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The hydroxvlation of butam ixane [2- (butylaminomethyl) - 1 , 4-benzodioxane] both in vito

and in vitro by an emizyme derived from rat liver yields a mixture of 6-hdroxybutamoxane

and 7-hydroxybutamoxane in a ratio of approximately 2: 1. In addition, the microsomal

oxidati(imi of butamoxane in vitro yields the (‘atechol 6, 7-dihydroxvbutamoxane. This same
catechol is produced by the hydroxylation of either 6-hydroxybutamoxane or 7-hydroxy-

butamoxane. A series if 180 studies are described which support the concept that 6,7-
dihydroxybutamoxane is formed via two consecutive hvdrtixylatitins rather than via a

diltydrodiol or ami emidt ijieroxide.

I NTROI)U(”rmON

‘i’hit’ niajor route of nietabolismn of buta-

flit ixane [2- (butylaniinomethyl )- 1 , 4-benzo-

(lioxamie] in dogs aIRl rats is through aromatic
hydroxylation folltiwed by comijugation and

elimination (I). Thit’ site of hydroxylation

was shown to be posititimi 6 arid/or 7 of the
bemizodioxane iiucleus. Recently Jack et al.

(2) reported that thie iiiajt�r rtiute of metabo-
lisni in man t)f a (‘hemi(’allv related corn-

pound, guanoxan, is via hiydroxylation at

position 6 and/tir 7 of the benzodioxane

moiety. A similar route of metabolism was
reported for ethoxybut amoxane (3) imi man.

Our studies (iU the fate of butamoxane in

the rat w(’re undertaken to) define more

clearly the nature of the (ixidation reaction

leading to the hiydroxylated benzodioxane

derivatives. I)uring these studies it was ob-

served that a mintir product of microsomal
oxidation was a (‘atechol derivative of

butanioxane. The mechanism of the forma-

titimi (if this n�’tabolite hias been examined
usimig 18()2 tracer studies. The results indicate
that the catechol is formed by two comisecu-

tiV(’ liydroxylatiomi reactions, each of which

utilizes molecular oxygen and has the proper-
ties of a mon(iox-vgenase reaction.

31 ETHODS

All cofactors were purchased from Boeh-

ninger1/Mannheim. 1802 (93 atom %) was

obtained from Miles Laboratories. The 6-

and 7 -hydroxybut amoxanes were gemierous

gifts of Professor A. Funke, Institut Pas-

teur, France (4). The 5- and S-hydroxy
derivatives (if butamoxane were prelar(’d as
described previt iusly (1). Heptafluorobutyric

anhydride was obtained froni Pierce

Chemicals.
Incubation- i-n vitro. Livers were t)btailied

from 24-hr-fasted rats killed by decapitation.

Liver microsomt’s were prepared by differen-

tial cemitnifugation tif 20 (/ liver homoge-
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nates prepared in 0.25 rsm sucrose (5). The

100,000 X ci pellet was resuspended in the
original volume of 0.05 um phosphate buffer,

pH 7.4.
NADPH was prepared in situ by the addi-

tion of 0.5 mM NADP, 5 mM DL-isocitrate,

0.01 mui MnC12, and 0.1 mg of isocitrat-e
dehydrogena.se (pig heart, 2 units/mg,
Boehninger/Mannheim). Incubations were

performed at 37#{176}for 30 mm, during which

the hydroxylation reactions were linear.

Incubations were terminated by the addi-
tion of 0. 5 volume of acetone. The precipi-
tated protein w-as removed by centnifugation,

and themi 1 ml of 1 N Na2CO3, which had been
adjusted to pH 9 with HCI, was added. The
solution was extracted with three 1-mi

portions of ethyl acetate. The combined

ethyl acetate extracts were then extracted
with two 1-mi portions of 0.1 N HC1. The
HC1 extracts were combined, brought to pH
9 with 1 N Na2CO3, and then re-extracted

with three 1 -ml portions of ethyl acetate.

The ethyl acetate extract was then reduced

to dryness.
Analysis. The dried extracts were dis-

solved in 0.2 ml of a 1 : 1 mixture of hepta-

fluorobutyric anhydnide and acetonitnile.

After standing at room temperature for 1 hi,

the solutions were evaporated under nitro-
gen, and 0.2 ml of acetonitnile was added.
The solutions were then analyzed by gas

chromatography.
Gas chromatographic analyses were per-

formed on a Hewlett-Packard 5750 B gas
chromatograph, using a flame ionization
detector. A 4-foot column was packed with

3 % UC W-98 on Gas-Chrom Q (Applied
Science Laboratories). The flame detector
and flash heater were maintained at 230#{176}.
The helium flow rate was 60 mI/mm. The
oven temperature was raised from 180#{176}to
220#{176}at a rate of 10#{176}/mm, starting at the
time of injection.

Mass spectra were obtained usimig an
LKB 9000 combined gas chromatograph-

mass spectrometer equipped with a similar
gas chromatography column.

RESULTS AND DISCUSSION

Gas chromatographic analysis of the
heptafluorobutyrate derivatives of buta-

Retention Time
(minutes)

FIG. 1. Gas chromatographic (GC) analysis of

heptafluorobutyrates of b utarnoxamie aito! its it ydroxyl-

aled derivatives

Curve A , butamoxane; B, 5-hydroxvbutarnox-

ane; C, 8-hydroxybutamoxane; 1), 6-hydroxy-

butamoxarue ; E, 7-hydroxybut amoxane . Condi-
tions were the same as described under METHODS.

moxane and its four is(imeric hydroxyl

derivatives is shown in Fig. 1 . Samples of
ant hentic 6- amid 7-hydroxvbut a nu ixane
became available through the work of Funke

et al. (4). Each of the isomers is clearly dis-
tinguished by its retention time. Using this
method of analysis, uve determined the poSi-
tion of hydroxylatiomi of butamoxane after

metabolism in vilro and in vito. Analysis of

the unimie eif rats dosed with butamoxane

(10 mg/kg intrapenitoneally) is shown in

Table 1 . An average of 78 % of the drug was

excreted as a mixture of 6- and 7-hiydroxy-
butamoxane. No 5- or 8-hydroxybuta-
moxane was detected. Over SO � of the
excreted hydroxy compound was (‘onju-

gated. The ratio of 6-hydroxylatiomi to

7-hydroxylat ion was near 2: 1 imi all samples

analyzed.
Incubation of butamoxane in vitro with

rat- liver microsomes in the presence of

NADPH led to the production of 6- amid 7-
hydroxybutamoxane in a ratio similar to that

observed in the urine. The enzyme (or en-

zymes) that catalyzes the hiydroxylation
reactions is located solely in the microsomal
fraction of the liver homogenates (Table 2).



L �ri it a ry c.r(-rel i ott of 6- ait il 7-h y(lr(ixyb ii tammioxou it e

1-;�tcIi rat received a solution tif butanioxane in

NaCl, 10 mg kg intraperitoneallv. Urine was

analyzed before and after hydrolysis with Ulu-

sulase. In rats 1 and 2, 1(L1( arid 10.1�, respec-

tivelv, ttf the extretion pr�(lucts were not conju-

gated. The metabolites were aitalyzed by gas

chrom a t ographv as descri bed under �mF:’rHoI) S.

Time 6-Hvdroxvbu - 7-Hvdroxv - ,� - . . . Iota!
tanioxane 1)utamoxane

Rat 1 Rat 2 Rat 1 Rat 2 Rat 1 Rat 2

hr t � dose t � dose � (, � dose

0-S 28.2 22:3 138 14.2 � 42.0 36.5

8-24 14.4 303 64 154 20.8 45.8

2-1-30 48 0.1 2.2 0 7.0 0.1

30-48 2.1 04 1.2 0.2 3.3 0.6

0-48 495 5:3.1 23.6 29.8 73.1 83.!)

TAJ;1.I-: 2

S-u-beef! it/ar (lisI rib ul !t)tt (ifb u/a iitOXO it e h-y(lrOX ijloise

Subcellular fractions were prepared as de-

scrilied under xi i:iiions. A!! inctibat ittns rout ained

0.5 mM substrate, ().5 m�i NAI)PI1 (as an isocitrate

dehvdrogcnase-generat lug system), and 0.5 m�m

NADH. Intuhat ions were performed for 30 nun at

37#{176}.I-:xt�otion and analyses were performed as
1�.�tt�h result is the

6-H� 7-H�’-
droxy - droxy-

butamo- butamo-
sane xane

The liver 100,000 X (1 supernatant fraction

alone �as With(fllt activity. rFhI cofactor

requirenients for hydroxylation are shown in

Table 3. NADPH is absolutely required.
NA1)H, NAD�, and NAI)P* are ineffective

although, in the ��mosemice of XADPH,
NA1)H amid NA.D+ stiniulate the reaction.

Sin(t both I)tisitions 6 and 7 tif the benzo-
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r.�Ium.F: 1

itt rats

titt itil !/

described under MElt ODS.

average if two experiments.

Liver fraction

10,000 >< �/ supernatant

100,000 X g supernatant
100,00() X g pellet
100,000 X �i pellet- + 100,000 X

(/ 5t11)el11tt tat

T.�nLl-; 3

(‘ofactor requ iremmmo it Is for buta mmioza mme

hydroxylase activitmj

Microsomes were prepared as described under

METHOI)S. The substrate concentration was 0.5 mM.

All cofactors were added at final concentrations of

0.5 n�u. NAJ)PH was prepared in sit-u, employing

an isocit rate dehydrogen ase -generating system

and NADP+. Incubations were performed for 30

tRill at 37#{176}.Extraction and analyses were per-

fornwd as described under METHODS. Each result

is the average of two experiments.

Cofactor added 6-Hydroxv- 7-Hydroxy-
butamoxane butamoxane

/.Lg

NADPH 26 17

NAI)1-T :3 3

NAI)P4 1 1
NAD� 2 2
NADPH + NADH 40 26

NADPH + NA1I4 38 24

None 2 4

di(ixane nucleus were sites of hydroxylation,
either the 6- or 7-Iiydroxy derivative could
be further hiydroxylated to yield a 6,7-

dih’droxvcatechol. Iii order to assess this

possibility, the method of Daly et al. (6)
for catechiol determinations was employed.

This method imivolves incubatiomi of the sub-
strate in the presence of the oxidizing system

�S-adenosyl [‘4C -methyl] -L-met hiionine and

catechol O-methyltransferase. If a catechol
is formed it is rea(hlv methvlated in this

system, and the [“C]niethylated I)roduct can

be analyzed for radioactivity. When buta-
moxane t )r 6- ( ir 7 -hiydroxybutamoxane was

lAg /A� imicubated with the rat liver 10,000 X �j

it. 95 supernatant fraction, NAIDPH, and tS-
. ; ‘) adt’miis��l[’4C]miiethiiniiie, a new Product was

43 25 observed upon gas (‘hrtirnatogra�)hIc analysis.

The miniss sPectruni tif this product was con-

42 24 sistent with the formation of a methylated

catechol derivative of butamoxane. The
same I)rodllct W’IS obtained from all three

substrates. The reaction was quantitated by

analysis of the extracts for radioactivity.

The results are shown in Table 4.

Although the fact that both 6- amid 7-
hydroxvbutanioxane can be comiverted to a

catechol is evidence for a consecutive

hydroxylat ion mechamusm, the possibility
exists that butamoxamie is ctinverted to
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SCHEME 1

catechol via a dihydrodiol intermediate as

depicted in Scheme 1 , sequence I , 2, and 3.
In order to resolve this question, incuba-

tions were performed with butamoxane

TABLE 4

Comiversiomt of bularnoxane and its mnonohydroxylated
derivatives to 6, 7-dihydroxybutarnoxane by

rat liver 10,000 X g supermiatamu! fraction

Incubations srere performed using 1.5 ml of a
10,000 X g supernatant fraction obtained from a

20% homogenate of rat liver in 0.25 M sucrose. The
NADPH and substrate concentrations were each

0.5 mms. The S-adenosyl[’4C-methyllmcthionine
concentration was 0.05 m� (specific activity,

4680 dpm/nniole). The final volume was diluted
to 2.0 ml with 0.05 M phosphate buffer, pH 7.4.

Incubations were performed for 25 mm at 37#{176}.

Extractions were performed as described under
METHODS. The total amount of radioactivity in the
extract was determined and the amount of product

was calculated from the specific activity of the

S-adenosyl[”C]met-hionine.

Substrate 6, 7-Dihydroxy-
butamoxane#{176}

Complete -NADPH
system

nmoles nmoles

Butamoxane 13.3

Butamoxane 14.4 0.5

6-Hydroxybutamoxane 14.4
6-Hydroxybutanioxane 14.9 1.1
7-Hydroxybutamoxane 11.7 1
7-Hydroxybutamoxane 13.4 0.9

None 0.3

As its �#{176}C]O-methyl derivative (see METHODS).

4

under an atmosphere of 1809 or a mixture of

1802_1602 If t he conversion j)rot’eeded

through sequence 1 , 2, and 3, then under
‘�O2 (iliC of the hvdroxvl groups should con-

tam ISo and the other 160. If the (‘atechol
were formed via consecutive hydroxylat ions

(sequences 4 and 5) , both hydroxyl groups
should contain ‘SO. A third possibility was

t lie itt ermediate formation of an endo-

peroxide, as shown in sequences 6 and 7.

Under 1802 the latter 1)athway �voiild also
result in 2 atoms of 180 in the (‘atechol

product. In order to distinguish this path-
way frtim that of consecutive hydroxylation
an incubation was I)erformed in which the
gas phase contained a 1 : 1 mixture of ��O2

and � If time peroxide were the imiter-

mediate, the resultant cate(’hol would �‘on-
taimi either 2 atoms of ‘�O oir 2 atoms (if ‘SO.
I f consecutive hydroxylation were the

pathway, 50 C� of the (‘atechiol nB)ledules

would have 1 atom of �() and I atoni of

180. The results of these experiments are
presented in Table 5. The mass spectra tif

the catechol derivative formed under 16()2,

1802, and a 1 : I mixture of 1602 amid ‘�O� are

shown in Fig. 2. The 1)attermi of incorporation

of ‘�0 indicates that the Ph0�mi0ls and the

catechol are formed by direct incorporation

of molecular oxygen into the butamoxane

molecule. The high percentage of 02 imi-

corporation into the i)hiemlOl indicates that

the molecule is formed by direct oxidation

rather thami by loss of water from mimi inter-

mediate dihydrodiol. This result is similar
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TABLE 5

Incorporaliomu (if 1(02 into products of lmuicrosommua!

hydroxyiatiomt

16�

Rat liver 10,000 X g supernat ant fra(’tion (4 ml)

prepared from a 2(Y� homogenate of a liver froni a

200-g male rat was added t(i 1 ml of Tris buffer

(0.05 �m, pH 7.4) in a 50-ml round-bottomed flask.

The solution was frozen in a l)ry Ice bath and

then dried under high vacuum. The solution was

thawed and, after the foaming ceased, refrozen.

The substrate (0.5 mM) and cofactors (0.5 mM

NADPH, 0.5 M NA DII) were added, and the flask

was re-evacuated. Then 10 ml of 02 containing a

mixture of 1(02 and 1602 were added to the flasks,

which were sealed and placed in a shaking bath at

37#{176}for 45 mimu. The reactions were analyzed as

described under METhODS.

Substrate Isotope distribution in product

‘4)
4) 4)

Os
a a

4) x?���<�
.-�a

O� �

�c:r -� �c

� �.-;-----� (� ( 18Q
1802 180 18(J�

94.2 89.9� 9.2 87.9

94.2 80.9 74.7� 87.5

88.9

26.3 16()

47.4 ‘�O-’�0

26.3 ‘�0

a AS its 0-iiuelhyl-’tC derivative (see METHODS).

to that rel)(irted by Pt)sner et al. (7) for a

muuiiber t)f aromatic hydroxylations. The
incorporation of 184/) imito the (‘atechol
clearly indicates that- thie reaction Proceeds
via consecutive hivdroxylation and argues
against either a dihydrodiol or endoperoxide

interniediat e.

The ability of liver microsomes to catalyze
the hydroxylation of a wide variety of

phienolic compoumids was originally observed
by Axelrod (8), who also postulated that this
enzyme svsteni might represent a route for

the metabolism of ext igenous phent )hc com-

l)Ouhids as well as an alternative pathway for
the product ion of endogemious (‘at echol-

amines (9, 10). The discovery that arene
oxid(s are intt’rnieoliates in the hydroxyla-

16 18
02 02

__________ __________ III
J’’,,Iu’,l-l- I � /1 �uii,j.,,r�-

235 245 385 395 655 665

M/E

Fin. 2. Mass specfral aita!ysis of he p1 afluoro-

b utyrales of 6/7-h ydroxy-6/7-melhoxybutamoxane

produced in vitro un(ler cit/icr 1(02, � or a 1 :1
niixture (if 1602 amid 1802

When the nietabolite is produced under ‘60�

the parent peak is at 659 amu. The peak at 390

corresponds to the benzodioxane-eontaining ion

produced by cleavage of the carbon-nitrogen bond.

The peak at 240 amu corresponds to an ion pro-

duced by rearrangement of the side chain and does

not contain the benzodioxane nucleus. When the

metabolite is produced under ‘�02 the 659 peak is

shifted to 663 and the 390 peak is shifted to 394.
The 240 peak is unaffected by changes in the benzo-

dioxane nucleus. When the nuetabolite is produced

under an atmosphere of 1802_1602 there is a mixture

of ions corresponding to fragments containing
2 atoms of 160 (663, 394), 1 atom of 180, 1 atom of

‘60 (661, 392), and 2 atoms of ‘�O (659, 390).

tion of aromatic compounds as well as in the
production of dihydrodiols has suggested
that this pathway may also) be important
for the production ttf catechols (11).

The production (if catechols from ben-
zenoid compounds in vito has been shown for

chlorobenzene (12), phenacetylurea (13),
diphenylhydantoin (14), amid diphenox late
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(15). Whether these catechol met-abohites

are also produced by consecutive hydroxyla-
tion or via the epoxide-dihydrodiol pathway
remains to be determined.
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