—cm

CH3 3b

Fig. 6. N-Methyl-1-phenyl-2-propylamine nitroxide as a

common intermediate in the reduction of N-methylene-1-

phenyl-2-propylamine N-oxide (3a) and N-(1-phenyl-2-pro-
pylidene)methylamine N-oxide (3b).
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(@—@) and formaldchyde production (B M) during NADPH-dependent metabolism ol V-
hydroxy-N-methylamphetamine (2). One representative experiment out of 3. A: Rate v time curves.
¢ for the complex generated from N-hydroxyamphetamine (4a) is 65mM '-cm ' {21]. Rather high
blanks were obtained with 2 probably due to autoxidation of 2 during the assay conditions, ¢f. [23]. The
blanks were compensated for by carefully performed control experiments. One serics of controls were
run for each time point. Inactivated microsomes (heated at 90° for S min} were used. The standard
deviation between 9 controls was less than 11 per cent. For the experimental particulars see Materials
and Methods. B: The log vs log relationship. Linear regression analysis gave a correlation of 0,99 + 0,02,
All substrate concentrations were 250 uM.

by formaldehyde production. showed good corre-
lation with the complex production (Fig. 7).
Demethylation experiments could not be performed
with 3a as the compound hydrolyzed during the assay
conditions.

Although the results suggest a conversion of N-
hydroxy-N-methylamphetamine (2) to N-hvdroxy-
amphetamine (4a). with the nitrone 3a as an inter-
mediate, they do not per se prove a metabolic con-
version of N-methylamphetamine (1) to 4a by route
of initial N-oxidation of 1. An.alternative mechanism
for metabolic activation of 1. involving conventional
a-carbon hydroxylation and cleavage of the C-N-
bond to produce amphetamine which in turn could
undergo N-oxidation, should also be considered. The
results from the demethylation studies performed
with | repudiate the involvement of such a mech-
anism. Only small, but distinct, amounts of formal-
dehyde, up to about 10 uM were produced in the
presence of NADPH. If the demethvlated product
constituted amphetamine, then no complex forma-
tion would be noticed, as 10 uM of amphetamine is
too low a concentration to generate detectable
amounts of complex [4]. However, the amount of
complex produced during metabolism of 1 at satu-
rating substrate concentrations (Table 1) corre-
sponds nicely to the amount produced Admas 30-35,
by 10 uM of N-hydroxyamphetamine (4a). Accord-
ingly, N-methylamphetamine (1) is most likely con-
verted to 4a by route of initial N-oxidation followed
by dealkylation. Moreover. in the recent work by
Coutts er al. [9]. 2 and 3a were established as two
major in vitro metabolites of 1. 4a was present as a
minor metabolite while, interestingly, 3b could not
be detected at all. Similar results have been obtained
also with norbenzphetamine [11]. N-ethyl-and N-
propyvlamphetamine [10, 24].

It should be stressed that only minute amounts of

the ligand are required to occupy the cnzyme.
Assuming a 1:1 ratio of ligand to cytochrome P-430.
at a substrate concentration of 250 uM and an
enzyme concentration of 2 uM. less than a 1 per cent
conversion of the substrate 1s required tor 100 per
cent complex formation. From the AAn. values in
Table 1 and the absorption coefficient for the V-
hydroxyamphetamine complex. # = 65mM "-cm
as calculated by Franklin [21]. the amount of enzyme
complexed in the presence of the various substrates
([S] = 250 uM) can be estimated to 91 per cent ().
80 per cent (3a). 84 per cent (2) and 29 per cent (1.
This shows that, at this substrate concentration.
essentially all of the enzvme is complexed alter
metabolism of 2. 3a and 4a. while the metabolism
of 1T ties up only about 30 per cent. This. in turn,
gives an indication on the amount of N-methvlam-
phetamine (1) converted to ligand forming metu-
bolites [30 per cent of 2 uM (enzyme concentration)
= 0.6 uM|. which equals about 0.2 per cent of the
substrate concentration. Increasing the substrate
concentration did not significantly increase this num-
ber (Table 1).

In the conversion of N-methyvlamphetamine (1) to
the ligand forming species, oxidation of 1 is the rate
limiting step as indicated by the kinctic data (Fig.
d4and Table 1). The kinetics seen with 1 are. however.
different from those found with 2. 3a and 4a. and
are characterized by straight lines (e.g. in Fig. 4) at
all substrate concentrations investigated.  This
finding indicates a feature of zero order kincties
which is subject to further investigation.

CONCLUSIONS

From the results of the present study it seems safe
to conclude that the nitrone 3a. formed after meta-
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bolic N-oxidation of N-methylamphetamine (1),
undergoes further conversion to N-hydroxyamphet-
amine (4a). The latter is the ultimate precursor to
the ligand forming the cytochrome P-435 complex.
Our results also substantiate the notion [9-11], that
there is a preference for the formation of nitrones
related to 3a rather than 3b during the metabolism
of amphetamines. In addition to a-carbon oxidation,
N-oxidation is indicated as a metabolic route. in this
case instrumental to metabolic N-demethylation, but
more generally instrumental to N-dealkylations.
Thus, the results reanimate the debate on the sig-
nificance of N-oxidation in dealkylation reactions
[25. 26].
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