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Abstract-Some of the early hepatic responses to a single dose of ethanol or a sub- 
convulsant dose of hydrazine are similar to those extant in regenerating liver. For 
example, in all three cases gluconeogenesis is inhibited, lipid accumulates, and varying 
degrees of structural change occur in mitochondria. The present communication 
establishes that, in addition, the concurrent mitochondrial generation of ATP is 
stimulated and that in each case such functions as activated respiration (state 3), 
phosphorylation rate, respiratory control and ADP:O ratios with both a flavin-linked 
and a pyridine nucleotide-linked mitochondrial substrate markedly exceed the cor- 
responding activities in both fed and fasted control animals. Thus was observed the 
unusual consequence of a group of experimental treatments which increasedrather than 
decreased the efficiency of intracellular energy retention as ATP. Such auxiliary mito- 
chondrial activities as spontaneous and activated ATPases and high amplitude volume 
changes were minimally or not at all affected. It is proposed that elevated ATP genera- 
tion was related to permeability changes of the organelles and that augmented ATP 
synthesis may be a concomitant of increased mitochondrial turnover. Such an explana- 
tion could account for the quite different mitochondrial response to chronic ethanol 
consumption and to typical hepatotoxic substances. 

DESPITE the controversy over whether the toxic effects of ethanol on the liver are 
direct or indirect (see, for example, the reviews by Lieber’ and by Porta et aLz), the 
fact remains that this compound predisposes toward hepatic fatty infiltration, fatty 
degeneration and, subsequently, often to cirrhotic changes. Likewise, a single sub- 
convulsant dose of hydrazine increases hepatic lipid content several fold within 24 

hr.3* 4 In any case, the acute effects of either ethanol or hydrazine return to normal in 
the absence of further treatment. Ingestion of ethanol is, of course, widespread in 
contemporary societies and exposure to hydrazine (a component of rocket propellants 
and fuel cells) and to hydrazides (herbicides, fungicides and several classes of com- 
monly prescribed chemotherapeutic agents) is far from uncommon today. Some of 
these drugs (e.g. isoniazid, iproniazid) have been shown to produce an even more 
pronounced fatty accumulation in the liver than does hydrazine itself5 and isoniazid6 
and other hydrazides yield hydrazine as one of their catabolites.’ We showed previously 
that 4 weeks’ subsistence on an ethanol containing liquid purified diet high in lipo- 
tropes produced a depression of hepatic protein biosynthesis and of mitochondrial 
electron transport linked phosphorylation. * In the present study we wished to investi; 
gate a relatively acute, rather than chronic, influence of ethanol on hepatic mitochon- 
drial activities and to compare these with the acute changes produced by hydrazine. 
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Furthermore, the influence of partial hepatectomy was also studied since this treat- 
ment also increased liver lipid99 lo and the increases in RNA and DNA contents and 
protein synthesis following a single dose of hydrazine” had been shown to be com- 
parable to those occurring during hepatic regeneration. 12, l3 Finally, it was of interest 
to determine if changes in hepatic mitochondrial functions induced acutely by ethanol 
were similar to those characteristic of hydrazine treatment and of tissue regeneration, 
and hence different from alterations produced by chronic ethanol ingestion. 

METHODS 

Treatment of animals. Male albino rats of the Holtzman strain (200-250 g) were 
maintained on Purina laboratory chow and water ad lib. 

Hydrazine treatment. Rats were injected intraperitoneally (i.p.) with 4 mg of 
neutralized hydrazine per 100 g body weight 24 hr before sacrifice. Controls were 
similarly treated with an equal volume of physiological saline. The drug-treated 
animals ignore food during this period3 and hence both groups were fasted but had 
free access to water. 

Alcohol treatment. Except where indicated, rats had a lo-day pretreatment with 5 % 
ethanol as their sole drinking fluid. Forty-five min before sacrifice they were injected 
i.p. with 3 ml of 10% ethanol in saline per 100 g body weight. Controls were injected 
with saline only and did not undergo pretreatment. 

Partial hepatectomy. Approximately 67 per cent partial hepatectomy was accom- 
plished by ablation of the median and left lateral lobesI 17 hr before sacrifice. Sham- 
operated controls underwent similar laparotomy, including exposure and handling 
of the liver, but without extirpation of hepatic tissue. Both groups fasted for the 17 hr 
post-operative period. 

Preparation of mitochondria. All animals were sacrificed by decapitation and the 
mitochondrial fraction of the liver was preparedI immediately. 

Respiratory rates (m-patom O2 min-’ mg mitochondrial protein- ‘) were determined 
polarographically as described previously.6 Conventions used in naming respiratory 
states, and respiratory control and ADP:O ratios were those of Chance and Williams.16 
Phosphorylation rates (m-pmole ATP synthesized min-’ mg mitochondrial protein-l) 
were estimated by the method of Ozawa et all7 

ATPase (ATPphosphohydroZase EC 3.6.1.4). Liver mitochondria (2 mg mitochondrial 
protein) were incubated at 30” for 5 min in 2 ml of a pH 7.4 mixture of 150 mM 
sucrose, 15 mM tris, 5 mM ATP and, when present, 4 mM MgCl, or 0.1 mM 2,4-dini- 
trophenol (DNP). A blank was prepared at the same time with H,O in place of 
mitochondria. Pi was determined according to Lowry.18 Under these conditions 
hydrolysis of ATP was proportional with time and amount of mitochondria, and 
oligomycin (3 pg/mg mitochondrial protein) completely inhibited both Mg2+- and 
DNP-stimulated ATPases. 

High amplitude volume changes were followed as absorbance changes at 520 rnp 
with a Gilford recording spectrophotometer thermally controlled at 30”. Mitochondria 
(O-5 mg protein) were suspended in 125 mM KC1 containing 20 mM tris, pH 7.4. 
Swelling was initiated by addition of either CaCl, or sodium oleate to a final concen- 
tration of 1 mM or 5 FM, respectively. When swelling was complete, contraction was 
induced by addition of (final concentrations) 5 mM ATP, 3 mM MgCl, and 2 mg/ml 
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dialyzed crystalline bovine serum albumin. All three components were necessary for 
contraction. Oligomycin (6 r-Lg> added either at the start or after swelling was concluded 
prevented completely recontraction of Ca2 +- or oleate-swollen mitochondria. 

Free fatty acids were extracted19 immediately, in an ice bath, from freshly prepared 
mitochondria; this precaution was necessary since mitochondrial free fatty acid levels 
increase on aging.20 These were estimated by the method of Novakzl with palmitic 
acid as standard. 

Protein was determined by a biuret method22 in the presence of 1 ‘A deoxycholate 
with crystalline bovine serum albumin as standard. 

Treatment of data. A two-tailed Student’s t-test was used to ascertain the level of 
of significance. 23 A value of P< O-05 was accepted as the level of significance. Means 
and standard errors of the means (S.E.M.) for each comparison between experimental 
and control groups are indicated in the Tables. 

RESULTS 

Rats refuse food during the 24-hr period following hydrazine treatment3 and there- 
fore the influence on mitochondrial function of the 24-hr fast alone was assayed. As 
shown in Fig. 1, fasting decreased the respiratory control ratio (RCR) with both 
succinate (PC 0.001) and glutamate (PC 0.01) when compared to fed rats. The 8 per 
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FIG. 1. Influence of 24-h fast and of hydrazine plus 24-hr fast on RCR and ADP/O of hepatic 
mitochondria oxidizing succinate and glutamate. Open bars, ad lib. fed (n = 42); solid bars, 24 hr- 

fasted (n = 18); hatched bars, hydrazine treated followed by 24-hr fast (n = 10). 

B.P. 20/7-M 
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cent reduction due to fasting in ADP:O ratios with both substrates was not signifi- 
cant at the O-05 level. Hydrazine treatment (with 24-hr fast) not only reversed the effects 
of fasting on respiratory control (PC 0.001 with both substrates) but actually increased 
this functional parameter above that for fed controls (PC 0.001 with succinate, P< 0.05 
with glutamate). Increases in the RCR by hydrazine were due to augmented respiration 
in presence of Pi-acceptor (state 3); state 4 respiration was essentially unaffected. 
ADP :0 ratios were also stimulated by hydrazine treatment (P < 0.01) when compared 
to the corresponding 24-hr fasted controls. Consequently, in all subsequent in vivo 
experiments, controls were fasted for the same period as was dictated in the experi- 
mental groups by the particular procedure employed. 

In vitro treatment with hydrazine of isolated mitochondria did not reverse the 
depression in respiratory control caused by a 24-hr fast (Fig. 2). In fact, at all levels 
of hydrazine tested, the RCR and ADP:O ratios were much lower in mitochondria 
from both fed and fasted rats than were the corresponding ratios in untreated organ- 
elles. Hence the implication is that contrary to the in vivo experience, hydrazine may be 
a weak uncoupler in vitro. The only exception was the ADP:O ratio for fed rats which 

I I 

0 50 IbO 

Irg HYDRAZINE 

FIG. 2. Effect of hydrazine in oitro on respiratory control and oxidative phosphorylation in mitochon- 
dria isolated from fed and fasted rats. Hydrazine was added in the amount indicated immediately 
before assay (2.3-2.5 mg mitochondrial protein); substrate, succinate. (- ) RCR; (----) 

ADP:O; n , ad lib. fed; 0, fasted 24 hr. 
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at relatively high levels of hydrazine was similar to the ADP:O for untreated mito- 
chondria. In a subsequent experiment hydrazine was included in the mitochondrial 
isolation medium at a level of 1 mg/g liver. (One-half of each liver was homogenized 
in the usual isolation medium and the other half in the hydrazine-containing medium,) 
This value is comparable to the in vivo dose of 40 mg/kg body weight, assuming that 
the entire i.p. dose was absorbed by the hepatocytes. This in vitro treatment also failed 
to elevate RCR and ADP:O ratios. Therefore, neither isolation of mitochondria in 
the presence of hydrazine nor exposure to the compound immediately before assay 
reversed the depression in phosphorylation caused by the 24-hr fast and it is concluded 
that the influence of hydrazine in restoring respiratory control and oxidative phos- 
phorylation in vivo must be indirect. 

Ethanol is another agent capable of severely modifying many aspects of metabolism 
in the liver and when administered throughout a 4-week period as 40 per cent of the 
calories of a nutritionally adequate, purified liquid diet, it depressed acceptor control 
of hepatic mitochondrial respiration with both succinate and glutamate.8 In order to 

TABLE ~.INFLUENCEOFETHANOLONACCEPTORCONTROLOFRESPIRATION 

INRATLNERMITOCHONDRIA 

Treatment 
Respiratory control ratio 

Succinate Glutamate 

Control (18) 
Ethanol 

No pretreatment (8) 
Pretreatment: (8) 

2.57 5 0.05 2.99 f 0.12 

3.02 &O.ll* 3.26 + 0.14 
3.28 & 0.07t 4.64 f 0.18t 

Number of animals in parentheses. Means f S.E.M. 
* P< 0.005. 
7 Pi 0.001. 
$ 5 per cent Ethanol drinking fluid for 10 days. 

study more immediate effects of ethanol on these organelles, rats were fasted for 24 hr 
either with no pretreatment or after 10 days with 5 per cent ethanol as their sole 
drinking fluid. Animals were then injected i.p. with either ethanol or saline (see 
Methods) and sacrificed 45 min later. Table 1 shows that in contrast to observations 
on rats treated chronically with ethanol, 8 the acute dose of ethanol augmented 
respiratory control and that the pretreatment further increased the RCR with both 
succinate and glutamate. In order to ascertain the temporal extent of this protective 
effect of ethanol in fasting animals, a group of rats pretreated as before with ethanol 
was divided into five groups of eight each and fasted for 0, 24, 39, 48 and 72 hr, 
respectively. At the end of each period of fast the group was administered ethanol i.p. 
and hepatic mitochondria were prepared from each rat as previously. Equal numbers 
of untreated rats, injected with saline only, served as controls. Figure 3 shows that 
respiratory control with either substrate was higher in ethanol-treated rats than in 
controls throughout the 3-day fast (P < O*OOl with glutamate at each point; 
0.01 > P < 0.001 with succinate throughout). Although a 24-hr fast depressed 
respiratory control in mitochondria from untreated animals (P < 0.0025 with succinate; 
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I 1 I I I 
0 20 40 60 60 

EXTENT OF FAST (hr) 

FIG. 3. Maintenance by ethanol treatment of respiratory control in liver mitochondria during 24-hr 
fast. Rats were injected i.p. with either ethanol or saline (see Methods) 45 min before sacrifice. 
Abscissa indicates period each group was fasted preceding the injection. Each point represents the 
mean of at least eight rats i S.E.M. (- - - -1 Ethanol treated; (- ) controls; l , gktamate 

oxidation; l , succinate oxidation. 

P < O-025 with glutamate), ethanol prevented this loss in the treated group (0 and 24 
hr values not significantly different). However, prolonging the fast exhausted this 
stimulatory effect by ethanol, particularly in the case of glutamate respiration. There 
were no sig~~cant differences in mitochondrial protein contents (mg/g liver) between 
control and alcoholic groups, nor during the 72-hr fast within a group. At each point 
the higher respiratory control ratios in the ethanol treated groups, compared to 
controls, resulted from elevated state 3 respiratory rates accompanied by no change in 
state 4 rates. In this regard the ethanol-treated and hydrazine-treated rats were 
similar and hence the augmentation of mitochondrial function could not be explained 
on the basis of calories administered as ethanol during the fasting periods. 

Consequently, more detailed studies of mitochondrial function were undertaken to 
explore similarities of action of these two chemic~ly unrelated compounds and to 
compare them with regenerative events in 67 per cent partially hepatectomized rats. 
For comparative purposes all of these results are summarized in Table 2. Hydrazine 
treatment (rats were fasted for 24 hr following injection of either hydrazine or saline) 
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increased the RCR with both substrates by one-third. These changes were due 
predominantly to elevated stated 3 respiratory rates although in this experiment 
state 4 respiration was also depressed when the substrate was glutamate. ADP:O 
ratios were increased by 17 per cent and the phosphorylation rates for succinate and 
for glutamate were stimulated by 46 and 30 per cent, respectively. Although the 
MgZ + -activated ATPase was partially masked in mitochondria from treated rats, the 
spontaneous, as well as DNP-stimulated activities were unaffected. Moreover, except 
for minor protection against Ca z +-induced swelling, treated and control organelles 
responded similarly in assays of energized contraction and oleate-swelling. Contraction 
of mitochondrial membranes is one of the physiological roles assigned to the mem- 
brane bound ATPases. 

Observations obtained as a result of ethanol treatment were quite comparable to 
those achieved with hydrazine. Rats drank 5 per cent ethanol for 10 days, were 
fasted for 24 hr, then given ethanol i.p. according to techniques described earlier. 
Controls were carried through the same procedure, but without ethanol. During 
glutamate oxidation, the ethanol treatment increased the RCR by one-third (as a 
result of an augmented state 3 rate), ADP:O rose by 22 per cent, and the phosphoryla- 
tion rate by 50 per cent. With succinate the RCR increased by 18 per cent due to state 
3 stimulation, the ADP:O was unaltered, but the phosphorylation rate rose by 16 per 
cent. The various ATPase activities were unaffected and although the swelling and 
contraction cycles appeared to be minimally influenced, a trend did exist toward 
slightly enhanced changes in each of these parameters by the ethanol treatment. 
Consequently, the possibility was considered that ethanol may have increased mito- 
chondrial permeability to some degree (see Discussion). It is known that ethanol 
administration, under various conditions, may lead to hepatic lipid accumulation 
and that fasting mobilizes fatty acids from fat depots to the liver. Moreover, such 
fatty acids are natural swelling agents and uncouplers. Nevertheless, none of our 
results could be attributed to an alteration in mitochondrial fatty acid content. The 
various parameters related to oxidative phosphorylation (state 3 respiration, RCR, 
ADP:O and phosphorylation rate) were increased by the ethanol treatment and there 
was no significant difference in the mitochondrial free fatty acid contents (Table 2). 

As seen also in Table 2, 17 hr after 67 per cent partial hepatectomy the RCR with 
both substrates was elevated also by about one-third over that of sham-operated 
controls similarly fasted for 17 hr. These changes were brought about by stimulated 
state 3 respiratory rates although state 4 oxidation of succinate was also lower than in 

laparotomized controls. ADP:O ratios were augmented by 10 percent and phosphory- 
lation rates by 30 and 40 per cent in the posthepatectomized rats. Although the 
DNP-stimulated ATPase was partially masked, the spontaneous and MgZ+-activated 
activities were not altered significantly. Also, volume changes were essentially un- 
affected although energized contraction in oleate-swollen mitochondria was impaired 
(P < 0.02) in regenerating livers. Within 4 weeks after the partial hepatectomy all 
of the mitochondrial activities had returned essentially to control values (not shown in 
Table). 

The RCR is generally considered to be a more sensitive and rigorous test of the 
degree of coupling of oxidation to phosphorylation than is the ADP:O ratioz4. 25 
and hence it would not be surprising for the former quantity to be affected more 
severely than the latter by certain metabolic alterations. For example, state 3 respira- 
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tion and respiratory control were found to be depressed in mitochondria from diabetic 

animals while the ADP:O remained unchanged. 26 Indeed, in every case in Table 2 

respiratory control ratios were influenced much more than ADP:O ratios by the 
various treatments. Furthermore, the minor effects on ATPases and high amplitude 
volume changes produced by those treatments, and which were accompanied by major 
changes in those parameters influenced by the “phosphate potential” [ATP]/[ADP] 
[Pi], tend to implicate a rather selective effect related to adenine nucleotide transloca- 
tions. In addition, it has been reported 27 that the adenylate kinase mass action ratio 
[ATP] [AMP]/[ADP12 increased 3-fold during ethanol oxidation in perfused rat liver 
and also that ethanol decreased ADP, increased AMP and maintained the ATP : ADP 

ratio at slightly elevated levels. Those results might have a bearing on our observa- 
tions, provided mitochondrial entry of ADP were augmented by our ethanol treat- 
ment. Addition of exogenous ADP would then overcome the adenine nucleotide 
imbalance and permit a higher stimulation of state 3 respiration, RCR and phos- 
phorylation rate without influencing ATPase activities or high amplitude volume 

changes. We cannot explain the increased ADP:O ratios on this basis and, since the 
changes are of lower magnitude than the comparable changes in RCR, there may be 
another mechanism which modifies the ADP:O. 

Mitochondrial protein was unaltered by ethanol but was depressed by 11 and 14 
per cent in hydrazine treated and in partially hepatectomized animals, respectively 
(Table 2). A depression of 18 per cent has been reported in posthepatectomized male 
Wistar strain rats.28 

DISCUSSION 

Although ethanol oxidation depresses the citrate cycle in liver mitochondria,29 
French30 has observed a transient but significant increase in hepatic ATP which may 
have resulted either from electron transport from cytoplasmic NADH to the mito- 
chondrial respiratory chain or from ethanol-induced depression of ATP utilization 
or degradation. The present results (elevated phosphorylation rate, RCR and ADP:O 
ratios) are consistent with increased formation of ATP, rather than decreased break- 

down. Moreover, in chronic ethanol feeding the liver ATP content decreased30 
and we have observed a marked depression of oxidative phosphorylation after 4 
weeks’ feeding of an ethanol-containing liquid purified diet.8 

Electron microscopic and enzymic evidence suggested that chronic ethanol inges- 
tion may alter the outer mitochondrial membrane, increase fragility of the organelles 

and subsequently lead to their disintegration. 31* 32 Similarly, after chronic ethanol 
consumption, phosphorylation and respiratory control are markedly depressed8 at a 
time when gross alteration of mitochondrial structure, decreased ATP, and disinte- 
gration of the organelles occur. 31, 32 The observations that control mitochondria in 
the present study had lower state 3 respiratory rates and respiratory control ratios 
than did the ethanol-treated organelles, and that these depressions were unaccom- 
panied by changes in state 4 respiratory rates, imply that ethanol in some way stimu- 
lated mitochondrial translocation of the adenine nucleotides. Altered permeability 
due to structural changes might be less marked after moderate treatment with ethanol, 
compared to chronic treatment,31’ 32 and would afford a plausible explanation for 
these phenomena. Such behavior might also account for the mitochondrial responses 
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to hydrazine since the most striking morphological feature of hydrazine treatment 
is swelling of the organelles33 and acute34 as well as chronic35-37 ethanol adminis- 
tration similarly produce mitochondrial swelling and deformity. 

In a comparable fashion, mitochondria from regenerating livers had higher state 3 
respiratory rates, RCR and ADP:O ratios, and phosphorylation rates than did 
organelles from laparotomized controls. The same behavior was true of hydrazine 
treatment. Adenine nucleotides require the specific carrier for exchange diffusion of 
ADP and ATP, molecule for molecule (the atractyloside-sensitive site), and hence 
they cannot pass the inner membrane by simple diffusion in normal mitochondria. 
Possibly newly synthesized mitochondria are more permeable to adenine nucleotides 
than are “normal” mitochondria and if so, these responses could result from the same 
benign structural changes accountable for the similar augmentation of activities seen 
in the ethanol-treated animals. 

All of the mitochondria1 activities which were elevated by ethanol, hydrazine or 
tissue regeneration are inner membrane functions. Since spontaneous or unmasked 
ATPase activities were not affected appreciably, it would appear that the postulated 
alteration in membrane structure did not involve gross disruption of the inner mem- 
brane. Interpretation of the volume changes is somewhat more difficult since there was 
no consistency in response to the various treatments. The surface area of the inner 
membrane, because of its extensive invaginations and foldings in the form of cristae, 
is considerably greater than that of the outer membrane and high amplitude swelling 
involves the unfolding and expansion of the inner membrane with consequent disten- 
sion and rupture of the outer membrane.38~ 4o Hence the increased susceptibility 
of the ethanol-treated mitochondria to swelling by oleate (P < 0,005) could be due to 
weakening of the outer membrane by ethano13r* 32 making it more sensitive to 
rupture by the expanding inner membrane. The phenomenon might be inversely 
comparable to that observed in mitochondria enriched with cholesterol in ~itro.~’ 
Such organelles are much more resistant to high amplitude and low amplitude volume 
changes, apparently because of increased strength of the outer membrane, than are 
control mitochondria. 

The half-life of mitochondria has been estimated by radioactive labelling techniques 
to be IO.3 days42 and the mitochondrial fraction isolated by differential centrifugation 
normally contains a heterogeneous mixture of the organelles in terms of age.28 One 
may speculate, therefore, that agents which are capable of mitochondrial damage and 
compensatory hypertrophy and regeneration may cause to result a larger proportion 
of “incomplete” mitochondria with increased permeability properties. The phenom- 
enon of induced compensatory hypertrophy of mitochondria has been observed in 
response to low protein feeding in the rat43 and is accompanied by increased oxidative 
phosphorylation in not only the rat, 44 but also in hepatic mitochondria of children 
with kwashiorkor.45 In view of the foregoing it is of,interest that the mean number of 
mitochondria per cell is decreased in liver both from rats fed low protein diets46 and 
from partially hepatectomized rats from the first through the seventh postoperative 
day.l’ Therefore, it would seem that any event which increases mitochondrial turnover 
may in general be accompanied by an elevated rate of ATP generation. Expectedly, 
gluconeogenesis is consequently inhibited by acute ethanol treatment,’ by acute 
hydrazine treatment,3* 48 and immediately following partial hepatectomy.4g Because 
of the transient nature of the various changes discussed in this paper, they are not 
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considered comparable to the severe biochemical and morphological alterations 
produced by classical hepatotoxins such as carbon tetrachloride or phosphorus, for 
example. Additionally, the possibility of increased mitochondriai efkiency of energy 
production in response to the less severe types of injury in the present study might 
constitute an important mechanism for maintaining cellular homeostasis. 
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