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Augmentation of metabolic coupling of ox- 
idation to phosphorylation in liver mitochon- 
dria resulted from treatment of rats with the 
hepatotoxins, hydrazine or ethanol, or by 67% 
partial hepatectomy ( 1). N-2-Fluorenylace- 
tamide (2-FAA) produced hepatomas in male 
Fischer rats following long-term dietary ad- 
ministration of the compound (2). s' ince car- 
cinogenesis with 2-FAA proceeds also via pro- 
gressive liver damage, respiratory control ra- 
tios (RCR), ADP/O, and phosphorylation 
rates (PR) were determined in rat liver mito- 
chondria during carcinogenesis resulting from 
long-term ingestion of this compound. Eleva- 
tion in respiratory control and phosphoryla- 
tion rate coincided with liver enlargement. 
Histologically, the liver showed hyperplastic 
nodules or areas of regeneration, which sug- 
gested that the enhanced mitochondrial func- 
tional activities might be a consequence of 
regeneration or hyperplasia rather than neo- 
plasia. Increased mitochondrial efficiency of 
energy retention may be a property common 
to early stages of hepatic neoplasia, as well as 
to other forms of liver damage. 

Materials and Methods. Male Fischer rats 
were divided into six groups each containing 
four animals. The initial body weights of 
control and experimental groups were 239 -t- 
4 and 233 t 3 g, respectively. Experimental 
rats were fed a diet of Purina rat meal with 
0.05% N-2-fluorenylacetamide (Aldrich 
Chemical Company) added for a period of 19 
weeks; thereafter, the animals were fed the 
rat meal only. Control groups received Pur- 
ina rat meal throughout the experimental 
period. After 41, 45, and 51 weeks, groups of 
control and experimental animals were anes- 

1 Supported in part by an award from the Bureau 
of Alcohol Studies and Rehabilitation, Depart- 
ment of Health, Commmonwealth of Virginia. 

thetized with sodium pentobarbital (60 mg/ 
kg of body wt) and sacrificed by exsan- 
guination. Two of the carcinogen-fed rats 
died during the experiment. The livers were 
removed, representative samples were taken 
and the mitochondrial fractions were pre- 
pared immediately (3).  

Respiratory rates were determined polaro- 
graphcically with glutamate as substrate by 
the method described previously (4) .  Con- 
ventions used in naming respiratory states, 
respiratory control and ADP/O ratios are 
those of Chance and Williams ( 5 ) .  Phos- 
phorylation rates (nmoles of ATP synthe- 
sized min-l mg-l mitochondrial protein) 
were estimated by the method of Ozawa et 
al. (6) .  Mitochondria1 protein concentration 
was determined by a bliuret method ( 7 )  in 
the presence of 1 % deoxycholate with crystal- 
line bovine serum albumin as standard. 

Liver DNA and protein concentrations 
were estimated on another sample of liver by 
the methods described by Wannemacher et 
at?. (8) following the extraction procedure 
recommended by Munro and Fleck (9). At 
the time of sacrifice, a third sample from the 
livers was fixed in 10% formalin and 4-p 
paraffin sections were prepared and stained 
using hematoxylin and eosin. 

A two-tailed Student's t test was used to 
ascertain significance and a value of p<.O5 
was accepted as the level for significance 
(1~0). Means and standard errors of the 
means (SEM) for each comparison between 
an experimental and a control group are indi- 
cated in Table I ;  comparisons between exper- 
imental groups or between control groups are 
indicated in the text. 

Results. Even though the control and ex- 
perimental groups of animals were the same 
size a t  the start of the experiment, the 
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presence of the carcinogen in the diet re- 
sulted in lower body weights than those of 
controls a t  the three points examined (Table 
I).  Liver size, as measured by actual wet 
weight or as a proportion of the body weight, 
was two- to fourfold greater in the three 
experimental groups than in their respective 
controls. Relative liver weights (g/100 g of 
body wt) in the experimental groups were 
progressively elevated ( p  < .05) a t  the 45- 
and 51-week points in comparison to the 
41-week level. There was no significant differ- 
ence in liver DNA concentration between 
the experimental and control groups at  any of 
the three points examined. Protein concen- 
trations (mg/g of liver) and protein/DNA 
ratios also were not significantly altered at  
any of the three points due to carcinogen in 
the diet. However, the total liver DNA and 
protein contents in the experimental groups 
were elevated (p < .OS) over the control 
groups at  each point as a result of the 
markedly enlarged liver. 

Mitochondria1 protein concentration was 
depressed in the experimental groups to 
S0--65% of control values (Table I). Respira- 
tory control ratios were significantly elevated 
in liver mitochondria from experimental 
groups in comparison to their respective con- 
rols by 44% at week 41,38% at week 45, and 
17% at  the final point. RCR was increased 
( p  < .05) at  week 51 compared to week 45 
within the carcinogen-fed groups. Within the 
control groups, a progressive increase (p < 
.01) in mitochondrial respiratory control was 
observed when the levels at  week 51 were 
compared with those at  weeks 41 and 45. 
Phosphorylation rates were elevated 35-40% 
in mitochondria from the livers of the experi- 
mentals compared to their corresponding con- 
trol groups, and the differences reached sig- 
nificance at weeks 45 and 51. Hepatic mito- 
chondrial ADP/O ratios were about 25% 
greater in the experimental than in control 
groups at  the 41 and 45 week points, but 
were not significantly different at the 51 week 
point. An increase was found within the ex- 
perimentals between the 41 and 45 week 
groups (9 < .OS) and between the 41 and 51 
week groups ( p  < .Ol) whereas the PR was 
significantly increased ( p  < ,01) within the 

experimental groups only between weeks 41 
and 51. Within the control groups the 
ADP/O was elevated (p < .01) with time, 
when the 41 and 51 week points were com- 
pared, as a result of a significant increase ( p  
< .OS) between weeks 45 and 51. Similarly, 
phosphorylation rates were elevated ( p <  .Or) 
within control groups between weeks 45 and 
51 which accounted for the significant ( p  
< .01) difference between weeks 41 and 
51. The change in these parameters within 
the control groups might be related to matur- 
ation or aging of the animal. 

Increased RCR levels due to carcinogen in 
the diet cannot be ascribed to consistently 
increased state 3 (active state) nor to consis- 
tently decreased state 4 (respiration in the 
absence of phosphate acceptor) respiratory 
rates. Higher RCR in experimental groups 
(compared to controls) resulted from an al- 
most significantly elevated state 3 respiration 
a t  weeks 41 and 45 accompanied by a sig- 
nificantly reduced state 4 respiration. At 
week 51, increased RCR due to carcinogen 
feeding could be ascribed solely to aug- 
mented state 3 respiration. The phosphoryla- 
tion rate is a function of state 3 respiration 
and the former quantity was elevated in the 
latter two periods by carcinogen feeding. 
Therefore, the state 3 respiratory rate ap- 
peared to be the more conclusive determinant 
of the differences noted in the RCR between 
these groups, even though this quantity was 
not significant at  the earlier periods. Howev- 
er, elevated state 3 respiratory rates a t  all 
points might have been significant had there 
been more animals in the study. 

Each liver from 2-FAA-fed animals con- 
tained excisable nodules (0.55-1.41 g )  and 
numerous small nodules that were apparent 
by gross inspection. Histologically, all of the 
sections from the experimental rats revealed 
the characteristic hyperplastic nodules that 
develop during hepatocarcinogenesis by 2- 
FAA (1 1 ) .  In addition, one hepatoma was 
seen in each of the experimental groups, 
which would indicate that the temporal 
points examined represented a transitional 
stage in carcinogenesis wherein hepatomas 
were beginning to develop. There were no 
differences in mitochondrial functional activi- 
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ty patterns between the livers with hyper- 
plastic nodules only and those with hepato- 
mas as well. 

Discussion. Hepatic mitochondrial respira- 
tory control ratios and phosphorylation rates 
were found to increase in response to liver 
damage by chemical means or by ablation of 
tissue (1) .  In the present study, these quan- 
tities were also augmented by another exam- 
ple of liver damage, destruction of functional 
hepatocytes during 2-FAA-induced carcino- 
genesis, since the increases correlated with 
abnormal growth as seen by the total hepatic 
enlargement. Although the literature is re- 
plete with studies of the relation between 
mitochondrial activity and tumor growth 
( 12-14), enhanced coupling of phosphoryla- 
tion to oxidation during carcinogenesis has 
not been reported previously. Indeed, War- 
burg’s early theory postulated that the effi- 
ciency of coupling in energy metabolism was 
depressed in carcinogenesis and led to pre- 
dominance of anaerobic over aerobic glycoly- 
sis in tumor cells (1 5 ) .  The RCR is generally 
considered to be a more sensitive estimate of 
the degree of coupling than are the ADP/O 
or P/O (16). Hence, the discrepancy be- 
tween our findings (with isolated mitochon- 
dria) and those reported previously may be 
due partly to the fact that earlier conclusions 
were based upon P/O or ADP/O ratios in 
tumors and control tissues (not always homol- 
ogous). However, we did find a transient 
increase in the ADP/O as well. 

The enhanced coupling of mitochondrial 
oxidative phosphorylation that was observed 
may be due to its elevation either in neoplas- 
tic cells, remaining functional (hyperplastic 
and normal) cells, or both. Previous studies 
with isolated tumor tissue of various types 
would tend to implicate uncoupling or no 
alteration in coupling (12, 13). Thus, the 
increased RCR and PR which were observed 
might better be attributed to the remaining 
functional hepatocytes since the livers in our 
study were probably at  a transitional stage in 
carcinogenesis and contained mitochondria 
from several types of cells. Moreover, eleva- 
tion of the RCR and ADY/O was most pro- 
nounced and significant in the 41-week group 
and least apparent in the 51-week group 

(Table I) ; the proportion of normal and hy- 
perplastic cells would be expected to decrease 
during carcinogenesis (1 1). In  addition, the 
histological evlidence delineated areas of hy- 
perplasia or regeneration at  all three points 
studied. Since both RCR and PR were ele- 
vated in regenerating liver ( 1), the increase 
of these quantities in livers from carcinogen- 
fed animals might be better ascribed to the 
hyperplastic rather than to normal or neo- 
plastic cells. Neoplasia, due to the carcino- 
gen, could reduce the effective functional ca- 
pacity of the liver sufficiently to set in mo- 
tion the same mechanisms as are activated by 
partial hepatectomy. 

Elevated mitochondrial functional activity 
reported previously ( 1 )  was also accompa- 
nied by a fall in mitochondrial protein content 
and occurred during a stage of regeneration 
prior to that for increased protein synthesis 
or cell division (1 7, 18). In this study, as in 
others (12), neither the cellular protein con- 
centrations, DNA concentrations, nor pro- 
tein/DNA ratios were altered by carcinogen 
feeding. This resullt may be a reflection of 
“average” values for the several diverse cell 
types present since ultrastructural changes in 
hyperplastic areas have been linked to en- 
hanced protein synthesis (19, 20). Yet, mito- 
chondrial protein concentration was lowered 
in the carcinogen-fed animals similarly to 
that observed by others for various tumor 
tissues and carcinogens ( 14). Depression in 
liver mitochondrial protein during hepatocar- 
cinogenesis could be a reflection of reduction 
in number ( 14) and size (20) of mitochon- 
dria and/or loss of specific mitochondrial 
proteins (14). Evidence has been cited ( 1 )  
for #the postulation that elevated mitochondrial 
functional activities, coincident with liver 
damage and regeneration, could be related to 
decreased number of mitochondria per cell, 
to permeability changes and/or to increased 
turnover of the organelles. 

Azo-dye carcinogenesis in mice is also ac- 
companied by reduced numbers of hepatic 
mitochondria ; whereas hamsters, which are 
not susceptible to carcinogenesis by these 
compounds, exhibit no changes in hepatic mi- 
tochondrial populations ( 2  l ). Thus, elevated 
oxidative phosphorylation may: (a) be an 
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event in the carcinogenic sequence; (b) arise 
from a stimulus similar to that operative in 
liver regeneration; or (c) reflect a regener- 
ative activity of nonprecancerous hepatocytes 
during hepatocarcinogenesis. I t  is not pos- 
sible to distinguish definitely between these 
alternatives from the present results. 

Summary. Hepatic mitochondrial function- 
al activities, as determined by ADP/,O, res- 
piratory control ratio, and phosphorylation 
rate with glutamate as substrate, were aug- 
mented in male Fischer rats between 22-32 
weeks following ingestion of the carcinogen, 
2-N-fluorenylacetamide (2-FAA). Histologi- 
cally, the livers from the carcinogen-fed 
group all contained hyperplastic nodules 
characteristic of areas of regeneration ; and 
hepatomas were found in one animal in each 
of the three periods studied. Previously, in- 
creased mitochondrial activities of this type 
were reported for animals treated with the 
hepatotoxins, hydrazine and ethanol, as well 
as during regeneration following partial he- 
patectomy. This stage of hepatocarcino- 
genesis following the long-term feeding of 
2-FAA represents an additional instance 
wherein these mitochondrial functional activ- 
ities were elevated coincident with significant 
liver damage. In this case, enhanced mito- 
chondrial activities might be an expression of 
the presence of the hyperplastic nodules. 
Whether these increases were part of the path- 
ological chain of events during carcino- 
genesis or exposed a phenomenon common to 
both carcinogenesis and regeneration could 
not be ascertained from these experiments. 

The authors thank Mrs. Brenda Cox and Mr. 
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ducting these experiments. 
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