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Abstract--During CC14 intoxication in rats, a disruption of hepatic mitochondrial structure 
and function occurs, which is characterized by a loss of respiratory activity, loss of phos- 
phorylation coupled to respiration, and mitochondrial swelling, attended by loss of cristae 
structure. Within 15-25 hr, after full development of the mitochondrial lesion, the function 
and structure of the mitochondria are largely restored. Studies of the turnover of mitochon- 
drial DNA and the rates of synthesis of mitochondrial DNA and protein indicated that 
the CC14-insulted hepatocyte is repairing the mitochondrial damage by the insertion of spe- 
cific elements into the damaged organelle, rather than by proliferation of undamaged mito- 
chondria for replacement. The failure of ethidium bromi~e, oxytetracycline and chloram- 
phenicol, specific inhibitors of mitochondrial protein, and/or nucleic acid synthesis, to block 
this restoration substantiates the postulated repair process, and also indicates the non-criti- 
cal nature of the respective mitochondrial functions during the repair process. Cytochrome 
measurements made during the period of acute damage revealed normal levels of cytoch- 
rome c, c~ and aa a. The observed elevation of cytoehrome b is attributed to contamination 
of the preparation by hemoglobin. 

THE HEPATIC m i t o c h o n d r i o n  is one of  the charac ter i s t ic  sites of  CC14-induced cell 
damage .  1 Ul t ras t ruc tu ra l ly ,  the m i t o c h o n d r i a  of  an  in tox ica ted  an ima l  a p p e a r  to be 
swollen in situ, and  the mat r ix  is a b n o r m a l l y  lucid. 2 The  m i t o c h o n d r i a  are  ca lc ium 
loaded,  and  amorph ic ,  dense bodies ,  p r o b a b l y  aggrega t ions  of  ca lc ium phospha te ,  
are  no ted  in the mat r ix  of  the swollen organelles ,  a The  a l te red  in situ a ppe a ra nc e  is 
a c c o m p a n i e d  by  a loss of  r e sp i r a to ry  activity,  especial ly on  N A D  ÷ - l inked substrates ,  
and  by  an  impa i rmen t  of  energy-coupled  functions,  which  is de tec tab le  when i so la ted  
m i t o c h o n d r i a  are  assayed.  4 This  lesion is not  necessar i ly  assoc ia ted  wi th  lethali ty,  
since the lesion can be deve loped  by a dose of  CC14 from which the an imal  recovers.  
U n d e r  such condi t ions ,  m i tochond r i a l  degenera t ion  ceases and  a re turn  of  no rma l  
s t ructure  and  funct ion is observed.  

O f  interest  to this l a b o r a t o r y  is the route  by  which  the CC14-damaged hepa tocy te  
affects the r e s to ra t ion  of  its d a m a g e d  mi tochondr i a .  In  cons ide ra t ion  of  recent  p ro -  
posa ls  re la ted  to m i tochond r i a l  biogenesis ,  it  is necessary to cons ider  a m i n i m u m  of  
three poss ib le  rou tes  of  r e s to ra t ion :  (1) Rep lacemen t  of  d a m a g e d  organelles .  Since it 
is poss ib le  tha t  all  m i t o c h o n d r i a  wi th in  a surviving hepa tocy te  have no t  suffered 
mass ive  damage ,  a repl icat ive  burs t  o f  m i t o c h o n d r i a l  b iogenesis  by  the sl ightly 
damaged ,  or  u n d a m a g e d  m i t o c h o n d r i a  cou ld  serve to replenish  the m i t o c h o n d r i a l  
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population depleted by CCl4-induced destruction. (2) Repair of the damaged 
organelles. The CC14-induced damage, while causing obvious mitochondrial deran- 
gements, might be localized in a relatively simple unit of the mitochondrion, amen- 
able to repair by elements generated by the recovering hepatocyte. (3) Repair and 
replacement. A combination of both operations could repair the less damaged 
organelles, and replace those that have been irreversibly damaged. This study of the 
synthesis and turnover of mitochondrial elements during CC14 intoxication, comple- 
mented with the use of selective inhibitors of mitochondrial protein and nucleic acid 
synthesis, was designed to indicate which of the above three mechanisms was respon- 
sible for restoration. 

The data indicated that the restoration of the damaged organelles was primarily 
a repair process, not involving mitochondrial DNA, RNA or protein synthesis. How- 
ever, a late acceleration in mitochondrial DNA turnover rates does indicate that 
mitochondrial replication can be occurring during the late phase of recovery. Nor- 
mal levels of mitochondrial cytochromes were found, thereby tentatively eliminating 
these elements as being sites of CC14-induced damage. 

MATERIALS AND METHODS 

Materials. Heavy metal-free sucrose, ADP, Tris and oligomycin were obtained 
from Sigma Chemical Co. Ethidium bromide, B grade, was purchased from Calbio- 
chem. Chloramphenicol (Chloromycetin) was a generous gift from Mr. Stanley Kurtz 
of Parke, Davis & Co. Oxytetracycline (Liquamycin) was purchased from Chas. 
Pfizer Co. Radioisotopes were obtained from New England Nuclear or Schwarz- 
Mann. PCS solubilizer (Schwarz-Mann) was used as a scintillation mixture for 
radioactivity determinations. Carbon tetrachloride was reagent grade, as were all 
other chemicals used. Solutions used for mitochondrial assay and isolation were pre- 
pared with double-distilled water. 

Mitochondrial preparation and assays. Rats were 180-220 g males, CFN strain, 
reared in this laboratory's colony. CC14 was injected i.p., without dilution, at 1-4 ml/ 
kg. Eater in the study, the level of CC14 was reduced to 1.2 ml/kg, which reduced 
the rate of barly mortality without affecting the mitochondrial response. At desired 
intervals, the' intoxicated rats were killed by stunning and decapitation, the liver, or 
a selected lobe, was removed, minced, rinsed and then homogenized in 0.25 M suc- 
rose, 1 mM EDTA, l0 mM KC1 and l0 mM Tris (pH 7.0 at 0°). The homogenate 
was centrifuged at 450 g for 10 min to remove nuclei, unbroken cells and debri. The 
mitochondrial fraction was prepared from the post-nuclear supernatant by centrifu- 
gation at 8800 g for 10 min. The mitochondrial pellet was resuspended in the original 
homogenate volume of 0.25 M sucrose and centrifuged for 10min at 480g. The 
supernatant was centrifuged at 7200g for 10 min. The resulting pellet was resus- 
pended in 0-25 M sucrose, and the 7200 g wash routinely repeated once except for 
those experiments that involved radioisotopes, in which case four additional 7200 g 
washes were performed. Aseptic techniques using sterile solutions were practiced in 
the L-leucine incorporation experiments in vitro to diminish the problem of bacterial 
contamination. 

The mitochondria were assayed with an oxygen electrode apparatus in a 2-ml 
water-jacketed chamber stirred with a magnetic bar. The respiratory rate and respir- 
atory control ratio (RCR) were determined essentially as described by Estabrook 5 
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in a medium containing 0-15 M sucrose, 20 mM KH2PO4, 20 mM Tris (pH 7.4 at 
25°), 5 mM MgC12 and 100 mM succinate. Oligomycin was added to a final con- 
centration of 1 #M. Protein was determined by the Biuret method as modified by 
Jacobs et al. 6 or by the procedure of Lowry et al. 7 

Inhibitor studies. Chloramphenicol, as the sodium succinate salt dissolved in water, 
was injected i.p., at a level of 200 mg/kg body weight every 6 hr, commencing 30 hr 
after the injection of CC14. Oxytetracycline was administered i.p., 100 mg/kg, every 
8 hr beginning 30 hr after CC14 administration. Ethidium bromide, dissolved by 
warming in chloroform-saturated water, was injected i.p., 25 mg/kg, twice daily, in 
a manner similar to chloramphenicol and oxytetracycline. 

Mitochondrial D N A  synthesis and turnover. Control and CC14-intoxicated rats 
were injected with 250 ~tCi/kg body weight of [3H]thymidine (sp. act. 30-50 Ci/m- 
mole) at the selected intervals and the mitochondria isolated 30 min later, with the 
additional washes described above. The final pellet was dissolved in 4 ml of 1~o 
sodium deoxycholate (DOC), and the nucleic acids and protein were precipitated 
with 4 ml of 0.5 N perchloric acid (PCA). A pellet was obtained by centrifuging for 
5 min at 9000 g. The pellet was washed twice by resuspension in 10 ml of 0.5 N PCA. 
The supernatant of the second wash was essentially non-radioactive. The pellet was 
dissolved in 3 ml of 88~o formic acid and aliquots were removed for estimation of 
protein and for determination of radioactivity in a Packard Tri-Carb 3300 liquid 
scintillation counter. Counts/min were corrected to dis./min by use of an efficiency- 
quench curve, using the instrument's Automatic External Standard, based on an un- 
quenched efficiency of 38"3 per cent for the scintillation mixture. 

The mitochondrial DNA was labeled for the turnover studies by three i.p. injec- 
tions of a total of 170 #Ci [3H]thymidine administered at 2-hr intervals, a CC14 was 
administered to the rats 2 hr after the last [3H]thymidine injection. At the indicated 
time intervals, pairs of animals were sacrificed, and the mitochondria isolated as 
above, precipitated and washed by the above protocol, dissolved in 0.4 N K O H - I ~  
sodium dodecylsulfate (SDS), and the radioactivity and protein determined on dupli- 
cate aliquots, as above. 

L-[14C]leucine incorporation, in vitro. Mitochondria were isolated aseptically from 
control and intoxicated rats with the additional washes as described above. The 
assay for L-[14C]leucine incorporation was carried out as described by Simpson et 
al., 9 except that the incubation period was shortened to 20 rain. Mitochondria (10 
mg protein/ml) were incubated in 0.15 M sucrose, 3 mM KC1, 1 mM EDTA, 8 mM 
succinate, 12 mM KH2PO4, 3 mM AMP, 3"5 mM NAD, 6 mM MgSO4 (pH 7.0), 
complete amino acid mixture (minus L-leucine) and L-[14C]leucine (sp. act. 300-326 
Ci/mole) at 30 °. Bacterial contamination was monitored by plating 0-05 ml of incuba- 
tion mixture on nutrient agar plates immediately after the assay and incubating for 
24 hr at 37 °. Experiments that yielded over 1000 colonies/ml were discarded. 

L-[14C]leucine incorporation, in vivo. Control and CC14-intoxicated groups of rats 
were given 250/2Ci/kg body weight t-[3H]leucine (sp. act. 53 Ci/m-mole) i.p. at the 
time period of interest. Sixty min later, the animals were sacrificed, paired livers 
pooled, and the mitochondria were isolated as described above. The final pellet was 
suspended in 0-I M Tris (pH 8.0)-0.1 M NaC1, 1~ SDS, then precipitated with 10~ 
trichloroacetic acid (TCA)-0.05 M L-leucine, collected at 2000 9, extracted once with 
5~ TCA, dissolved in 1 N NaOH, reprecipitated with 10~ TCA-0.05 M L-leucine, 
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sedimented, and finally dissolved in 2 N NaOH. Aliquots were removed for protein 
determination and scintillation counting. An aliquot of the final TCA supernatant 
was also monitored for radioactivity. 

Electron microscopy. Tissue was finely minced, fixed in 3~ glutaraldehyde-0"2 M 
NaHPO4, pH 7"3, stained with 2% OsO4-0"l M NaHPO4, pH 7-3, dehydrated in 
ethanol and propylene oxide and embedded in Epon. Thin sections were obtained 
with a Reichart OMU-2 ultramicrotome equipped with a diamond knife, placed on 
carbon-coated Formvar grids, post-stained with Reynolds lead citrate 1° and 7~o 
uranyl magnesium acetate, and examined in an AEI Corinth electron microscope. 

Cytochrome assays. Mitochondrial cytochrome content was measured by differ- 
ence spectroscopy on DOC-solubilized mitochondria with an Aminco DW-2 spec- 
trophotometer operated in the split-beam mode as described by Williams. 11 

R E S U L T S  

Prooression of  tile mitockondrial lesion. Hepatic mitochondria were prepared and 
assayed in an oxygen electrode at various times after a single i.p. injection of CC14 
(1.4 ml/kg body weight). The loss and recovery of respiratory activity and respiratory 
control are shown in Fig. 1. This is essentially the same pattern as reported by Thiers 
et al., 4 Recknagel and Anthony 11 and Cohn et al. 13 We refer to the period from 35 
to 45 hr as "acute damage," the period from 45 to 60 hr as "early recovery" and the 
period from 60 to 100 hr as "late recovery." It can be seen that, during the acute 
state of damage, rates of succinate oxidation are 50 per cent of control levels. Rates 
of glutamate oxidation (not shown) are even lower. The respiratory control ratio falls 
drastically, as a result of both a decline in the rate of State 3 (ADP-stimulated) and 
an increase in the State 4 (ADP-depleted) respiration rate. The damage to the coup- 
ling mechanism implied by the increase in State 4 respiration rates is further substan- 
tiated by a low sensitivity to oligomycin (an inhibitor of coupled respiration) in the 
damaged mitochondria. 
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FIG. 1. Course of the mitochondrial lesion during CCI 4 intoxication, as reflected by the State 3 (ADP- 
stimulated) respiration rate (O), and respiratory control ratio [A, the ratio of ADP-stimulated (State 3) 
to ADP-depleted (State 4) respiration rates]. CC14, 1.4 ml/kg, was injected at zero time. The mitochondria 
were prepared and assayed as described in Materials and Methods in an oxygen electrode apparatus. Each 

point represents the average value of at least three animals. 
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M itochondrial D N A  synthesis and turnover. Hepatic mitochondria possess a circu- 
lar naked DNA molecule and the appropriate enzymes for its replication and tran- 
scription. 14 It is implicit in models of mitochondrial biogenesis that proliferation of 
mitochondria be accompanied by replication and distribution of DNA among the 
newly formed mitochondria. Thus, if extensive mitochondrial proliferation occurs as 
part of recovery from CC14 intoxication, mitochondrial DNA should show increased 
synthesis and/or turnover. In this case, mitochondrial DNA replication might also 
be a particularly sensitive point of the recovery process. 
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FIG. 2. Restoration of mitochondria during CC14 intoxication in the presence and absence of 25 mg/kg/ 
day of ethidium bromide (administration commencing at arrow). Mitochondria were prepared and 
assayed for respiratory control as in Fig. 1 (solid lines). Mitochondrial yield is expressed as the total mito- 
chondrial protein isolated divided by the net wet weight of the intact liver. Two to eight animals were 

studied in each time period. 

To test this latter possibility, we treated intoxicated rats with ethidium bromide 
during recovery. Ethidium bromide is capable of interposing between the two strands 
of naked DNA in such a manner as to block replication and transcription of the 
DNA. 15 Administering ethidium bromide at 25 mg/kg body weight to control rats 
would cause a 42 per cent reduction in the incorporation of [3H]thymidine into acid- 
insoluble mitochondrial fractions, when the isotope was injected 6 hr after the drug. 
When this level of ethidium bromide was injected into intoxicated rats, twice daily, 
no alteration in the recovery of RCR or yield of mitochondria could be ascertained 
(Fig. 2). Thus, a considerable disruption of mitochondrial DNA replication and tran- 
scription can be tolerated during recovery. The relatively minor rate of mitochon- 
drial DNA synthesis during this period is also indicated by the depression of [3H] 
thymidine incorporation into mitochondrial DNA in vivo during the period of acute 
damage and early recovery (Fig. 3). [3H]thymidine incorporation approached con- 
trol rates after 60 hr of intoxication. 

Although the data indicate that mitochondrial DNA synthesis is greatly depressed 
during the periods of acute damage and early recovery (35-60 hr) and that mitochon- 
drial DNA synthesis is not critical to recovery, the mitochondria might be replicating 
using pre-existing copies of DNA, since several copies of DNA are thought to coexist 
within a mitochondroin, 14 and these multiple genomes could be a reservoir for 
emergency mitochondrial replication. If so, the turnover of mitochondrial DNA 
should increase during recovery at a rate sufficient to supply new organelle structures 
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FIG. 3. Incorporation of [3H]thymidine into acid-insoluble mitochondrial material, during CC14 intoxica- 
tion. Rats (either control or intoxicated) were injected 30 min prior to sacrifice with 250 #Ci/kg of 
[3H]thymidine, and the mitochondria ,were prepared and the specific radioactivity was determined as 

described under Materials and Methods. A total of 20 animals were used in the experiments. 

to replace the CC14-damaged entities. When mitochondrial DNA was pre-labeled 
with [3H]thymidine prior to CC14 intoxication, it was found that mitochondrial 
DNA turnover exhibited a distinct biphasic response (Fig. 4). Turnover essentially 
stopped during the first 50 hr of intoxication, and then accelerated. The rate of turn- 
over of control mitochondrial DNA measured by this procedure (132 hr) is a value in- 
termediate between that reported by Gross e t  al. 8 (225 hr) and that reported by Dall- 
man 16 (117 hr). Since the data are expressed as aH dis./min/mg mitochondrial pro- 
tein, it should reflect the amount of mitochondrial DNA per mitochondrion, in a 
condition of little DNA synthesis. The decline of specific activity beginning at 50 hr 
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FIG. 4. Turnover of hepatic mitochondrial DNA (expressed as dis./min/mg of mitochondrial protein) in 
control and CC14-intoxicated rats. The mitochondrial DNA was pre-labeled with 150 #Ci [-3H]thymidine, 
and the specific activity determined as in Fig. 3. The half-life for the control animals (upper curve) is 132 
hr and for the intoxicated animals (lower curve) is 42 hr, in the 40- to 150-hr period. Each point represents 

an average value, with the range indicated. 
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is coincident with the return toward normal mitochondrial DNA synthesis rates (cf. 
Figs. 3 and 4). Thus, some mitochondrial replication, as measured by this criteria, 
could be occurring during the later phase of restoration. 

Prote in  synthesis .  Mitochondrial biogenesis should involve protein synthesis; 
repair mechanisms need not, depending upon the nature of the lesion. Thus, it would 
be useful to know the relative levels of mitochondrial protein synthesis during recov- 
ery from CC14. This was studied by injecting intoxicated animals with L-I-3H]leucine 
at selected times, and preparing and determining the specific activity of the mito- 
chondrial fraction (Fig. 5). In accordance with the reports of Smuckler et  al., 17 pro- 
tein synthesis is markedly depressed during the first 15 hr of intoxication. A "peak" 
of label incorporation was observed between 30 and 40 hr., which precedes any 
observable or measurable functional restoration. When mitochondria were isolated, 
and incubated in the amino acid incorporation mixture described by Simpson et  al., 9 
therates of amino acid incorporation in vitro essentially reflected the functional in- 
tegrity of the isolated mitochondria, as indicated by their respiratory control ratios. 
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FIG. 5. Incorporation of L-leucine into mitochondrial proteins. In vivo (O): CCl4-intoxicated rats received 
250/tCi/kg of [3H]leucine i.p. 60 min pr ior  to sacrifice. Mitochondria were prepared, and the specific 
radioactivity was determined as described in Materials and Methods. In vitro (&): mitochondria were pre- 
pared from two pooled livers aseptically, and incubated with L-[laC]leucine as described in Materials 

and Methods. 

The proteins that comprise the mitochondria have two sites of synthesis, either on 
cytoplasmic (80S) ribosomes, or on mitochondrial (60S) ribosomes, i.e. extra-or intra- 
mitochondrial sites. 18 Current estimates indicate that about 90 per cent of the mito- 
chondrial protein complement arises on the 80S ribosomes. In the study of L- 
[3H]leucine incorporation in vivo, the incorporation of L-[-3H]leucine represents the 
contribution from both the cytoplasmic and mitochondrial protein synthetic sys-  
tems. However, protein synthesis by the mitochondrial 60S ribosome is selectively 
inhibited by the antibiotics chloramphenicol and oxytetracycline, while the cytoplas- 
mic 80S system is unaffected. 19 Therefore, if the peak seen in the incorporation of 
tracer in vivo includes a significant contribution by the mitochondrial (60S ribosome) 
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protein-synthesizing system to the restoration of the mitochondrion, restoration 
should be disrupted by an inhibitor of this system. 

Chloramphenicol, injected i.p. (at a dose of 200 mg/kg body weight every 6 hr com- 
mencing after 30 hr of intoxication), did not delay the restoration of mitochondria 
in the recovering animal, as judged by measurement of respiratory control ratios in 
isolated mitochondria. Although some workers 2°'21 have reported that this dose 
regimen (or less)would maintain serum levels of chloramphenicol inhibitory to hepa- 
tic mitochondrial protein synthesis, the rapid conjugation and clearance of chloram- 
phenicol might be permitting some mitochondrial protein synthesis to occur. 19 
Therefore, oxytetracycline was administered at 100 mg/kg body weight, thrice daily, 
in a similar study. This treatment has been reported t ° maintain satisfactory inhibi- 
tory levels of the antibiotic. 22 This was confirmed by the following experiment. Con- 
trol animals, sacrificed 30 min after the injection of 100 mg/kg of oxytetracycline, 
yielded mitochondria that showed a 70 per cent inhibition of L-[14C]leucine incor- 
poration in vitro relative to untreated controls. Eight hr after oxytetracycline, the in- 
hibition had declined to 90 per cent of control levels. Failure to achieve 100 per cent 
inhibition may be a result of loss of the antibiotic during the extensive washing of 
the mitochondria during their preparation. (Addition of 100 #g/ml of oxytetracycline 
to the assay media completely inhibited incorporation.) 

Mitochondria isolated from CC14-intoxicated rats that had received 100 mg/kg of 
oxytetracycline every 8 hr, commencing at 30 hr of intoxication, were assayed for 
respiratory control. No significant differences in respiratory control ratios were seen 
between mitochondria which had, and those which had not, received oxytetracycline 
during recovery from CC14 intoxication (Table 1). Electron micrographs of hepato- 
cytes from rats allowed to recover from intoxication in the presence of oxytetracycline 
did not show any aberrant mitochondrial profiles (Fig. 6). 

Cytochrome levels. Spectral analysis (Table 2) of mitochondria isolated at 40 hr of 
intoxication indicated that little change in cytochrome aa3, c and cl levels had 
occurred during CC14 intoxication. The only significant change observed in cytoch- 
rome levels was an increase in cytochrome b in the damaged mitochondria. However, 
CC14 increases the fragility of red cells, and extensive lysis accompanies CC14 intoxi- 
cation ;1 thus, it is likely that hemoglobin contaminated the damaged mitochondrial 
preparation. Hemoglobin (as does cytochrome b) possesses ferroprotoporphyrin IX 

TABLE 1. EFFECT OF CHLORAMPHENICOL AND OXYTETRACYCLINE ON THE RECOVERY OF RESPIRATORY CON- 

TROL BY HEPATIC MITOCHONDRIA AFTER CC14 INTOXICATION* 

Time 
(post-CC14) CC14 

Respiratory control ratio ( -  S. D.) 
CCI 4 + chloramphenicol CC14 + oxytetracycline 

(200 mg/kg) (100 mg/kg) 

46-51 3.5 + 0.82 3.3 _+ 0.94 
(6) (3) 

65 3.13 _+ 0.71 3.05 _+ 0.28 2-73 _+ 0-76 
(6) (4) (6) 

* Intoxicated rats were given the indicated antibiotic either every 6 hr (chloramphenicol) or every 8 hr 
(oxytetracycline) beginning at 30 hr post-CC14 administration. At the indicated periods of recovery, the 
mitochondria were prepared and their respiratory control values determined using succinate as a sub- 
strate. Differences in the respiratory control ratios were not significant by two-tailed Student's t-test 0.10 
level of significance. The number of animals is given in parentheses. 
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TABLE 2. COMPARISON OF CYTOCHROME LEVELS IN HEPATIC MITOCHONDRIA ISOLATED FROM CONTROL AND 
CC14-INTOXICATED RATS (40 hr CC14 Ir~TOXlCATION)* 

Animal group Number Cytochrome levels, (nmoles/mg + S. D.) 
aaa b c c 1 

Control 6 0.240 + 0.041 0.250 + 0.054t 0.153 + 0.016 0'165 +__ 0-028 
(1) (1.04) (0.64) (0.69) 

CCI,  (40 hr) 13 0.228 + 0.040 0.307 + 0"050t 0.158 + 0.023 0.168 + 0.024 
(1) (1.35) (0.69) (0.74) 

* Mitochondria were isolated as in Fig. 1, dissolved in 0.05 M NaHPO4 (pH 7.0) and 2~o DOC. The 
oxidized vs reduced spectrum was determined by split-beam spectrometry according to Williams.ll The 
number in parentheses is the ratio of the cytochrome to cytochrome aa3. 

t Significant af the 0-02 level of Student's t-test. 

as a prosthetic group, and would, therefore, contribute to the 563-577 nm value, arti- 
ficially raising the cytochrome b measurement. A decrease in cytochrome c has been 
reported in rat liver mitochondria during CC14 intoxication. 23 However, we failed 
to find a decrease, which coincides with the reports of Reynolds e t  al., 24 and Lyacho- 
vich e t  al. 25 who found no stimulation of respiration when cytochrome c is added 
to mitochondria from CC14-intoxicated rats. Normal levels of cytochrome c oxidase 
activity have been found in CC14-damaged mitochondria. 25 

Chloramphenicol or oxytetracycline has "been shown to impair the synthesis or 
assembly of cytochrome c oxidase in yeast, 26 HeLa cells 27 and regenerating rat 
liver. 2°'22 The above discussion indicates that it is unlikely that any alteration of 
cytochrome components is induced by CC14. Therefore, at least when considering 
the cytochromes, mitochondrial protein synthesis would not be required during res- 
toration of the CC14-damaged mitochondria, as has already been indicated by the 
failure of chloramphenicol and oxytetracycline to block recovery. 

D I S C U S S I O N  

The molecular nature of the hepatic mitochondrial lesion induced by CC14 is not 
known. Some authors believe it to be the result of peroxidation of the phospholipids 
of the mitochondrial membrane. 25,28 Others have indicated that the unnatural distri- 
bution of ions in the CC14-damaged hepatocyte would be sufficient to disrupt mito- 
chondrial structure and function. 3 Because it is not an early failure in CC14 intoxica- 
tion, but rather occurs after other pathologies are well developed, the mitochondrial 
lesion seems to be an indirect consequence of CC14 exposure. However, the cessation 
of mitochondrial DNA turnover and synthesis (Figs. 3 and 4) immediately after 
administration of CC14 indicates an early mitochondrial response to intoxication. 
Whether the cessation ofmitochondrial DNA synthesis contributes to the further de- 
velopment of the mitochondrial lesion, or represents a general conservatory response 
of the cell to trauma cannot be decided from the data. 

The cessation of mitochondrial DNA turnover would seem to rule out any exten- 
sive involvement of mitochondrial DNA replication in the early phase of recovery, 
although the turnover rate would allow consideration of some replication in the late 
recovery phase. It can be seen from the State 3 respiration rates in Fig. 1 that at 40 
hr post-CC14 either 50 per cent of the mitochondria are nonfunctional, or, conversely, 
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all mitochondria have sustained 50 per cent damage. Thus, at least one half of the 
population would have to be replaced within the 40- to 65-hr period to allow recovery. 
The DNA turnover time of the CC14 intoxicated animals, 42 hr, is too long to allow 
this to occur. Also, if mitochondrial DNA replication were critical to recovery, 
administration ofethidium bromide should have impeded recovery. It did not do so. 
Thus, insofar as mitochondrial proliferation can be judged from the turnover and 
synthesis ofmitochondrial DNA, it does not seem to be a major route of restoration 
during early recovery. 

The burst of incorporation of L-[3H]leucine in vivo at about 30 hr of intoxication 
suggests an involvement of protein synthesis in restoration. Since a large majority 
of mitochondrial proteins are synthesized on cytoplasmic ribosomes, 18-it can be rea- 
soned that most of this observed incorporation represents proteins synthesized on 
microsomal (80S), not mitochondrial (60S), ribosomes. The failure of oxytetracycline, 
ethidium bromide and chloramphenicol to interfere with mitochondrial recovery 
also supports the contention that mitochondrial protein synthesis is not involved in 
early recovery. It is possible that the short biological half-life of chloramphenicol 
could allow a small amount of mitochondrial protein synthesis to occur (although 
the extensive disruption of the endop!asmic reticulum by C.C141 should depress the 
metabolism of chloramphenicol and prolong the drug's efficacy), and this could be 
sufficient for recovery. However, inhibitors of greater potency and persistence, oxyte- 
tracycline and ethidium bromide, similarly failed to delay or inhibit recovery. A more 
likely explanation is that the restoration of the CC14-induced mitochondrial lesion 
does not require a contribution from mitochondrial protein synthesis. Chloram- 
phenicol and ethidium bromide are also reported to distort mitochondrial profiles 
in growing HeLa and L-cell cultures. Electron micrographs did not reveal any dis- 
torted mitochondrial configurations in the hepatocyte at late recovery. 

It may seem paradoxical that mitochondrial protein synthesis is not required to 
repair an extensively damaged mitochondrion. However, studies with regenerating 
rat liver after partial hepatectomy, 21'22 and mammalian cell cultures a 9,27,29 showed 
that inhibitory levels of chloramphenicol, oxytetracycline or ethidium bromide did 
not cause a decrease of mitochondrial volume or numbers after one cell division. In 
all cases, a decline of cytochrome c oxidase, with its associated cytochrome aa3, was 
noted. It has been reported that three proteins in purified yeast cytochrome c oxidase 
are most likely of mitochondrial origin. 3° Since in our experiments the spectral 
analysis did not indicate a loss ofcytochromes in the damaged mitochondria, a locus 
for inhibitory action by chloramphenicol, oxytetracycline and ethidium bromide 
would not be present and, therefore, the failure of these drugs to inhibit restoration 
was not surprising. 

The low rate of respiration present in CC14-damaged mitochondria cannot be 
attributed to a loss of cytochrome components, as these were found to be present 
in normal amounts. However, oxidative phosphorylation and electron transport ac- 
tivities have been correlated with the structural configuration of mitochondria. 31 
Mitochondrial swelling, induced by NADPH oxidation, accompanied by oxidation 
of mitochondrial unsaturated lipids, results in inactivation of electron transport acti- 
vity. 32 Mitochondria during CC14 exposure are noted to be swollen, a This suggests 
that the impaired respiration rate is a result of the alterations in the mitochondrial 
membrane coincident with CC14-induced mitochondrial swelling. 



Restoration of CCl4-damaged hepatic mitochondria 3237 

Applying the data to the consideration of the routes of restoration, leads to the 
following conclusions. Route 1, replacement, seems ruled out by the insufficiency of 
the mitochondrial DNA turnover rate, and the failure of ethidium bromide to block 
restoration. Route 2, repair, must be considered, although the inhibitor data would 
indicate a non-critical role for mitochondrial protein synthesis. The peak of labeled 
leucine incorporation noted at 30 hr implies the involvement of cytoplasmic protein 
synthesis. To fully accommodate the mitochondrial DNA turnover and synthesis 
data, and the decrease in mitochondrial yield noted at the nadir of damage, some 
replication must be invoked. This process must occur late in restoration and at a 
rate low enough to be accomplished in the face of incomplete inhibition by chloram- 
phenicol, ethidium bromide and oxytetracycline. It appears, therefore, that resto- 
ration of mitochondrial integrity in the CC14-damaged hepatocyte proceeds first (and 
predominantly) by repair of the less-damaged organelles, followed later by the re- 
placement of the more-damaged, through replication of healthy mitochondria. 
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