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Abstract---Several structurally related ortho-naphthoquinones isolated from Mansonia altissima Chev 
(mansonones C, E and F) (a) inhibited NADPH-dependent, iron-catalyzed microsomal lipid peroxi- 
dation; (b) prevented NADPHodependent cytochrome P450 destruction; (c) inhibited NADPH-sup- 
ported aniline 4-hydroxylase activity; (d) inhibited Fe(III)ADP reduction by NADPH-supplemented 
microsomes; (e) stimulated superoxide anion generation by NADPH-supplemented microsomes; and 
(f) stimulated ascorbate oxidation. ESR investigation of ascorbate-reduced mansonone F demonstrated 
semiquinone formation. Mansonone C had a greater effect than mansonones E and F on NADPH- 
dependent lipid peroxidation, O~ production and ascorbate oxidation, whereas mansonone E was more 
effective than mansonones C and F on aniline 4-hydroxylase activity. Mansonones E and F did not 
inhibit hydroperoxide-dependent lipid peroxidation, cytochrome P450 destruction or microsomal aniline 
4-hydroxylase activity. Mansonone C inhibited to a limited degree tert-butyl hydroperoxide-dependent 
lipid peroxidation, this inhibition being increased by NADPH. Mansonone A, a tetrahydro ortho- 
naphthoquinone derivative, was in all respects relatively less effective than mansonones C, E and F. It 
is postulated that mansonones C, E and F inhibited microsomal lipid peroxidation and cytochrome P450 
catalyzed reactions by diverting reducing equivalents from NADPH to dioxygen, but mansono~, C 
(including its reduced form) may also exert direct antioxidant activity. 

The lipophilic ortho-naphthoquinones fl-lapa- 
chone**, CG 8-935, CG 9-442 and CG 10-248 in- 
hibit NADPH-dependent  microsomal lipid per- 
oxidation, prevent NADPH-dependent  cytochrome 
P450 destruction, and inhibit several cytochrome 
P450 catalyzed reactions [1]. The same quinones 
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dihydro-2,2-dimethyl-2H-naphtho[1,2b]pyran-5,6-dione; 
o:-lapachone, 3,4-dihydro-2,2-dimethyl-2H-naphtho[2,3b]- 
pyran-5,10-dione; CG 8-935, 3,4-dihydro-2-methyl-2-ethyl- 
2H-naphtho[1,2b]pyran-5,6-dione; CG 9-442, 3,4-dihydro- 
2-methyl-2-phenyl-2H-naphtho[1,2b]pyran-5,6-dione; CG 
10-248, 3,4-dihydro-2,2-dimethyl-9-chioro-2H-naphtho- 
[1,2b]pyran-5,6-dione; mansonone A, 5,6,7,8-tetra- 
hydro-3,8-dimethyl-5-isopropyl-l,2-naphthoquinone; man- 
sonone C, 3,8-dimethyl-5-isopropyl-l,2-naphthoquinone; 
mansonone E, 2,3-dihydro-3,6,9-trimethyl-naphtho[1,8- 
bc]pyran-7,8-dione; mansonone F, 3,6,9-trimethyl- 
naphtho[1,8-bc]pyran-7,8-dione; t-BuOOH, tert-butyl hyd- 
roperoxide; CuOOH, cumenyl hydroperoxide; DMFA, 
dimethyl formamide; SOD, superoxide dismutase; G6P, 
glucose-6-phosphate; G6PD, glucose-6-phosphate 
dehydrogenase; NADPH-generating system, 0.55mM 
NADP +, 5.5mM MgCI2, 5.5. mM G6P and G6PD (1.2 
units/mL); MDA, malondialdehyde; DETAPAC, diethyl- 
enetriaminepent aacetic acid. 

stimulate NADPH oxidation, superoxide anion rad- 
ical generation and Fe( I I I )ADP reduction by 
NADPH-supplemented microsomes, in accordance 
with Reactions 1-3 where Q, QH'  and QH2 are the 
quinone, semiquinone and reduced 

NADPH + H + + Q --~ NADP + + QH2 (1) 

QH2 + Q --* 2 QH" (2) 

QH" + 02---> Q + O~- + H + (3) 

quinone respectively. These observations support 
the hypothesis that lipophilic o-naphthoquinones 
inhibit microsomal lipid peroxidation and cyto- 
chrome P450-catalyzed reactions, by diverting reduc- 
ing equivalents from NADPH to dioxygen [2, 3]. 

Mansonones (Fig. 1) are sesquiterpenoid o-naph- 
thoquinones extracted from the heart-wood of Man- 
sonia altissima Chev [4], a Sterculiacea from tropical 
West Africa. These compounds may be responsible 
for the irritative symptoms in workers handling Man- 
sonia sawdust and also for the toxicity of the cor- 
responding extracts [4]. In the present study, we 
examined mansonone effects on lipid peroxidation, 
cytochrome P450-catalyzed reactions, the produc- 
tion of oxygen radicals, and related processes in rat 
liver microsomes. 

MATERIALS AND METHODS 

Microsomal preparations. Microsomes were 
obtained from the livers of 20-hr fasted, male Wistar 
rats, 240-280 g, fed a Purine-like rat chow. Following 
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Fig. 1. Structures of mansonones A, C, E and F. 

homogenization of the livers in Tris-KCl buffer 
(50 mM Tris-HC1, 150 mM KC1, pH 7.4) and cen- 
trifugation at 11,000 g (15 min), the supernatant was 
centrifuged for 60 min at 105,000 g. The microsomal 
pellet was washed twice with 150 mM KC1 by cen- 
trifugation for 1 hr at 105,000g, resuspended in 
150 mM KC1, and either used immediately or stored 
in liquid nitrogen. Investigation of superoxide dis- 
mutase in the microsomal suspension was negative, 
whereas measurement of catalase activity yielded 
9.0 milliunits/mg protein. 

Assay of lipid peroxidation. For the assay of 
NADPH-dependent  lipid peroxidation, the incu- 
bation mixture contained liver microsomes (1.5 mg 
protein/mL),  the NADPH-generat ing system 
(0.55 mM NADP +, 5.5 mM G6P, 1.2 units/mL 
G6PD, 5 .5mM MgC12), 1.7mM ADP,  0.1raM 
FeCI3, 130 mM KC1 and 23 mM KH2PO4-Na2HPO4 
buffer, pH 7.4. The FeC13-ADP mixture was pre- 
pared separately before beginning the experiments. 
After  thermal equilibration at 37 °, the reaction was 
started by addition of G6PD. Aliquots (1.0 mL) were 
withdrawn at the times indicated and chilled to 0 °, 
and MDA formation was measured. For the t- 
BuOOH-induced peroxidation, the incubation mix- 
ture contained 2 .6mM t-BuOOH, microsomes 
(1.5 mg protein/mL) and 23 mM KH2PO4-Na2HPO4 
buffer, pH 7.4. The mansonones were added dis- 
solved in DMFA.  Controls received the same volume 
of solvent whose concentration never exceeded 1% 
(v/v); D M F A  failed to affect the rate of lipid per- 
oxidation. The final volume of the incubation mix- 
ture was always 3.0 mL. Incubations were performed 
in a New Brunswick gyratory shaker, at 60 cycles/ 
min and 37 °, under air. Other experimental con- 
ditions were as described in Results. 

Enzyme assays. Catalase activity was measured as 
described by Aebi  [5]. Aniline 4-hydroxylase activity 
was measured by determining 4-aminophenol pro- 
duction, which was estimated colorimetrically by the 
indophenol reaction [6]. For the assay using NADPH 
as electron donor, the reaction mixture contained 

microsomes (1.7 mg protein/mL),  1.25 mM aniline, 
6.25 mM MgCI2, 2.5 mM G6P, G6PD (0.5 units/ 
mL), 0.125 mM NADP +, 0.1 M KHzPO4-Na2HPO4, 
pH 7.4, preflushed with O 2. Incubation was for 
20rain at 37 °. For the assay using CuOOH, the 
reaction mixture contained microsomes (2.0mg 
protein/mL),  3.0raM aniline, 0.15raM CuOOH, 
80 mM Tris-HCl buffer, pH 7.6. Incubation was for 
30 rain at 37 °. NADPH-cytochrome P450 reductase 
activity was measured with NADPH as substrate and 
cytochrome c as artificial electron acceptor [7]. The 
reductase-catalyzed transfer of electrons to cyto- 
chrome c was measured spectrophotometrically at 
550 minus 540 nm. NADH--cytochrome b 5 reductase 
was estimated by the rate of reduction of potassium 
ferricyanide followed spectrophotometrically at 
420 nm [8]. Spectrophotometric measurements were 
performed at 30 ° using the Aminco DW 2a TM UV/  
VIS spectrophotometer. Other experimental con- 
ditions are described in Results. Enzyme activities 
are expressed in nanomoles of substrate transformed 
per minute per milligram of protein. 

Reduction of Fe( I I I )ADP complex. The reduction 
was monitored at 37 ° in 0.15 M Tris-HCl buffer, pH 
7.4, in the presence of microsomes [0.17 mg protein/  
mL, 0.10raM NADPH,  5mM G6P, G6PD (0.5 
units/mL), 64/~M Fe(I I I )ADP (molar ratio Fe( I I I ) /  
ADP = 1:100)]. During reduction under air, the 
reoxidation of ferrous iron was inhibited by 0.3 mM 
2,2'-dipyridyl and the formation rate of the stable 
ferrous-(bipyridyl)3 complex was measured at 
510 nm [9]. The absorbance change was calibrated 
by the addition of excess dithionite at the end of 
each experiment and was taken as internal standard. 
Spectrophotometric measurements were performed 
using the Perkin-Elmer 5505 UV/VIS spectro- 
photometer.  

Determination of 02  and H202 generation. Pro- 
duction of O~- was determined by the cytochrome c 
[10] and the adrenochrome [11] assays. With the 
former method, the reaction mixture contained 
microsomes (0.13 mg protein/mL),  130 mM KC1, 
23 mM KHzPO4-Na2HPO4 buffer, pH 7.4, 9.6/~M 
acetylated cytochrome c and either NADPH-gen-  
crating system or 0.16raM NADPH;  total volume 
was 3.0 mL. The reaction was started either with 
G6PD or NADPH,  and the reaction rate was 
measured by the increase of absorption at 550 minus 
540nm ( e =  19mM l cm-l ) .  With the adreno- 
chrome method, the reaction mixture contained 
microsomes (0.27 mg protein/mL),  1.0 mM epine- 
phrine, KC1, phosphate buffer and NADPH-gen- 
crating system as above; total volume was 3.0 mL. 
The reaction rate was measured by the increase 
of absorption at 480 minus 575nm ( e =  
2.96 mM -1 cm l). Production of H20 2 was deter- 
mined by the microperoxidase assay [12] by meas- 
uring the absorption change at 419 minus 407 nm 
(e = 78 mM-1 cm-l ) .  The reaction mixture consisted 
of microsomes (62/~g protein/mL),  23 mM KH2PO4- 
Na2HPO4 buffer, pH 7.4, 130mM KCI, 3gM 
microperoxidase (MP-11) and NADPH-generat ing 
system; total volume was 3.0mL. Absorption 
measurements were performed with the Aminco DW 
2a TM UV/VIS spectrophotometer,  at 30 °. SOD 
addition was always 7 units/mL. 
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Analytical methods. MDA and protein content of 
microsomal membranes was determined as in Refs. 
13 and 14 respectively. Mansonones did not interfere 
with the MDA assay. Cytochrome P450 content of 
microsomes was estimated as described by Omura 
and Sato [15], and cytochrome b5 was estimated 
from its redox spectrum of NADH-reduced versus 
oxidized cytochrome [16J. Spectra were recorded 
using the Aminco DW-2 ~M UV/VIS spectrophoto- 
meter. Oxygen uptake was measured with a Gilson 
Oxygraph, model 5/6, using the Clark electrode. 

Electron spin resonance (ESR). Measurements 
were performed with a Bruker ER 200 tt x-band 
ESR spectrometer applied with a TEl02 cavity, at 
room temperature (28°). The experimental con- 
ditions were: microwave power, 21 mW; modulation 
amplitude, 0.20 G; time constant, 0.5 sec; and scan 
rate, 6 G/min. A 3-mL sample of quinone solution 
in 130 mM KCI, 23 mM KH2PO4-Na2HPO4 buffer, 
pH 7.4, was flushed with a stream of nitrogen; then 
15 mM sodium ascorbate was added and the ESR 
spectrum was recorded. 

Chemicals. Mansonones A, C, E and F were pre- 
pared as described [4]. G6P, G6PD (from baker's 
yeast), SOD (from dog erythrocytes), micro- 
peroxidase (MP-11), cytochrome c (Type VI), 
NADP ÷, NADPH,  DETAPAC,  ADP (Grade IV), 
sodium ascorbate, t-BuOOH, CuOOH, DMFA, 
thiobarbituric acid, aniline, 4-aminophenol, epine- 
phrine, sodium dithionite, bovine serum albumin 
(A6003) and Trizma were purchased from the Sigma 
Chemical Co., St. Louis, MO. 2,2'-Dipyridyl was 
purchased from C. Erba, Milano. Carbon monoxide 
was purchased from Matheson, East Rutherford, NJ. 
Phenol, ferric chloride, and DMFA were purchased 
from Mallinckrodt Chemical Works, New York, NY. 
Cytochrome c was acetylated using acetic anhydride 
in the presence of sodium-acetate. Other reagents 
were as in Ref. 1. 

Expression of results. The values presented are 
the average of duplicate samples; the experimental 
values deviated from the mean by less than 5%. 
When quadruplicate samples were measured, the 
values presented are the mean---SE. Statistical 
analysis was performed using Student's t-test for 
paired values. 

RESULTS AND DISCUSSION 

Table 1 shows the effects of mansonones on MDA 
production by liver microsomes. Lipid peroxidation 
was initiated either by NADPH or t-BuOOH, and 
the incubation time was 60 min. The results pre- 
sented indicate that at a 5.0/~M concentration, man- 
sonones C and E inhibited the NADPH-induced 
lipid peroxidation by 96 and 71%, respectively, but 
mansonones F and A were less effective inhibitors. 
At a 1.0/tM concentration only mansonone C pro- 
duced a relatively minor inhibition of the NADPH- 
dependent lipid peroxidation, thus setting the lower 
limit for the activity of the quinones. In contrast 
to these results, mansonones failed to affect the t- 
BuOOH-dependent lipid peroxidation. Table 2 
shows, however, that at relatively early incubation 

times, mansonone C inhibited the t-BuOOH-depen- 
dent lipid peroxidation. NADPH increased the man- 
sonone effect, in close agreement with previous 
observations of Talcott et al. [17] and Dubin et al. 
[1] using menadione and CG ortho-naphthoquinones 
respectively. The results in Table 2 suggest inhibition 
of lipid peroxidation propagation by mansonone C, 
especially by its reduced form. 

The hepatic microsomal monooxygenase system 
consists of cytochrome P450 and NADPH-cyto-  
chrome P450 reductase [18] and loss of microsomal 
cytochrome P450 has been associated with both 
NADPH- and hydroperoxide-induced lipid per- 
oxidation [19-22]. Accordingly, mansonone inhi- 
bition of lipid peroxidation prevented cytochrome 
P450 destruction in microsomes incubated with the 
NADPH-generating system. Figure 2 illustrates the 
results of a typical experiment, using mansonones C 
and E as inhibitors. It is to be seen that after incu- 
bation, cytochromes P450 and b5 decreased by 83 and 
18%, respectively, these variations being nullified by 
the assayed quinones. Cytochrome P450 loss did not 
represent conversion into cytochrome P420 as was 
to be expected from the observations of Lame and 
Segall [21]. Table 3 summarizes the results obtained 
when using the NADPH-generating system to pro- 
duce lipid peroxidation and hemoprotein destruc- 
tion. The data presented show that mansonones C, 
E and F prevented the NADPH-dependent destruc- 
tion of cytochrome P450. Measurement of cyto- 
chrome b5 in the same microsomes revealed the 
expected [23] diminution of this hemoprotein. Man- 
sonones C and E prevented cytochrome b5 destruc- 
tion to some extent, but failed to affect the N A D P H -  
cytochrome P450 and NADH--cytochrome b5 
reductase activities (experimental data omitted). 

Differences in the time-course of cytochome P450 
destruction produced by NADPH and CuOOH 
afforded an alternative procedure for determining 
the site of action of the active mansonones [22]. 
Figure 3 shows that when using NADPH to initiate 
lipid peroxidation, the time-course of hemoprotein 
loss involved two phases, namely, a slow initial one 
of about 6 min, and a faster terminal one. In contrast 
to these results, the CuOOH-induced hemoprotein 
destruction followed monotonic kinetics. In close 
agreement with the results in Fig. 2 and Table 3, 
mansonone C completely inhibited the NADPH- 
induced but not the CuOOH-dependent cytochrome 
P450 loss (Fig. 3). The latter results are apparently 
at variance with those reported in Table 2. Never- 
theless, in the absence of NADPH, the effect of 
mansonone C was limited (Table 2), and the lipid 
peroxidation products formed could be sufficient to 
destroy cytochrome P450. 

In cytochrome P450-catalyzed reactions, electrons 
donated from NADPH are transferred to cyto- 
chrome P450 through NADPH-cytochrome P450 
reductase [24]. Considering that the latter enzyme 
catalyzes quinone redox-cycling, it was assumed that 
this reaction may cause diversion of electrons away 
from cytochrome P450, thereby inhibiting cyto- 
chrome P450-dependent reactions. To test this 
hypothesis, the effects of mansonones, at fixed con- 
centrations, on aniline 4-hydroxylase activity, were 
determined. Table 4 shows that mansonones 
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Table 1. Effects of mansonones on lipid peroxidation by liver microsomes incubated with the 
NADPH-generating system or t-BuOOH 

MDA-equivalents (nmol/mg protein) 
Concentration 

Mansonone ( / ~ M )  NADPH-generating system t-BuOOH 

None 60.5 5.6 
A 1 59,5 (2) 

5 53.1 (12) 5.5 
c 1 55.8 (8) 

5 2.6 (96) 5.4 
E 1 59.3 (2) 

5 17.5 (71) 5.7 
F l 62.6 ( -3)  

5 46.6 (23) 5.6 

Microsomes were incubated with the reaction mixture (composition as described in Materials 
and Methods); incubation time, 60 min. Percent inhibition of lipid peroxidation is given in 
parentheses. 

Table 2. Effect of mansonone C on t-BuOOH-dependent microsomal lipid peroxidation 

MDA production 
(nmol equivalent/mg protein) 

Mansonone C Time of incubation 
(gM) (min) - NADPH + NADPH 

0 10 4.49 3.83 
5 3.28 (27) 1.55 (59) 
0 20 5.47 4.97 
5 4.60 (16) 2.89 (42) 
0 30 6.28 6.01 
5 5.79 (8) 3.68 (39) 

The reaction mixture consisted of microsomes (1.4 mg protein/mL), 2.6 mM t-BuOOH, 
130 mM KCI and 23 mM KH2PO4-Na2HPO4, pH 7.4; 5/~M mansonone C and 0.5 mM 
NADPH were added as indicated above. Other experimental conditions were as described 
in Materials and Methods. Values represent the average of duplicate samples; zero-time 
values were subtracted. Percent inhibition of lipid peroxidation is given in parentheses. 

~,A=0.05 A ( ~  bs,', 

bs:., /~ @ T ,,,;", 
b,), i 

/: : ',/ \p2 0 

400 t,50 500 400 450 500 400 450 500 400 t,50 500 
WAVELENGTH ( n m )  

Fig. 2. Effects of mansonones on cytochromes P450 and b5 destruction after incubation with the NADPH- 
generating system. Samples contained microsomes (1.5 mg protein/mL), 130 mM KCI, 23 mM KH2POa- 
Na2HPO4, pH 7.4, and the following additions: sample A, none; sample B, 0.1 mM Fe(III)ADP (molar 
ratio 1 : 17), NADPH-generating system and 5.0/~L DMFA; sample C, same as B, except for DMFA 
which was replaced by 5.0/~L of mansonone C solution (final concentration 5.0/~M); sample D, same 
as B, except for DMFA which was replaced by 5/~L of mansonone E solution; total volume 6.0 mL. 
After a 1-hr incubation at 37 °, the suspensions were centrifuged at 105,000 g for 30 min, the microsomes 
were suspended in 6.0mL of 0.1 M phosphate buffer, pH 7.4, and cytochromes P450 and b5 were 
measured in duplicate 3.0-mL samples. Other conditions were as described in Materials and Methods. 

Results of a typical experiment are presented. 
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Table 3. Effects of mansonones on cytochrome P450 and cytochrome b 5 loss after 
microsome incubation with the NADPH-generating system 

Hemoprotein loss after incubation 
(% of control) 

Mansonone P450/bs 
(5 ~M) P450 b5 molar ratio 

None 83 17 0.33 
C 2 11 1.84 
E 7 6 1.59 
F 40 17 1.17 

Microsomes were incubated with the NADPH-generating system as described in 
the legend of Fig. 2. Samples contained microsomes (1.5 mg protein/mL), 130 mM 
KC1, 23 mM KH2PO4-Na2HPO4, pH 7.4, 0.1 mM Fe(III)ADP (molar ratio 1:17), 
NADPH-generating system, and mansonone as indicated above. After a 1-hr incu- 
bation at 37 °, the suspensions were centrifuged at 105,000 g for 30 min, the microsomes 
were suspended in 6.0 mL phosphate buffer, pH 7.4, and cytochromes were measured 
in duplicate 3.0-mL samples. Other conditions were as described in Materials and 
Methods. Control microsomes were incubated without NADPH-generating system; 
cytochrome content (nmol/mg protein): 0.58 (P450) and 0.36 (bs). Values represent 
the average of duplicate measurements. 
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Fig. 3. Effect of mansonone C on the time-course of 
NADPH- and CuOOH-induced losses of microsomal cyto- 
chrome P450. A 5.0-mL microsomal suspension (1.0 mg 
protein/mL) in 0.1 M KH2PO4-Na2HPO4, pH 7.4, con- 
taining 150/~M NADH was divided equally between two 
cuvettes and placed in the sample and reference cuvette 
chambers of the Aminco DW 2a TM UV/VIS spectro- 
photometer, at 30 ° . Additions were as follows: samples 
A, C and D, 5.0/~L DMFA: samples A and B, 0.1mM 
Fe(III)ADP; samples B and E, 5.0/~L mansonone C (final 
concentration, 5.0/uM). Destruction of cytochrome P450 
was initiated by adding either NADPH (final concentration 
600/zM, samples A and B) or CuOOH (final concentration 
2.6 mM, samples D and E). C is a control sample. Absorp- 
tion at 418 nm was measured for the time indicated on the 
abscissa. Values in parentheses represent the total loss of 
cytochrome P450 (in nmoi/mL) and are the average of 
duplicate measurements. Other conditions were as 

described in Materials and Methods. 

inhibited the NADPH-induced aniline 4-hydroxylase 
but did not inhibit the CuOOH-induced activity [25], 
NADPH-cytochrome P450 reductase or cytochrome 
b5 reductase, thus indicating the site-specificity of 
their action. The greatest inhibition was produced 
by mansonone E and the least by mansonone A, 
intermediate values being obtained for mansonones 
C and F. Inhibition of cytochrome P450 reactions 
may imply inhibitor binding which can be monitored 
by spectral changes in the Soret absorption of cyto- 
chrome P450 [26, 27]. Under standard experimental 
conditions [26, 27] and using 25/~M mansonone C, 
no spectral changes, however, were observed (data 
omitted). Apparently, inhibition of cytochrome 
P450-dependent electron transfer and inhibition of 
lipid peroxidation by mansonone C obeyed some- 
what different mechanisms, although in both cases 
electron diversion by the quinone at the NADPH-  
cytochrome P450 reductase level played the leading 
role. 

In the presence of NADPH, liver microsomes 
rapidly reduce the Fe(III)ADP complex [9]. This 
reduction may be essential for initiating lipid per- 
oxidation and, therefore, we examined the effect of 
mansonone C on Fe(III)ADP reduction. The results 
obtained are presented in Fig. 4 and may be 
described as follows. In the system comprised of 
microsomes, NADPH, Fe(III)ADP and quinone, 
two different reactions occurred simultaneously: (a) 
Fe(III) reduction to Fe(II); and (b) mansonone C 
reduction to serniquinone (or quinol). These reac- 
tions competed for NADPH-donated electrons and 
were mutually exclusive. Therefore, by diverting 
electrons, the mansonone inhibited Fe(III) 
reduction. On the other hand, oxidation of the 
semiquinone (or quinol) by oxygen generates O ; ,  
which in turn reduces Fe(III) to Fe(II) [28]. Since 
(a) 02 reduction by the semiquinone could not 
account for all the electrons following the quinone 
pathway, and (b) Fe(III) reduction could not account 
for all the O~ formed by the quinone redox-cycling, 
inhibition of Fe(III) reduction became apparent (Fig. 
4, upper line). However, when the quinone con- 
centration increased, O~ production increased as 

BP 40:10-K 
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Table 4. Effects of mansonones on microsomal aniline-4-hydroxylase activity 

Enzyme activities (nmol/min/mg protein) 

Aniline 4-hydroxylase 
Concentration NADPH-cytochrome Cytochrome b5 

Mansonone (/~M) "NADPH" CuOOH P450 reductase reductase 

A 5 0.67 (8) 85 3.11 
10 0.22 (17) 0.41 

C 5 0.59 (19) 106 3.12 
10 0.44 (30) 0.43 

E 5 0.41 (44) 95 4.0 
10 0.22 (65) 0.41 

F 5 0.58 (20) 82 3.5 
10 0.34 (46) 0.43 

None* 0.73 81 3.3 
Nonet 0.63 0.41 

Experimental conditions were as described in Materials and Methods. Microsomes were incubated with the NADPH- 
generating system ("NADPH") or with CuOOH as indicated above. Mansonones were added in 5 or 10 ~L of DMFA 
solution, the control samples containing the same volume of solvent. Values for aniline 4-hydroxylase activity represents 
the mean of four measurements; SE < 0.02, in all cases; inhibition (%) of enzyme activity is given in parentheses. 

* Control for the 5 #M mansonone samples. 
t Control for the 10/~M mansonone samples. 
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Fig. 4. Effect of mansonone C on the reduction rate of the 
Fe(III)ADP complex. Experimental conditions were as 
described in Materials and Methods. Fe(III) reduction was 
monitored continuously by the rate of formation of the 
Fe(II)-dipyridil complex, at 510 nm. The points represent 
the mean of duplicate measurements. SOD, 7 units/mL. 

well, thus explaining the biphasic shape of the upper 
line in Fig. 4. Addition of SOD eliminated 0 2  and, 
accordingly, the effect of SOD depended on the 
amount of O f  formed. At the lowest mansonone C 
concentration, O f  production was small and, there- 
fore, the SOD effect was hardly detectable. The 
reverse occurred at the higher quinone concen- 
trations (Fig. 4, SOD line). The foregoing provides 
important evidence for mansonone C inhibition of 
lipid ~eroxidation initiation. 

The antioxidant activity of a given quinone may 
bear a relation to its activity as a substrate for micro- 
somal "quinone reductase" or, in other words, to the 
possibility of quinone redox-cycling, which can be 

demonstrated by O f  generation. Results in Table 5 
support this hypothesis since mansonone C was about 
4-fold more effective than mansonone A as O f  gen- 
erator. O f  production was demonstrated by cyto- 
chrome c reduction and the effect of SOD. Similar 
results were obtained using the adrenochrome 
method (experimental data omitted). Flavoprotein- 
catalyzed quinone redox-cycling may involve two- 
electron transfer reactions [29]. However, with the 
assayed mansonones, the H20 2 production rate was 
always less than 3% of the corresponding O f  value 
(experimental data omitted). 

The redox-cycling capability of lipophilic o-naph- 
thoquinone depends on the relative rates of Reac- 
tions 1-3, particularly on the quinone reduction and 
the semiquinone oxidation rates [30]. To test these 
kinetic possibilities, the reduction rates of manso- 
nones A, C and E were measured anaerobically, as 
described in Fig. 5. After quinone reduction, the 
reaction mixtures were aerated and quinol oxidation 
was determined. The results obtained may be 
described as follows: (a) the mansonone A reduction 
rate was negligible and, obviously, no quinol oxi- 
dation could be measured, (b) mansonones C and 
E were reduced rapidly, and (c) oxygen admission 
produced partial (mansonone C) or almost total 
(mansonone E) quinol oxidation. The latter dif- 
ference may be explained by the faster rate of Reac- 
tion 1 with mansonone C (Fig. 5), which under 
steady-state conditions would determine a higher 
[QH2]/[Q] ratio. This assumption fits in well with 
results in Table 5 since according to the rate equation 
dOf /d t  = k3[QH2][O2] , O2 production rate was lin- 
early related to the quinol concentration [30]. 

Quinones are reduced by ascorbate to semiqui- 
none [31] and one electron transfer from the semiqui- 
none to dioxygen yields the superoxide anion radical 
[32]. Oxygen uptake provided then a measure of 
free-radical production [33, 34], and ESR measure- 
ments of the mansonone C-ascorbate mixture 
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Table 5. Effects of mansonones on superoxide anion formation by liver microsomes 

Superoxide anion production 
(nmol/min/mg protein) 

Mansonone Inhibition 
(5 #M) -SOD +SOD (%) 

None 3.52 -+ 0.48 1.56 --- 0.61 66 
A 5.19 --- 0.65* 2.73 -+ 0.30t 48 
C 23.9 -+ 1.0 3.19 +- 0.16t 87 
E 15.0 -+ 1.9 6.47 -+ 0.94t 57 
F 11.4 -+ 0.8 4.77 -+ 0.31t 58 

O~ production was measured with the cytochrome c method, as described in 
Materials and Methods. Values are means -+ SE (N = 4). 

*t Analysis of variance: * P, non-significant (mansonone A against control 
sample); and t P < 0.01 (+SOD against -SOD samples). 
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Fig. 5. Mansonone redox-cycling with NADPH as electron 
donor. The reaction mixture contained microsomes 
(0.45mg protein/mL), 50/~M mansonone A, C or E, 
0.6mM NADPH, 130mM KCI and 23mM KH2PO4- 
Na2HPO4, pH 7.4; total volume, 3.0 mL. Samples were 
incubated in a stoppered septum cap cuvette pre-flushed 
with argon for 10 min. The reaction was started by adding 
the quinone solution pre-flushed with argon. MA, MC and 
ME = mansonones A, C and E respectively. Absorption 
variation was measured at 432 nm (MA), 446 nm (MC) 
or 450nm (ME), using the Aminco DW 2a TM UV/VIS 
spectrophotometer, at 30 °. e (mM -1 cm-1): 0.96 (MA), 
2.14 (MC) and 3.34 (ME). The numbers in parentheses 
represent the mansonone reduction rate (nmol/min/mL). 
Where indicated by the arrows, air was introduced into the 
reaction mixture. Other experimental conditions were as 

described in Materials and Methods. 

revealed the semiquinone signal (Fig. 6; tracing B, 
corresponds to the semidehydroascorbate radical 
[34]. Table 6 shows the different capabilities of man- 
sonones for their action on ascorbate oxidation. In 
close agreement with mansonone effects on O~ pro- 
duction (Table 5), mansonones C, E and F enhanced 
oxygen uptake, but mansonone A did not. Man- 
sonone E was, however, somewhat less active than 
F, at variance with its effect on O~ production. 
Anaerobic reduction of mansonones A and C by 

ascorbate (Fig. 7) confirmed the results obtained 
with the microsomal system (Fig. 5). 

The results here described extend previous obser- 
vations with other lipophilic o-naphthoquinones, 
such as #-lapachone and related CG compounds 
[1]. These observations support the view [1, 2] that 
quinone reduction by NADPH-cytochrome P450 
reductase and semiquinone (or quinol) oxidation 
by dioxygen divert electrons, thus preventing lipid 
peroxidation and cytochrome P450-dependent reac- 
tions. However, mansonone C exerted direct anti- 
oxidant activity (Table 2) in good agreement with 
the observations of Talcott et al. [17], Kostyuk [27] 
and Dubin et al. [1] using other quinones. Hence, 
it should be concluded that the inhibition of lipid 
peroxidation by quinones may be a complex process 
in which, depending on the quinone structure, inhi- 
bition of the propagation process may contribute to 
the overall quinone effect. 

Comparison of the effects of the mansonones 
assayed led to some structure-activity correlations. 
Lipid peroxidation inhibition, O i  production stimu- 
lation and quinone anaerobic reduction were of a 
much lesser extent or were not observed with man- 
sonone A, the tetrahydronaphthoquinone deriva- 
tive. Accordingly, the naphthoquinone benzene ring 
should be critical for mansonone capability for redox- 
cycling and oxygen radical production. The pyrane 
ring, which contributes to the oxaphenalene struc- 
ture of mansonones E and F, exerted a lesser, though 
varied influence on the activities of the mansonones. 
Thus, mansonone C was more effective than E and 
F on NADPH-dependent lipid peroxidation (Table 
1), O i production (Table 5), and ascorbate oxidation 
(Table 6), but E was more active than C on aniline 
4-hydroxylase activity (Table 4). As regards man- 
sonones E and F, the former was more active on 
lipid peroxidation (Table 1) and O~ production 
(Table 5), whereas the latter was more effective 
on ascorbate oxidation (Table 6). Structure-activity 
studies with several naphthoquinones [17] have 
demonstrated the importance of substitutents on the 
naphthoquinone nucleus that may serve to stabilize 
forms capable of high antioxidant activity. Similar 
studies on mansonones are needed to elucidate their 
specific behavior as inhibitors of lipid peroxidation 
and microsomal electron transfer. 
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Fig. 6. ESR-signals of ascorbate-reduced mansonone C. The reaction mixture contained 90 mM ascor- 
bate, 1.5 mM quinone, 0.1 M Tris-HCl,  pH 7.6. It was flushed with nitrogen for 5 min, placed in the 
spectrometer  cell and left for 10-15 min before recording the spectrum. Other experimental conditions 
were as described in Materials and Methods. Key: A, sample containing quinone plus ascorbate; B, 

same, without quinone; and C, same, without ascorbate. A typical experiment is shown. 

Table 6. Effects of mansonones on ascorbate oxidation 

Concentration Oxygen uptake 
Mansonone (/~M) (nmol /min/mL) 

A 50 6 
250 22 

C 50 109 
250 185 

E 50 12 
250 45 

F 50 36 
250 138 

None 0 

Oxygen uptake was measured polarographically, at 30 °. 
The reaction mixture contained 5.5 mM ascorbate, 1.0 mM 
D E T A P A C ,  100 mM Tris-HC1 buffer, pH 7.5, and man- 
sonone as stated above. Other  conditions were as described 
in Materials and Methods. Values are the averages of 
duplicate samples. 

Final ly ,  t he  p r o d u c t i o n  o f  oxyrad ica l s  by  m a n -  
s o n o n e s  C,  E and  F m a y  h e l p  to  exp la in  t he  toxic  
e f fec ts  o b s e r v e d  in w o r k e r s  h a n d l i n g  M a n s o n i a  saw- 
dus t  and  t h e  c o r r e s p o n d i n g  ex t rac t s  [4]. 
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Fig. 7. Mansonone C redox-cycling with ascorbate as elec- 
tron donor. The reaction mixture contained 100/~M man- 
sonone C, 5.0mM sodium-ascorbate, 0. l  M Tr is-HCl 
buffer, pH 7.5, and I .OmM DETAPAC;  total volume, 
3.0 mL. Incubation was under argon, as described in the 
legend of Fig. 5. The reaction was started by adding the 
quinone, and the anaerobic spectra were recorded at the 
times (min) indicated by the figures in parentheses. The 
reaction mixture was then aerated, and spectrum OX was 
recorded. R = dithionite-reduced mansonone spectrum. 
Insert: Anaerobic reduction rate of mansonones A and C. 
Values were calculated from the absorption decrease at 
432 nm (A) or 446nm (C). Other conditions were as 

described above and in the legend of Fig. 5. 
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