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Abstract-Male NMRI mice were fed a sucrose diet for 48 hr in order to reduce the hepatic glutathione 
content and to level off its diurnal variation. After administration of ally1 alcohol (AA: 1.1 mmol/kg), 
hepatic glutathione (24.3 2 7.0 nmol GSH/mg protein) was almost totally lost within the first 15 min 
(<OSnmol GSH/mg protein). Subsequently, a massive lipid perioxidation was observed, i.e. the 
animals exhaled 414 * 186 nmol ethaue/kg/hr compared to 0.9 + 0.8 of controls, and the hepatic TBA- 
reactive compounds had increased from 55 * 16 pmol/mg protein in controls to 317 2 163 after 1 hr. 
Con~mitan~y, a 40-45% loss of the pol~nsaturated fatty acids (arac~donic and do~osahexaenoic 
acid) in the liver lipids was observed. About 80% of the cytosolic alcohol dehy~ogenase activity and 
about 50% of the microsomal P450-content were destroyed. 

In vivo-inhibition of alcohol dehydrogenase by pyrazole or induction of aldehyde dehydrogenase by 
phenobarbital abolished AA-induced liver damage as well as glutathione depletion and lipid peroxi- 
dation, while inhibition of aldehyde dehydrogenase by cyanamide made a subtoxic dose of AA 
(0.60 mmol/kg) highly toxic. These results strongly favour the importance of acrylic acid formation as 
an additional detoxification pathway. Enhanced hepatic levels of glutathione protected in vivo against 
the damaging effects of AA. Depletion of the liver glutathione content by phorone or diethylmaleate 
alone caused marginally enhanced lipid peroxidation (phorone) but no liver cell damage. Mono- 
oxygenase inhibitors (metyrapone, diethyldithiocarbamate, cu-naphthoflavone) or an inducer 
(benz(a)pyrene) did not affect AA-induced toxicity. The ferric iron chelator desferoxamine- 
methanesulfonate prevented AA-induced lipid peroxidation and liver cell damage in vivo. In vitro, 
acrolein alone failed to initiate lipid peroxidation in soy bean phospholipid liposomes or in mouse liver 
microsomes. Thus, acrolein not only impairs the glutathione defense system but also directly destroys 
cellular proteins and evokes lipid peroxidation by an indirect iron-depending mechanism. 

In a series of papers [l-5], we reported that acute 
intoxication of mice with certain drugs, such as par- 
acetamol, leads to lipid peroxidation and simul- 
taneously to liver damage. All compounds used were 
metabolized by the microsomal monooxygenase 
system, and we discussed reactive oxygen species, 
derived from the monooxygenase system during the 
metabolism of these compounds, as possible 
initiators of lipid peroxidation. 

In contrast to this type of compounds, ally1 alcohol 
(AA)* represents an established hepatotoxin [6] 
which is metabolized via the cytosolic enzyme alcohol 
dehydrogenase to acrolein [7]. Acrolein is considered 
as the toxic metabolite [8, 91 which may be respon- 
sible for the extensive periportal necrosis observed 
in the rodent liver after acute ally1 alcohol intoxi- 
cation [6, 91. Acrolein is of great toxicological 
importance, not only since AA and acrolein are 
important synthetic intermediates in chemical indus- 
tries [RI-123 but acrolein occurs also as a toxic metab- 
olite of the widely used anticancer drug cyclo- 
phosphamide [13], as a combustion product of petrol, 

* Abbreviations used: AA, ally1 alcohol; LPO, lipid per- 
oxidation; TBA, thiobarbitu~c acid-reactive material; 
SGOT, serum glutamic oxaloacetic trans~inase; SGPT, 
serum glutamic pyruvate transminase; ADH, alcohol 
dehydrogenase; AlDH, aldehyde dehydrogenase. 

coal, wood and plastics [14] and is a component of 
tobacco smoke [12]. Acrolein is a powerful elec- 
trophile which spontaneously reacts with sulphhydryl 
groups [ 151. Incubation of isolated hepatocytes with 
acrolein decreased cellular glutathione levels and 
caused cell death [14, 161. In this system cytosolic 
enzymes were released with a similar time course as 
TBA-reactive material was formed [14]. Therefore, 
peroxidative damage of lipids might be the cause of 
the cytotoxicity of acrolein. 

The aim of the present study was to investigate 
the special contribution of glutathione depletion, 
lipid peroxidation and protein denaturation to ally1 
alcohol-induced liver cell damage as well as the role 
of different detoxification pathways in vim. Fur- 
thermore, mechanistic aspects of AA-induced lipid 
peroxidation were addressed. 

MATERIALS AND METHODS 

Chemicals. Ally1 alcohol (AA), pyrazole, 
phorone, diethylmaleate and a-naphthoflavone were 
purchased from Fluka AG (Buchs, Switzerland), 
reduced glutathione was obtained from Boehringer 
AG (Mannheim, F.R.G.), metyrapone and des- 
feroxaminemethanesulfonate (Desferal~) were 
obtained from Ciba Geigy AG (Basel, Switzerland) 
and cyanamide, diethyldithiocarbamate and 
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benz(~)pyrene were purchased from Sigma Chemie 
GmbH (Muenchen, F.R.G.). 

Animals. Male albino mice (NMRI) with an aver- 
age body weight of 15 g were fed for at least 4 weeks 
a low Vitamin E diet, C 1018 (Altromin, Lage, 
F.R.G.) (0.55 mg vit.E/kg), described in detail else- 
where [2]. Unless otherwise stated the pellet diet 
was withdrawn from the animals 48 hr prior to the 
experiment (ally1 alcohol administration) to decrease 
the liver glutathione content and to level off its 
diurnal variation [17]. In order to avoid complete 
starvation, the animals received a sucrose solution 
(lo%, w/w) during this period. All experiments were 
started at 5p.m. by intra~~toneal app~cation of 
ally1 alcohol (40-100 ~1 AA/kg co~esponding to 
0.6C!-1.5 mmol AA/kg). Various pretreatments of 
animals were performed as follows: glutathione 
(0.53 mmol/kg) was injected intravenously 2 hr prior 
to ally1 alcohol; phorone (300mg/kg) was injected 
i.p. and the animals were killed 2 hr later; diethyl- 
maleate was injected i.p. in doses of 400mg/kg 
40 min, 20 min and at the start of the ethane measure- 
ment, respectively; the mice were killed 1 hr later. 
The monooxygenase inhibitors metyrapone (150 mg/ 
kg), diethyldithiocarbamate (100 mg/kg) and (Y- 
naphthoffavone (lOOmg/kg) were injected i.p. 30 
min prior to AA; benz(a)pyrene was injected i.p. in 
doses of 2Omg/k 
pyrazoie (375 mg f 

on day 3, 2 and 1 prior to AA; 
kg) or cyanamide (50 mgfkg) were 

injected i.p. 1 hr prior to AA. 
Desferoxaminemethanesulfonate was injected in 

two daily doses of 0.6 mmol/kg (s.c.) for 3 days. The 
animals received only sucrose solution in bidestilled 
water during the pretreatment. The last dose of 
Desferal@ was administered 2 hr prior to AA. Pheno- 
barbital induction was performed by feeding a solu- 
tion of PB in the drinking water (1 mg/ml) for 5 days. 
PB was withdrawn 24 hr prior to AA administration. 

Methods. Hydrocarbon exhalation of single ani- 
mals were measured over a period of 1 or 4 hr or 
until death as described [ 181. The animals were killed 
after 1 or 4 hr. Immediately after they died, blood 
was taken by heart puncture and the liver was per- 
fused with ice-cold saline, removed and in part homo- 
genized in 3% metaphosphoric acid for deter- 
mination of total soluble glutathione by the method 
of Tietze [ 191. TBA-reactive material was measured 
as described [20]. Protein was determined according 
to Lowry et al. [21] using bovine serum albumin as 
a standard. Another part of the liver was homo- 
genized in 100mM potassium phosphate buffer 
(pH 7.4) and the hepatic P-450 content was deter- 
mined in the homogenate as described by Matsubara 
et al. f22], alcohol dehydrogenase and aldehyde 
dehydrogenase activities in the ~stmitochond~al 
supernatant according to ref. 23. Serum trans- 
aminase activities (SGOT, SGPT) were measured in 
heparinized serum according to ref. 23. 

In some experiments a part of the liver was homo- 
genized in saline and extracted with hexane/iso- 
propanol [24] in the presence of heptadecanoic acid 
methylester as internal standard and 0.05% butylhy- 
droxytoluene as antioxidant. The extract was hydro- 
lyzed in methanolic KOH and esterified in the pres- 
ence of 14% boron trifluoride Serva AG, 
Heidelberg, F.R.G.). The methylesters were dried 

by NazS04 and 2 fl were injected into a Carlo-Erba 
2150 gas chromato~aph equipped with an OV 110 
capillary column and a flame ionization detector. A 
temperature program from 70” to 240” was run within 
40 min using Hz as carrier gas. The individual fatty 
acids were identified with standard mixtures of fatty 
acids methylesters (Serva AG, Heidelberg, F.R.G.). 
The total phospholipid content of the livers was 
determined as described [25]. 

Liposomes from soy bean lecithin (Nattermann 
AG; Koeln, F.R.G.) were prepared as described in 
detail elsewhere [2]. The liposomes (0.75mg 
phospholipid/ml) or mouse liver microsomes (1 mg 
protein/~) were incubated in potassium phosphate 
buffer (100 mM; pH 7.4) and in the presence of 
various ~n~ntrations of acrolein (0, 0.3, 1, 3, 
10 mM) at 25” and normoxic conditions for 1 hr. The 
incubations were performed in gas tight syringes as 
described [4]. After 1 hr, 7 ml of the head space gas 
were isobarically withdrawn and analyzed by gas 
chromatography. One milliliter of the suspension 
was extracted with chloroform/methanol (2: 1) and 
the conjugated dienes were determined as described 
in detail [26]. Two 500 ~1 aliquots of each suspension 
were incubated with thiobarbituric acid at 95” for 
15 min and measured at 535 nm. Additionally, two 
400 $ aliquots of liposomal suspension were mixed 
with 400 ~1 of a GSH solution (30 mM). Since acro- 
lein reacts spontaneously with GSH and forms a 1: 1 
adduct [2’7], the amount of disappearing glutathione 
is equimolar to the amount of acrolein which re- 
mained unaltered in the liposomal suspension, Free 
acrolein, however, reacts also with thiobarbituric 
acid and gives rise to an additional absorbance at 
535 nm [28], Therefore, the total absorbance was 
corrected by the absorbance caused by the acrolein- 
TBA-adduct. The latter absorbance was determined 
with the free acrolein concentration in the suspension 
and a standard curve of acrolein with thiobarbituric 
acid. 

Statistics. Results are expressed as mean values f 
standard deviation (SD). Data were analyzed by 
Student’s t-test. P< 0.05 was considered to be 
significant. 

RESULTS 

The dose-response relationship of ally1 alcohol 
(AA) intoxication was studied in mice (Table 1). AA 
administration caused severe liver damage (evalu- 
ated by increased SGOT activities) and significant 
decreases of the liver glutathione content at any dose 
investigated. Half of the animals died within 2 hr 
after receiving 0.75 nmole AA/kg, whereas all ani- 
mals died within 1 hr at higher doses. Furthermore, 
at any dose investigated significant in uivo ethane 
exhalation and high concentrations of TBA-reactive 
material in the liver postmortem was observed. Both 
parameters indicate that the metabolism of ally1 alco- 
hol in mice led to massive lipid peroxidation in the 
liver. These conclusions were further corroborated 
by comparing the hepatic fatty acid composition of 
AA-intoxicated mice with controls. As shown in 
Table 2 a significant reduction of the total phospho- 
lipid content and significant changes in all fatty acids 
(except palmitic acid) became evident in severely 
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Table 1. Dose-response relationship of ally1 alcohol-induced in uivo lipid peroxidation, liver cell damage and hepatic 
glutathione depletion in mice 

AA Ethane exhalation TBA (liver) SGOT Glutathione (liver) 
(mmol/kg) (nmol/(kg x hr) (pmol/mg protein) (U/l) (nmol/mg protein) N m t 

0 0.9 ? 0.8 55 ? 16 117 + 61 24.3 f 7.0 10 0 - 
0.75 85.0 ? 59.7** 191 2 137** 1650 2 1590** 2.3 2 2.2** 10 5 117 ‘- 53 
1.10 414 * 186** 317 2 163** 1930 * 1300** 0.4 2 0.2** 17 17 56 -t 17 
1.50 470 + 155** 216 r 93** 1283 2 739** 0.2 * 0.1** 10 10 54 2 28 

The animals received different doses of ally1 alcohol (AA) intraperitoneally. Ethane exhalation was determined up to 
4 hr after AA injection or until death. Serum glutamic oxaloacetic acid transaminase activities (SGOT), hepatic TBA- 
reactive material and total soluble glutathione content of the liver (GSH-equivalents) were determined post mortem. 

N = number of animals used; m = number of animals which died before the end of the experiment (4 hr after AA 
administration). t = average survival time (mm) of the mice in column m. Data are given as means + SD. ** P < 0.01. 

damaged livers. The most prominent changes were 
the 40-45% loss of the polyunsaturated fatty acids 
arachidonic and docosahexaenoic acid and sur- 
prisingly also a 30% loss of the stearic acid. The 
degree of unsaturation (relative percentage of the 
fatty acid x number of double bonds) in the hepatic 
lipids declined from 186.7 f 12.4% (controls) to 
146.9 * 12.6% (N = 8, P < 0.001) in AA-intoxicated 
mice. 

In order to elucidate possible cause-and-effect- 
relationships of AA toxicity, the time dependence 
of glutathione depletion, LPO and liver damage was 
studied. As shown in Fig. 1, the rapid loss of hepatic 
glutathione within the first 15 min after AA adminis- 
tration (1.1 mmol/kg) was accompanied by an 
immediate increase of hydrocarbon exhalation. As 
soon as after 30 min, SGOT release was significantly 
increased. These results indicate that glutathione 
depletion and LPO are early pathogenic events in 
AA toxicity, immediately followed by increasing 
enzyme release from liver indicating severe cell 
damage. 

In the following experiments the oxidation of AA 
to the respective aldehyde acrolein was blocked in 
vivo by administration of the alcohol dehydrogenase 
inhibitor pyrazole [29]. Data in Table 3A show that 
glutathione depletion, LPO as well as liver cell 

Table 2. Phospholipid content and fatty acid composition 
of livers from control and ally1 alcohol-intoxicated mice 

Phospholipid content (pg/mg 
protein) 
Fatty acids: 

Palmitic 
Palmitoleic 
Stearic 
Oleic 
Linoleic 
Arachidonic 
Docosahexaenoic (22 : 6) 

C 

139 2 8 117 f 9* 

19.5 f 1.6 
1.5 2 0.2 

17.2 * 1.3 
13.8 +- 3.2 
21.3 +- 1.6 
14.7 * 0.9 
11.6 f 1.6 

19.8 t 1.4 
2.6 2 0.9* 
8.3 ? 1.9* 

20.3 2 5.5* 
24.6 r 3.5* 

8.4 -c 2.1: 
6.9 2 2.2* 

AA 

The animals received ally1 alcohol (1.1 mmol AA/kg) 
or saline (C) intraperitoneally and were killed 1 hr after 
injection of the compounds. The individual fatty acid is 
given as per cent of the total identified fatty acids in the 
liver. 

Data are means t SD of N = 8 animals. *P < 0.05. 

damage was prevented in pyrazole-treated mice. 
Inhibition of hepatic aldehyde dehydrogenase activi- 
ties by cyanamide [30] prevents the metabolism of 
acrolein to acrylic acid. A subtoxic dose of AA 
(0.60 mmol/kg) became highly toxic in cyanamide- 
pretreated animals, as indicated by increasing ethane 
exhalation rates, glutathione depletion and trans- 
aminase release as well as a 40% mortality within 
1 hr (Table 3B). Since it is known that phenobarbital 
pretreatment induces aldehyde dehydrogenase 
activities in mice [31,32], we used PB to substantiate 
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Fig. 1. Time dependence of ally1 alcohol-induced toxic 
effects in mice in uivo. The animals received 1.10 mmole 
AA/kg intraperitoneally and the hydrocarbon exhalation 
of N = 5-10 animals was monitored. Several animals died 
within the observation time and only 2 animals survived up 
to 2 hr. Therefore, the mean values of t = 90-120 min are 
given without SD. After the times indicated groups of N = 
5 animals were killed and hepatic glutathione content (0) 
and SGOT activities (+) were determined as described in 
Materials and Methods. Data are shown as means *SD. If 
no SD is shown (glutathine, SGOT), the values are smaller 

than the symbol. 
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Fig. 2. Time dependence of ally1 alcohol-induced toxic 
effects in glutathione-pretreated mice in duo. Sucrose- 
fed animals received 0.5 mmol GSH/kg intravenously 2 hr 
prior to ally1 alcohol intoxication (AA: 1.1 mmol/kg). 
Ethane exhalation from individual animals was measured. 
Groups of N = 5 mice were killed after various times; serum 
transaminases @GOT, SGPT), glutathione concentration 
and the P-450~content in liver homogenate (100%: 
22.7 2 4.0 nmol/g liver wt.) and hepatic alcohol dehydro- 
genase (ADH) activities in the postmitochondrial super- 
natant (100%: 0.86 +- 0.18 U/g liver wt.) were determined 
as described in Materials and Methods (closed symbols). 
Additionally, a group of AA-intoxicated animals (N = 5) 
without glutathione pretreatment were killed after 1 hr 
(open symbols). Given are the mean values ? SD. 

*P < 0.05 (compared to 0 time values). 

further the protective role of AlDH in .4A intoxi- 
cation. PB increased AlDH activities from 
1.37 ? 0.42 mU/mg protein (N = 6) in controls to 
3.92 2 1.84 (N = 5; P < 0.01) in PB-treated mice. 
This pretreatment totally inhibited AA-induced tox- 
icity (Table 3C). The protective effects of p were 
sensitive to cyanamide (AlDH-inhibitor) but were 
not affected by the monooxygenase-inhibitor 
metyrapone. 

In order to further elucidate the molecular mech- 
anism of AA toxicity a cytosolic (ADH) and a micro- 
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Table 4. Effect of hepatic glutathione-depletion on lipid peroxidation and liver cell damage 

Controls (5) 
Phorone (5) 

DEM (5) 

Ethane 
exhalation 

(nmol/kg x hr) 

121 
11 t 6** 
2a1 

TBA 
(liver) 

( pmol/mg prot .) 

55 ? 16 
85 2 26 
54 r 7 

Glutathione 
(liver) 

(nmol/mg prot.) 

20.4 2 6.6 
0.9 h 0.2** 
4.2 f 2.7”* 

SGPT 
(U/l) 

84 2 47 
69 ? 9 
75 f 29 

Phorone was administered as a single dose of 300 mg/kg and diethylmaleate (DEM) was 
injected as doses of 400 mg/kg three times in intervals of 20 min. The animals were killed 2 hr 
after phorone and 1 hr after the last dose of DEM. Parameters were determined as described in 
legend of Table 1. Values are given as means 2 SD. **P < 0.01. 

somal enzyme activity (P-450) was determined 1 hr 
after AA administration (1.1 mmol/kg). ADH- 
activities were reduced by 80% in the cytosol of AA- 
intoxicated mice (Controls: 0.97 ? 0.15 U/g liver wt, 
N = 8; AA: 0.20 ? 0.07 U/g, N = 8, P < 0.01). Hep- 
atic monooxygenase content decreased from 
35.2 + 9.7 nmol/g liver wt. (C, N = 8) to 11.8 + 2.7 
(AA, N = 8; P < 0.01). The disappearance of vari- 
ous enzyme activities in the liver was prevented by 
pretreating the animals with pyrazole. 

Since iron ions are thought to play a major role in 
the initiation and propagation of lipid peroxidation 
[33], mice were pretreated with desferoxamine- 
methanesulfonate, a potent chelating agent of Fe3+. 
As shown in Table 3A, Desferal@ protected the 
animals effectively against AA-intoxication 
(l.lmmol/kg), i.e. ethane exhalation, TBA for- 
mation and transaminase release were similar to 
Desferal@ treated control animals (without AA). 
Desferal@ also diminished the dramatic decrease of 
the hepatic glutathione content, but Desferala did 
not inhibit ADH activities in vitro. 

Since the primary metabolite acrolein is likely to 
deplete the organ glutathione content, enhancement 
of the organ glutathione level should protect the 
animals from the deleterious effects of AA treat- 
ment. We showed previously that a single intra- 
venous load of glutathione [3, 17, 341 increased the 
liver glutathione content of sucrose-fed mice from 
20 to a maximum of 40-45 nmol GSH/mg protein 
within 2 hr. Therefore, we applied this regimen of 
pretreatment also to AA-intoxicated mice. As shown 
in Fig. 2 the hepatic gluthatione level rapidly declined 
in the first 30 min after AA administration and slowly 
increased afterwards. At the nadir of the hepatic 
glutathione content a slight ethane exhalation was 
observed, which did not continue after 60 min. At 
that time the serum transaminase activities started 
to increase significantly, indicating a moderate liver 
cell damage. Ethane exhalation rates and serum 
enzyme levels of animals not pretreated with GSH 
showed much higher values. Glutathione treatment 
did not prevent a decline of the ADH activities 
but totally protected the microsomal P-450-content 
against acrolein-induced denaturation (Fig. 2). 

The question arose whether lipid peroxidation in 
AA toxicity was caused solely by the total depletion 
of the hepatic glutathione content. Administration 
of the glutathione depleting agents DEM [35] or 
phorone [36] reduced the hepatic glutathione content 
without affecting the transaminase release of the 

hepatocytes (Table 4). Phorone, which caused glu- 
tathione depletion in the liver comparable to AA, 
induced moderate lipid peroxidation as indicated 
by an increased ethane exhalation. However, these 
animals did not show acute liver lesions either 2 hr 
(Table 4) or 5 hr (data not shown) after phorone 
application. 

Peroxidative destruction of phospholipids is one 
pathological mechanism of acrolein-induced toxicity. 
In order to characterize further the conditions by 
which acrolein was able to cause lipid peroxidation, 
lecithin liposomes or mouse liver microsomes were 
incubated with various concentrations of acrolein (O- 
10 mM) for 1 hr. Acrolein neither increased the con- 
centration of TBA-reactive material nor increased 
conjugated dienes in both systems (data not shown). 
Concomitantly, no ethane or pentane was detected 
in the head space gas of the incubations. During the 
incubation period the initial acrolein concentration 
in the liposomal suspension was maintained, i.e. 
the reactant was not consumed. However, no free 
acrolein was detected after incubation with micro- 
somes. Thus, acrolein alone was not able to initiate 
lipid peroxidation. These results indicate that oxygen 
radicals were necessary to start the lipid peroxidation 
process. A potential source of oxygen radicals in 
vivo may be the NADPH-P450-reductase [37] and 
the P-450-monooxygenase [38]. 

Epoxide formation of AA and acrolein via P- 
450-monooxygenase was suggested recently as an 
alternative metabolic pathway in vitro [ll]. There- 
fore, animals were pretreated with different mono- 
oxygenase inhibitors or inducers in order to elucidate 
a potential participation of the P-450-system in the 
metabolism of AA. However, neither inhibition by 
metyrapone (150 mg/kg), diethyldithiocarbamate 
(100 mg/kg) or o-naphthoflavone (100 mg/kg) nor 
induction by benz(a)pyrene (3 x 20 mg/kg) had any 
significant effect on AA-induced toxicity (LPO, glu- 
tathione depletion, transaminase release) in vivo 
(data not shown). As shown earlier, the inhibitor 
concentrations used were sufficient to protect effec- 
tively against acetaminophen-induced toxicity [l]. 

DISCUSSION 

In this study AA-induced hepatotoxicity was stud- 
ied in male mice. Metabolism is obviously a necessary 
condition in order to evoke liver damage following 
administration of AA, accompanied by LPO. Inhi- 
bition of the cytosolic enzyme alcohol dehydrogenase 
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by pyrazole, as well as induction of aldehyde 
dehydrogenase activities by phenobarbital sup- 
pressed lipid peroxidation and liver cell damage and 
prevented the nearly total loss of the hepatic glu- 
tathione content. Inhibition of aldehyde dehydro- 
genase activities by cyanamide potentiated AA- 
induced toxicity. These results support previous 
findings [8,9,27] that the reactive metabolite acro- 
lein caused the deleterious effects of AA intoxi- 
cation. Many toxicological effects of acrolein had 
been ascribed to its reactions with proteins, which 
was monitored in the form of covalent binding [9,39] 
resulting in a denaturation of various enzymes like 
microsomal monooxygenase [39-42]) P-450- 
reductase [43] and ADH [42] in uiuo and in uitra. 
This study confirms these observations and provides 
an additional mechanism, i.e. lipid peroxidation 
(LPO). Since it is known that lipid peroxidation 
also inactivates cytochrom P-450 [44, 451, we cannot 
decide from our results whether the decline of the 
monooxygenase activity is due to covalent binding of 
acrolein or due to the pero~dation of the microsomal 
membrane. 

Liver glutathione content seemed to be a critical 
parameter in the manifestation of acrolein toxicity. 
Animals which lost most of their hepatic glutathione 
content exhibited lipid peroxidation and liver cell 
damage. The time dependence of these effects (Fig. 
1) indicated that the dramatic decrease of the liver 
glutathione levels represented an early biochemical 
reponse to acrolein formation and suggest that it is 
a prerequisite to its toxic effects. However, the total 
loss of the hepatic glutathione content alone (pho- 
rone treatment) did not cause measurable cell 
damage but gave rise to marginal lipid peroxidation, 
This kind of LPO has been shown to originate at 
least in uitro from an unproductive cytochrome 
P-450-complex [46]. It is of particular interest to 
compare different ethane exhalation rates of mice 
with their respective glutathione levels in the liver. 
Diethylmaleate (4.2 nmol GSH/mg protein) and 
phorone (0.9 nmol/mg) 
and 11 nmol ethane/kg P 

retreated animals exhaled 2 
h (Table 4), but ally1 alcohol 

caused ethane exhalation rates of 70 nmol/kg/hr in 
glutathione-pretreated mice with hepatic glutathione 
levels of lOnmol/mg (Fig. 2). This further sub- 
stantiates that the glutathione depletion alone is not 
likely to account for AA-induced lipid peroxidation 
and liver cell damage. 

Supplying different precursors of intracellular glu- 
tathione protected against acrolein toxicity in vitro 
[16, 27, 401 and in uiuo [39, this study]. Acrolein 
reacts spontaneously, rapidly and irreversibly with 
glutathione [15]. A recent study showed the for- 
mation of an acrolein-glutathione adduct (1:l) in 
isolated hepatocytes [27]. This metabolite was rap- 
idly oxidized via an NAD+-dependent reaction. It 
was suggested that the aldehyde moiety of the glu- 
tathione adduct was converted to the respective acid 
by cytosolic aldehyde dehydrogenase activities [27]. 
These findings were supported by a former study 
1471, where only S-carboxyethylmercapturic acid and 
the respective methylester had been identified in the 
urine of acrolein-treated rats. However, Draminski 
e# al. [47] concluded from their results, that acrolein 
was initially oxidized to acrylic acid with the sub- 

sequent formation of a methyl ester which was then 
conjugated with glutathione and metabolized to the 
respective mercapturic acid. Our study also shows 
that the direct oxidation of acrolein by aldehyde 
dehydrogenase (AlDH) activities plays an important 
role in the detoxification of acrolein. Inhibition of 
AlDH by cyanamide further decreased the hepatic 
glutathione level and enhanced lipid peroxidation 
and liver damage. Furthermore, phenobarbital pro- 
tected the animals against AA-intoxication. The pro- 
tective effect of phenobarbital was cancelled by 
cyanamide, but was insensitive to inhibition of mono- 
oxygenase activities. These results suggest that 
induction of the hepatic AlDH-activities by pheno- 
barbital treatment caused the protection against the 
reactive metabolite acrolein. Thus, the direct oxi- 
dation of acrolein represents an essential detox- 
ification pathway in mouse liver with growing import- 
ance when glutathione levels are declining. 

This study shows that in uiuo cytosolically- 
metabolized ally1 alcohol leads to lipid peroxidation. 
Quantitatively, the ethane exhalation rates observed 
with AA are about four times as much as with the 
highest dose of paracetamol in mice [l, 23. Lipid 
peroxidation and liver cell damage paralleled in all 
experiments and the time course of hydrocarbon 
evolution compared to transaminase release seem to 
be fast enough to consider LPO as one of the impor- 
tant lesion mechanisms of AA toxicity. It is generally 
agreed that reactive oxygen species initiate LPO 
[for review see ref. 48). Redox cycling agents, i.e. 
compounds which can be reduced by flavin-con- 
taining enzymes to semiquinone radicals, are able to 
transfer their electron to oxygen and form superoxide 
anion radicals [49] and it was discussed that 07 and 
H202 are also formed during the microsomal metab- 
olism of paracetamol [l]. However, neither ally1 
alcohol nor acrolein were metabolized via a P-450- 
dependent reaction and both compounds did not 
show the structural features of redox cyclers. The 
data presented here indicate that in uiuo acrolein 
formation per se caused LPa. Acrolein may destroy 
the cellular defense mechanisms against LPO by 
consumption of glutathione and thus cause shortage 
of substrate for the glutathione peroxidase reaction. 
Secondly, possible denaturation of various cytosolic 
enzymes like glutathione peroxidase, superoxide dis- 
mutase or aldehyde dehydrogenase may be involved. 
Acrolein alone was not able to initiate LPO either 
in lecithin liposomes or in mouse liver microsomes. 
Therefore, other compounds must be involved in 
the initiation of LPO. The total protection of mice 
against AA-induced LPO and liver cell damage by 
desferoxaminemethanesulfonate demonstrates the 
essential participation of iron in this deleterious pro- 
cess. In a recent study, a protective effect of iron 
depletion by desferrioxamine against Ccl., intoxi- 
cation was shown, while this pretreatment did not 
protect against paracetamol [SO]. Desferrioxamine is 
an effective ferric iron-chelator [51] and inhibits 
redox cycling of the bound iron [52]. The central role 
of iron in LPO is well known (331, although it is still 
a matter of controversy which oxygen species does 
originally start LPO [48, 533. However, the intra- 
cellular concentration of free iron is extremely low 
[54]. Further investigations are necessary to clarify 
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27. Y. Ohno, K. Ormstad, D. Ross and S. Orrenius, 
Toxicol. appl. Pharmac. 78, 169 (1985). 

28. W. A. Pryor, in Molecular Basis of Environmental 
Toxicity (Ed. R. S. Bhatnagar), p. 3. Ann Arbor 
Science, Ann Arbor (1980). 

29. L. Goldberg and U. Rydberg, Biochem. Phamac. 18, 
1749 (1969). 

30. H. Marchner and 0. Tottmar, Acta akarmac. toxic. 43. 

the possible involvement of acrolein in the liberation 
of bound iron (ferritin, hemo-proteins) within the 
cell. 

Acknowledgements-The excellent technical assistance of 
Mrs M. Fausel is gratefully appreciated. This work was 
supported by the Deutsche Forschun8sgemeinschaft 
“Mechanismen toxischer Wirkung von Fremdstoffen”, 
grant We 686/10. 

REFERENCES 

1. A. Wendel and S. Feuerstein, Biochem. Pharmac. 30, 
2513 (1981). 

2. A. Wended, H. Jaeschke and M. Gloger, Biochem. 
Pharmac. 31. 3601 (1982). 

3. A. Wendel and H. Jaeschke, Biochem. Pharmac. 31, 
3607 (1982). 

4. R. Reiter and A. Wendel, Biochem. Pharmac. 32,665 
(1983). 

5. M. Thelen and A. Wendel, Biochem. Pharmac. 32, 
1701 (1983). 

6. J. G. Piazza, 2. Pathol. Ther. 17, 318 (1915). exp. 
7. F. Serafini-Cessi, Biochem. J. 128, 1103 (1972). 
8. K, R. Rees and M. J. Tarlow, Biochem. J. 104, 757 

(1967). 
9. W. D. Reid, Experientia 28, 1058 (1972). 

10. C. Izard and C. Libermann, Mut. Res. 47, 115 (1978). 
11. J. M. Patel, J. C. Wood and K. C. Leibman. Drug - 

Metub. Dispos. 8, 305 (1980). 
12. R. 0. Beauchamu, D. A. Andielkovich. A. D. Kili- 

german, K. T. Morgan and H. Heck, CRC Crit. Rev. 
Toxicol. 14, 309 (1985). 

13. R. A. Alarcon and J. Meienhofer. Nature New Biol. 
233, 250 (1971). 

14. A. Zitting and T. Heinonen, Toxicology 17,333 (1980). 
1.5. H. Esterbauer, H. Zollner and N. Scholz. Z. Narur- 

forsck. 30, 466 (1975). 
16. J. R. Dawson, K. Norbeck, I. Anundi and P. Moldeus, 

Arcks. Toxic. 55, 11 (1984) 
17. H. Jaeschke and A. Wendel, Biockem. Pharmac. 34, 

1029 (1985). 
18. A. Wendel and E. E. Dumelin, Meth. Enzymol. 77,lO 

219 (1978). 
31. G. Redmond and G. Cohen, Science 171, 387 (1971). 
32. J. H. Hipkens, R. F. Struck and H. L. Gurtoo, Cancer 

Res. 41, 3571 (1981). 
33. S. D. Aust and B. A. Svinnen. in Free Radicals in 

Biology (Ed. W. A. Pryor), prl. Academic Press, New 
York (1982). 

34. H. Jaeschke and A. Wendel, Toxicology 36,77 (1985). 
35. L. F. Chasseaud, in Glutatkione: Metabolism and Func- 

tion (Eds. I. M. Arias and W. B. Jakoby), p. 77. Raven 
Press, New York (1976). 

36. R. Van Doorn, C.-M. Leiidekkers and P. T. Hender- 
son, Toxicology 11, 225 (i978). 

37. B. Boesterling and J. R. Trudell. Biockem. biovhvs. 
Res. Commun. 98, 569 (1981). 

I d 

38. H. Kuthan and V. Ullrich, Eur. J. Biockem. I26, 583 
(1982). 

39. H. L. Gurtoo, J. H. Hipkens and S. D. Sharma, Cancer 
Res. 41, 3584 (1981). 

40. A. J. Marinello, H. L. Gurtoo, R. F. Struck and B. 
Paul, Biockem. biopkys. Res. Commun. 83, 1347 
(1978). 

41. E. Tanaka, T. Nakamura, S. Misawa, T. Yoshida and 
Y. Kuroiwa, Res. Commun. ckem. Pathol. Pharmac. 
45, 137 (1984). 

42. B. G. Lake, S. D. Gangolli, M. G. Wright, P. Grasso, 
F. M. B. Carpanini and K. R. Butterworth, Biochem. 
Sot. Trans. 6, 145 (1978). 

43. J. M. Patel, E. Ortiz, C. Kolmstetter and K. C. 
Leibman, Drug Metab. Disp. 12,460 (1984). 

44. T. Kamataki and H. Kitagawa, Biockem. Pharmac. 22, 
3199 (1973). 

45. E. A. Glende, A. M. Hruszkewycz and R. 0. Reck- 
navel. Biochem. Pkarmac. 25. 2163 (1976). 

46. R.keiter and A. Wendel, Gkem.-Biot. interact. 40, 
365 (1982). 

47. W. Draminski. E. Eder and D. Henschler.Arcks Toxic. (1981). 

21. 0. H. Lowry, N. J..Roskbrough, A. L. Farr and R. 

19. F. Tietze, Anafyt. Biockem. 27, 502 (1969). 

Randall, J. biol. Chem. 193, 265 (1951). 

20. R. L. Heath and L. Packer, Biockem. biopkys. Res. 

22. T. Matsubara, M. Koike, A. Touchi, Y. Tochino and 
K. Sugeno, Analyf. Biochem. 75,596 (1976). 

23. H. U. Bergmeyer (Ed.), in Metkoden der enzym- 

Commun. 19, 716 (1965). 

atischen Anafyse, Vol. 1, p. 421. Verlag Chemie, 
Weinheim (1970). 

24. A. Hara and N. S. Radin, Analyt. Biockem. 90, 420 
(1978). 

49. H. Kappus and H. Sies, Experientia 37, 1233 (1981). 
50. M. Younes and C.-P. Siegers, Chem.-Biol. Interact. 55, 

52, 243 (1983). 

327 (1985). 
51. 

48. H. Kappus, in Oxidative Stress (Ed. H. Sies), p. 273. 

H. Keberle, Ann. N.Y. Acad. Sci. 119, 

Academic Press. London (1985). 

758 (1964). 
52. D. C. Borg, K. M. Schaich and A. Forman, in Oxygen 

Radicals in Chemistry and Biology. (Eds. W. Bors. M. 
Saran and D. Tait), p. 123. Wal& de Gruyter, Berlin 
(1984). 

53. S. D. Aust, L. A. Morehouse and C. E. Thomas. J. 
25. G. R. Bartlett, J. biol. Ckem. 234, 466 (1959). 
26. J. A. Buege and S. D. Aust, Metk. Enzymol. 52, 302 

Free Radicals BioZ, Med. 1, 3 (1985). 

(1978). 
54. B. Halliwell and J. M. C. Gutteridge, Biockem. J. 219, 

l(l984). 


