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Effect of  mitochondriai lipid peroxidation on 
monoamine oxidase 

(Received 14 March 1977; accepted 10 June 1977) 

Studies using partially purified monoamine oxidase (MAO) 
have shown that oxidized oleic acid inhibits the enzyme 
[1]. It was found that after incubation of MAO with the 
oxidized fatty acid the quantity of thiol groups decreased 
and a peroxide-enzyme thiol group interaction was sug- 
gested as the mode of inhibition [2]. In addition, it was 
shown that MAO bound to mitochondria was also inhi- 
bited by oxidized oleic acid. However, high concentrations 
of the oxidized fatty acid as high as 0.01 M were needed 
to obtain inhibition possibly due to the presence of other 
mitochondrial proteins which have been shown to interact 
with peroxides [3]. Since mitochondria contain substantial 
quantities of unsaturated fatty acids that can be oxidized 
to form peroxides [4], the present work was performed to 
investigate ferrous ion-induced mitochondrial lipid peroxi- 
dation and its effect on MAO activity. 

Rat liver mitochondria were isolated as described by 
Hunter et al. [5]. The lipid peroxide content Was deter- 
mined as described by Hunter et al. [4]. In plotting lipid 
peroxide formation, the absorbance of the 2-thiobarbituric 
acid (TBA) color formed was graphed directly rather than 
converting to malonaldehyde equivalents. Peroxidation ex- 
periments were performed essentially as described by 
McKnight et al. [6] except that an incubation volume of 
600 ml was used containing 0.2 mg protein/ml. Incubations 
were carried out at 4 ° and, in some experiments, 0.2 mg/ml 
of BSA or 0.01 M mercaptoethanol was present. After 60 
min EDTA was added to give a final concentration of 
50 #M and the suspensions were centrifuged at 10,000 0 
for 10 rain. The pellet was suspended in 50mM sodium 
phosphate buffer, pH 7.4, and assayed for protein [7], 
phospholipid [8] and thiol content [9]. 

MAO activity was determined by incubating 50#1 of 
enzyme preparation (0.1 to 2.5 mg protein/ml), 100/A of 
0.1 M phosphate buffer, pH 7.4, containing 2 mM EDTA 
and I00#1 of either tyramine, serotonin or benzylamine. 
The final substrate concentration was 1 mM containing 
25nCi [l*C]tyramine (55 mCi/m-mole, New England 
Nuclear), 50 nCi [~4C]serotonin (55 mCi/m-mole, New 
England Nuclear) or 50 nCi [~4C]benzylamine (5.6 mCi/m- 
mole, Mallinckrodt Chemical Works). Incubations were 
performed at 37 ° in a shaking water bath for 20 min. At 
the end of the incubation, 0.3 ml of 2 N HCI was added 
and the reaction products were extracted and counted as 
described by Wurtman and Axelrod [lt)]. 

In Fig. 1, the accumulation of maionaldehyde, a measure 
of the lipid peroxide content [11], and the decrease in thiol 
groups are compared as a function of time during treat- 
ment of mitochondria with ferrous ions. Up to 45 min 
of incubation, there was an increase in lipid iaeroxide 
formed and a 40 per cent decrease in the relative thiol 
content, after which plateaus were reached. The loss in 
reactive thiol groups was expected, as it has been known 
for some time that lipid peroxides react with thiol 
groups [12]. However, it was surprising that similar results, 
as shown in Fig. l, were obtained when incubations were 
performed at room temperature, as it has been shown that 
the reaction of peroxides with thiol groups decreases with 
decreasing temperature [12]. Increasing the ferrous 
ammonium sulfate concentration to 50 #M had no effect 

on the total amount of peroxide formed, suggesting that 
at 20 /~M this agent has induced the production of the 
maximum amount of peroxides. 

At the end of the incubations, the suspensions were cen- 
trifuged at 10,000g for 10 min, and Table 1 shows the 
effect of lipid peroxidation on the protein, phospholipid 
and thiol content of the pellets. As compared to controls, 
the pellets after lipid peroxidation lost 67 per cent of the 
protein and 47 per cent of the phospholipids. This finding 
is in agreement with the results obtained by McKnight 
et al. [6]. In addition, the ferrous ion-treated pellet lost 
46 per cent of the reactive thiol groups/rag of protein. The 
presence of mercaptoethanol, which had no effect on the 
production of lipid peroxides, did not protect the thiol 
groups from reaction with peroxides, although recovery 
of phospholipid increased to 61 per cent. When peroxida- 
tion experiments were carried out in the presence of BSA, 
the rate and extent of peroxide formation were unaffected. 
However, the recovery of protein, phospholipid and thiol 
groups increased to 40, 63 and 63 per cent respectively. 

Table l shows the effect of lipid peroxidation on the 
recovery of MAO activity. After centrifugation, no MAO 
activity was detected in the supernatant. In the pellet, lipid 
peroxidation reduced the MAO activity by 28, 23 and 28 
per cent when tyramine, serotonin and benzylamine were 
used as substrates respectively. When mercaptoethanol was 
present during lipid peroxidation, no significant difference 
was observed in the recovery of enzyme activity. In con- 
trast, Rapava et al. [1] found that MAO in the presence 
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Fig. 1. Production of lipid peroxides and decrease in pro- 
tein thiol groups during ferrous ion-induced lipid peroxida- 
tion. Mitochondrial suspensions (0.2 mg protein/ml) were 
incubated at 4 ° with 20 #M ferrous ammonium sulfate 
(see text). At the times indicated, samples were removed 
and assayed for lipid peroxides, measured as 2-thiobarbi- 
turic acid color produced(m) and thiol content (0). Each 
point on the graph is the mean of three determinations. 
Individual assays for peroxide and thiol content varied by 

less than 3 and 6 per cent respectively. 
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Table 1. Mitochondrial recovery of protein, phospholipid, thiol content and MAO activity after lipid peroxidation* 

Per cent recovery after 
additions during Fe 2 +-induced lipid peroxidation 

Mitochondrial content Mercaptoethanol BSA 
and (0.01 M) (0.2 mg/ml) 

MAO activity Fe 2 + + Fe 2 + + Fe z + 

Protein (% total mg) 33 + 5(P < 0.01) 33 ___ 6(P < 0.01) 40 + 6(P < 0.01) 
Phospholipid (P) (% P/mg protein) 53 + 6(P < 0.01) 61 + 5(P < 0.01) 63 + 4(P < 0.01) 
Thiol content (SH) (% SH/mg 54 + 7 (P < 0.01) 48 + 7 (P < 0.01) 63 + 3 (P < 0.01) 

protein) 
MAO substrates 

Tyramine 72 +__ 3 (P < 0.01) 72 _ 7 (P < 0.05) 100 + 11 (NS) 
Serotonin 77 + 11 (P < 0.01) 77 _ 10(P < 0.01) 95 + 6(NS) 
Benzylamine 7 2 _  7 (P <0.01) 69___ l l ( P  <0.01) 85 + 8(P <0.01) 

* Mitoehondrial suspensions were incubated at 4 ° with 20 #M ferrous ammonium sulfate for 60 min and then centri- 
fuged at 10,000g for 10 min (see teXt). The pellets were resuspended in phosphate buffer, pH 7.4, and assayed for 
protein, phospholipid, thiol content and MAO activity. Results shown are per cent of control ___ standard deviation 
values obtained from three separate experiments, each carried out in duplicate. Control values have been set at 100 
per cent. NS indicates not significant. 

of glutathione was partially protected from inhibition by 
oxidized oleic acid. When lipid peroxidation was per- 
formed in the presence of BSA, no significant tyramine 
or serotonin MAO activity was lost, whereas MAO activity 
toward benzylamine was reduced by 15 per cent. 

It has been shown that MAO contains thiol groups [13], 
and although BSA largely protects MAO activity from the 
inactivation observed by lipid peroxidation and reduced 
the loss of thiol groups by 9 per cent, the present results 
do not conclusively show that thiol-peroxide interactions 
are responsible for the loss of MAO activity. Mercaptoeth- 
anol, a thiol-protecting agent, was not helpful in elucidat- 
ing this mode of inhibition, as peroxidation in the presence 
of mercaptoethanol did not prevent the loss of either thiol 
groups or MAO activity. Furthermore, Gomes et al. [14] 
found that beef liver MAO retained 70-80 per cent of its 
activity after stepwise addition of p-chloromercuribenzoate 
in amounts sufficient enough to react with all thiol groups. 
If the same holds true for the rat liver enzyme, then a 
peroxide-thiol interaction may not result in the loss of 
MAO activity. It is known that peroxides react with other 
protein constituents besides thiol groups [15, 161 and these 
reactions could account for the loss of MAO activity 
observed. 

When peroxidation was performed in the presence of 
BSA, it seems likely that some of the peroxides reacted 
with the BSA rather than mitochondrial protein thus in- 
creasing the recovery of protein and phospholipid in the 
pellets by 7 and 10 per cent, respectively, and largely pro- 
tecting MAO from inactivation (Table 1). Although peroxi- 
dation may have released a pbospholipid or protein factor 
that may be required for MAO activity, addition of super- 
natant after peroxidation and centrifugation to the enzyme 
assay did not result in any increase in enzyme activity 
(results not shown). The finding that BSA greatly protects 
MAO activity from inactivation by lipid peroxidation is 
in agreement with the results of Rapava et al. [1]. 

The present results do show that MAO, a marker for 
the outer mitochondrial membrane [17], is relatively resist- 
ant to inactivation by ferrous ion-induced peroxidation. 
In comparison, peroxidation has been shown to inactivate 
succinate dehydrogenase, an inner mitochondrial mem- 
brane marker, to a similar extent as MAO in the present 
work, whereas glutamate dehydrogenase, a mitochondrial 
matrix marker, retained all of its original activity [3]. In 
the same report, isocitrate dehydrogenase was completely 

inactivated and 3-hydroxybutyrate dehydrogenase lost ~0 
per cent of its activity during peroxidation. 
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