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Studies on the mechanism of action of caroxazone, a new antidepressant drug 

(Received 27 October 1980; accepted 15 April 1981) 

Caroxazone [2-oxo-2H-1.3-benzoxazine-3(4H)-acetamide] 
is a clinically-active antidepressant drug [I, 21 with a novel 
s:ructure. It has strong anti-reserpine activity in a number 
of animal species and potent&es the effects of noradren- 
aline and indolalkylamines ]3,4]. Previous work showed 
that in vitro caroxazone inhibited monoamine oxidase 
(MAO) (EC 1.4.3.4.) activity in rat brain mitochondria 
[4] and raised the concentrations of various monoamines 
in the rat brain [S]. This pharmacological and biochemical 
profile prompted us to examine in detail its mechanism of 
action with regard to its effects on MAO and on amine 
uptake. 

Male Sprague-Dawley rats, weighing 18@2SO g. were 
decapitated; the brain (without cerebelium) was quickly 
removed and homogenized with a Potter-Elvehjem hom- 
ogenizer with Teflon pestle (0.15 mm clearance) for 30 set 
in 10 volumes of 0.3 M mannitol and 0.1 mM EDTA, 
pH7.4. A mitochondrial fraction was obtained [6]. The 
crude mitochondrial pellet was washed three times 
(lO,OOOg, 1Omin) by resuspending in 0. I M phosphate 
buffer, pH 7.4; the final pellet was resuspended in the same 
buffer to a protein content of 1 mg . ml-’ and this suspen- 
sion was used as enzyme source. All operations were per- 
formed at O-2”. MAO activity was assayed by a radiometric 
method derived from that of Wurtman and Axelrod [7] 
using the following substrates, each at three concentrations 
(ranges in parentheses): [14C] serotonin (5HT) (l-10 MM); 
[““C]phenylethy!amine (PEA) (0.1-l pM); [‘Hldopamine 
(DA) (10-100 uM). The final volume was 1.5 ml. 

The incubation was performed at 37” for 10-30 min with 
shaking and the reaction was stopped by adding 0.15 ml of 
37 ner cent HCl (in the case of S-HT and DA) or 70 ner 
ceni perchloric acid (for PEA). 

The deaminated products were extracted twice with 3 ml 
of appropriate solvent: a mixture of ethyl acetate and 
toluene 1:l (v/v) for DA; toluene for PEA; peroxide-free 
ethyl ether for 5-HT [S]. After centrifugation, the radio- 
activity of 1.5 ml portions of the organic phase was meas- 
ured. Protein content was determined by the biuret method 
using bovine serum albumin as standard. MAO activity 

was expressed as nmoles of product formed. mg pro- 
tein-“hr-l. The in vitro inhibitory effect of drugs on MAO 
was assayed by preincubating the mitochondria! fraction 
with four to six concentrations of each drug covering a 
100-1000 fold range for each concentration of the substrate. 

Reversibility of in r&o MAO inhibition by drugs was 
assessed by dialysis and washing. The rat brain mitochon- 
driai fraction was incubated with the drug concentration 
that gave maxima! MAO inhibition. A portion was taken 
to measure the enzymatic activity as previously described. 
The remaining fraction was either dialyzed for 48 hr at 4” 
against six changes (5 I. each) of 0.1 M phosphate buffer. 
pH 7.4, or washed four times with this buffer. MAO activity 
was again assayed, and the inhibition before and after 
dialysis or washing was compared. Reversibility of MAO 
inhibition by caroxazone was also studied by the method 
of Ackermann [9]. Moreover to study the prevention of 
irreversible MAO inhibition by tranylcypromine, rats were 
pretreated with either caroxazone (l!l@mg + kg’ p.o.) or 
harmine (10 rng. kg-’ i.p.). After 1 or 23 hr they received 
trany!cypromi& (c2.5 mg’. kg-’ p.0.) and 1 hr jater were 
killed. MAO activity was assayed in brain homogenates as 
described, except that final concentrations of 25ihM 
[“C]S-HT or 1 PM [i4C]PEA were used. Inhibition induced 
by tranylcypromine in rats pretreated with caroxazone or 
harmine was compared with that obtained in non-pre- 
treated animals. 

To study the drug effect on the levels of monoamines 
and their acid metabolites in the brain, rats were treated 
orally with increasing doses of either caroxazone (3.12- 
25 mg . kg-‘) or tranyicypromine (0.78-3.12 mg . kg-‘) and 
killed 2 hr later. Striatal HVA (homovanillic acid) and 
DOPAC (3,4-dihvdroxvphenylacetic acid) were isolated on 
columns of Sephadex G-10 [lOI and assayed fluorometri- 
callv 1111. 5-HT and S-HIAA (5-hvdroxvindolacetic acid) 
were hetkrmined in the rest of~the’brain’(l21. 

The present data show that caroxazone is a MAO inhib- 
itor. In vitro, with the rat brain mitochondrial fraction, the 
1~~0s for deamination of 5-HT and DA are 32-39 MM (Table 
1). The deamination of PEA (IQ” = 4.5 PM) is 7 times 

Table 1. In oirru effect of caroxazone and other inhibitors on MAO-A and 
MAO-B activities in the rat brain mitochondria! fraction 

[‘“Cl 5-HT [“HI DA [‘“Cl PEA 

Drug ICX).~M 

Caroxazone 32 39 4.5 
Tranylcypromine 0.35 0.14 0.23 
Clorgyline 0.004 t1.003 3.1 
Harmine 0.003 0.009 7.0 
Depreni! 1.7 1.3 0.019 

Drugs were preincubated with the enzyme preparation for 30 min at 37” before 
addition of substrates. Incubation was continued after addition of the substrates 
(three concentrations of each). Drugs were tested in a range of 4-6 concentrations 
for each concentration of substrate. Mean ICSOS are reported. 
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more sensitive to caroxazone than that of S-HT, suggesting 
greater specificity of this drug towards the form B of MAO. 
The tc50s of tranylcypromine are between 0.1 and 0.3 @M 
with no great difference between the three substrates, a 
finding in accordance with the designation of this drug as 
a non-specific MAO inhibitor. Clorgyline and harmine 
(approximately S~2~0 times more active on 5-HT than 
on PEA) and t-deprenyl (90 times more effective on PEA 
than on WIT) show the expected specificity towards forms 
A and B of MAO, respectively [15]. The present data 
confirm that in the rat brain DA is a preferred substrate 
of MAO A [ 161; in fact its deamination is 430 times more 
sensitive to clorgyline than to L-deprenyi. 

The effect on monoamine metabolism in brain demon- 
strates that caroxazone also inhibits MAO in uiuo (Table 
2). The level of both dopamine metabolites (HVA and 
DOPAC) in the striatum is reduced after administration 
of 3.12 mg . kg’ caroxazone and this effect is dose-depen- 
dent with EI>~OS of 4.95-10.6 mg . kg-i. S-HT metabolism 
is less affected by caroxazone; the EDGE for its increase is 
well above 25 mg . kg“ reaching 70 mg kg-’ (extrapo- 
lated), whereas the reduction of its metabolite 5-HIAA is 
only slight and not related to the dose. Tranylcypromine 
is more active than caroxazone on the metabolism of both 
amines; again, the metaholites of DA are affected more 
than that of 5-HT as shown by comparison of the ED+ 

(1 vs 3.8 mg . kg -I). 
The least active of the tested doses of caroxazone are 

6.25 mg * kg-’ for 5-HT and 3.12mg. kg-’ for HVA and 
DOPAC. It is pertinent to recall that the doses of carox- 
azone with antireserpine activity are in the range of 5- 
10 mg + kg-i p.0~ These results seem to indicate that the 
pharmacological activities of caroxazone are related to its 
MAO-inhibiting effect. 

The present findings also show that caroxazone is a 
reversible inhibitor of MAO. This conclusion is supported 
by the concomitant results of two different in uifro pro- 
cedures, i.e. washing and dialysis, which completely remove 
caroxazone from brain mitochondria. Results shown in the 
white columns of Fig. 1 confirm that the addition of carox- 
azone (SO PM), tranylcypromine (1 yM) or harmine (either 
1 or 100 @I) almost completely inhibits MAO with 5-HT 

or PEA as substrates. It is also further confirmed that the 
oxidation of PEA is less sensitive to harmine than that of 
5-HT. The black columns show that inhibition by caroxa- 
zone and harmine is completely abolished by washing or 
dialysis of mitochondria preincubated with drugs. MAO 
inhibition by tranylcypromine is not affected at ah by these 
two procedures. 

Reversibility of caroxazone effect is confirmed by the 
lack of difference between inhibition of MAO with and 
without preincubation and by the results obtained using 
the Ackermann method in which MAO activity in the 
presence of inhibitor was plotted against protein concen- 
tration, resulting in a straight line passing through the origin 
with a less steep slope than in the absence of inhibitor 
(results not shown). 

As reversible inhibitors, caroxazone and harmine should 
protect MAO from the effects of covalently bound drugs 
which therefore irreversibly inhibit the enzyme. This is 
indeed the case as shown in Fig 2. Tranylcypromine induces 
almost complete inhibition with both 5-HT and PEA at 2 
and 24 hr. Pretreatment with caroxazone significantly 
reduces the MAO inhibitory activity of tranylcypromine 
with both substrates at 2 hr and, to a lesser extent. also at 
24 hr. Harmine is effective onlv with 5-HT at 2 hr, thus 
confirming both the reversibility-of its MAO inhibition and 
the specificity towards MAO A. 

On account of its reversible binding, the inhibitory and 
protecting effects of caroxazone on MAO (and its 
pharmacological and therapeutic activities) depend on the 
drug concentration at the enzyme level, and therefore on 
its pharmacokinetics which is correlated with the dose. 
Conversely, for irreversible inhibitors, once the enzyme is 
blocked, restoration of its activity depends on the rate of 
de moo protein synthesis which is characteristic for each 
organ. but in any case is a lengthy process [ 171. The latter 
observation elucidates the mechanism of the cumulative 
effect of irreversible MAO inhibitors. Such different mech- 
anisms explain why there is a good correlation between the 
caroxazone dose, plasma concentration and potenti~~ti~g 
effect on the pressure response to tyramine [IX]. while the 
correlation is lacking for irreversible MAO inhibitors 1191. 

Caroxazone up to the dose of I00 mg kg-’ i.p. or p.o. 

ORUGS IN VITRO 

MAO ACTIVITY 

IN CONTROLS 100 - 

75-- 

50-- 

2% 

r r --- 
SUBSTRATE 5-HT PEA 54iT PEA 5-H-f PEA 5+iT PEA S-til PEA 

DRUG Carcsazone Traykypcmne Harm,ne taro~azonc? ky~omc”c 

CONC (M) 5 x10-5 10-C 10-G 10-L 5 x lo- 5 10-6 

TREATMENT OF 1 WASHING I DIALYSIS 

~ITOCHONORIA 

Fig. 1. Testing the reversibility of MAO inhibition by caroxazone and other drugs. The brain mito- 
chondrial fraction was incubated with drugs at 37” for 30 min and MAO activity was determined before 
(white columns) and after (black columns) washing or dialysis. Results are expressed as per cent changes 

of MAO activity in comparison with controls. 
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PEA 

TIME BETWEEN 
CARCWZONE OR HARMINE 
PND DEATH, h. 2 

MAO ACTIVITY 
OF CONTROLS 

H T C.T Wl 

Fig. 2. Protective effect of caroxazone (C) and harmine (H) against irreversible MAO inhibition induced 
by tranylcypromine (T). Groups of 8 rats were treated with caroxazone (100 mg . kg-’ p.o.) or harmine 
(10 mg ’ kg-’ i.p.) and killed after either 2 or 24 hr. Other groups were treated with caroxazone or 
harmine as before but also received tranylcypromine (6.25 mg . kg-’ p.0.) 1 hr before death. MAO 
activity was assayed in brain homogenates either with 1 r_sM [‘%]PEA or 25 I.LM[“C]S-HT. Results are 
expressed as per cent changes of MAO activity in comparison with controls (mean 2 S.E.M.). 
++P < 0.01 compared to control value; *P < 0 05 or **P < 0.01 compared to tranyicypromine atone 

(Statistical analysis by Dunnett’s test). 

does not inhibit the uptake of NA and S-HT by rat brain 
slices. Imipramine is more active by the i.p. route 
(ED50 = 5.1 mg * kg-‘) than p.0. (EDSO = 17.3 mg . kg’) on 
NA uptake. Chlorimipramine inhibits S-HT uptake with 
an EDGE of 36.3 mg . kg-’ i.p. In other in uibo experiments 
caroxazone was found to have no effect on 5-HT uptake 
and release by rat platelets (G. de Gaetano, personal 
communication) and on oz adrenergic receptors in rat brain 
(rest&s not shown). 

In conclusion, caroxazone has been shown to be a MAO 
inhibitor and probably such inhibition could account for 
its pharmacological activities. Available evidence gives no 
support to an alternative mechanism of action. The reversi- 
ble nature of its activity clearly differentiates caroxazone 
from the other MAO inhibitors used in clinical practice 
which produce irreversible, and therefore long-lasting, 
inhibition. On the other hand, among the other reversible 
MAO inhibitors, none has yet been proved to be of clinical 
value. 
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