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by reserpine is metabolized by MAO, while that re
leased by sympathomimetic amines directly into the cir
culation is methylated by catechol O-methyltrans-
ferase.39 The mode of action of guanethidine differs 
from both that of sympathomimetic amines and reser
pine.37 The liberation of norepinephrine-3H by these 
three classes of compounds may be influenced by a 
variety of inhibitors. Cocaine blocks the release of 
norepinephrine by sympathomimetic amines.1"'40 Gan
glionic blocking agents,14 MAO inhibitors, and pheno-
thiazines41 block release caused l)3r reserpine. Gan
glionic blocking agents14 inhibit release caused by guan
ethidine. 

The various relationships between drugs, biosyn
thesis, and the disposition and metabolism of norepi-

CiU) I. Kopin and K. K. Gordon , ,/. I'imrmiirul. lixptl. Thtnip., 138, M l 
11962). 

(40) M . F. Locket t a n d K . E . F.akins, ./. I'harm. I'lm.rmnrol., 12, 513 
(1960). 

(41) .1. Axelrod, G. I l e r l t ing , a n d R . \V. Pat r ick , ,/. Pharmacol. Exptl. 
Tlierap., 134, 325 [1961}. 

The chemorelease of cardiac norepinephrine in mice 
is conveniently assayed by prelabeling the endogenous 
norepinephrine with an intravenous injection of r> 
^curies of norepinephrine-7-aH; after 1 hr the drug 
to be tested is administered and the activity of cardiac 
norepinephrine-3H after 3 hr is compared with that in 
control animals.1,2 

In screening various enzyme inhibitors for their ef
fect on norepinephrine release,2 we observed that of the 
a-methyl aromatic amino acids which cause a marked 
depletion of norepinephrine over a period of days, only 
a-methyl-m-tyrosine caused a release of norepinephrine 
during the assay period of 2 hr. 

The depletion of norepinephrine in heart, brain, and 
other tissues by a-methyl aromatic amino acids, such as 
a-methyl-OT-tyrosine and a-methyldopa, is caused by 
the amine formed in vivo by the enzymatic decarboxyla
tion of the amino acid.3,4 

(1) J . W. Da ly , C. R. Crevel ing, a n d B. W i t k o p , ./. Med. Chem., 9, 273 
(1966). 

(2) J . W . Da ly , C. R . Crevel ing, a n d B. Wi tkop , ibid., 9, 280 (1966). 
(3) G. L. Gessa , K. Costa , R . K u n t z m a n , a n d B . B. Brodie, Life Sci., 8, 

353 (1962) . 
(4) S. Udenf r iend a n d P . Z a l t z m a n - N i r e n b e r g , ,/. I'harm. Eiptt. Tlierap., 

138, 194 (1962) 

nephrine may be further probed by the rapid assay uti
lized here. The method provides a simple, convenient 
method for studying structure-activity relationships 
with respect to chemorelease of norepinephrine. The 
method makes possible the study of interactions be
tween drugs which release norepinephrine and drugs 
which inhibit the normal or drug-induced release of 
norepinephrine. 
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An earlier report that the amino acid, a-methyl-w-
tyrosine, had a releasing activity of its own was based 
on experiments in animals in which aromatic amino acid 
decarboxylase was only partially inhibited by a hy
drazine analog of dopa, i.e., a-(3,4-dihydroxybenzyl)-a-
hydrazinopropionic acid.5 

Because a-metljyl aromatic amino acids are poor sub
strates for aromatic amino acid decarboxylase6 and be
cause of the unique releasing activity of a-methy l-m-
tyrosine, the release caused by this amino acid was rein
vestigated. The effect of various amino acids on the 
liberation of norepinephrine-3!! from heart is shown in 
Table I. 

a-Methyl-m-tyrosine was the only amino acid which 
caused significant release. The methyl ester of a-
methyl-??i-tyrosine was as active as the amino acid, 
suggestive of rapid ester hydrolysis in vivo. The release 
by a-methyl-m-tyrosine and by its decarboxylation 
product, a-methyl-fli-tyramine, as a function of time is 
shown in Figure 1. Norepinephrine was released by the 

(5) S, Udenf r iend , R. O o n n a m a c h e r , a n d S. H. Hess , Biochem. Pharmacol., 
8, 419 (1961). 

(6) H . Weissbaeh , YV. Lovenber^r, a n d S. Udenfr iend, Hiorhem. Biophij*. 
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Cardiac norepinephrine of mice was prelabeled with 5 ,ucuries of norepinephrine-3!!. After 1 hr 10 mg/kg of 
a-methyl-?w-tyrosine was administered subeutaneously. After 3 hr the activity of cardiac norepinephrine-3!! was 
50% of that of control animals. This release of norepinephrine which requires enzymatic decarboxylation of 
a-methyl-m-tyrosine to the active releasing agent a-methyl-m-tyramine is blocked by inhibitors of aromatic 
amino acid decarboxylase. The resulting decrease in a-methyl-m-tyrosine-releasing activity is a direct measure of 
inhibition of the enzyme in vivo, and provides a convenient method for determining the effectiveness of decar
boxylase inhibitors in intact animals. 



May 1966 In Vivo ASSAY OF AROMATIC AMINO ACID DECARBOXYLASE INHIBITION 285 

TABLE I 

T H E E F F E C T OF VARIOUS AROMATIC AMINO ACIDS ON THE 

RELEASE OF N O R E P I X E P H R I N E - 3 H FROM M I C E HEARTS 0 

Substance 

C o n t r o l 

^Tyrosine 
L-Dopa 

3,4-Dihydroxyphenylserine 
Mreo-m-Hydroxyphenylserine 
a-Methyl tyrosine 
a-Methyl-m-tyrosine 
a-Methyl-m-tyrosine methyl 

ester 
a-Methyldopa 
a-Methyl-2,3-dihydroxyphenyl-

alanine 
5-Hydroxy tryptophan 
a-Methyl-5-hydroxy tryptophan 
Mimosine 
3-( 7-Tropyl)alanine 

° Norepinephrine-3H (5 ^curies, 1 rmmiole) was injected into 
the tail vein of 14-18-g mice. After 1 hr, amino acid was injected 
subcutaneously and the animals (5/assay) were sacrificed after 2 
additional hr. Hearts were removed, homogenized in 0.4 A" 
HC104, and centrifuged, and an aliquot was counted in scintilla
tion equipment as previously described.4 

TABLE II 

E F F E C T OF INHIBITORS OF AROMATIC AMINO ACID 

DECARBOXYLASE ON THE O:-METHYL-OT-TYROSINE-INDUCED 

RELEASE OF NOREPINEPHRINE- 3 H° 

Dose, 
mg/kg 

10 
10 
10 
10 
10 
10 

10 
10 

10 
10 
10 
10 
10 

m^curies/g of 
tissue 

340 ± 20 
354 
286 
334 
334 
289 
157 

170 
340 

310 
367 
340 
425 
445 

%of 
control 

100 
104 

84 
98 
98 
85 
46 

50 
100 

91 
108 
100 
125 
130 
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1500 

1000 

500 

Inhibitors 

None 
a-Methyldopa 
a-Methyl-2,3-dihydroxy-

phenylalanine 
a-Methyl-5-hydroxytrypto-

phan 
Hydralazine 
Pheniprazine 
m-Hydroxy-p-bromobenzyl-

oxy amine 
N '-(m-Hydroxybenzyl)-N '-

methylhydrazine 
N-DL-Seryl-2,3,4-trihy-

droxybenzylhydrazine 
N-DL-Seryl-2,3,4-trihy-

droxybenzylhydrazine 
/3-Phenyl-a-hydrazinopro-

pionic acid 
/3-(p-Hydroxyphenyl)-a-

hydrazinopropionic acid 
a-(3,4-Dihydroxybenzyl)-a-

hydrazinopropionic acid 
a-(3,4-Dihydroxybenzyl)-a-

hydrazinopropionic acid 

Dose, 
mg/kg 

50" 

50" 

506 

25° 
25c 

50* 

50" 

10c 

506 

305 

306 

10c 

30" 

Norepi-
nephrine-

3 H, 
m/icuries/g 

157 
176 

164 

160 
162 
248 

186 

265 

283 

299 

275 

255 

258 

301 

% 
of 

con
trol 

46 
57 

54 

48 
46 
69 

56 

83 

86 

95 

87 

83 

81 

96 

% 
inhibi
tion of 
release 

0 
20 

15 

4 
0 

43 

18 

69 

74 

91 

80 

69 

65 

93 
" Norepinephrine (5 ^curies, 1 m^mole) injected intravenously 

into 14-18-g mice. To induce release a-methyl-m-tyrosine was 
injected subcutaneously 60 min after norepinephrine-3H. Ani
mals (5/assay) were sacrificed 3 hr after norepinephrine. Hearts 
were removed, homogenized in 0.4 AT HC104, and centrifuged, 
and an aliquot was counted in scintillation equipment as pre
viously described. Controls for inhibition studies were animals 
that received the inhibitor but not a-methyl-m-tyrosine. In 
most cases only slight changes from the normal control value of 
340 m/icuries/g of tissue were observed. b Inhibitor was injected 
subcutaneously 30 and 90 min after norepinephrine-3H. Dose 
(mg/kg) is a total of the two injections. c Inhibitor was injected 
subcutaneously 30 min after norepinephrine-3H. 
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Figure 1.—Release of norepinephrine-3H from mouse heart by 
a-methyl-m-tyrosine and a-methyl-m-tyramine as a function of 
time. Control, —; following a-methyl-m-tyrosine, ; follow
ing a-methyl-m-tyramine, 

amino acid over the entire 2-hr period. By contrast, 
the amine, a-methyl-m-tyramine, released a major frac
tion of the norepinephrine during the first 30 min. After 
this initial "burst" the decrease in cardiac norepi
nephrine was virtually identical with the control. These 
observations are explicable in terms of a continuous 
decarboxylation of a-methyl-m-tyrosine to a-methyl-m-
tyramine. Inhibitors of decarboxylase effective in vivo 
should block the decarboxylation of a-methyl-m-tyro
sine and consequently also the release of norepinephrine. 
With this technique virtually complete inhibition of a-
methyl-m-tyrosine decarboxylation is observed with de
carboxylase inhibitors such as 0-phenyl-a-hydrazino-
propionic acid,7 a-(3,4-dihydroxybenzyl)-a-hydrazino-
propionic acid,8 /3-(p-hydroxyphenyl)-a-hydrazinopro-
pionicacid,9DL-seryl-2,3,4-trihydroxybenzylhydrazine,10 

and N'-(m-hydroxybenzyl)-N'-methylhydrazine3 (see 
Table II). 

m-Hydroxy-p-bromobenzyloxyamine3 caused moder
ate inhibition, while the a-methylamino acids11 did not 
significantly interfere with the decarboxylation of a-
methyl-m-tyrosine. The inhibitors tested did not appre
ciably effect release of norepinephrine-3!! by a-methyl-
m-tyramine. 

(7) E. Ackerman, H. Rex, P. Oehme, and G. Petsch, Biochem. Pharmacol., 
i, 1197 (1965). 

(8) C. C. Porter, L. S. Watson, D. C. Titus, J. A. Totaro, and S. S. Bye, 
ibid., 4, 1067 (1962). 

(9) J. D. Benigni and D. E. Dickson, / . Med. Chem., 9, 439 (1966). 
(10) W. P. Burkard, K. F. Gey, and A. Pletscher, Experientia, 18, 411 

(1962): A. Pletscher and K. F. Gey, Biochem. Pharmacol, 12, 223 (1963). 
(11) W. Lovenberg, H. Weissbach, and S. Udenfriend, J. Biol. Chem., 237, 

89 (19«2). 
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Because of its simplicity the method is well suited for 
determining the inhibition of aromatic amino acid de
carboxylase in vivo. It has the additional advantage of 
measuring the effect of decarboxylase inhibitors in situ 

rather than in homogenates prepared from a single 
organ. The method in its present form does not assay 
the inhibition of decarboxylase in the central nervous 
svstem. 
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The metabolism of metaxalone (I) has been studied in the dog and man. The major product is formed by 
oxidation of one of the methyl groups to yield 5-(3-methyl-5-carboxyphenoxymethyl)-2-oxazolidinone. This also 
occurs in the urine as the glucuronide. The ether linkage is also cleaved to give 3,5-xylenol and 5-hydroxy-
methyloxazolidinone. The oxazolidinone ring appears to be stable. In order to identify these metabolites the 
above acid and its triacetyl /3-glucuronide methyl ester were synthesized. 

Metaxalone, which is o-(3.5-dimethylphenoxy-
methyl)-2-oxazolidinone (I), was first synthesized by 
Lunsford, et al.1 This drug has been shown to be an 
effective muscle relaxant with low toxicity.2 In an 
earlier attempt to study absorption and excretion of 
this compound in animals and man using the colori-
metric method of Titus, et al.,3 only extremely low 
concentrations in blood and urine could be found, in 
spite of the fact that recoveries of added amounts to 
biological fluids were satisfactory. The method de
scribed by Titus is based on the extraction of the drug 
from alkaline solution, and it was thus apparent that 
metaxalone was extensively metabolized and probably 
to an acidic compound. The following studies were 
carried out to investigate the metabolism of metaxalone 
in man and animals. 

Experimental Section 

Synthesis of Related Compounds.—A general review of 
the literature of the metabolism of structurally related com
pounds and the chemistry of metaxalone suggested a number 
of possible metabolites. The synthesis of these are described 
below. 

5-(3-Methyl-5-carboxyphenoxymethyl)-2-oxazolidinone.— 
Three grams of metaxalone was suspended in 100 ml of water 
and stirred continuously at 75-80° for 3 hr while 2.14 g (0.5 
equiv) of KMnCu in 25 ml of water was added. Removal 
of the Mn0 2 and excess metaxalone by filtration and ether 
extraction of the filtrate gave a clear aqueous solution of pH 
8-9. After concentrating to 25 ml, the solution was acidified; 
a gum (480 mg) separated. Thin layer chromatography (ben-
zeue-methanol-formic acid, 25:8:2) of this gum showed a major 
substance and a minor amount of a more polar acidic material, 
probably the phthalic acid derivative. Crystallization was 
induced, and, after several recrystallizations, the melting point 
was 157-192° (the material was poorly recrystallizable and the 
melting point did not improve; however, it was chromatographi-
cally pure). 

Anal. Calcd for C^H^NO,: C, 57.38; H, 5.22; N, 5.58. 
Found: C, 57.15; H, 5.16; N, 5.73. 

5-(3-Methyl-5-carboxyphenoxymethyI)-2-oxazoIidinone Tri
acetyl /3-Glucuronide Methyl Ester.—A mixture of 1.5 g of 

(1) C. D. Lunsford, R. P. Mays, J. A. Richman, Jr., and R. S. Murphey, 
./, Am. Chern. Soc, 82, 1166 (1960). 

(2) M. N. Carrol, Jr., W. R. Luten, and R. W. Southward, Arch. Intern. 
Pharmacodyn., 130, 280 (1961); C. H. Carter, Diseases Nervous System, 23, 
98 (1962); J. F. Kurtzke and J. Gylfe, Neurology, 12, 343 (1962); L. W. 
Morey and A. R. Crosby, J. Am. Osteopath. Assoc., 62, 517 (1963). 

(3) E. Titus, S. Ulick, and A. P. Richardson, J. Pharmacol. Exptl. Therap., 
93, 129 (194S). 

5-(3-methyl-5-carboxyphenoxymethyl)-2-oxazolidinone, 2.4 g of 
methyl bromacetylglucuronate, and 3.0 g of fresh silver oxide 
was stirred in 30 ml of pyridine with cooling in an ice bath for 
15 min. The dark solution was filtered through Celite, and the 
filtrate was pumped to dryness. The residue was taken into 
CHCtj and the solution was extracted with 1 .V HOI, dilute 
bicarbonate, and finally with water. Removal of the ClIClj 
gave 980 mg of dark gum, Rt 0.65 (tic, benzene-acetone, 1:1). 
Florisil chromatography produced 591 mg of a clear glass, 
[a]25D —30.6° (c 3, methanol). The material was chromato-
graphicallv homogeneous. 

Anal. Calcd for C26H29N014: C, 54.44; II, 5.30; N, 2.53. 
Found: C, 54.17; II, 5.31; N, 2.68. 

3-Aminopropanediol was synthesized by the procedure of 
Bergmann, el al.4 

Isolation of Metabolites. 5-(3-MethyI-5-carboxyphenoxy-
methyI)-2-oxazolidinone from Dog Urine.—A 14.5-kg, male, 
mongrel dog was given a daily oral dose of 5.73 g of metaxalone 
(395 mg/kg) for a 7-day period. The urine was collected during 
this period and preserved by the addition of NaF to the daily 
collection beaker. A 1.8-1. aliquot of the total collection (4.8 1.) 
was boiled and filtered through Celite to remove a flocculent 
precipitate. Saturation of the urine with (NH4)2S04 (about 1 kg" 
produced a gummy precipitate which was separated by decanta-
tion of the urine and which was extracted from excess (NH4)2S04 
by treatmenl with warm ethanol. Removal of the ethanol 
produced 4.4 g of a glassy brown gum. A 500-mg sample of 
this gum was induced to crystallize from hot water and after 
three recrystallizations had a melting point of 145-170°; two 
further recrystallizations produced 120 mg, mp 153-173°. 

Anal. Calcd for C12H l 3N06: C, 57.38; H, 5.22: N, 5.58. 
Found: C, 57.56; H, 5.27; N, 5.62. 

This material cochromatographed on thin layer chromatog
raphy with the synthesized material. Their infrared and ultra
violet spectra were identical. The [«) 2 6D of the metabolite was 
- 1 5 ° (c 3, methanol). 

In order to confirm the structure of the metabolite, it was 
cleaved with HI. Treatment of 400 mg of the urinary acid with 
10 ml of refluxing 57% HI for 4 hr followed by ether extraction 
gave 182 mg of extracted material. This was taken into bi
carbonate solution which was extracted twice with ether to 
remove neutral material. Acidification of the aqueous bicarbo
nate solution and ether extraction gave 65 mg of crude m-
hydroxytoluic acid. Recrystallization from methanol-water 
gave a pure sample, mp 208.5-210°, The material did not 
depress the melting point of authentic m-hydroxytoluic acid and 
the infrared curves were identical. 

Anal. Calcd for C,H803 : C, 63.15; H, 5.30. Found: C, 
63.48; H, 5.36. 

5-(3-Methyl-5-carboxyphenoxymethyl)-2-oxazolidinone Tri
acetyl /3-Glucuronide Methyl Esters.—A 75-kg male subject 
(J. E. P.) ingested orally 12.8 g of metaxalone (85 mg/kg per day) 
over a 2-day period, and the urine (1.93 1.) was collected 

(41 M. Bergmann, B. Erwin, and F. Dreyer, Chern. Ber,, 5iB, 936 (1821;, 


