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Figure 1. Structures of (methy1enedioxy)benzene (MDB), 
(methy1enedioxy)amphetamine (MDA), and (methy1enedioxy)- 
methamphetamine (MDMA). 
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Figure 2. High-performance liquid chromatograms of MDB (A), 
MDA (B), and MDMA (C) oxidation products obtained from the 
incubation rmxture in the ascorbate system. The chromatographic 
conditions are described under Experimental Procedures. 
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Figure 3. High-performance liquid chromatograms of MDB (A), 
MDA (B), and MDMA (C) oxidation products obtained from the 
incubation mixture in the xanthine oxidase system. The chro- 
matographic conditions are described under Experimental Pro- 
cedures. 

IN) column and a glassy carbon working electrode (LC-4, Bioa- 
nalytical Systems, Inc.) set a t  0.7 V (vs Ag/AgCl reference 
electrode). The mobile phase consisted of 0.1 M citrate, pH 3.5, 
containing 1 mM octyl sodium suIfate/acetonitrile/methanol(81:1 
v/v) at  a flow rate of 0.7 mL/min. To confii catechol production 
from MDB, 0.1 M citrate buffer, pH 4.0/acetonitrile (41 v/v) was 
also employed as a solvent. The peak height of each metabolite 
was monitored by a Hewlett Packard 3390A recording integrator. 
Formaldehyde formation from DMSO was determined by the 
method of Nash (15). 

Results 
Incubation of MDPs with the two hydroxyl radical 

generating systems resulting in the formation of electro- 
chemically active products. Figure 2 and 3 show HPLC- 
ECD product profiles for MDB, MDA, and MDMA oxi- 
dation by the ascorbate and xanthine oxidase reaction 
system. The products (the ascorbate system, 9.9,10.7, and 
11.7 min; the xanthine oxidase system, 10.1,10.5, and 12.1 
min) generated from MDB, MDA, and MDMA were 
identified as catechol, DHA, and DHMA, respectively, by 
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Figure 4. Electrochemical response curves of catechol and a 
reaction product generated during metabolism of MDB by the 
ascorbate system: (0) authentic catechol; (m) reaction product. 

Table I. Demethylenation of MDB, MDA, and MDMA by 
Two Hydroxyl Radical Generating Systemsa 

Droduct formation. nmol/lO min 
conditions catechol DHA ~ D H M  

ascorbate system 
complete 5.78 0.57 9.11 f 0.29 11.51 * 0.48 
-ascorbate 0 0 0 
-Fe3+ - EDTA 0.53 * 0.23 0.65 f 0.14 0.49 f 0.11 
-Fe3 - EDTA + 0 0 0 
desferal (100 pM) 
+Fe3+ - desferalb 0.34 f 0.03 0 0 

complete 4.33 f 0.04 4.48 f 0.17 3.21 & 0.69 
-xanthine oxidase 0 0 0 
-Fea+ - EDTA 0.06 f 0.02 0.55 f 0.06 0.65 0.01 
-Fe3+ - EDTA + 0 0 0 
desferal (100 pM) 
+Fe3+ - desferalb 0 0.27 f 0.02 0.04 f 0.01 

a Each MDP concentration was 1 mM, and all incubations were 
carried out under the conditions described under Experimental 
Procedures. Each value is the mean f SD of two to six determi- 
nations. bIncubation was carried out in the presence of 100 pM 
desferal instead of EDTA. 

xanthine oxidase system 

coelution with authentic compounds. These reaction 
products were not detected when the incubation was 
carried out in the absence of each substrate. The elec- 
trochemical responses due to authentic catechol and the 
product formed from MDB by the ascorbate system were 
compared as the oxidation potential of the detector was 
varied over the range 0.5-0.8 V. As shown in Figure 4, the 
product peak, (expressed as fraction of its height at 0.8 V) 
varied in exactly the same way as the catechol standard. 
When the comparison between authentic DHA or DHMA 
and the appropriate product was carried out, similar results 
were also obtained (data not shown). The identical 
chromatographic and electrochemical behavior of the 
proposed reaction products with authentic standards 
supports the conclusion that the MDPs are de- 
methylenated to the corresponding catechols. 

The role of the components contained in the ascorbate 
and xanthine oxidase systems on the oxidation were ex- 
amined, and the results are shown in Table I. No products 
were formed in the absence of ascorbate or xanthine ox- 
idase. The addition of desferal(100 pM), an iron chelator, 
markedly inhibited or blocked the oxidation. Although 
small amounts of catechols were observed in the absence 
of added ferric ion and EDTA, their formation was blocked 
by desferal. The formation of the products increased in 
proportion to the iron added. For  example, the addition 
of 5, 50, and 100 pM ferric chloride to the incubation 
mixture, containing 100 pM EDTA, enhanced the pro- 
duction of catechol from MDB by 1-65, 4.05, and 5.82- 
fold, respectively, in 1 mM ascorbate. In the xanthine 
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Scheme I. Proposed Hydroxyl Radical Mediated Demethylenation of MDP to Catechol Metabolite 
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Table 11. Effect of SOD, CAT, and Hydrogen Peroxide on 
MDB, MDA, and MDMA Demethylenation by the 

Ascorbate System' 
demethylenation, 

% of control 
addition MDB MDA MDMA 

none 100 100 100 
SOD (10 units) 111 f 7 107 f 1 97 f 2 
SOD (50 units) 114f1 91f3 98fl 
CAT (20 units) 45f1 46f7 50f1 
CAT (100 units) 2111 15f5 18f1 
SOD (10 units) + CAT (20 units) 49 f 2 
SOD (50 units) + CAT (100 units) 16 f 2 
H202 (0.5 mM) 520 f 2 627 f 18 592 f 5 

' MDPs were incubated under the conditions described under 
Experimental Procedures. Each value is the mean f SD of two to 
four determinations. 

46 f 1 
21 f 1 

53 f 1 
15 f 1 

oxidase system the same concentrations of ferric chloride 
increased catechol formation by 1-06, 2.18, and 3.23 times, 
respectively, in 0.5 mM xanthine and 0.025 unit of xan- 
thine oxidase over a control to which iron was not added. 
Ferric ion could also be replaced with ferrous iron in both 
systems. Removal of EDTA alone from the ascorbate or 
xanthine oxidase system caused a slight suppression of the 
reactions (data not shown). At fixed concentrations of 
ferric chloride (10 pM) and EDTA (20 pM), the amounts 
of ascorbate, xanthine, and xanthine oxidase were varied 
in order to determine optimal conditions for de- 
methylenation reaction. Catechol production depended 
on ascorbate concentrations. In the xanthine oxidase 
(0.025 unit) system, the reaction reached a plateau level 
of 0.5 mM xanthine. When the demethylenation of MDB 
was compared to demethylation of DMSO, a typical sub- 
strate for hydroxyl radical mediated oxidation, at the same 
concentration (1 mM), catechol production from MDB and 
formaldehyde production from DMSO were 5.78 and 4.67 
nmol/ 10 min, respectively, in the ascorbic acid system. 

Since superoxide and hydrogen peroxide, in addition to 
hydroxyl radical, are generated from the ascorbate and 
xanthine oxidase systems (2,16), the effects of scavengers 
for these active oxygen species on the cleavage of MDPs 
were examined. Table I1 shows the oxidation of MDB, 
MDA, and MDMA by the ascorbic acid system in the 
presence of SOD and CAT. CAT inhibited catechol, DHA, 
and DHMA formation whereas SOD had no effect on the 
demethylenation reactions. The effect of simultaneous 
addition of SOD and CAT was similar to that of CAT only. 
The addition of hydrogen peroxide (0.5 mM) resulted in 
the stimulation of each oxidation but did not promote 
demethylenation by itself. The xanthine oxidase mediated 
oxidation was significantly inhibited by both SOD and 
CAT (Table 111). Exogenous hydrogen peroxide did 
stimulate the xanthine oxidase driven reaction to some 
extent (Table 111). 

Table IV shows the effects of hydroxyl radical sca- 
venging agents on the MDB, MDA, and MDMA oxidation 
by ascorbate system. Ethanol, benzoic acid, DMSO, and 

Table 111. Effect of SOD, CAT, and Hydrogen Peroxide on 
MDB, MDA, and MDMA Demethylenation by the Xanthine 

Oxidase System' 
demethylenation, 

% of control 
addition MDB MDA MDMA 

none 
SOD (10 units) 
SOD (50 units) 
CAT (20 units) 
CAT (100 units) 
SOD (10 units) + CAT (20 units) 
SOD (50 units) + CAT (100 units) 
H202 (0.5 mM) 

100 
43 f 2 
39 f 1 
38 f 1 
12 f 1 
43 f 5 
34 f 2 
117 f 4 

100 
10 
0 
54 
13 
7 
0 

113 

100 

0 
f l  l l f l  

f 2  40f1 
f 2  13f1 
f 4  1 1 f 1  

f 12 107 f 8 
0 

MDPs were incubated under the conditions described under 
Experimental Procedures. Each value is the mean f SD of two to 
four determinations. 

Table IV. Effect of Hydroxyl Radical Scavenging Agents 
on MDB, MDA, and MDMA Demethylenation by the 

Ascorbate System' 
demethylenation, % of control 

addition 
none 
ethanol 

benzoate 

DMSO 

thiourea 

urea 

concn, mM 

10 
100 
5 
50 
5 
50 
1 
10 
1 
10 

MDB 

74 f 1 
21 f 1 
62 f 3 
21 f 1 
49 f 1 
12 f 2 
73 f 1 
25 f 1 
108 f 2 
108 f 1 

100 
MDA 

60 f 1 
14 f 1 
35 f 1 
6 f l  
37 f 1 
6 f l  
60 f 1 
11 f 1 
103 f 3 
106 f 2 

100 
MDMA 
100 
52 f 1 
13 f 1 
42 f 1 
9 f 1  
37 f 2 
8 f 1  
62 f 3 
14 f 1 
100f4 
101 f 5 

a MDPs were incubated under the conditions described under 
Experimental Procedures. Each value is the mean f SD of two to 
four determinations. 

Table V. Effect of Hydroxyl Scavenging Agents on MDB, 
MDA, and MDMA Demethylenation by the Xanthine 

Oxidase System' 
demethylenation, % of control 

addition concn, mM MDB MDA MDMA 
none 100 100 100 
ethanol 10 71f4 47f3 91f1 

100 21f2 14f1 1 O f 1  
benzoate 5 58f1 32f2 29f1 

50 22*1 l l f l  12f1 
DMSO 5 37f3 22f2 21fl 

50 7 f l  4 f l  7 f 1  
thiourea 1 68*4 45f1 38f4 

10 15f1 3 f 2  0 
urea 1 97f4 9Of4 98f1 

10 98f1 9Of2 99f5 
' MDPs were incubated under the conditions described under 

Experimental Procedures. Each value is the mean f SD of two to 
four determinations. 

thiourea inhibited all reactions in a concentration-de- 
pendent manner. Thiourea dramatically suppressed de- 
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methylenation of MDPs a t  10 mM. But comparable 
concentrations of urea, which reacts poorly with hydroxyl 
radical (4, 17), had little effect on the demethylenation. 
Similar results were obtained from experiments with 
xanthine oxidase system (Table V). 
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preparations in vitro. The enzymatic nature of the reaction 
in the brain has not been characterized, and although 
mediation by cytochrome P450 is likely, the levels of this 
enzyme are very low. An alternative is an oxygen-mediated 
pathway such as the one reported here in which a reactive 
oxygen source is connected to hydroxyl radical which could 
then cleave the methylenedioxy group. 
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Discussion 
The results presented here indicate that attack by hy- 

droxyl radical, generated by the two typical generating 
systems, upon MDB, MDA, and MDMA produces the 
corresponding demethylenated products, catechol, DHA, 
and DHMA, respectively. 

Previously, Marshall and Wilkinson (18) had speculated 
that inhibition of Fenton’s reagent mediated epoxidation 
of aldrin by insecticide synergists such as MDPs appeared 
to be due to the interaction of the MDPs with hydroxyl 
radical, and the present data confirm the hypothesis. 

Product formation was dependent on substrate con- 
centration and required addition of ascorbate or xanthine 
oxidase. When ferric ion-EDTA was not added to the 
incubation mixture of ascorbate or xanthine and xanthine 
oxidase, limited demethylenation did occur, probably due 
to the presence of iron in the phosphate buffer used (19). 
The addition of desferal, which inactivates ferric ion (20, 
21), to the reaction mixtures caused complete or marked 
inhibition of product formation (Table I). All reactions 
were accelerated in proportion to the amount of ferric ion 
added. These results demonstrated the requirement of 
iron salts for the active oxygen mediated demethylenation. 

We found that CAT suppressed both the ascorbic acid 
and xanthine oxidase mediated product formation. Al- 
though hydrogen peroxide stimulated demethylenation, 
it did not initiate the reaction. These data suggest that 
hydrogen peroxide is a precursor to hydroxyl radical. 
Consistent with this notion, the oxidation of MDB, MDA, 
and MDMA was inhibited by typical hydroxyl radical 
scavenging agents such as ethanol, benzoic acid, DMSO, 
and thiourea. The production of catechol metabolite 
generated during the interaction of MDP with hydroxyl 
radical is thought to occur as shown in Scheme I. The 
ascorbate and xanthine oxidase systems which are based 
on Fenton (22) and iron-catalyzed Haber-Weiss (23) re- 
actions require a continuous generation of ferrous from 
ferric ion to produce hydroxyl radical. In the ascorbate 
system, ascorbic acid reduces ferric ion. In the xanthine 
oxidase system, superoxide anion functions as the reducing 
agent. SOD markedly suppressed the catechol formation 
in the xanthine oxidase system but had no effect in the 
ascorbic acid system. The reason for the difference in SOD 
sensitivity is that superoxide anion is not an essential 
reducing agent for ferric ion in the ascorbate system. 

Klein et al. (4 )  have proposed measuring formaldehyde 
as a marker for hydroxyl radical reaction with DMSO. The 
present data show that the rate of the ascorbate system 
mediated demethylenation of MDB was greater than that 
of demethylation of DMSO, so that the oxidation of MDPs 
may be a useful tool in studies of the generation of hy- 
droxyl radical in biological systems. 

Lim and Foltz (12) reported that demethylenation of 
MDMA occurs in brain homogenate. The present results 
raise the possibility that oxidative demethylenation of 
MDMA in brain could involve participation of not only 
cytochrome P-450 but locally generated hydroxyl radical 
as well. 

The demethylenated products of MDA and MDMA are 
highly polar compounds whose access to the CNS from the 
periphery should be very limited. However, Lim and Foltz 
(12) have shown that the reaction can occur in brain 
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