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Abstract-The addition of ethanol, NAD, alcohol dehydrogenase and cytochrome c to 
liver mitochondria gives rise to an oxygen consumption which is proportional to the 
amount of ethanol oxidized. The system is insensitive to rotenone and antimycin and 
not coupled to phosphorylation and is in these respects identical with the well-known 
NADH-cytochrome c reductase present in the outer membrane of liver mitochondria. 
The respiration is directly proportional to the added cytochrome c in the range of 
16-16.3 pmoles/l. and follows the Michaelis-Menten equation for different ethanol 
concentrations (K,,, = 6.2 mrnoles/l). As cytochrome c is easily washed out of mito- 
chondria during fractionation, the externally added cytochrome c probably replaces it 
in uitro. It is therefore suggested that cytochrome c may alternate between the outer and 
inner membrane and may be available in viva for the oxidation of extrarnitochondrial 
NADH by means of the NADH-cytochrome c reductase in the outer membrane. 

MOST OF the alcohol dehydrogenase (ADH) in the liver has been shown to be present 
in the soluble fraction of the cell (Dianzani,’ Nyberg et al.,’ Btittner3). Thus ethanol 
is oxidized to acetaldehyde mainly outside the mitochondria. Various mechanisms for 
the transport of reducing equivalents from the extramitochondrial NADH into 
mitochondria have been suggested (Biicher and Klingenberg,4 Sacktor,5 Borst,6 
Whereat et al.‘). 

So far none has been proved to function in Vito, although several observations 
argue in favour of the oxaloacetate-malate shuttle as a possible mechanism (Hassinen,* 
Williamson et CZ~.,~ Hommes and RichterslO). The difficulty is, however, that the 
concentration of NADH inside the mitochondria is much larger than in the cytoplasm. 
A transfer will therefore not be possible unless energy is supplied in some way. 

In the present paper, another mechanism will be discussed, in which NADH, 
formed by the oxidation of ethanol outside the mitochondria, is re-oxidized by a 
cytochrome c stimulated mitochondrial system. The system is insensitive to rotenone 
and antimycin and not coupled to phosphorylation and is in these respects identical 
with the NADH-cytochrome c reductase shown to be present in liver mitochondria 
(Raw et al., I1 Raw and Mahler,12 Lehninger et aZ.,13 Lehninger,14 Ernster et uZ.,ls 
Ernster et ~1.‘~). 

EXPERIMENTAL 

Male Wistar rats weighing 200-300 g from the stock of this laboratory were used in 
the experiments. The animals were killed by a blow on the neck and exsanguinated. 
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The liver was rapidly removed, chilled in ice-cold, 0.25 M sucrose with 3.4 mM 
Tris-I-ICI (pH 7.4) and I*0 mM EGTA. After scissoring and rinsing, the liver was 
homogenized in a loosely fitted, Potter-Elvehjem all-glass homogenizer. A suspension 
of liver mitochondria was made by a method described by Chappel and Hansford.17 
The mitochondrial pellet was washed twice and the fluffy layer was removed after 
each centrifugation. This procedure was carried out with 3.4 mM Tris-HCl (pH 7.4) 
and 1.0 mM EGTA in the O-25 M sucrose. The pellet was finally suspended in 0.25 M 
sucrose-Tris-HCl without EGTA. 

The incubation medium in the Warburg vessels contained 3 pmoles of ATP, 10 
pmoles of Mg2+, 45 pmoles of glucose, 50 pmoles of phosphate bufIer (pH 7.4) and 
0.5 mg of hexokinase (Sigma, Grade III]. Each vessel contained mitochondria from 
300 mg of liver, giving a final volume of 2-O ml. Either one of the following substances 
or combinations of them were added; 34-34 ymoles ethanol, 2 pmoles NAD, 3.2-80.0 
nmoles cytochrome c and O-8 pg rotenone. The incubation was performed at 30” for 
30 min, including 5 min for temperature equilibration. It was found that the hexokinase 
used (Sigma, Grade III) was contaminated with alcohol dehydrogenase which was 
able to oxidize 0.14 pmole of ethanol per min/mg hexokinase at pH 7.4. 

As a check on the mitochondrial function, the respiratory control was estimated as 
the ratio between the respiration obtained with 30 pmoles of pyruvate, 3 pmoles of 
malate and with ATP, Mg’+, phosphate buffer, glucose and hexokinase as stated 
above and the respiration obtained when glucose and hexokinase were omitted. No 
respiratory control ratio less than 4 was accepted (the mean value of all the experiments 
included was 4.3 i O-1). The P/O ratio was estimated by the isotope method of 
Lindberg and Ernster’* and the protein content of mito~hondria according to Lowry 
et ~1.‘~ 

The oxygen consumption was recorded polarographically at 28” in an Oxygraph, 
Model KM (Gilson Medical Electronics). The incubation vessel contained 0.50 
mmole sucrose, 0.20 mmole Tris-HCl buffer, pH 7.3, 25 pmoles phosphate, 5 
pmoles magnesium and the mitochondria from 100 mg of liver tissue in a volume of 
2.0 ml. The additions made were either 7 pmoles glutamate and 0.5 pmole ADP or 
70 pmoles ethanol, 2.0 pmoles NAD, 0.5 mg of hexokinase, Grade III and 40 nmoles 
cytochrome c. The inhibition of respiration was studied in the presence of 3.3 pg of 
antimycin A and/or 2 ,umoles of KCN. Most of the results presented were obtained 
by the Warburg manometric technique but the fundamental effects were checked with 
oxygraph recordings. 

Ethanol was determined at pH 95 by the yeast alcohol dehydrogenase method, 
according to Dickinson and Dalziel, *O after removal of protein with trichloroacetic 
acid. Values for the endogenous respiration were subtracted from the respiration 
obtained in the presence of a substrate. The statistical evaluation was made using 
Student’s t-test. Hexokinase Grade III, NAD, ATP and cytochrome c Type III were 
purchased from the Sigma Chemical Co. 

RESULTS 

The addition of ethanol, NAD and ADH to mitochondria gave rise to oxygen 
consumption, which is partly caused by a~etaldehyde oxidation in the mitochond~a 
(Hedlund and Kiessling,2f Kiessling, 22 Kiessling et ~1.~~). This respiration is completely 
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inhibited by rotenone and antimycin (Table 1, Fig. 1). The addition of cytochrome c 
increases the respiration further and this increase is insensitive to rotenone and anti- 
mycin but is completely blocked by KCN (Table 1, Fig. 1). 

a 

FIG. 1. Polarographic recording of oxygen consumption by rat liver mitochondria after additions as 
indicated in the figure. The respiratory control with glutamate is 4-71, the ADP:O ratio2.84 and the 
coupled respiration rate 43.0 nmoles O~~min~rng protein. The respiration after ethanol and ADP is 
21.1 nmoles O~/min~mg protein and after cytochrome c 18.2 nmoles Oz/min/mg protein. Fordetailsof 

the incubation procedure, see Experimental. 

TABLE~.EFFECTOFCYTOCHROME CON MITOCHONDRIAL RESPIRATION AND P/Owrra ETHANOL,NAD 
AND HEXOKINASE 

Additions 

Respiration 
&atom O&-/10 

mg protein) P/O 

Ethanol -I- NAD + hexokinase 
Ethanol + NAD + hexokinase + rotenone 
Ethanol + NAD + hexokmase _t cytochrome c 
Ethanol -I- NAD + hexokinase + cytochrome c + rotenone 
NAD + cytocbrome c 

16.4 f 0.6 1.3 * 0.2 
4.6 Ifr 0.4 

25.4 i: l-9 0.9 * 0.1 
12.9 f 1.8 0.5 & o-1 

3.8 

The hexokinase used contains alcohol dehydrogenase as a contamination in sufficient amounts to 
reduce NAD at such a rate that NADH is always present outside the mitochondria (see Experimental). 

Figure 2 shows that this rotenone insensitive respiration is directly proportional 
to cytochrome c in the range of 16-163 pmoles/l. No oxygen consumption occurs in 
the absence of mitochondria which excludes auto-oxidation of cytochrome c. An 
increase in the cytochrome c stimulated respiration corresponds to an increase in the 
ethanol disappearance (Fig. 2). The ratios between oxygen consumption and ethanol 
disappearance at various concentrations of cytochrome c are given in Table 2, 

Ethanol in final concentrations ranging from I.7 to 174 pmoles/l. gave rise to an 
oxygen consumption which follows the Michaelis-Menten equation, when the cyto- 
chrome c level is kept at a level giving optimal stimulation of the respiration. Plotting 
the data for ethanol concentrations and the corresponding oxygen uptake in the 
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FIG. 2. The effect of different concentrations of cytochrome c on the respiratory rate and of ethanol 
disappear~ce when rat liver mitochondria were incubated with 34 pmoies ethanol, 2 pmoles NAD, 
0.5 mg hexokinase and O-8 pg rotenone in a final volume of 2 ml. The hexokinase was contaminated 
with alcohol dehydrogenase. For further details, see Experimental. Each point represents the mean 
value of seven different experiments, except the two points where cytochrome c is over 30 rmoles 

which are based on three different experiments. The bars indicate the standard error. 

double reciprocal manner gives a line from which K-, can be estimated (Fig. 3). A& was 
62mmolesof ethanol/l. TheP/O ratio is I.9 without cytochrome c and 0.9 with cyto- 
chrome c. In the presence of rotenone, the P/O ratio is only O-2-0+5. 

Frc. 3, Double reciprocal plot of the effect of different ethanol concentrations (s> on the respiratory 
rate (0) in rat liver mitochondria incubated with 1 mM NAD, O-25 mgjml hexokinase, O-4 pg,!ml 
rotenone and 16.3 PM cytochrome c. The hexokinase used contained alcohol dehydrogenase as a 
contamination, in sufficient amounts for the formation of NADH throughout the experiement. For 
details of the experimental procedure, see Experimental. Each point represents the mean value of 

seven experiments and the bars indicate the standard error. 
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TABLE 2. OXYGEN CONSUMPTION IN RELATION TO THE 
ETHANOL DISAPPEARANCE AT DIFFERENT CONCENTRA- 

TIONS OF CYTOCHROME C 

Cytochrome c 
&moles/l.) patom O,/pmole ethanol 

1.6 2.35 
3.3 1.77 
6.5 1.87 

11.4 1.80 
16.3 1.90 
24.4 1.53 
32.6 1.25 
40.7 1.26 

DISCUSSION 

Evidence has been provided for the occurrence of a NADH-cytochrome c reductase 
within the liver mitochondria, which may be responsible for the rotenone- and anti- 
mycin-insensitive oxidation of exogenous NADH by added cytochrome c (Raw 
et aZ.,ll Raw and Mahler,l’ Lehninger et aZ.,13 Lehninger,14 Ernster et al.,” Ernster 
et al.16). Recently it has been shown by Sottocasa et al.24 that the enzyme system is 
associated with the outer membrane. This location facilitates the mitochondrial 
oxidation of NADH formed in the cytoplasm, for example by ethanol oxidation. One 
condition is that cytochrome c must be present in the outer membrane or in the 
soluble fraction. In the experiments with isolated mitochondria shown in Fig. 2, 
various concentrations of cytochrome c were added. With concentrations of cyto- 
chrome c ranging from l-6 to 40.7 pmoles/l., a stimulation of the respiration is obtained. 
Ethanol, NAD and ADH act as a NADH-generating system. 

It is, of course, impossible to draw any conclusions from these in vitro experiments 
about the physiological significance of the system in connection with ethanol oxida- 
tion. It only shows that, in the presence of mitochondria, cytochrome c, ethanol, NAD 
and ADH, the NADH formed may be re-oxidized and that the respiration is roughly 
proportional to the amount of ethanol which has disappeared. 

Several investigations suggest that the biosynthesis of cytochrome c occurs in the 
endoplasmic reticulum (Gonzalez-Cadavid and Campbell,2s Davidian et a1.,26 
Kadenbach*‘). Recently Davidian and Pennial128 and Kadenbach2g presented results 
indicating that the product of the synthetic activity of the endoplasmic reticulum must 
be a nonfunctional form of cytochrome c and that it is this entity which is transferred 
to the mitochondria. 

From 50 to 90 per cent of the cytochrome c of the liver cell has been reported to 
occur inside the mitochondria (Gonziilez-Cadavid and Campbell,25 Davidian et al.26). 
The rest is present in the soluble fraction, the microsomes and the nuclei (Davidian 
et aZ.26). On the basis of figures reported by Loud 3o showing that the mitochondria 
occupy some 20 per cent of the cytoplasmic volume, a calculation reveals a con- 
centration of cytochrome c in the cytoplasm ranging from l-7 to 8.4 pmole/l. This is 
within the range that causes a stimulation of the respiration with ethanol, NAD and 
ADH added to isolated mitochondria (Fig. 1). 

According to Muscatello and Carafoli3’, a difference exists in the permeability 
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properties to cytochrome c of the two faces of the inner mitochondrial membrane. It 
has been suggested that a permeability barrier for cytochrome c exists at the inner but 
not at the outer face. If this is true, cytochrome c may alternate between the two 
membranes and also be available for NADH-cytochrome c reductase in the outer 
membrane. Racker3’ has outlined a topographical model of the inner membrane. In 
the model cytochrome c is located at the outer side of the membrane. This location 
facilitates an alternation of cytochrome c between the two membranes. 

The complete abolition of the cytochrome c stimulated respiration by KCN shows 
that the final part of the respiratory chain is involved in this system (Fig. 1). That 
cytochrome c has to be added to mitochondria in order to make the NADH-cyto- 
chrome c reductase work may be explained by cytochrome c being washed out of the 
mitochondria. This may be expected, as the bulk of the extramitochondrial cyto- 
chrome c results from a redistribution of mitochondrial cytochrome c during cell 
fractionation (Kadenbach33). This cytochrome c is easily replaced in an in vitro 
system by adding cytochrome c to the medium. 

Thus, not only the minor amounts of cytochrome c located in the cytoplasm but 
also the easily washed-out part of the mitochondrial cytochrome c may be available 
in vivo for the oxidation of extramitochondrial NADH by means of the NADH- 
cytochrome c reductase in the outer membrane. 

Acknowledgements-We are indebted to Mrs. Gun-Britt Berglund and Miss Gun-Britt Jiinsson for 
skilful technical assistance. This work is part of investigations made possible by grants from the 
Swedish Medical Science Research Council (Project No. B71-12Y-2364-04). 

REFERENCES 

1. M. U. DIANZANI, Archs Fisiol. 50, 175 (1951). 
2. A. NYBERG. J. SCHUBERT and L. ANGGARD. Acta them. stand. 7. 1170 (1953). 
3. H. B~~TNE;, Biochem. Z. 341,300 (1965). . 
4. TH. BUCHER and M. KLINGENBERG, Angew. C’hem. 70, 552 (1958). 
5. B. SACKTOR, “Hydrogen Transport and Transport Metabolites”, Fifth Congress of Biochemistry, 

Moscow (1961). 
6. P. BORST, in Funktionelle und Morphologische Organisation der Zelle (Ed. P. KARLSSON) p. 137. 

Springer, Berlin (1963). 
7. A. WHEREAT, M. W. ORISHIMO and J. NELSON, J. biol. Chem. 244,6498 (1969). 
8. I. HASSINEN, Ann. Med. exp. Fenn. 45,35 (1967). 
9. J. R. WILLIAMSON, R. SCHOLZ, R. G. THURMAN and B. CHANCE, The Energy Level and Metabolic 

Control in Mituchondria, u. 411. Adriatica Editrice, Bari (1969). 
10. F. A. HOMME~ and A. R.-R~CHTERS, Biol. Neonat. 14,359 (1969). 
11. J. RAW, R. MOLINARI, D. FERREIRA DO AMARAL and H. R. MAHLER, J. biol. Chem. 233,225 and 

230 (1958). 
12. J. RAW and H. R. MAHLER, J. biol. Chem. 234, 1867 (1959). 
13. A. L. LEHNINGER. W. D. MCELLROY and B. GLASS, Phosphorus Metabolism, Vol. 1, p. 344. 

Johns Hopkins Press, Baltimore, Md. (1951). 
14. A. L. LEHNINGER, Harvey Lect. 49,176 (1955). 
15. L. ERNSTER, 0. JALLING, H. Lijw and 0. LUNDBERG, Expl Cell Res. Suppl. 3, 124 (1955). 
16. L. ERNSTER, G. DALLNER and G. F. AZZONE, J. biol. Chem. 238,1124 (1963). 
17. J. B. CHAPPEL and R. G. HANSFORD, in Subcellular Components: Preparation and Fractionation, 

(Eds. G. 0. BIRNIE and S. M. Fox) p. 43. Butterworths, London (1969). 
18. b. LINDBERG and L. ERNSTER, Meth. Biochem. Analysis, 3,1 (1955). 
19. 0. H. LOWRY. N. J. ROSEBROUGH. A. L. FARR and R. J. RANDALL, J. biol. Chem. 193,265 (1951). 
20. F. M. DICKINSON and K. DALZIE~, Biochem. J. 104,165 (1967). 
21. S.-G. HEDLUND and K.-H. KIESSLING, Acta Pharmac. Toxic. 27, 381 (1969). 
22. K.-H. IESSLING and C.-G. LUNDQUIST, Symp. Biological Aspects of Alcohol, (Eds. M. K. ROACH, 

W. M. MCISSAAC and P. J. CREAVEN) p. 168, Univ. Texas Press (1971). 



Cytochrome c stimulated oxidation of ethanol 2235 

23. K.-H. KIESSLING, C.-G. LUNDQUIST and L. PILSTR~M, Ph.D. Dissertation, Uppsala University 
(1971). 

24. G. L. SOTTOCASA, B. KYULENSTIERNA, L. ERNSTER and A. BERGSTRAND, J. Cell Biol. 32, 415 
(1967). 

25. N. F. GONZALEZ-CADAVID and P. N. CAMPBELL, Biochem. J. 105,427 (1967). 
26. N. DAVIDIAN, R. PENNIALL and W. B. ELLIOT, A&s biochem. Biophys 133, 345 (1969). 
27. B. KADENBA~H, in Biochemical Aspects of the Biogenesis of Mitochondria (Eds. E. C. SLATER, 

J. M. TAGER. S. PAPA and E. OUAGLIARIELLO) D. 415. Adriatica Editrice. Bari (1968). 
28. N. DA~IDIA~~~~ R. PENNIALL;Biochet?z. biop&s. Rex Commun. 44, 15 (i971). . ' 
29. B. KADENBACH, Eur. J. Biochem. 12, 392 (1970). 
30. A. V. LOUD, J. Cell Biol. 15,481 (1962). 
31. U. MUSCATELLO and E. CARAFOLI, J. Cell Biol. 40, 602 (1969). 
32. E. RACKER, in Essays in Biochemistry (Eds. P. N. CAMPBELL and F. DICKENS) p. 1. Academic 

Press, London (1970). 
33. B. KADENBACH, Eur. J. Biochem. 10,312 (1969). 


