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Abstract—The membrane potential of liver mitochondria isolated from bromobenzene treated mice was
studied. Specifically, the efficiency of the energy-transducing mitochondrial membrane was measured
during the phase between the occurrence of a massive loss of hepatic GSH, after 2-3 hr of bromobenzene
intoxication, and the appearance of lipid peroxidation and cell death (12-15 hr after treatment). Partial
uncoupling of oxidative phosphorylation was observed in mitochondria during the early period of
intoxication (3-9 hr). These anomalies in oxidative metabolism did not result in irreversible damage to
the mitochondrial inner membrane. The possibility that phenolic metabolites of bromobenzene are
responsible for the uncoupling effects was examined. Orto- and especially para-bromphenol reproduced
the alterations of mitochondrial function when added to normal mitochondira at concentrations com-
parable to those found in the livers of the intoxicated animals. Since the concentration of the bro-
mophenols {especially p-bromophenol) largely increases after the intoxidation times as tested here,
mitochondrial uncoupling may represent a mechanism of liver damage acting synergistically with or
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even independently of other factors such as oxidative stress and lipid peroxidation.

It is known that bromobenzene causes centrilobular
hepatic necrosis in rats and mice {1-6]. It is also
known that bromobenzene metabolism produces
electrophilic intermediates which readily conjugate
with glutathione (GSH).} The result is a marked
hepatic GSH depletion. When the GSH stores are
decreased, bromobenzene metabolites bind to cellu-
lar macromolecules. It has been assumed for a long
time that the toxicity of bromobenzene and other
benzene substituted compounds dependended
mainly on this covalent binding. However, the obser-
vation that the treatment of animals |7, 8] or isolated
hepatocytes [9] with antioxidants (trolox C, DPPD,
desferrioxamine and others) almost completely pre-
vents liver cell death, while not changing at all the
extent of the covalent binding of bromobenzene
metabolites to cellular macromolecules, cast some
doubts on this mechanism. A similar dissociation
between cell death and covalent binding was
observed for other benzene substituted compounds
[10-13].

A number of studies on the toxicity of GSH deplet-
ing agents [14, 15] have investigated the possible
mechanisms based on oxidative stress. When the
GSH stores are depleted, the liver cell is made more

1 To whom correspondence should be sent.

+ Abbreviations: Trolox C, 6-hydroxy-2,5,7,8-tetra-
methyl-chroman-2-carboxylic acid; DPPD, N,N’'-diphenyl-
p-phenylendiamine; SGPT, serum glutamate-pyruvate
transaminase; GSH, reduced glutathione; MDA, malonic
dialdehyde; Ay, mitochondrial transmembrane electrical
potential (negative inside); AE, electrode potential; TPP*,
tetraphenylphosphonium cation; EDTA, ethylenediam-
inetetracetate;, DNP, 2,4-dinitrophenol; p-Br-OH, para-
bromophenol; 0-Br-OH, ortobromophenol.

susceptible to the development of lipid peroxidation.
Indeed, the occurrence of lipid peroxidation in mem-
brane phospholipids in association with liver cell
death was detected in primary cultures of hepa-
tocytes exposed to bromobenzene [9] as well as in
liver tissue of intoxicated mice [7, 8]. Furthermore,
a significant loss of protein thiols was associated with
lipid peroxidation [8]. A perturbation in protein
sulphydryl groups may lead to alteration in cellular
calcium homeostasis [16-18].

Following the in vivo intoxication with bromo-
benzene, as well as with other GSH-depleting agents,
a long time period elapses between the GSH deple-
tion (which is already nearly maximal at 3 hr) and
the development of lipid peroxidation and necrosis
(at 12-15hr) [7, 8]. It is reasonable to postulate an
event during this period of time which could either
initiate reactions related to oxidative stress leading
to lipid peroxidation or give rise to processes inde-
pendent of it. Recent studies [19] have shown mito-
chondrial damage as a mechanism of cell injury,
produced by fert-butyl hydroperoxide. Such
damage consists in the loss of the inner membrane
potential of mitochondria and is the result of both,
a peroxidation-dependent, and peroxidation-inde-
pendent mechanism. Under certain conditions (later
times of intoxication of both intact animals [8] and
cultured hepatocytes [9]) a mechanism independent
of lipid peroxidation appears to be operative in
bromobenzene toxicity.

In the present study we have therefore investigated
the functional integrity of liver mitochondria fol-
lowing bromobenzene intoxication, by estimating
the efficiency of the mitochondrial energy transduc-
ing membrane, i.e. the transmembrane potential,
during the period between the occurrence of the
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massive GSH depletion and the appearance of cell
death. Even more so, as bromobenzene metabolism
yields bromophenols, which, as other phenolic com-
pounds, could show an uncoupling effect due to the
presence of an acid-dissociable group within their
molecule.

MATERIALS AND METHODS

Male NMRI albino mice (Ivanovas GMBH,
F.R.G.) weighing 20-30 g and maintained on a pellet
diet (Altromin-Rieper, Bolzano, Italy) were used.

Bromobenzene (C. Erba, Milano, Italy) mixed
with two volumes of mineral oil was administered
intragastrically under light ether anesthesia at the
dose of 13 mmol/kg body wt. Control mice received
mineral oil alone. All the animals were starved 16 hr
before the intoxication.

Liver damage was assessed by measuring serum
glutamate—pyruvate transaminase (SGPT) activity
(optimized u.v. enzymatic method, C.Erba, Milano,
Italy).

Hepatic GSH was measured as acid-soluble -SH
groups according to Sedlak er al. [20].

Lipid peroxidation was measured in whole liver as
tissue content of malonic dialdehyde (MDA), as
previously reported [21].

Liver mitochondria were prepared in 0.25M
sucrose according to a standard procedure [22].

The respiratory states studied were those originally
defined by Chance and Williams [23].

The transmembrane potential (AW ) was measured
at 25° in a final volume of 1.5mL by monitoring
(with a tetraphenylphosphonium (TPP*)-selective
electrode) the movements of tetraphenylphosphon-
ium across the mitochondrial membrane [24]. An
inner mitochondrial volume of 1.1 ul/mg protein
was assumed. The metabolic medium for assaying
electrochemical parameters had the following com-
position: 100 mM NaCl; 10 mM Tris-HCI (pH 7.4);
10 mM Na,K-phosphate (pH 7.4); 10 mM MgCl,;
2 uM rotenone and 20 uM TPP*. Mitochondria (3 mg
protein/mL) were incubated at 25° and then ener-
gized with 2.5 mM Na-succinate.

The determination of p- and o-bromophenols in
liver tissue was performed as follows: 2 mL of a 20%
liver homogenate, prepared in ice-cold 0.154 M KCI
containing 3 mM EDTA (pH 7.4), were extracted
three times with 6 mL of ethyl ether. The ether
phases were collected and dried under a nitrogen
stream. The residue was dissolved in 0.4 mL of meth-
anol and p- and o-bromophenols were subsequently
measured by HPLC according to Monks et al. [25].

Protein determination was performed according
to Lowry et al. [26].

RESULTS

The time-course of hepatic GSH depletion, liver
necrosis (as evaluated by SGPT), lipid peroxidation
(as determined by the MDA content of the liver)
following bromobenzene intoxication are reported in
Table 1. It appears that, in agreement with previous
reports [7, 8], and in spite of a massive decrease of

Table 1. Time course of hepatic glutathione (GSH) depletion, liver necrosis (SGPT), lipid peroxidation (hepatic content of malonicdialdehyde, MDA) after
bromobenzene intoxication

Time after intoxication

3hr 9hr 12hr 15hr 18 hr

0 time

(bromobenzene)

3.9£20 24+02 2202 2.1+03 1.9%0.5
(6) (6) (10) (10) (12)

(15)

253x1.8
45+ 5

(nmol/mg protein)

GSH
SGPT

5637 + 1611

41 +10 59+13 2062 = 1023

45+4

(12)
1337 + 299

(6) (10 (10)
324 + 109

(6

(15)

(units/L)

MDA

(12)

(10)

(6)

(6)

Bromobenzene was given by gastric intubation the dose of 13 mmol/kg body wt. Results are given as means + SE. The number of animals is reported in

(pmol/mg protein)
brackets.
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Fig. 1. Effect of mice intoxication with bromobenzene on the transmembrane potential of liver

mitochondria. Mitochondria (3 mg/mL) from either control (A) or 9 hr bromobenzene-treated mice (B)

were incubated in standard medium described in Materials and Methods. Arrows indicate the following

addition: 2.5 mM K-succinate (succ); 0.33 mM ADP; 1 ug/mg oligomycin (oligo); 25 uM 2,4-dinitro-

phenol (DNP). The transmembrane potential (AW ) was measured as described in the presence of 20 uM

tetraphenylphosphonium chloride. AE, electrical potential. The traces presented are representative of
at least three different experiments performed on a pool of 15 mice.

the hepatic GSH level in the early phase of intoxi-
cation, both lipid peroxidation and liver necrosis are
evident only 12 hr after treatment.

The functional efficiency of liver mitochondria was
tested during this lag phase. Figure 1 shows the
membrane potential of mitochondria from control
and bromobenzene intoxicated mice at 9hr (by
changing the metabolic state). As stated above
(Table 1), no liver necrosis nor lipid peroxidation
was detected in the animals killed at this point.
Control mitochondria (Fig. 1A), immediately
develop a normal membrane potential, upon
addition of substrate, of about 190 mV (negative
inside). Addition of ADP, which induces transition
to state 3, causes an immediate fall to 167 mV. When
the state 3 respiration cycle is completed, the mem-
brane potential returns nearly to its initial value.
Addition of oligomycin, a well-known inhibitor of
respiration (tightly coupled to phosphorylation)
further enhances AW to about 196 mV, due to the
fact that also in this respiratory state (i.e. state 4)
part of the respiratory energy is utilized for the
phosphorylation process [22, 27]. Upon addition of
an uncoupler, such as DNP, AW collapses immedi-
ately. Mitochondria from bromobenzene treated
mice (Fig. 1B) (upon addition of substrate) acquire
a membrane potential consistenly lower than that
observed in control mitochondria; addition of ADP
induces a drop of AW, the extent of which is sub-
stantially smaller than that of controls. The time
length of the membrane potential trace (in the state
3 cycle) is longer than that of the control. As soon

as the AW trace has returned to resting conditions,
it starts to decrease. The subsequent addition of
oligomycin neither induces an increase of AW nor
prevents the AW fall, indicating that energy dis-
sipating processes, not coupled to the ATP syn-
thetase complex, are responsible for the drop. It is
worth noting that mitochondria from bromobenzene
treated animals presented anomalies in AW pattern
as early as 3 hr after the treatment (not shown),
although the extent of the overall modification was
lower than that present at 9 hr.

The effect of albumin, a scavenger of uncoupling
agents, on the membrane potential of brom-
obenzene-treated mitochondria (as compared to con-
trol mitochondria) is reported in Fig. 2. It appears
that (Fig. 2B) albumin, when added at a con-
centration of 1mg/mL, fully restores the energy
transducing efficiency of the mitochondrial
membrane. Concentrations of albumin lower than
0.4 mg/mL failed to restore the normal membrane
potential (not shown).

In order to verify whether phenolic metabolites,
endogenously formed by the metabolism of bromo-
benzene, may account for the uncoupling of the
oxidative phosphorylation, the hepatic concentration
of o- and p-bromophenol, well-known bromo-
benzene metabolites [2], were determined in bromo-
benzene intoxicated mice. A substantial amount of
both bromophenols was observed 3 hr after the
intoxication (Fig. 3). The hepatic level of p-bro-
mophenol was particularly increased after 9 hr of
treatment.
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Fig. 2. Effect of albumin on the transmembrane potential on liver mitochondria from bromobenzene-
treated mice. Mitochondria from either control (A) or 9 hr treated mice (B) were incubated in standard
medium in the presence of 0.1% bovine serum albumin fatty acid free. Experimental conditions as in

Fig. 1.
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Fig. 3. Hepatic concentration of o-bromophenol and p-bromophenol at different times following

bromobenzene intoxication. The concentration of p-bromophenol (p-Br-OH) and o-bromophenol (o-

Br-OH) was measured by HPLC as described in Materials and Methods. Each point represents the
mean * SE of six to eight animals.
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Fig. 4. In vitro effect of p-bromphenol on the transmembrane potential of mouse liver mitochondria.

Mitochondria were incubated in standard medium in the absence (A) and in the presence of 5 uM p-

bromophenol (B). Experimental conditions as in Fig. 1 except that 50 M p-bromophenol (p-Br-OH)
was added instead of dinitrophenol (A).

Para-bromophenol, when added to mitochondria
from normal animals at micromolar concentration
(Fig. 4), is able to dissipate the membrane potential.
The complete AW drop is reached at a concentration
of 50 uM (Fig. 4A). When p-bromophenol is added
to control mitochondria at a concentration similar to
that found in vivo, in intoxicated animals, (Fig. 4B)
the features of the membrane potential trace (during
different metabolic states) is very similar to that
exhibited by mitochondria from 9 hr intoxicated ani-
mals. Albumin completely reverses the partial
uncoupling by external p-bromphenol (not shown}.

DISCUSSION

The results presented indicate that liver mito-
chondria, isolated from bromobenzene-treated mice,
exhibit alterations in their oxidative metabolism
starting in the early phase of intoxication (i.e. 3 hr).
Such alterations consist primarily in partial uncoup-
ling of the mitochondrial oxidative phosphorylation
during the intoxidation period investigated (i.e.
9hr), in which neither cell necrosis nor lipid per-
oxidation are evident. This mitochondrial dis-
function seems to be due to the action of two of the
major bromobenzene metabolites, p-bromophenol
and o-bromophenol, which exhibit uncoupling
activity. However, under these pathological con-
ditions the structural integrity of the mitochondrial
inner membrane does not appear to be irreversibly
damaged. The traces of membrane potential of mito-
chondria from bromozene-treated mice, following
the addition of either an oxidizable substrate, ADP,

or oligomycin, clearly indicate that these mito-
chondria are in an uncoupled state. The complete
restoration of the inner membrane energy transduc-
ing capability by BSA supports this conclusion and
indicates that no irreversible damage occurs in the
mitochondrial membrane at this phase of intoxi-
catjon: in fact, the inner membrane does not appear
to be irreversibly depolarized.

Fatty acids and bromophenolic metabolites of
bromobenzene may account for the uncoupling of
oxidative phosphorylation reported here. The obser-
vation that low concentrations of BSA, able to
“remove fatty acids” but not phenolic compounds
[28], fail to restore normal oxidative phosphoryl-
ation, strongly suggests that bromophenolic metab-
olites are the detrimental agents. So far, in spite of
a great number of studies aimed at investigating a
possible direct involvement of these metabolites in
the mechanism of bromobenzene hepatotoxicity
{29, 30}, no attention has been paid to the possibility
that the presence of these compounds could per se
represent a factor of cell damage: indeed, they could
act as protonophoric uncouplers, due to the presence
of an acid-dissociable group within their molecule.
The dissipation of membrane potential by p-bro-
mophenol (Fig. 3A) and o-bromophenol clearly indi-
cates that these compounds behave as uncoupling
agents according to the chemiosmotic theory [31].
Experimental evidence has been presented, that
these metabolites are present in the liver tissue since
the early phase of intoxication at a nearly constant
concentration up to 9hr. Their concentration then
starts to increase, the extent of this increase being
much higher for p-bromophenol than o-bromo-
phenol {see Fig. 3). Para-bromophenol added to
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control mitochondria at a concentration similar to
the actual one found in the hepatic tissue after 9 hr of
intoxication, makes their membrane potential traces
very similar to those of mitochondria from intoxi-
cated mice; a finding giving direct support to the
above hypothesis.

In the experimental model of hexachlorobenzene-
induced porphyria, it was recently shown that the
toxic events caused by hexachlorobenzene at the
mitochondrial level are due to the endogenously
formed pentachlorophenol, which inhibits ATP syn-
thesis by uncoupling of oxidative phosphorylation
{32, 33]. Furthermore, in a study on the toxicity of
4-chlorobiphenyl, it was also demonstrated that its
major metabolite, 4-chloro-4'-biphenylol, was
responsible for the inhibition of mitochondrial ATP
synthesis [34].

The results of the present research suggest a pri-
mary involvement of mitochondria in the devel-
opment of cell damage produced by bromobenzene.
Indeed, given the central role played by mito-
chondria in cellular energy metabolism (they supply
about 95% of the total ATP required in eukaryotic
cells [35], the disturbance in oxidative phosphoryl-
ation observed, renders these organelles unable to
fulfil the cell energy requirement. As recently
reported for mitochondria isolated from 2,4-din-
itrophenol-treated rats [36], a sustained uncoupling
of oxidative phosphorylation may trigger an over-
production of reactive oxygen species in mito-
chondria, an event which may lead to lipid
peroxidation and possibly membrane damage in this
model of liver injury.

An impairment of Ca®* sequestration, previously
observed in mitochondria from bromobenzene-
treated mice [8], may be explained too, especially as
such inhibition was seen in the absence of detectable
lipid peroxidation [8]. Uncouplers not only inhibit
the mitochondrial energy-dependent Ca?* uptake,
but they also cause the release of the intra-
mitochondrial Ca®* by reversal of the electrogenic
uniport pathway [37], bringing about a sustained
decrease in the mitochondrial Ca?* concentration
and a concomitant increase in the cytosolic Ca?*
level. The resulting perturbation in the Ca®*-sen-
sitive matrix enzyme activities [38], as well as in the
cellular Ca?* homeostasis [39], may thus play an
important role in the pathogenesis of cell injury [40].

In conclusion, the mitochondrial uncoupling
induced by bromobenzene phenolic metabolites,
may act synergistically with other possible mech-
anisms of damage, such as oxidative stress and lipid
peroxidation. Furthermore, since the concentration
of these metabolites increases after the times tested
here, mitochondrial uncoupling may represent an
important mechanism responsible for the liver
damage observed at later times of intoxication, even
in cases (about 15%) in which lipid peroxidation was
not detectable.
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