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Abstract-It has been found that acute ethanol (EtOH) intoxication of rats caused depletion of 
mitochondrial reduced glutathione (GSI-I) of approximately 40%. A GSH reduction of similar extent 
was also observed after the administration to rats of buthionine sulphoximine (BSO), a specific inhibitor 
of GSH synthesis. Combined treatment with BSO plus EtOH further decreased mitochondrial GSH 
up to 70% in comparison to control. Normal functional efficiency was encountered in BSO-treated 
mitochondria, as evaluated by membrane potential measurements during a complete cycle of 
phospho~lat~on. In contrast a partial loss of coupled functions occurred in mitochond~a from EtOH- 
and BSO plus EtOH-treated rats. The presence in the incubation system of either GSH methyl 
monoester (GSH-EE), which normalizes GSH levels, or of EGTA, which chelates the available Ca*+, 
partially restores the mitochondrial phosphorylative efficiency. Following EtOH and BSO plus EtOH 
intoxication, the presence of fatty-acid-conjugated diene hydroperoxides, such as octadecadienoic acid 
hvdrooeroxide (HPODE), was detected in the mitochondrial membrane. Exogenous HPODE, when 
aide&to BSO-treated miiochondria, induced, in a concentration-dependent system, membrane potential 
derangement. The nresence of either GSH-EE or EGTA fullv prevented a drop in membrane potential. 
The &zlts obta&ed suggest that fatty acid hydro~roxi~~s, endogenously formed during EtOH 
metaboiism, brought about non-specific permeability changes in the mitochondrial inner membrane 
whose extent was strictly dependent on the level of mitochondrial GSH. 

Key wor& ethanol acute intoxication, reduced glutathione, fatty acid hydroperoxides, membrane 
potential, permeability transition (rat liver mitochondria) 

The mechanism of ethanol (EtOH~)-induced hepato- 
toxicity still remains an open problem. A variety of 
data suggest a role for oxidant stress, including lipid 
peroxidation, in the pathogenesis of EtOH liver 
disease, although a causal role for this process in 
EtOH-related toxicity has not so far been established. 
EtOH ad~nistration could induce an increase in 
lipid peroxidation either by enhancing the production 
of oxygen reactive species and/or by decreasing the 
level of endogenous protectants involved in the 
defence against oxidant stress [l, 21. An enhanced 
rate of lipid peroxide formation following acute 
EtOH exposure has been ascertained by evaluating 
malondi~dehyde production [3-S], spontaneous 
chemilumine~ence induction [S], diene conjugated 
formation [6-9] and in viuo ethane and pentane 
exhalation [lo, 111. In uiuo formation of a free 
radical metabolite of EtOH has also been recently 
observed by EPR spectroscopy [12]. A large decrease 

* ~~es~nding author. 
$ Abbreviations: BSO, L-buthionine-(S, Rf-sulphoxi- 

mine; EGTA, ethyleneglycol-bis(/3-aminoethylether)- 
N,N,N’,N’-tetracetic acid; EtOH, ethanol; GSH, reduced 
glutathione; GSH-EE, glutathione methyl monoester; 
HPODE, (9-S)-hydroperoxy-octadecadienoic acid; TPP+, 
tetraphenylphosphonium chloride. 

in reduced glutathione (GSI-I) hepatic content 
has also been observed following acute EtOH 
intoxication [3,5,7,9, U-151. In this vein, it has 
recently been found that EtOH feeding of rats 
caused a selective significant decrease in the 
mitochondrial GSH level. This condition rendered 
hepatocytes more vulnerable to the lethal effect of 
exogenous organic peroxides; the restoration of a 
normal mitochondrial GSH level fully prevented 
oxidative cell damage [16]. These results further 
support the view that mitochondrial GSH, which 
represents an independent pool in the cell, plays a 
critical role in protecting41 integrity against oxidant 
stress [17,18]. As to this point, a sustained increase 
in the formation of oxygen reactive species, such as 
superoxide anion (O:), has been reported to occur 
in the mitochondrial respiratory chain after acute 
EtOH intoxication in rats [19]. Hydroperoxide 
formation and depletion of mitochondrial GSH have 
also been found following acute EtOH administration 
to rats [20]. Structural and ~nctiona1 anomalies 
observed in liver mitochondria from EtOH-fed rats 
further indicate these organeiles as an important 
target for EtOH toxicity [21,22]. Recently, mito- 
chondrial dysfunctions have even been assessed in 
chronic alcoholic patients [23]. 

In order to gain a better insight into the mechanism 
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of acute EtOH hepatotoxicity we have evaluated the 
effect of this treatment on the mitochondrial GSH 
level, as well as on the functional integrity of the 
inner mitochondrial membrane, by transmembrane 
electrical potential measurements. The presence of 
lipid hydroperoxides in the mitochondrial membrane 
has been investigated. The same parameters have 
also been studied in mitochondria isolated from 
rats treated with L-buthionine-(S,R)-sulphoximine 
(BSO), which specifically inhibits GSH synthesis 
[24], either alone or in combination with EtOH. 

MATERIALS AND METHODS 

Female Wistar albino rats (200-250 g) were divided 
into four groups (N = 3-5) and fasted overnight. 
The first group (EtOH) was given a single 
intraperitoneal injection of 3.5 g EtOH/kg body wt 
as a 20% (w/w) solution in saline and killed after 
6 hr. To the second group (BSO), BSO was 
administered i.p. (8 mmol/kg) 7.5 hr before killing; 
one half of the dose was given initially and the 
remainder 1 hr later. The third group received both 
treatments in combination (BSO and EtOH). The 
control group received saline only. 

Animals of each group were killed by decapitation 
and the livers were quickly removed and homogenized 
(lo%, w/v) in 0.25 M sucrose. Liver mitochondria 
were isolated in 0.25 M sucrose according to standard 
procedure [25]. The method has been shown to 
provide a mitochondrial preparation whose cytosolic 
contamination does not exceed 2.5% of the total 
protein content as measured by recovery of marker 
enzymes [26]. 

The standard incubation medium had the following 
composition: 100 mM NaCl; 3 mM sodium-pot- 
assium phosphate buffer (pH 7.4); 10 mM Tris-HCI 
buffer (pH 7.4); 5 mM MgCl*. The respiratory 
substrate used was 2 mM sodium succinate plus 4 PM 
rotenone. 

The transmembrane electrical potential (AY) was 
measured at 25”, in a final volume of 1.5 mL of 
incubation medium containing 20 PM tetra- 
phenylphosphonium chloride (TPP+), by monitoring 
with a TPP+-selective electrode the movements of 
TPP+ across the membrane according to Kamo et 
al. [27]. The respiratory states were those defined 
by Chance and Williams [28] on the basis of the 
factors limiting the respiration. 

Total hepatic and mitochondrial GSH was 
measured on a deproteinized extract using the HPLC 
method of Reed et al. [29], as described in Ref. 30, 
in a Hewlett-Packard 1090 liquid chromatograph, 
equipped with a diode array detector. GSH was 
revealed at 357 nm against known quantities of 
external standard GSH (l-4 nmol). 

Fatty acid hydroperoxides with conjugated diene 
were analysed on mitochondrial lipid extract after 
saponification, by HPLC analysis according to the 
method of Banni et al. [31]. Aliquots of 20 PL were 
injected into a reverse-phase C-18 column (Supelcosil 
4.6 mm x 25 cm). The mobile phase was acetonitrile- 
water-acetic acid (85:15:0.12, v/v). The photodiode 
array detector was set to measure UV absorbance 
of each eluting peak at 234 nm and simultaneously 
their simple and second derivative spectra between 

Table 1. The effect of administration to rats of EtOH, 
BSO and BSO plus EtOH on GSH levels in hepatic tissue 

and in the mitochondrial fraction 

Hepatic GSH level 
Experimental Mitochondria Tissue 
conditions (nmol/mg protein) (PmoVg) 

Control 3.96 -c 0.67 4.30 k 1.32 
EtOH 2.32 2 0.55* 1.92 Ifr 0.43* 
BSO 1.68 f O.ll* 0.68 t 0.24* 
BSO + EtOH 1.33 -e 0.13* 0.33 k 0.05 

GSH determination was performed by HPLC as 
described in Materials and Methods. 

Data are given as means f SD of three to five separate 
experiments. 

* P < 0.01 using Student’s t-test in comparison to control. 

300 and 200 nm. 9-S-Hydroperoxy-octadecadienoic 
acid (HPODE) was used as a standard, eluting with 
a characteristic retention time of 3.476min and 
presenting in second derivative spectra two minima 
peaks at 233 and 242 nm. 

Protein concentration was determined by the 
biuret method with bovine serum albumin as 
standard. 

HPODE was obtained from Oxford Biochemical 
Research (Oxford, U.K.). GSH and BSO were 
purchased from the Sigma Chemical Co. (St. Louis, 
MO, U.S.A.). The glutathione methyl monoester 
(GSH-EE) was prepared by selective esterification 
of the glycin carboxyl group of glutathione with 
methanol [32]. 

RESULTS 

Table 1 shows the effect of administration to rats 
of EtOH, BSO and BSO plus EtOH on the GSH 
level in hepatic tissue and the mitochondrial fraction. 
EtOH intoxication brings about a significant 
reduction by 55% in hepatic GSH concentration and 
by 41% in the mitochondrial GSH pool. It also 
appears from the table that BSO treatment results 
in a marked decrease by 84% in hepatic GSH and 
by 58% in mitochondrial GSH. The combined 
treatment of BSO plus EtOH further enhances GSH 
depletion in a synergistic way. 

In order to evaluate the effect of GSH depletion 
resulting under different experimental conditions 
(BSO and EtOH treatments) on mitochondrial 
functional efficiency we measured the mitochondrial 
membrane potential, a parameter which gives a 
direct indication of the energy transducing capability 
of mitochondria [33]. Figure 1A shows that control 
mitochondria, upon the addition of an oxidizable 
substrate, develop a membrane potential of 
approximately 200 mV (State 4 conditions). Addition 
of ADP, which induces metabolic transition to State 
3, causes an immediate fall to 168 mV, which 
corresponds to the energy utilized for ATP synthesis. 
When the phosphorylation cycle is completed 
(approx. 2 min), the membrane potential returns to 
almost its initial value. Mitochondria from EtOH- 
intoxicated rats (Fig. lB), upon addition of a 
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Fig. 1. Effect of acute EtOH intoxication to rats on the transmembrane potential of isolated liver 
mitochondria. Mitochondria (3 mg/mL) isolated from control (A) and EtOH-treated rats (B and C) 
were incubated at 25” for 2 min in 1.5 mL of standard medium and then energized by the addition of 
2mM Na-succinate (succ.). The arrows indicate the additions of 0.33mM ADP. Where indicated, 
1 mM EGTA or 3 mM GSH-EE were present in the incubation medium for 2 min before the addition 
of succinate. AE, electrode potential. The traces are representative of three different experiments 

performed on a pool of three animats. 

substrate, acquire a consistently lower AY (184 mV); 
addition of ADP induces a drop of AY, the extent 
of which is substantially lower than that of control. 
It has to be noted that a longer time to phospho~late 
exogenous ADP (approx. 3 min) is required by these 
mitochondria. The same functional anomalies were 
revealed by oxygen uptake measurements, i.e. a 
decrease in the respiratory control index as well as 
in the ADP/O ratio (not shown). These results fit 
in the definition of oxidative phosphorylation 
uncoupling [34-361. It appears in Fig. 1C that the 
presence in the mitochondrial incubation medium of 
(GSH-EE), which restores the mitochondria1 GSH 
level [30], results in partial normalization of the 
membrane potential pattern. The presence of 
EGTA, which specifically chelates the available 
Ca*+, brings about almost complete restoration of 
the membrane potential. 

The combined treatment with BSO plus EtOH 
further enhances these functional modifications in 
the oxidative mitochondrial metabolism (Fig. 2). 
Panel B shows that the membrane potential 
developed by these mitochondria after the addition 
of succinate (160mV) is lower than that with 
mitochondria from EtOH-treated rats and the length 
of time required to phosphorylate ADP is longer 
(approx. 6 min). The extent of AY drop after ADP 

addition appears to be lower too. Also in this case, 
the presence in the mitochondrial incubation medium 
of either GSH-EE or EGTA improves the AY 
pattern during a complete cycle of phospho~lation 
(Fig. 2C). 

Conjugated diene fatty acid hydroperoxides, 
intermediate products of lipid peroxidation, may 
account for the mit~hond~al dysfunction resulting 
from EtOH and BSO plus EtOH treatments. Their 
presence in the mitochondrial membrane has been 
investigated by HPLC analysis and second derivative 
UV spectrophotometry. Figure 3 shows the chro- 
matographic trace at 234 nm of lipid hydroperoxides 
of liver mitochondria isolated from BSO plus EtOH- 
treated rats. A specific peak of polyunsaturated fatty 
acid hydroperoxides, such as HPODE, which elutes 
at 3.479min can be seen. This compound presents 
two minima peaks at 233 and 242 nm, characteristic 
of trans-trans and cis-trans conjugated dienes [8], 
in the second derivative of the absorption spectra 
(upper panel). Similar results were found in liver 
mitochondria from EtOH-treated rats (not shown). 
By contrast, no fatty acid hydroperoxides with 
conjugated dienes were detected following BSO 
administration as well as in control rats. 

In order to verify whether lipid hydroperoxides, 
endogenously formed during EtOH metabolism, 
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Fig. 2. Effect of combined administration of BSO plus EtOH to rats on the transmembrane potential 
of isolated liver mitochondria. Mitochondria (3 mg/mL) isolated from control (A) and BSO + EtOH- 

treated rats (B and C). All experimental conditions as in Fig. 1. 
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Fig. 3. Phospholipid fatty acid hydroperoxide anaiysis by reverse-phase HPLC of liver mitochondr~a 
isolated from EtOH plus BSO-treated rats. The chromatographic analysis was revealed at 234nm; 
mAU, absorption units. Insert: second derivative UV absorption spectrum of the peak eluted with a 
retention time of 3.479 min. All other experimental conditions as described in Materials and Methods. 

are responsible for the mitochondriai functional EtOH intoxication (see Table I). Figure 4A shows 
derangement we have tested the effect of exogenous that mitochondria from BSO-treated rats exhibit 
HPODE on the membrane potential of mitochondria very normal AY values during a complete cycle of 
from BSO-treated rats. In fact, the GSH content of phosphorylation. Then, addition of an uncoupler, 
these mitochondria is very similar to that found after such as pentachlorophenol, causes the membrane 
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Fig. 4. Effect of exogenous HPODE on the transmembrane potential of liver mitochondria isolated 
from BSO-treated rats. Mitochondria (3 mg/mL), isolated from BSO-treated rats, were incubated at 
25” for 2 min in 1.5 mL of standard medium and then energized by the addition of 2 mM Na-succinate 
(succ.). The arrows indicate the additions of 0.33mM ADP and 2OpM pentachlorophenol (PCP). 
Where indicated, HPODE (1.5 n~oI/mg protein), 1 mM EGTA (B) and 3 mM GSH-EE (C) were 
present in the incubation medium for 2 min before the addition of succinate. Ah other experimental 

conditions as in Fig. 1. 

potential to collapse completely. The resence of 
HPODE, at a concentration of 1.5 run01 P mg protein, 
causes a partial loss of coupled functions in these 
mitochondria (Fig. 4B, C). The extent of the 
uncoupling, in agreement with previous results [30], 
appears to be dependent on the concentration 
of HPODE used: complete inner membrane 
depletion occurs at a inundation of 4.5 nmol/ 
mg protein (not shown). The addition of the same 
amount of HPODE to control mitochondria does 
not modify the membrane potential pattern during 
a complete cycle of phosphorylation (not shown). It 
also appears (Fig. 4B) that the presence of EGTA 
fully prevents the membrane potential derangement 
induced by HPODE. GSH-EE (Fig. 4C) protects 
almost completely from HPODE-induced damage. 
A full restoration of AY is also observable when 
EGTA is added 2min after exogenous ADP 
has been phosphorylated. By contrast, neither 
oligomycin (2 mol/mg protein), an inhibitor of ATP 
synthase, nor Ruthenium red (2 nmol/mg protein), 
which inhibits the el~ophoretic calcium uptake, 
appreciably modifies the membrane potential 
alterations induced by HPODE (not shown). 

DISCUSSION 

The present results provide evidence that 

conjugated diene fatty acid hydro~ro~des, such as 
HPODE, which are intermediate products of lipid 
peroxidation, induce a permeability change in the 
mitochondrial inner membrane, which results in the 
partial loss of coupled functions in liver mitochondria 
following acute EtOH intoxication to rats. They also 
show that the level of mitochondriai GSH plays 
a critical role in the mechanism underling 
mitochond~al dysfunction, by influencing the 
susceptibility of the inner membrane to oxidant 
stress induced by endogenously formed lipid 
hydroperoxides during EtOH metabolism. 

It is well known that acute ethanol administration 
to rats produces a drastic decrease in the hepatic 
content of GSH, the most irn~~ant protective 
biomolecuie against chemically induced cytotoxocity . 
In fact, GSH can participate in the elimination 
of either reactive xenobiotics by conjugation, 
hydroperoxides by reduction or free radicals by 
direct quenching. The mechanisms proposed to 
account for GSH depletion in the case of EtOH 
intonation involve: (a) binding of GSH to 
acetaldehyde, derived from EtOH [37], (b) oxidation 
of GSH by lipid peroxides produced through EtOH 
metabolism [2] and (c) impaired GSH synthesis [15]. 
Cellular GSH exists as two metabolically independent 
pools, the bulk of which (85%~90%) is localized in 
the cytosol, whereas the remainder is com- 
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partmentalized in the mitochondria [38]. During 
aerobic metabolism, 3-5% of O2 consumed by 
hepatic mitochondria is incompletely reduced, 
producing some oxygen free radicals and hydrogen 
peroxide [39,40]. Ethanol intoxication results in a 
further production of 0, and H202 during its 
metabolism by secondary patterns [2,41,42], by 
microsomal oxidizing enzymes [7] and through 
the mitochondrial respiratory chain [ 191. Since 
mitochondria have no catalase, the concentration of 
GSH is critical in reducing H202 as well as lipid 
hydroperoxides through the glutathione enzyme 
system. Conditions of severe mitochondrial GSH 
depletion, when the GSH concentration is far below 
the Km value for GSH of GSH peroxidase, which is 
3 mM [43], may render ineffective the couple GSH 
peroxidase-GSH reductase in reducing hydro- 
peroxides. Indeed, the maintenance of mitochondrial 
GSH homeostasis protects cell integrity under 
conditions of oxidant stress [16-18,44,45]. The 
results obtained here on the effect of BSO treatment 
on mitochondrial functions demonstrate, in agree- 
ment with previous findings [30], that liver 
mitochondria, in spite of a drastic depletion of their 
GSH content, are still able to reduce oxygen reactive 
species that are formed during basal aerobic 
metabolism. In fact, they present a very normal 
membrane potential pattern during a complete cycle 
of phosphorylation. By contrast, the results obtained 
following EtOH and BSO plus EtOH treatment as 
well as in the case of exogenous HPODE added to 
GSH-depleted mitochondria demonstrate that when 
conditions of stimulation from either endogenous or 
exogenous factors are associated with mitochondrial 
GSH depletion, the mitochondrial antioxidant 
defence system is overwhelmed: hydroperoxides 
accumulate and oxidative damage occurs. Specifi- 
cally, these mitochondria present membrane poten- 
tial decrease and partial loss of coupled functions, 
the extent of which is correlated with the degree of 
GSH depletion (Figs 1B and 2B) and with the 
amount of hydroperoxide added (Fig. 4) [30]. These 
results may give an explanation for some differences 
between the alterations in AYJ induced by the 
addition of a given amount of HPODE to BSO- 
treated mitochondria and those resulting from EtOH 
treatment. In fact, the actual concentration of 
endogenous HPODE in different cell compartments 
as well as the time course of its persistency, under 
in vivo conditions, cannot be measured with 
certainty. Once the mitochondrial GSH level has 
been restored by the use of GSH-EE [32], a condition 
which allows hydroperoxides to be reduced by 
the GSH peroxidase-GSH reductase couple, the 
membrane potential anomalies are almost completely 
prevented. Similar conclusions have been put forward 
for the onset of 15-hydroperoxyeicosatetraenoic 
acid (HPETE)-induced cytotoxicity as being closely 
related to the decreased capacity of GSH peroxidase 
to reduce it. In fact, it has been found that either 
the restoration of normal GSH cell levels or the 
addition of sodium selenite (a cofactor of GSH 
peroxidase) and ebselen (a synthetic organoselenium 
compound with GSH peroxidase-like activity) fully 
prevents endothelial cell injury caused by 15 
hydroperoxyeicosatetraenoic acid [45]. Less efficient 

oxidative phosphorylation has been demonstrated 
previously in liver mitochondria as a result of chronic 
EtOH intoxication [46]. Furthermore, a correlation 
between the degree of mitochondrial GSH depletion 
and the progression of liver damage has been 
reported recently in an experimental model of long- 
term ethanol feeding of rats [44]. 

Hydrogen peroxide and fatty acid hydroperoxides, 
here detected in the mitochondrial membrane from 
EtOH and BSO plus EtOH-treated rats, can 
reasonably account for the mitochondrial functional 
derangement. Polyunsaturated fatty acid hydro- 
peroxides, such as HPODE, have been found to 
bring about a non-specific permeability transition in 
the mitochondrial inner membrane in the presence 
of inorganic phosphate and available Ca*+ with 
consequent loss of coupled functions, which may be 
dependent on the reversible opening of a Ca*+- 
dependent proteinaceous pore [30,47-49]. In seeking 
to elucidate further how the permeability transition 
could be regulated, it seems most likely that when 
HPODE, a highly reactive and hydrophobicmolecule 
[50], cannot be metabolized by the glutathione 
peroxidase enzyme system in the intermembrane 
space, it would partition in the domain of the 
membrane so as to regulate a proteinaceous channel 
or pore. Therefore, EGTA prevents and/or restores 
membrane potential derangement by restoring the 
initial permeability barrier of the inner mitochondrial 
membrane (pore closure) [30,47-49]. The enhance- 
ment of the energy dissipating Ca*+ cycling, a process 
which results from pyridine nucleotide oxidation 
following enzymatic hydroperoxide reduction 
[51,52], does not appear to be responsible for the 
membrane potential anomalies observed here. This 
proposal is further supported by the finding that, at 
variance with EGTA action, Ruthenium red as well 
as oligomycin does not appreciably restore the 
membrane potential of BSO-treated mitochondria 
incubated in the presence of HPODE. In agreement 
with the above considerations, experimental evidence 
is accumulating to indicate that the hepatotoxic 
effect of hydroperoxides may result from their direct 
action on membrane functional integrity [16,45,53] 
rather than through their enzymatic metabolism [54- 
561. 

This proposed mechanism of hepatotoxicity by 
endogenous hydroperoxides accumulating after acute 
EtOH intoxication, which involves the partial loss 
of functional integrity of the mitochondrial inner 
membrane as the early event, may reasonably 
represent an important causal factor in the onset of 
alcoholic liver disease. Furthermore, the present 
results strengthen the view that the small pool of 
GSH in mitochondria plays a critical role in 
protecting membrane functional integrity against 
oxidant stress. In this regard, it may be speculated 
that pathological conditions which affect the 
mitochondrial GSH status exacerbate ethanol 
hepatotoxocity. 
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