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Abstract-Acetaldehyde, the primary metabolite of ethanol oxidation, inhibited a number of mitochon- 
drial functions if] rirro. Cysteine. in vitro. afforded protection against the depression of CO, production 
from palmitate. octanoate and r-ketoglutarate by acetaldehyde. Relief occurred when the concentrations 
of cysteine and acetaldehyde were equimolar: greater relief was produced in the presence of excess 
cysteine. Acetaldehvde had no effect on glutamate-linked state 4 oxygen consumption, whereas the 
state 3 rate was inhibited. Cysteinc almost completely relieved the inhibition of state 3 oxygen uptake. 
while the state 4 rate was slightly increased. Similar results were obtained with several other NAD+-de- 
pendent substrates. The oxidation of succinate was inhibited only by much higher concentrations of 
acetaldehyde than those which inhibited the oxidation of NAD--dependent substrates. This inhibition 
was not affected by cysteine. Thiols containing free amino and free sulfhydryl groups in close proximity 
were the most effective in relieving the inhibition by acetaldehyde. Although a small protective effect 
was observed, cysteine did not significantly prevent the inhibition of oxidative phosphorylation bq 
acetaldehyde. However, the mitochondria remained coupled in the presence of acetaldehyde plus cys- 
teine. The ability of cysteine and acetaldehyde to interact was demonstrated by several criteria. Cystcine 
may exert its protective effect by forming a complex with acetaldehyde. thereby preventing acetaldehyde 
from interacting with the mitochondria. 

Acetaldehyde. which is produced during ethanol 
metabolism in the liver, is a toxic compound, with 
numerous effects on mitochondrial functions [ 141. 
Most of the acetaldchyde is believed to be oxidized 
by the mitochondria 15-71. Acetaldehyde depressed 
oxygen consumption with NAD+-dependent sub- 
strates and inhibited energy transduction and utiliza- 
tion by the mitochondria [8.9]. In addition. acetalde- 
hyde depressed CO. production from fatty acids [IO] 
and several citric acid cycle intermediates.? 

Many of the effects of acetaldehyde on mitochon- 
drial functions are similar to those reported for other 
agents capable of reacting with mitochondrial thiol 
groups. e.g. Cu2’ [I 11, compounds with a thiuram 
structure [ 121 and 5.5’-dithionitrobenzoic acid [ 131. 
Thiols apparently participate in many mitochondrial 
active sites and functions. e.g. oxidative phosphoryla- 
tion [14,15], active accumulation of Mg2+ [16], the 
active site of coupling factor B 1171. NADH [l&19] 
and succinic [20,21] dehydrogenases. the active site 
of the phosphate carrier [22] and the adenine nucleo- 
tide translocase 1231. It has also been claimed that 
acetaldehyde interacts with CoASH 1241. It seemed 
possible. therefore, that some of the effects of acetal- 
dehyde on mitochondrial functions may be related 
to a reaction between acetaldehyde and thiols. 

Aldehydes react quite rcadilq with mercaptans 
[25%27]. In the case of cysteine, ring closure can occur 
with the consequent formation of thiazolidines 
[25.26]. Cysteine reacts nonenzymatically with for- 
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maldehyde, forming thiazolidine-4-carboxylic acid 
[25-271. Cysteine could complex with acetaldehyde 
to form the hemiacetal, which upon cyclization, 
would form 2-methylthiazolidine-4-carboxylic acid 
125.28.291. It has recently been suggested that such 
a complex may be a nontoxic detoxification product. 
since cysteine was claimed to protect against death 
from acetaldehyde toxicity in uito [30]. In this report, 
we studied the ability of cysteine to reverse the acetal- 
dehyde-induced inhibition of several mitochondrial 
functions. 

MATERIALS A&D METHODS 

Prepararions. Rat liver mitochondria were prepared 
as previously described [S]. The mitochondria were 
washed and suspended in 0.25 M sucrose+01 M 
Tris-HCI. pH 7+OQOl M EDTA. All radioactive 
counting procedures were performed in @7:,, 2,5-di- 
phenyloxazole and O.OS”<, 1.4-bis-2(5-phenyloxaroly)- 
benzene in toluene. Protein was determined according 
to Lowry et al. [31]. Bovine serum albumin was de- 
pleted of fatty acids by the charcoal treatment of 
Chen [32]. The acetaldehyde was characterized as 
previously described [S] and shown to be identical 
with a chromatographically pure acetaldehyde stan- 
dard. A 0.01 per cent impurity could have been 
detected under these conditions. Acetaldehyde was 
prepared by dilution with ice-cold Hz0 and used im- 
mediately. The concentrations of acetaldehyde given 
are the amounts initially added, i.e. there is no correc- 
tion for loss of acetaldehyde via volatilization or oxi- 
dation by the mitochondria. The thiol reagents were 
also freshly prepared and purged with nitrogen. 
Thiols were neutralized and kept on ice in well-stop- 
pered flasks. We found it essential that only freshly 
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prepared cysteine in the reduced form be used in these 
studies. As the cysteine aged or was exposed to air, 
it became inhibitory to several mitochondrial func- 
tions. presumably owing to its oxidation to the disul- 
fide, cystine. 

0u~y.p ~~I~IIIJX~~II. Oxygen uptake was assayed 
at 30 using a Clark oxygen electrode and a Yellow 
Springs oxygen monitor. The reaction system con- 
sisted of 0.3 M mannitol: lOmM Tris- HCI, pH 7.4: 
IOmM potassium phosphate. pH 7.4: 2.5 mM MgCl?: 
10 mM KC]: and mitochondria equivalent to 3-4 mg 
protein in a final volume of 3.0 ml. Substrates (10 mM 
final concentration) included succinate, glutamate, 
a-ketoglutaratc, /I-hydroxybutyrate and pyruvate-ma- 
late. ADP (1 mM) was added to initiate state 3 condi- 
tions. When calculating the ADPi ratio, 0.9 /Imole 
ADP was added (final concentration of 0.3 mM). 

Oxidutiw pko.spkorylation. The P/O ratio was 
assayed using a Gilson differential manometer, as pre- 
viously described [8,33]. /I-Hydroxybutyrate served as 
the substrate in all experiments. Oxygen uptake was 
determined manometrically. whereas the rate of phos- 
phorylation was determined from the rate of synthesis 
of glucose 6-phosphate [34]. 

“C02 production. ‘“CO2 production was assayed 
using either palmitate[l-14C], octanoate[l-‘“C] or 
x-ketoglutarate[ I- 14C] (New England Nuclear) as the 
substrates. The reaction was carried out in center well 
flasks containing @3 ml hydroxide of hyamine in the 
center well. The reaction system for the fatty acid 
experiments consisted of 1OOmM KC], 0.4 mM 
malate, 1 mM MgC12, 3 mM ATP, 3 mM carnitine. 
10 mM potassium phosphate (pH 7,4), 6 mg of fatty 
acid depleted bovine serum albumin, 3.33 mM ADP 
and about 2mg of mitochondrial protein in a final 
volume of 3.0 ml. For the experiments with xc-ketoglu- 
tarate, the same reaction mixture as described for the 
oxygen consumption experiments was used. with 
3.3 mM ADP also being added. The reaction was in- 
itiated by the addition of labeled fatty acid or a-ke- 
toglutarate (final concentrations of 67 tLM or 6.7 mM, 
respectively; 0.33 ,uCi). After 15 min. the reaction was 
terminated by the addition of 1 ml of 2 N HCI. CO2 
was allowed to collect in the center well for 
30-60min. The contents of the center well were col- 
lected, the center well was washed three times with 
0.3 ml aliquots of scintillation fluid, and the sample 

plus washings was counted in a liquid scintillation 
counter. 

Intuuction of’ acetdtlrk~rlc LUI~/ c~stc~inc~. Cysteine 
(400 and 6OOnmoles) was incubated in 4ml of 
IOOmM Tris-HCl, pH 8.5, with various amounts of 
acctaldehyde (cysteine/acetaldehyde ratio 0.1 to 2.0) 
for 2, 5, 10 or 20min. 5.5’-Dithionitrobenzoic acid 
(final concentration 0.2 mM) was then added, and the 
absorbance at 412 nm was recorded in a Gilford 240 
spectrophotometer. A millimolar extinction coefficient 
of 13.6 was used to calculate the concentrations of 
cysteine. Blanks included samples containing acetal- 
dehyde but lacking cysteine. 

Acetaldehyde (360 and 900 nmoles) was incubated 
in 4 ml of 100 mM potassium phosphate. pH 7.0. with 
various amounts of cysteinc (cysteine.acctaldehyde 
ratio 0.5 to 5.0) for 2, 5: 10 or 20min. Semicarbazlde 
(15 mM in 160 mM phosphate buRer) was then added. 
and the absorbance at 224 nm was recorded [35]. A 
millimolar extinction coefficient of 9.4 was used to 
calculate the concentration of acetaldehyde. Blanks 
included samples containing cysteine but lacking ace- 
taldehyde. Preliminary experiments indicated that 
similar results were obtained in the mannitol or KC1 
medias described for the oxygen uptake or CO, pro- 
duction experiments as in the simpler Tris or phos- 
phate media described above. 

Stutistics. All values represent the mean k standard 
error of the mean. The number of experiments is indi- 
cated in the individual tables. Statistical analysis was 
performed by Student’s f-test. In the case of samples 
containing acetaldehyde plus cysteine, the analysis 
was made against controls which lacked these two 
compounds, as well as samples which contained only 
acetaldehyde. 

RESLILTS 

Q/&t qf’ cJsteinr 011 tkr ac,rtald~,~~~tle-irlrlarced inki- 
hition qf 14C0 2 productiof2 ji’om octanoutc ad pul- 
mitatr. Acetaldehyde is a potent inhibitor of 14C0, 
production from fatty acids [lo] (Tables 1 and 2). 
This inhibition is not due merely to dilution of 14C02 
by unlabeled CO, derived from acetaldehyde oxi- 
dation by the mitochondria, since acetaldehyde was 
considerably more inhibitory toward fatty acid oxi- 
dation than were comparable concentrations of ace- 
tate [IO]. Cysteine itself (1 to 3.3 mM) had little effect 

Table 1. Etrect of cysteine on acetaldehyde-induced inhibition of ‘“COz production from palmitate* 

Acetaldehyde Cysteine ‘“COz Effect on Effect on 
concn concn production control P acetaldehyde P 

(mM) (mW (cpm/mg protein) (:‘;,) (control) (“0) (acctaldehyde) 

0.75 
0.75 I ,o 
0.75 3.3 
0.75 10.0 

1.5 
I.5 I.0 
1.5 3.3 
1.5 10.0 

23,463 + 2104 
10,337 f 1742 
17,973 k 3546 
22.614 k 3660 
20.417 _t 3463 
16.182 + 3085 

4294 i 1182 
7759 + 2149 

10.198 k 2486 
11.339 i 2296 

-56 0~004 
-23 NS 
-4 NS 
-13 NS 

-73 0004 
-52 0.04 +80 NS 
-37 NS +137 0.04 
-30 NS + 164 0.03 

+73 
+11X 
+97 

O.lO> P>O,O5 
< oa2 
< 0.02 

* ‘JC02 production from palmitate[l-‘4C] was assayed as described in Materials and Methods in the absence or 
presence of acetaldehyde and cysteine. The number of experiments is four for 0.75 mM acetaldchyde and six for 1.5 mM. 
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Table 2. Elect of cysteine on acetaldehyde-induced inhibition of “CO1 production from octanoate* 

Acetaldehyde Cysteine 
concn concn 

(mM) (mM) 

‘VOz 
production 

(cpm/mg protein) 

Effect on EKect on 
control P ncetaldehyde P 

(“,,) (control) (“J (Acetaldehqde) 

25,521 
I.0 15.910 -3X 
I.0 I ,o 25.588 0 161 
I.0 3.3 24.534 -4 +54 
I .o I04 2 I .020 -1X + 32 

21.995 
2.0 12.946 -54 
2.0 I ,o 20.053 -2X +54 
2.0 3.3 24,594 -12 + X9 
2.0 IO.0 19,876 -29 +53 

19,580 k 3655 
3.0 6902 i 15X0 -65 <OOOl 
3.0 I.0 8886 k 1581 -55 ~~03 +2X NS 
3.0 3.3 12.676 k 2171 -35 NS +X3 0.04 
3.0 I@0 13.111 _t 1645 -33 NS + X9 0.02 

* 14C0, production from octanoate[l-“C] was assayed as dcscrtbed in Matcrlals and Methods in the absence 
or presence of acetaldehyde and cysteine. Results represent the mean of two individual experiments for I 2 mM acetalde- 
hyde and the mean of six for 3 mM. 

on octanoate or palmitate oxidation: with octanoate 
the control activity was 25,251 cpm/mg of protein in 
the absence of cysteine, and 25.639 and 
25,638 cpm/mg in the presence of 1 and 3.3 mM cys- 
teine respectively. With palmitate, the control activity 
was 22,738 cpm/mg of protein in the absence of cys- 
teine, and 22,350 and 21.334 cpmjmg in the presence 
of 1 and 3.3 mM cysteine respectively. Some inhibi- 
tion of fatty acid oxidation was observed using 
10 mM cysteine (about lG20 per cent). CO2 produc- 
tion from palmitate[I-‘“C] was depressed 56 and 73 
per cent by 0.75 and 1.5 mM acetaldehyde respect- 
ively (Table 1). The addition of 1 mM cysteine 
afforded considerable relief of the inhibition of “CO, 
production caused by 0.75 mM acetaldehyde (Table 
l), while 3.3 and 1OmM yielded almost complete 
relief. At the higher concentration of 1.5 mM acetdlde- 
hyde, cysteine also protected against the depression 
of CO, production (Table 1). 

Acetaldehyde depressed CO, production from 
octanoate[i-‘4C] 38, 54 and 65 per cent at acetalde- 

*A. I. Ccdcrbaum. C. S. Lwbcr and E. Kubln. manu- 
script submltted for publication 

hqde concentrations of I. 2 and 3 mM respectively 
(Table 2). Cqsteine almost completely prevented the 
inhibition observed at 1 and 2 mM acetaldehyde (tak- 
ing into consideration that 10 mM cysteine itself pro- 
duced about 15 per cent inhibition of COz production 
from octanoate). Even at 3 mM acetaldehyde, cysteine 
(3.3 and IOmM) still yielded significant protection 
against the inhibition bq acctaldehyde. 

of the mechanism for the inhibition of CO, produc- 
tion from fatty acids by acetaldehyde involves inhibi- 
tory effects of acetaldehyde on the activity of the citric 
acid cycle. Acetaldchyde depressed “CO2 production 
from several citric acid cycle intermediates. with a 
major site of inhibition in the r-ketoglutarate-suc- 
cinate span of the cycle.* Acetaldehyde depressed 
‘“CO, production from r-ketoglutarate[l -14C] by 3 I 
and 47 per cent at acetaldehyde concentrations of 1 
and 3 mM respectively (Table 3). Cystcine itself had 
little effect on CO? production from x-keto@utarate, 
but almost completely relieved the inhibition pro- 
duced by I mM acctaldehydc. and partially relieved 

the inhibition with 3 mM acetaldehydc (Table 3). 

Table 3. E&t of cysteine on acetaldehyde-induced inhibition of ‘“CO, production 
from z-kctoglutaratc[ I-“Cl* 

Acetaldchyde 
concn 

(mW 

I .o 
I.0 
I .o 

3.0 
3.0 
3.0 

Cysteine 
concn 

(mM) 

3.3 
10.0 

3.3 
10.0 

‘“CO1 
production 

(cpm.mg protein) 

17,462 
12.049 
15.174 
16.28X 

19.906 f 2749 
10,648 f 3244 
13,584 + 2642 
15,875 I 1946 

Effect P 

(“,,) (control) 

-31 
-13 
-7 

-47 0.01 
-32 NS 
- 20 NS 

* 14C02 production was assayed as described in the legend to Table 1. Results 
are from either four (3mM acetaldehgde concentrations) or t&o individual expcr- 
iments. 
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Table 4. Effect of cysteine on glutamate and succinate oxidation* 

Substrate 

Cysteine 
concn 
(mM) 

Oxygen consumption 
(natoms/min/mg protein) 
State 4 State 3 

Effect 
(“/,) 

State 4 State 3 

Glutamate 14.05 72.0 
1.0 14.63 74.3 +4 +3 
3.0 IS.99 76.9 + 14 +7 

10.0 22.13 69.4 +58 -4 
Succinate 23.0 111.0 

1.0 22.5 103.5 -2 -7 
3.0 29.3 105.0 +27 -5 

10.0 33.0 117.8 +43 +6 

* Oxygen consumption was assayed as described in Materials and Methods in the presence 
or absence of cysteine. Results are from three separate experiments. 

Effect of cysteine on the oxidation of glutamate and 
sac&ate. As a control in the experiments to be de- 
scribed below, we measured the effect of cysteine on 
the oxidation of glutamate and succinate by isolated 
mitochondria. Cysteine had no effect on the state 3 
rate of oxidation of either of these substrates (Table 
4). However, the state 4 rate of oxygen consumption 
was stimulated with both substrates, particularly at 
IOmM cysteine. This suggests the possibility of a 
slight uncoupling effect by cysteine. As a consequence, 
the respiratory control ratio associated with the oxi- 
dation of glutamate and succinate was depressed 38 
and 27 per cent, respectively, by 10 mM cysteine. The 
addition of 3 or 1OmM cysteine to the mitochondria 
in the absence of a substrate gave rise to some oxygen 
uptake in excess of the endogenous rate (about 
2 natoms/min/mg of protein). 

effect of qsteine on acetaldehyde-induced inhibition 
of glutamate oxidation. State 4 oxygen consumption 
with glutamate as the substrate was not affected by 
3 mM acetaldehyde, whereas energy-dependent (state 
3) oxygen uptake was depressed 34 per cent (Table 
5). This inhibition was to a large extent prevented 
by cysteine (Table 5). The state 4 rate of oxygen 
uptake was stimulated to a comparable extent by cys- 
teine in the presence or absence of acetaldehyde, sug- 
gesting that the stimulation is due to cysteine itself. 
One mM cysteine had no effect on the inhibition of 
oxygen uptake caused by 3 mM acetaldehyde (Table 
5). However, with l-2mM acetaldehyde, 1 mM cys- 

teine afforded considerable protection against the in- 
hibition of state 3 oxygen uptake, and 3.3 mM cys- 
teine completely prevented the inhibition (Table 6). 
This suggests that, in general, amounts of cysteine 
equimolar to those of acetaldehyde are required for 
complete protection. Very high concentrations of ace- 
taldehyde inhibited numerous mitochondrial func- 
tions, apparently owing to nonspecific interactions 
and damage to the mitochondria [S-lo]. The inhibi- 
tion of state 3 glutamate oxidation by 12 mM acetal- 
dehyde was not prevented even by 1OmM cysteine 
(Table 6). 

In these experiments, the mitochondria were incu- 
bated with cysteine for 1-2 min in the polarograph 
chamber. Acetaldehyde was then added and oxygen 
uptake was recorded. ADP was subsequently added 
to initiate state 3 conditions. When mitochondria 
were first incubated with acetaldehyde and ADP, the 
subsequent addition of cysteine provided considerably 
less relief than in experiments in which cysteine was 
initially present in the incubation medium. Thus, cys- 
teine probably interacts with acetaldehyde; the longer 
the period of interaction, the greater the relief of the 
acetaldehyde-induced inhibition. Apparently the inhi- 
bition by acetaldehyde is not easily reversible, poss- 
ibly because acetaldehyde forms a strong complex 
with a mitochondrial receptor. In this respect, the in- 
hibition of energized Ca2+ uptake by acetaldehyde 
in vitro was only partially reversed after several wash- 
ings of the mitochondria [S]. 

Table 5. EfTect of cysteine and acetaldehyde on oxygen consumption associated with the oxidation of glutamate* 

Acetal- Effect Effect 
Respir- dehyde Cysteine Oxygen on on acetal- P 

No. of atory concn concn uptake control P dehyde (acetal- 
expts. state (mM) (mW (natoms/min/mg protein) (2,) (control) (‘:;,) dehyde) 

22 4 13.89 + 0.80 
22 3.0 14.00 + 0.94 +1 NS 
13 3.0 I.0 13.51 f 1.13 -5 NS -8 NS 
18 3.0 3.3 18.01 + 1.67 +29 0.01 +34 0.012 
12 3.0 10.0 21.53 k 1.69 +60 <O.OOl +69 <OGOl 
25 3 72.09 + 3.46 
25 3.0 41.39 + 1.68 -34 <O+IOl 
14 3.0 1.0 50.93 &- 2.99 -29 <O.OOl +13 NS 
20 3.0 3.3 62.90 + 373 - 12 < 0.05 +32 <OGOl 
15 3.0 10.0 63.63 _+ 2.73 -9 NS +34 0.001 

* Oxygen uptake was assayed as described in Materials and Methods in the presence of cysteine. Results are compared 
to the controls for the indicated experiments. 



Protective effect of cysteine 967 

Table 6. Effect of cysteine on inhibition of glutamate oxidation by 
acetaldehyde* 

Acetaldehyde Cysteine Oxygen 
concn concn uptake 

(mM) (mM) (natoms/min/mg protein) 
Effect 

(%) 

I.0 
1.0 
I.0 
2.0 
2.0 
2.0 
3.0 
3.0 
3.0 

12.0 
12.0 
12.0 

1.0 
3.3 

I.0 
3.3 

I .o 
3.3 

3.3 
10.0 

63.1 
48.3 
59.2 
63.5 
44.9 
58.1 
61.2 
39.9 
49.4 
53.1 
15.5 
16.1 
15.0 

-20 
-6 
+I 
-29 
-8 
-3 
-37 
-22 
-16 
-75 
-14 
-76 

* State 3 oxygen uptake was assayed as described in Materials and Methods. 
Results are means of two to three individual experiments. 

.!@ct of cysteine on acetaldehyde-induced inhibition 
of state 3 oxidation of NAD+-dependent .suhstrutes and 
succinate. Acetaldehyde was previously shown to be 
particularly inhibitory toward energy-dependent 
oxygen consumption associated with the oxidation 
of NAD+-dependent substrates [S]. Acetaldehyde 
comparably depressed state 3 oxygen uptake asso- 
ciated with the oxidation of /%hydroxybutyrate, r-ke- 
toglutarate, pyruvate-malate and glutamate (Table 7) 
[S]. Cysteine relieved the inhibition of the state 3 oxi- 

dation of all NAD+-dependent substrates tested 
(Table 7). 

Significant inhibition of the state 3 oxidation of 
succinate was observed only at very high levels of 
acetaldehyde (Table 7) [S]. Under these conditions, 
cysteine afforded no relief of the acetaldehyde-induced 
inhibition, even at concentrations up to 20 mM (Table 

7). 
Effect of other thiols on inhibition of oxygen uptake 

hy acetaldehyde. Thiols, other than cysteine, were also 

Table 7. Effect of cysteine on inhibition of state 3 oxidation of NAD+-dependent substrates and 
succinate by acetaldehyde* 

Substrate 

Acetaldehyde Cysteine Oxygen 
concn concn uptake 

(mM) (mM) (natoms/min/mg protein) 
Effect 

(%) 

/GHydroxybutyrate 
3.0 
3.0 
3.0 

n-Ketoglutarate 
3.0 

3.0 

Pyruvate-malate 

Succinate 

3.0 
3.0 

3.0 
3.0 
3.0 

3.0 
3.0 
3.0 
6.67 
6.67 
6.67 

12.0 
12.0 
12.0 
12.0 
12.0 

I.0 
3.3 

10.0 

3.3 
10.0 

3.3 
IO.0 

3.3 
10.0 

3.3 
10.0 

50 
10.0 
15.0 
20.0 

804 
59.7 
66.3 
70.5 
74, I 
78.8 
56.3 
65.5 
78.0 
52.9 
31.3 
43.4 
45.5 
83.0 
70.7 
71.4 
73.9 
63.5 
65.8 
66.0 
92.5 
66.6 
67.5 
63.8 
57.4 
55.5 

-26 
-18 
-12 
-8 

-29 
-17 
-1 

-41 
-18 
- 14 

-15 
- 14 
-II 
-23 
-21 
-20 

-28 
-27 
-31 
-38 
-40 

*Oxygen consumption was assayed as described in Materials and Methods. Results are from 
two to three individual experiments. 
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T‘able 8. Ekct of thiols on the inhibition of glutamate oxidation by acetaldehyde* 

4cetaldchyde Addition 

Oxygen consumption 
(natoms;rrtin~mg Effect on control Elkct on thiol control 

protein) (“0) (“‘J 
state 4 Sta1c 3 state 4 st;1tc 3 state 4 State 3 

- 
+ 

C‘ysteine (3 mM) 
Cysteine (3 mM) 
Merc~pfoeth~i~mine (3 mM) 
~er~ptoeth~l~~i~ljn~ (3 mM) 
Merc~~~~toeth~l~ilnine (IO ITIM) 
Mercaptoethqlaminc (IO mM I 
Mercuptoethanol (3 mM) 
Mercaptoethanol (3 mM) 
Mercaptoethanol (10 mM) 
Mercaptocthanol (IO mM) 
Glut~~tl~io~~c (3 mM) 
Giutarhione (3 mM) 
Glutathione ( IOmM) 
Glutathione (IO mM) 
Dithiothreitol C I mM 1 
Dithiothrcitol (1 mM) 
Dithiothreitol (3 mM) 
Dithiothr~itol (3 mT%l) 

155l 149 l-8 +3 
16.5 56.1 -t I2 -22 

17.7 76.2 + 20 +6 
17.3 52.7 +1ti -27 
19s WCI +33 -11 
19.5 51.5 i-33 -29 
17.2 62.4 +17 - 13 
16.2 49.1 -t IO -32 
15.9 66.3 +8 -8 
14.7 40.7 0 -44 
1.5.9 58.9 +8 - IX 
17.3 29.2 +lX - 60 

-4 -IO 

+3 -3 

0 -2 

t4 -25 

-2 -3) 

0 - 20 

-6 -21 

-8 -39 

i-9 -50 

*Oxygen q-$&e was assayed as described in Materials snd Methods in the prcscncc OK :ihscr>~e of 3 mM acetaldehyde, 
and the indicated tbiois. Results are from two to three individual experiments. 

tested to determine if they could protect against the 
inhibition of glutamate oxidation by acetaldehydc. 
Similar to cysteinc. mercaptoethylaminc. in the 
absence of acet~~ldchyde, had no effect on the state 
3 rate of oxygen uptake, whereas the state 4 rate was 
stimulated (Table 8). Mercaptoethylamine completeiy 
relieved the inhibition of state 3 oxygen uptake by 
acetaldehyde (Table 8). Mercaptocthanol also had no 
effect by itself on state 3 oxygen uptake. whereas the 
state 4 rate was slightly stimutated. There was a slight 
protective eRect by ~ier~~iptoeth~~~lol (Table 8). Glu- 
tathione. in the absence of acetaldehyde, resembled 
cysteine in stimulating state 4 oxygen uptake. A slight 
decrease in the state 3 rate of glutamate oxidation 
was observed in the presence of 3 and IO mM glutath- 
ione (Table X). Glutathionc exerted no protective 
effect. However, since glLitathion~ itself caused a slight 
depression of the state 3 rate, when the results were 
compared to the glutathione control rate. ;I slight pro- 
tective effect by glutathione was noted (Table 8, 
column 8). In any event. the slight protective e&ct 
of mercaptoethanol or glutathione was considerably 
less than that observed for cysteine and mercaptoeth- 
ylamine. Dithiotlireitol had little effect on state 4 or 
state 3 oxygen uptake at a I mM ~oll~entr~ltion. 
whereas some inhibition of the state 3 rate was 
observed at a 3 mM concentration (Table 8). Dith- 
iothreitol did not protect aginst the inhibition of state 
3 glutamate oxidation by acetaldeh?de. In fact. the 
slight inhibition of glutamate oxidation by dithioth- 
reitol appears to be additive to that of ace~~ldehyde 
(Table 8). Cystine (3.3 mM) produced no rehef of the 
inhibition by acetaldehyde. Another disulfide-generat- 
ing agent, S-5’-dithionitrobenzoic acid. produced 
severe inhibition of state 3 glutamate oxidation (85 
per cent at 0.3 mM) by itself. Inhibition of energy pro- 
duction and utilization by disulfide-generating agents 
has been shown by others [13- IS]. 

Qj%cr uf‘c~Xeinr on rhr itd~ihitiott qf oxidatiw phos- 

phwylutiotl hy cmttrldehyde. Since acetaldehyde 
depressed state 3 oxygen consumption without any 
effect on the state 4 rate, the respiratory control ratio 
associated with the oxidation of glutamate was 
depressed by acctaldehyde [S] (Table 9). As men- 
tioned above, cysteine itself caused some depression 
of the respiratory control ratio because it stimulated 
state 4 rcspirution. without any effect on state 3 rcs- 
piration. Conseyucntiy. the respiratory control ratio 
was depressed to the same extent in the presence of 
cysteine plus acetaldchyde as it was in the presence 
of acctaldehyde alone (Table 9). In fact. in the pres- 
ence of acetaldehyde plus IOmM cysteinc, the ratio 
was slightly, but significantly, decreased beyond that 
observed in the presence of acetaldehyde itself (Table 
9. columns 8 and 9). Thus. any potential protective 
effect by cystoine on the inhibiti by ~l~talde~iyde 
is masked by an inhibitory effect of cystcine itself. 
The ADP,/O ratio was depressed 23 per cent by 3 mM 
acetaldehydc (Table 9). Cysteine caused a slight 
reduction in the extent of inhibition by acetaldehyde. 
However the ADP!O ratio was still significantly 
depressed in the presence of acctaldehyde plus cys- 

teine (Table 9. columns 6 and 7). Similar results were 
obtained when assaying the Pi0 ratio of oxidative 
phosphorylation with /?-hydroxybutyrate as the sub- 
strate. The depression of the P,/O ratio by acetalde- 
hydc was not significantly relieved by cysteine (Table 
9). The rate of phosphorylation was depressed 38 per 
cent by 3 mM acetaldehyde. Cysteine provided 
modest relief of this inhibition by ~~cetaldehyde. 

Effc’ct “f idrihirors of’ tttif~~h~tt~~~ri~l ,fimcrions on 

or~:yen uprakr in the prrsrrzc~ of glutatwte. ucetalde- 
hyde and c.wteitw. Oxygen uptake in the presence of 
glutamate, acetaldehyde and cysteine was strongly in- 
hibited by the typical inhibitors of the mitochondrial 
rcspiratorq chain. rotenone. antimjcin and cyanide 
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Table 9. EB’cct of cysteinc on the acetaldehyde-induced inhibltion of oxidativc phosphorqlation* 

No. of 
Expts. Reaction 

Acetal- 
dehyde 
concn 

(mM) 

C\istcine 
concn 
(mM) 

Ratio or 
reaction rate 

Effect on 
control 

(“J 

Etfect 
on acetal- P 

P dchyde (acctal- 
(control (‘I,,) dehyde) 

22 
22 
I3 
18 
12 
I2 
I2 
9 

IO 
II 
II 
11 
I 0 
II 
IO 
I2 
12 
II 
12 
II 

Respirator\ 
control ra;io 

ADP 0 ratio 

P 0 ratio 

Rate of 
phosphorylation 

3.0 
3.0 
3.0 
3.0 

3.0 
3.0 
3.0 
3.0 

7.0 
3.0 
3.0 
3.0 

3.0 
3.0 
3.0 
3.0 

I .(I 
3.3 

IO0 

I .o 
3.3 

IO.0 

I.0 
3.3 

IO0 

-37 
_ 36 
-37 
-46 

< OGi) I 
< (HN) I 
< oa1 I 
< OGI I 

< 000 I 
wo5 
(>OO’ 
0.002 

0.03 
< 0.05 
< 0.05 
< 0.05 

< 0~01 
0028 
0,023 
0+$6 

+3 NS 
+I NS 
- 14 004 

+8 NS 
+9 NS 
+ IO 0.10 

+5 NS 
+5 NS 
+9 NS 

+21 NS 
+21 NS 
+23 NS 

*The respiratory control ratio associated with the oxidation of glutamate \vas calculated from the state 4 and 3 
rates of oxygen consumption shown in Table 5. The ADP 0 ratio was dctcrmmed 1~1 adding limiting amounts of 
ADP and calculating the extra consumption of oxygen produced by the addition of ADP. The P 0 ratio was assayed 
as described in Materials and Methods. The rate of phosphorylation refers to net nmoles glucose 6-phosphate produced: 
min/mg of mitochondrial pl-otein. 

(Table IO). The effect of rotenone confirms the fact sumption. However. atractqloside completely abol- 
that electrons enter the respiratory chain prior to the ishcd the stimulation of oxygen uptake by ADP to 
rotenone-sensitive site. as would be expected with the same extent in controls and in samples incubated 
NAD+-dependent substrates (glutamate and acetaldc- with acctaldehyde plus cysteine. whereas the state 4 
hyde). The inability of cysteine to relieve the inhibi- rate remained unaffected (Table 10). Furthermore, oli- 
tion of cner!y transduction b) acetaldehyde suggested gomycm. which inhibits phosphorylation-linked 
the possibihty that, in the presence of cysteine and oxygen consumption. without an) etfect on uncoupled 
acctaldehyde. the mitochondria rn”y, be in a partiall> or resting respiration 1361, was as effective in block- 
uncoupled state. Thus, the inhIbItion of oxygen ing state 3 respiration in the presence of glutamate, 
uptake by acetaldehyde. but not energy transduction. acetaldehyde and cysteine as in controls containing 
would be significantly relieved by cysteme. If this were glutamate alone (Table IO). Oligomycin did not affect 
so. oxygen uptake would not be very sensitive to the state 4 rate of oxygen uptake. Thus. the mitochon- 
atractyloside, since this inhibitor of adeninc nucleo- dria remain coupled in the presence of acetaldehyde 
tide translocation would only block coupled or ADP- plus cystcinc. Further evidence for this conclusion 
linked oxygen uptake and not uncoupled oxygen con- was provided b) the observation that cysteine, alone 

Table IO. Effect of inhibitors on oxygen consumption* 

Acetaldehydc 
concn 

(mM) 

C\istcine 
concn 
(mW Inhibitor 

Oxygen consumption 
(natoms mm mg protein) 
State -I State 3 

3 

3.3 
IO.0 
10.0 
I WI 
IO.0 
IO.0 
IO.0 
IO.0 

Rotcnone (0.002 mM) 
Antimycin (OGIZ mMl 
Cyanide (1 mM) 
Atractyloside (0.05 mM) 
Oligomycin (0.0016 mM) 
Oligomycin (0,004 mM) 
Oligomycin (0,004 mM) 

I I.0 68.3 
I I .o 47.3 
124 59.0 
16.0 667 
2.5 3.4 
2.5 3.0 
0 0 

12.0 IO.5 
IO.0 9.0 
12.0 9.0 
X.8 7.2 

* Oxygen uptake was assayed as described in Materials and Methods using glutamate as the substrate. 
Rotenone. antimycin and oligomycin were dissolved in ethanol. the final ethanol concentration being 
O.OS”,;. This concentration of ethanol had no effect on ox!een consumption, 
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Table Il. Reaction of cysteine and acetaldehyde* 

Cysteine 
(nmoles) 

Amount of cysteine 
detected (nmoles) 

Ratio of Time of 
Acetaldehyde cysteine,/ incubation (min) 

(nmoles) acetaldehyde 2 5 10 20 

400 
200 
400 
800 

1200 
4000 

600 
300 
600 

1200 
1800 
6000 

384 396 317 369 
2 376 358 254 244 
1 373 311 230 140 
0.5 339 246 182 70 
0.3 226 151 64 15 
0.1 0 0 0 0 

515 570 552 443 
2 526 493 435 235 
1 251 359 286 87 
0.5 168 153 125 12 
0.3 30 28 21 6 
0.1 0 0 0 0 

* Cysteine was incubated with various amounts of acetaldehyde for 2, 5, 10 or 20min, 
as described in Materials and Methods. Dithionitrobenzoic acid was added. and the absor- 
bance at 412nm was recorded. 

or in the presence of acetaldehyde, did not stimulate 

latent or Mg”+-ATPase activity, whereas dinitro- 
phenol, a typical uncoupler, stimulated this activity. 

Interaction of ucetaldehyde und cysteine. Cysteine 
could complex with acetaldehyde to form 2-methyl- 
thiazolidine-4-carboxylic acid [28-301. Free sulfhyd- 
ryl groups can be readily detected by use of the re- 
agent, dithionitrobenzoic acid (Ellman’s reagent) [37]. 
Interaction of the sulfhydryl groups of cysteine with 
acetaldehyde should decrease the number of free sulf- 
hydryl groups that can be detected with Ellman’s re- 
agent. Cysteine was incubated with different amounts 
of acetaldehyde, Ellman’s reagent was then added, 
and the absorbance at 412nm was recorded. In the 
absence of acetaldehyde, the amount of cysteine 
detected decreased with longer periods of incubation, 
presumably because of auto-oxidation of cysteine to 
cystine (Table 11). The addition of increasing 
amounts of acetaldehyde progressively decreased the 
detectable content of cysteine (Table 1 l), particularly 
at longer incubation periods. Under conditions used 
in studies of oxygen uptake (incubation times of 
about 5min) 3@40 per cent of the added cysteine 
was not detectable at equimolar amounts of cysteine 
and acetaldehyde, whereas under the conditions of 
the experiments in which CO, production was 
measured (10-20 min incubation), 6G30 per cent was 
not detected at equimolar amounts of cysteine and 
acetaldehyde. 

Acetaldehyde readily interacts with semicarbazide 
to form a semicarbazone, which is detected by its 
absorption at 224 nm. Interaction of acetaldehyde 
with cysteine would be expected to decrease the 
amount of acetaldehyde that can be detected as the 
semicarbazone complex. Acetaldehyde was incubated 
with different amounts of cysteine, semicarbazide was 
then added, and the absorbance at 224nm was 
recorded. The addition of increasing amounts of cys- 
teine progressively decreased the detectable content 
of acetaldehyde, particularly after prolonged incuba- 

* A. I. Cederbaum, C. S. Lieber and E. Rubin manuscript 
submitted for publication. 

tion (Table 12). The cysteine-acetaldehyde complex 
appeared stable, since there was no release of acetal- 
dehyde from the complex, in the presence of semicar- 
bazide even after prolonged periods of incubation. 
Further verification for the interaction of acetalde- 
hyde and cysteine was provided by using gas chroma- 
tography to determine the concentration of acetalde- 
hyde in the gas phase, in equilibrium with an aqueous 
solution of acetaldehyde. After incubating 30 min with 
cysteine, the detectable acetaldehyde content in the 
gas phase was depressed 11, 42 and 99 per cent, when 
the cysteine to acetaldehyde ratios were 0.33, 1.0 and 
3.33 respectively. 

DISCUSSION 

Acetaldehyde has numerous toxic effects on mito- 
chondrial functions. It is a strong inhibitor of NAD+- 
dependent state 3 oxygen consumption; glutamate 
oxidation is depressed to a greater extent than that 
of succinate. Energy utilization is also inhibited by 
acetaldehyde, as evidenced by the decrease in respira- 
tory control, P/O and ADP/O ratios, as well as the 
decrease in the rate of phosphorylation. Fatty acid 
oxidation is also reduced by acetaldehyde, owing to 
a variety of effects, including inhibition of /J-oxida- 
tion, citric acid cycle activity, and the respiratory- 
phosphorylation chain [lo]. That the activity of the 
citric acid cycle is atl’ected is suggested by the depres- 
sion of CO, production from r-ketoglutarate[1-14C] 
(Table 3).* 

It has been suggested that thiols are involved in 
many mitochondrial functions [12-241. We therefore 
entertained the possibility that acetaldehyde may in- 
hibit mitochondrial functions by interacting with 
essential thiols: thus, externally added thiols might 
be effective in protecting against the inhibition by ace- 
taldehyde. In this report, cysteine reversed the inhibi- 
tion by acetaldehyde of COZ production from fatty 
acids and z-ketoglutarate, as well as the depression 
of state 3 oxygen consumption. Cysteine was most 
effective when it was present before acetaldehyde was 
added to the mitochondria. Cysteine may form a 
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Table 12. Reaction of acetaldehyde and cysteine* 

Acetaldehyde Cysteine 
(nmoles) (nmoles) 

Ratio of 
cysteine/ 

acetaldehyde 

Amount of acetaldehyde 
detected (nmoles) 

Time of 
incubation (min) 

2 5 10 20 

360 344 348 316 360 
180 05 332 329 297 272 
360 1.0 322 296 272 256 
540 1.5 322 278 247 166 
900 2.5 303 252 221 154 

1800 5.0 263 221 141 102 
900 831 837 813 841 

450 05 758 153 751 638 
900 1.0 631 577 483 379 

1350 I.5 651 493 403 324 
2250 25 555 369 303 162 
4500 5.0 464 264 182 210 

* Acetaldehyde was incubated with various amounts of cysteine for 2, 5, 10 or 20 min, 
as described in Materials and Methods. Semicarbazide was added, and the absorbance at 
224 nm was recorded. 
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complex with acetaldehyde, thereby preventing the 
latter from interacting with the mitochondria. It is 
possible that complex formation may not entirely 
explain the protection by cysteine, since the inhibition 
of succinate oxidation by acetaldehyde is not relieved 
by cysteine. However, higher concentrations of acetal- 
dehyde are required to inhibit the oxidation of suc- 
cinate than the oxidation of NAD+-dependent sub- 
strates. At these higher concentrations, acetaldehyde 
may have numerous nonspecific effects on mitochon- 
drial functions. In this regard, the depression of 
oxygen consumption by 12 mM acetaldehyde, when 
glutamate was the substrate, could not be prevented 
by cysteine. 

Semimercaptals are formed by a nonenzymatic 
reaction between aldehydes and mercaptans [25-271. 
The reaction sequence has been particularly well 
characterized in the case of formaldehyde. 

HCHO + HS-CH,-CH-CoOH+S-CH,-CH-COOH 

I 
I 

I 
NH, NH, 

’ izon 
,S-CH, 

ZHC I 
‘;-CH- COOH 

Thiazolidine-4-carboxylic acid 
In the case of acetaldehyde, 2-methylthiazolidine-4- 
carboxylic acid is formed. 

,HC-C /s-iHz 
H’#-CH-COOH 

It has been shown that, in the presence of excess 
cysteine (cysteine/acetaldehyde ratio of 2 or more), 
djenkolic acid is produced [38]. However, this reac- 
tion proceeds very slowly at neutral pH and probably 
does not play a significant role under our conditions. 
We obtained direct evidence for the interaction of 
acetaldehyde and cysteine by studying the effect of 
acetaldehyde on the reaction of cysteine and Ellman’s 
reagent and the effect of cysteine on the reaction of 
acetaldehyde and semicarbazide. The results suggest 

that a free SH and a free amino group in close prox- 
imity protect against inhibition by acetaldehyde. 
Thus, fi-mercaptoethylamine is as effective as cysteine 
in relieving the inhibition by acetaldehyde. The car- 
boxy1 group of cysteine apparently plays no signifi- 
cant role in the interaction with acetaldehyde. Vicinal 
dithiols such as dithiothreitol do not exert any protec- 
tive action. The need for the thiol group is suggested 
by the fact that compounds with free amino and free 
carboxyl groups (glycine or alanine) provide no relief 
of the acetaldehyde-induced inhibition. The impor- 
tance of the amino group is suggested by the observa- 
tion that thiols with free hydroxyl groups (mercap- 
toethanol or thioglycerol) are less effective than cys- 
teine or p-mercaptoethylamine in providing a protec- 
tive effect, Glutathione, which has a free SH and a 
free amino group, is not as effective as cysteine. The 
amino and thiol groups are further apart in glutath- 
ione than in cysteine, suggesting the necessity for the 
proximity of both ligands for maximum protection. 

These findings that cysteine can protect against ace- 
taldehyde toxicity on a molecular level may explain, 
at least in part. the observation that both cysteine 
and the complex of acetaldehyde and cysteine, 
2-methylthiazolidine-4-carboxylic acid, in rive, pro- 
tected against death from acetaldehyde toxicity [30]. 
In subsequent studies, the protective elect of cysteine 
was mimicked by other thiols. whereas disulfides were 
ineffective [39]. The inhibition of the pyruvate de- 
hydrogenase complex from ox brain by 1 mM acetal- 
dehyde was reduced to about 50 per cent by 5 mM 
cysteine. There was no protection against the acetal- 
dehyde inhibition by 5 mM glutathione, mercaptoeth- 
anol and dithiothreitol [40]. Essentially similar 
results were observed here, as these thiols were not 
as effective as cysteine in protecting against the inhibi- 
tion of mitochondrial functions by acetaldehyde. It 
is also interesting that the reduction in cholinesterase 
activity in the brain of rats after chronic ethanol treat- 
ment has been reported to be prevented by 1% cys- 
teine [41]. It is possible that this effect of chronic 
ethanol treatment may be mediated, in part, by ace- 
taldehyde. In a similar manner, the decrease in glu- 
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tathionc conlcnt found after it single ~~dinillistration 
of a large amount of alcohol [42] may be due, in 
part, to interaction of glutathione with acetaldehyde 
generated from the oxidation of ethanol. 

The addition of cysteine alone gave rise to some 
oxygen consulllption (about 3 n~ltoli~s~rnin~rng of 
mitochondrial protein). In manometric experiments, 
practically no oxygen was consumed in the presence 
of cysteine for the first 20min 1291. After this lag 
period, oxygen uptake occurred at a rate of about 
5-10 natoms:min,mg of protein (c&&ted from the 
data of Fig. 1 and Table 1. Ref. 39). The complexation 
product of formaldehyde and cysteine, thiazolidinc-4- 
carboxylic acid. was also oxidized by liver mitochon- 
dria at a rate of about l&20 natoms oxygc]l~nliI~~nl~ 
of protein [28.29]. Thus. it is possible that the ‘relief 
of the acctaldehydc-induced inhibition of glutamate- 
linked oxygen uptake may represent mitochondrial 
oxidation of 2-~nethylt~~ia~olidi~~e-4-c~~rbox~iic acid. 
However, the 2-methyl derivative is oxidized at a rate 
only 25 per cent of that of thiazolidine-4-carboxylic 
acid [2X.29]. Thus the maximum theoretical increase 
of oxygen uptake would correspond to about 2-5 
ll~~torns~n~in. a rate consider~~bly less than the increase 
in oxygen uptake (about I5520 natoms:min) which 
actually occurs. 

A trend toward slight relief by cysteine of acetalde- 
hyde-i~dL~ccd inhibition of energy tr~lnsd~lct~on was 
observed. However, the ADP/O. Pi0 and respiratory 
control ratios. and the rate of phosphorylation still 
remained depressed in the presence of acetaldchyde 
plus cysteine. suggesting the possibility that the mito- 
chondria are LincoLip~cd in the presence of cysteine 
plus acetaldehyde. Hence ox)gcn uptake. but not the 
associated energ)-coupling reactions, would be ele- 
vated: this oxygen uptake would respresent an uncou- 
pled rate. and not an energy-coupled state 3 rate. 
However. giut~~rn~~te-supported oxygn uptake in the 
presence of acetaldehyde and cystemc was depressed 
by atractyloside and oligomycin, inhibitors which do 
not affect uncoupled respiration. Furthermore. 
ATPase activity was not elevated in the presence of 
acetaldehyde and cysteine. and state 4 respiration was 
only increased about 50 per cent. True uncouplers, 
such as dinitrophenol. increase ATPase activity and 
state 4 respiration more than L-fold. Thus. the mahi- 
lity of cysteine to relieve the irihi~~ition of oxidative 
phosphorylation by acetaldehydc remains unex- 
plained. It is possihlc that, in the presence of acetalde- 
hyde and cysteine. the mitochondria are only partly 
coupled. While the rate of oxygen uptake in the pres- 
ence of acctaldehyde is increased by cysteine. part of 
this increase may represent uncoupled oxygen uptake, 
since the state 4 rate itself is somewhat increased by 
cysteine. Another complicating factor is that cystcine 
itself causes a very siight decrease in oxidative phos- 
phorylation which may mask any potential relief of 
the acetaldchyde-induced inhibition. 

The inhibition of mitochondrial functions by ace- 
taldehyde irr z,itro resembles that found after chronic 
ethanol consLlnlption [X .10.43.]. These concentrations 
of acetaldehyde (0.75 to 3 mM) are higher than those 
usually found in blood after ethanol administration 
2441. However. blood levels of acetaldehyde may 
-.- 

* G. Cohen. personal communication. 

reach levels of 0.5 to I mM or greater after administ- 
ration of ethanol with certain drugs, e.g. disulfiram 
144.451, pyrogallol [46] or pargyiliie [4q. Moreover 
levels of acctaldehvde in the liver considerablv exceed 
those in the blo$ [4X].* Most of the above studies 
were performed with acute ethanol administr~ition. 
Chronic exposure to lower levels of acetaldehyde may 
result in effects similar to those seen in acute exper- 
imcnts. After chronic exposure to ethanol. acetalde- 
hyde blood levels increased in man [49], and rat 
hepatic mitochondrial oxidation of acetaldehyde was 
depressed [SO]. It would. therefore, be of interest to 
determine the effect of cystcine in rir~ during chronic 
ethanol intoxication. which results in chronic expo- 
sure to ~~c~t~~ldehyde. 

Ackr~o~~~l~~d~//~~cnt.s~~ We thank Mr. M. Imam for expert 
technical assistance and Dr. G. Cohen for performing gas 
chrorn~~to~r~iph~~ 

REFERENCES 

1. K. H. Kiessling. &pi. Cc,/!. Res. 30, 569 (1963). 
2. K. 0. Lindros. Eur. J. Bi~~~?~~)7. 26, 338 (1972). 
3. K. 0. Lindros, R. Vihma and 0. A. Forsander, Biu- 

&r/n. J. 126, 945 ( 1972). 
4. K. H. Hyington and J. Z. Yeh. Life Sci. II, 301 (1972). 
5. L. Marjanen, Biochefft. J. 127, 633 (1972). 
6. I. E. Hassincn, R. H. Ylikrrhri and M. T. Kahonen, 

Al7nl.s. M&f. np. Lfioi. Fenr7. 48, 176 (1970). 
7. N. Grunnet, Eur. J. Biodwn. 3.5; 236 (1973). 
8. A. I. C’cderbaum. C. S. Lieber and E. Rubin, Archs 

Biochem. Biophys 161, 26 (1974). 
9. A. I. Cederbaum. C. S. Lieber and E. Rubin, Archs 

Biorixm. Biopi~_vs. 165, 560 (1974). 
IO. A. I. Cedcrbaum. C. S. Lieber and E. Rubin. Arch.7 

Biochr,n. Bioph~~., 16Y, 29 ( 1975). 
1 I. A. I. Cederhaum and W. W. Wainio. d. hid. Chm. 

247, 4604 (1972). 
12. I. E. Hassinen, itnrtfs. Med. e.yp. Fenn. 45, 46 

( 1967). 
13. N. Haugaard. N. H. Lee. R. Kustrzewa. R. S. Horn 

and E. S. Haugaard, Biochirn. hiophys. Ac,tu 172, I98 
( 1969). 

14. A. L. Fluharty and D. R. Sanadi, Biu~~~~~7j.~f~~ 2, 519 
(1963). 

15. N. Sabadie-Pialoux and D. Gauthcron, Biochirn. hio- 
phy. A(,iir 234, 9 (1971). 

16. G. P. Brierlcy and E. Murer. Bi~)~,~~~f??. hiophys. Rrs. 
C‘cti?m~itri. 14, 437 (1964). 

17. K. W. Lam and S. S. Yang, A&s B~oL.~cI~~. Biophps. 
133, 366 (1969). 

18. D. D. Tyler, R. A. Butow, J. Gonze and R. W. Esta- 
brook. Rio&w. hioph,w. Res. ~f)~?j??~~~z. 19, 55 1 f 1965). 

19. Ivf. Gutman, H. Messmnn, J. Luthy and T. P. Singer, 
BioclwliU.rtr I’ 9, 2678 (I 972). 

20. F. G. Hopkins and E. J. Morgan, Sioche~l. /. 32, 61 I 
(19341. 

23. P. V. Vignais. P. M. Vignais, F. Lauquin and F. Morel, 
Biochimi~. Pwis 55, 763 (1973). 

24. H. P. T. Ammon, C. J. Estler and F. Heim. Biuclren~. 
F~zur~~fff~. 18, 29 (1969). 

25. M. P. Schubert. J. hiol. Clzrr~f. 121, 539 (1937). 
26. M. P. Schubert. J. hio/. Chzn~. 114, 341 (1936). 
27. S. Ratner and H. T. Clarke, J. AUI. &e/n. Sec. 119, 

1470 (I 937). 
28. H. J. Debey, J. B. Mackenzie and f. G. Mackenzie, 

J. ili‘lifP. 66, 607 (1958). 



Protective effect of cysteine 973 

29. C. G. Mackenzie and J. Harris, J. hid. Chew. 227, 40. J. P. Blass and C. A. Lewis, Biochem. J. 131, 415 (1973). 
393 (1957). 41. J. Gustav, J. Martin, N. Moss. R. D. Smyth and H. 

30. H. Sprince, C. M. Parker, G. Smith and L. J. Gonzales, Beck. Lifi Sci. 5, 2357 (1966). 
Agrnts Actions 4, 125 (1974). 42. A. Takada, F. Ikegami, Y. Okumura. Y. Hasumura, 

31. 0. H. Lowry, N. J. Rosebrough, A. L. Farr and R. R. Kanavama and J. Takeuchi. Lab. Invest. 23. 421 
J. Randall. J. hid. Chew. 193, 265 (1951) (1970). . 

32. 
33. 

34. 

35. 

36. 

37. 
3x. 

39. 

R. F. Chen. J. biol. Churn. 242, 173 (1967). 
A. 1. Cederbaum and E. Rubin, Biochern. Pharntuc. 23. 
203 (1974). 
E. C. Slater, in Mrtlds in Enqvnologq (Eds. R. W. 
Estabrook and M. E. Pullman). Vol. 10. D. 19. kd- 

demic Press. New York (1967). 
N. K. Gupta and W. G. Robinson, Biochim. hioph~~.s. 
Acttr 118, 43 I (I 966). 
E. C. Slater, in ~Llethods in Enqwkyp (Eds. R. W. 
Estabrook and M. E. Pullman), Vol. 10. p. 48. Aca- 
demic Press New York (1967). 
G. Ellman, Archs Biockrm. BiophJx 82, 70 (1959). 
M. D. Armstrong and V. DuVigneaud, J. hiol. C/tern. 
168, 373 (1947). 
H. Sprince. C. M. Parker, G. G. Smith and L. J. Gon- 
/ales. Fcrln Proc. 33, 233 (1974). 

43. 

44. 

45. 

46. 

47. 

48. 
49. 

50. 

A. I. Cederbaum. C. S. Lieber. D. S. Beattie and E. 
Rubin. J. hiol. Chem. 250, 5122 (1975). 
E. B. Truitt and M. J. Walsh, in Bid&y cf Akoholism 
(Eds. B. Kissin and H. Begleiter). p. 161. Plenum Press. 

New York (1971). 
T. N. James and E. S. Baer. 4r11. Heurf J. 74, 243 
(1967). 
M. A. Collins. R. Gordon M. G. Bigdeh and J. A. 
Rubenstein. Chern. Biol Irtfrruct. 8, 127 (1974). 
D. Macnamee. D. Dembiec and G. Cohen, F& Proc. 
34, 663 (1975). 
C. J. P. Eriksson. Biochrm. Pharmuc. 22, 2283 (1973). 
M. A. Korsten, S. Matsuzaki, L. Feinman and C. S. 
Lieber. h’rw Engl. J. Med. 292, 386 (1975). 
Y. Hasumura, R. Teschke and C. S. Lieber. Fedn Proc. 
34, 895 (1975). 


