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In Vitro Effects of lO,lO’-Oxybisphenoxarsine on Isolated Rat Liver Mitochondria. KRON- 

ENBERG, J., AND BRABEC, M. J. (1982). Toxicol. Appl. Pharmacol. 62, 282-287. lO,lO’- 
Oxybisphenoxarsine (OBPA), a trivalent, heterocyclic organoarsenical, is a potent, broad 
spectrum antimicrobial agent often incorporated into plasticized polyvinyl chlorides. Although 
highly toxic, the mechanism of OBPA toxicity is unknown. Since it is hepatotoxic, we inves- 
tigated the in vitro effects of OBPA on rat liver mitochondria. Isolated mitochondria were 
incubated with 1 to 8 pM OBPA and oxygen consumption was monitored polarographically. 
State 3 respiration of a-ketoglutarate, pyruvate, isocitrate, and succinate was rapidly inhibited. 
OBPA also uncoupled oxidative phosphorylation, although this was masked, at higher con- 
centrations, by progressive respiratory inhibition. The electron transport chain appeared un- 
affected by OBPA, as measured by NADH oxidation, but several tricarboxcylic acid cycle 
dehydrogenases were inhibited. This inhibition was prevented and, in some cases, reversed by 
glutathione. It is likely that OBPA, like other trivalent organoarsenicals, exerts its toxic effects 
by reacting with vital mitochondrial sulfhydryl groups. 

10,l O’-Oxybisphenoxarsine (OBPA), a tri- 
valent, heterocyclic organoarsenical (Fig. 1 ), 
is a potent, broad spectrum antimicrobial 
agent often incorporated into plasticized 
polyvinyl chloride products to prevent bac- 
terial and fungal growth. OBPA is a strong 
irritant, is hepatotoxic, and has an LD50 of 
40 mg/kg in rats and 24 mg/kg in guinea 
pigs (Ballantyne, 1978). Previous work dem- 
onstrated that the liver was a major site for 
the disposition of radiolabel from orally ad- 
ministered [ 14C]OBPA (Kronenberg and 
Hartung, 1981). The mechanism of OBPA 
toxicity is unknown. However, trivalent or- 
ganoarsenicals are sulfhydryl reagents ca- 
pable of reacting with a number of cellular 
enzymes, including many involved in mito- 

’ Parts of this work were presented at Toxicology in ’ Charles River Breeding Laboratories, Inc., Wil- 
Michigan Today, Lansing, Mich. May 198 1. mington, Mass. 

chondrial function (Webb, 1966). There- 
fore, we decided to investigate the in vitro 
effects of OBPA on the performance of iso- 
lated rat liver mitochondria. 

METHODS 

Preparation of Mitochondria. Mitochondria were 
prepared from 175 to 250-g, fasted male CD rats* es- 
sentially as described by Brabec et al. (1974). The rats 
were stunned, decapitated, and exsanguinated. The liv- 
ers were removed and homogenized in ice-cold isolation 
medium (250 mM sucrose, 1 mM EDTA, 10 mM KCl, 
10 mM Tris, pH 7.4). The homogenate was centrifuged 
for 10 min at 5OOg and the resulting supernatant fluid 
for 10 min at 75OOg. The crude mitochondrial pellet was 
twice resuspended in 250 mM sucrose and centrifuged 
for 10 min at 4900g. The final pellet was resuspended 
in the isolation medium to give ca. 30 mg protein/ml, 
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were determined in the presence of 1 mr.r malate and 
3.7 mM of the respective substrate. Unless otherwise 
specified, 2.3 mg mitochondrial protein was in a total 
chamber volume of 2.7 ml. All mitochondrial prepa- 

B-O-8 
rations had a respiratory control ratio (with succinate) 
greater than 5. To determine the effects on state 3 res- 
piration, OBPAj (dissolved in 20-40 pl EtOH) was 
added to the reaction chamber shortly after the addition 
of excess ADP (4 pmol). State 4 effects were determined 

FIG. 1. lO,lO’-Oxybisphenoxarsine (OBPA). by adding OBPA to the reaction chamber during the 
state 4 respiration following the addition of 0.2 pmol 
ADP. To measure NADH oxidation, mitochondria 

as determined by the Biuret procedure (Gornall et al., (normally impermeable to NADH) were made perme- 
1949). able by swelling in 40 mM KH*PO. (pH 7.4) and 0.3 

Respiration rates. Respiration rates were determined mM CaCl* for 1 min before adding 10 pmol NADH 
polarographicaliy in a YSI Model 53 Oxygen Monitor, followed by OBPA. EtOH controls were run for all ex- 
as described by Brabec et al. ( 1974). Mitochondria were periments. 
assayed at 25°C in Oxygen Electrode Buffer (150 mM Enzyme assays. All enzymes were assayed at 25°C 
sucrose, 5 mM MgCl,, 20 mM KCl, 10 mM KH2P04, by following the reduction of NAD(P) at 340 nm. To 
20 mM Tris, pH 7.4). Succinate oxidation rates were 
determined in 7.4 mM succinate and 10 pM rotenone. 
Isocitrate, a-ketoglutarate, and pyruvate oxidation rates 3 No detectable impurities by HPLC or TLC. 
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FIG. 2. The effects of OBPA on state 3 oxidation of cY-ketoglutarate, pyruvate, isocitrate, and succinate. 
Mitochondria were incubated with 1 to 8 pM OBPA as described under Methods. Solid lines represent 
2.3 mg mitochondrial protein and the indicated OBPA concentration. Dashed lines represent 1.15 mg 
mitochondrial protein and 2 PM OBPA, unless otherwise marked. Average 100% oxygen uptake rates 
(nmol Oz/min/mg protein) were a-ketoglutarate, 19.0; pyruvate, 14.9; isocitrate, 22.3; succinate, 65.4. 
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FIG. 3. The effects of OBPA on state 4 oxidation of 
a-ketoglutarate, isocitrate, and succinate. Mitochondria 
(2.3 mg protein) were incubated with 1 to 8 MM OBPA 
as described under Methods. Average 100% oxygen up- 
take rates (nmol OJmin/mg protein) were: cy-ketoglu- 
tarate, 5.5; isocitrate, 5.0; succinate, 10.6. 

assay cr-ketoglutarate dehydrogenase and pyruvate de- 
hydrogenase, whole mitochondria (2.3 mg protein) were 
incubated (+OBPA) in Oxygen Electrode Buffer with 

1.4 mM NAD, 1 mM ADP, and 7 mM o-ketoglutarate 
or pyruvate (2.7 ml total volume). After 2 min, the 
mitochondria were solubilized with 0.1 ml 3% (w/v) 
Triton X-100 and the reaction was initiated with 0.54 
pmol CoASH. Both assays were linear for about 1 min. 

NAD-specific isocitrate dehydrogenase (NAD-ICDH) 
and NADP-specific isocitrate dehydrogenase (NADP- 
ICDH) assays were done essentially as described by 
Plaut (1969) and Cleland et nl. (1969), respectively, 
using the 26,000g supernatant fraction from sonicated 
mitochondria. The mitochondrial supernatant fraction 
was incubated for 5 min in 3.0 ml 33.3 mM Tris (pH 
7.4), 1.33 mM M&O.,, 0.09 mM NAD(P), and 0.5 mM 

KCN. Enough supernatant fraction was used to give a 
U/min of 0.01-0.05 (0.3-2.1 mg protein). The NADP- 
ICDH assay was initiated with 5 cmol isocitrate while 
5 pmol isocitrate and 2 pmol ADP initiated the NAD- 
ICDH reaction. A blank lacking NAD was needed to 
determine NAD-ICDH activity because of an interfer- 
ing reaction involving OBPA. This reaction was insig- 
nificant compared to the other enzyme activities as- 
sayed. 

RESULTS 

The effects of OBPA on mitochondrial 
state 3 respiration are seen in Fig. 2. The 
oxidation of all substrates was rapidly in- 
hibited by 1 to 8 PM OBPA. The extent of 
inhibition varied with the substrate as well 
as the amount of mitochondria present. This 
inhibition was unaffected by the addition of 
2,4-dinitrophenol, a common uncoupling 
agent. OBPA also uncoupled mitochondrial 
respiration. When added during state 4 res- 
piration (Fig. 3), OBPA caused an initial 
increase in oxygen uptake followed, at higher 
concentrations, by progressive respiratory 
inhibition which masked the uncoupling. 
The addition of ADP during this period of 
increasing inhibition had no effect. 

To determine if the inhibition of respira- 
tion was caused by electron transport chain 
inhibition, the effect of OBPA on NADH 
oxidation was examined. The NADH oxi- 
dation rate of mitochondria (rendered per- 
meable to NADH by swelling) incubated for 
2 min with 8 PM OBPA was 100.8 (f4.8) 
nmol/min as compared to 97.6 (27.4) nmol/ 
min in control mitochondria. Therefore, 
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TABLE 1 

THE EFFECTS OF lO,lO’-OXY~~SPHENOXARSINE ON (I-KETOGLUTARATE DEHYDROGENASE (a-KGDH) AND 
PYRUVATE DEHYDROGENA~E (PDH) ACTIVITIES 

Treatment 

(w-KGDH PDH 

Sp Act” % control Sp Act” % control 

EtOH 50.9 f  1.6 100 
OBPA, 4 PM 27.0 t 0.7 53 

* nmol NADH/min/mg mitochondrial protein, mean + SE, n r 7. 

17.0 + 0.5 100 
4.9 + 0.4 29 

NADH oxidation was not inhibited by OBPA 
and the inhibition of respiration observed 
earlier must have occurred at sites preceding 
NAD-CoQ reductase (when using the NAD- 
linked substrates) and CoQ-cytochrome b 
reductase (when using succinate, a FAD- 
linked substrate). 

Since electron transport did not appear to 
be the site of respiratory inhibition caused 
by OBPA, we directly examined the effects 
of OBPA on several TCA cycle dehydro- 
genases. Table 1 shows that OBPA was a 
potent inhibitor of both pyruvate dehydro- 
genase and a-ketoglutarate dehydrogenase. 
There are two enzymes involved in the oxi- 
dation of isocitrate by rat liver mitochondria, 
NAD-specific and NADP-specific isocitrate 
dehydrogenase (Smith and Plaut, 1979). 
Both were inhibited by OBPA (Table 2). 

TABLE 2 

THE EFFECTS OF lO,lO’-~XYBI~PHENOXAR~INE ON 
NAD-SPECIFIC AND NADP-SPECIFIC ISOCITRATE DE- 
HYDROGENASE ACTIVITIES” 

Treatment NAD-ICDH NADP-ICDH 

EtOH 100 100.0 
OBPA, 2 NM 88.4 (k2.3) 98.0 (k2.0) 
OBPA, 4 NM 80.1 (k2.0) 69.0 (k1.0) 
OBPA, 8 j&M 52.1 (k2.6) 52.5 (k4.5) 

’ Because the specific activity of the sonicated mito- 
chondrial supernatant fraction varied between experi- 
ments, all activities are expressed as percentage control, 
mean + SE of at least two experiments. 

The effect of OBPA on succinate dehydro- 
genase was not examined. 

We also tested the effects of GSH on the 
inhibition of two of these enzymes by OBPA. 
GSH (1 mrvr) protected cu-ketoglutarate de- 
hydrogenase from inhibition by 4 ~JM OBPA 
and restored most of the activity of previ- 
ously inhibited enzyme (Table 3). Similar 
experiments (data not shown) were done 
with purified NADP-ICDH (Sigma Chem- 
ical Co., St. Louis, MO.). Inhibition by 10 
PM OBPA was prevented by 100 PM GSH, 
but was not reversed by 10 mM GSH. 

DISCUSSION 

The data presented in this report dem- 
onstrate that OBPA, a trisubstituted triva- 
lent organoarsenical, was a potent inhibitor 
of mitochondrial respiration. OBPA also 
uncoupled oxidative phosphorylation, al- 
though this was masked, at higher concen- 
trations, by progressive inhibition of respi- 
ration. The inhibition observed in the 
presence of ADP (state 3, Fig. 2) occurred 
more rapidly than the inhibition seen in the 
absence of ADP (state 4, Fig. 3). This may 
be caused by conformational changes brought 
about by ADP (Hackenbrock et al., 1971) 
leading to altered membrane permeability 
or by the faster turnover of some compo- 
nent(s) of the TCA cycle during state 3 res- 
piration. The respiratory inhibition observed 
was apparently not caused by inhibition of 
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TABLE 3 

EFFECTS OF GLUTATHIONE (GSH) ON THE INHIBL 
TION OF a-KETOGLUTARATE DEHYDROGENASE BY 

10,l O’-OXYBISPHENOXARSINE (OBPA) 

Treatment 

Expt lb 
EtOH 
EtOH + 0.5 mM GSH 
EtOH f  1.0 mM GSH 
2 &M OBPA 
4 PM OBPA 
4 FM OBPA + 0.5 mM GSH 
4 PM OBPA + 1.0 mM GSH 

Expt 2’ 
EtOH + 1.0 mM GSH 
4 /.tM OBPA + HZ0 
4 /.dM OBPA + 1.0 mM GSH 

Specific activity” 
(nmol NADH/ 

min/mg protein) 

59.6 + 1.1 
59.8 + 1.4 
53.7 f  1.6 
46.2 f  1.2 
31.2 k 0.7 
49.1 f  0.8 
54.1 f  0.9 

58.8 -c 2.0 
29.4 k 0.6 
48.2 k 0.7 

a Mean + SE, n 2 2. 
* GSH, if indicated, was added to the mitochondria 

before OBPA or EtOH. Assay as described under Meth- 
OdS. 

’ GSH, if indicated, was added 2 min after OBPA or 
EtOH. Mitochondria were then incubated for 1 min and 
assayed as before. 

the electron transport chain since NADH 
oxidation was unaffected. But, several TCA 
cycle dehydrogenases were inhibited by 
OBPA. These enzymes, however, were less 
sensitive to OBPA inhibition than was mi- 
tochondrial respiration. Dissimilar assay 
conditions may have been responsible for 
this difference. However, we did not examine 
the effects of OBPA on substrate transport 
systems, which may have also been inhibited. 
The mechanism of uncoupling by OBPA re- 
mains unclear It appeared that OBPA 
caused changes in membrane permeability. 

Trivalent organoarsenicals inhibit and un- 
couple mitochondrial respiration (Fluharty 
and Sanadi, 1963; Webb, 1966). Monosub- 
stituted trivalent organoarsenicals (e.g., lew- 
isite and phenylarsenoxides) exert their ef- 
fects by forming a stable dithioarsinite ring 

structure with susceptible dithiols (e.g., di- 
hydrolipoic acid). A few disubstituted tri- 
valent organoarsenicals have been studied 
(diphenylchloroarsine and phenarsazines). 
These can inhibit monothiol enzymes (e.g., 
NADP-ICDH), probably by forming a sta- 
ble monothioarsinite (Lotspeich and Peters, 
1951; Peters, 1955). OBPA, however, is a 
trisubstituted trivalent organoarsenical. Sev- 
eral TCA cycle dehydrogenases, known to 
be susceptible to sulfhydryl inhibition (Webb, 
1966; Plaut, 1970) were inhibited by OBPA. 
Excess GSH, a monothiol, was able to pre- 
vent and reverse inhibition of a-ketogluta- 
rate dehydrogenase, a dithiol enzyme. GSH, 
however, would only prevent, not reverse, 
inhibition of isocitrate dehydrogenase, a 
monothiol enzyme. This suggested that 
OBPA forms a monothioarsinite complex 
with monothiols that is more stable than that 
formed with dithiols, in a manner similar to 
that of &substituted trivalent organoarsen- 
icals. 
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