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Abstract. For many liver malignancies, major hepatec-
tomy is the usual therapy. Although a normal liver has a
tremendous capacity for regeneration, liver hepatectomy
in humans is usually carried out on a diseased liver and,
in such cases, liver regeneration takes place in a cirrhotic
remnant. Mitochondrial function in cirrhotic livers shows
a variety of changes compared to control livers. This
study investigated how mitochondrial respiratory func-
tion and antioxidant capacity change following partial he-
patectomy of cirrhotic livers, because liver regeneration
requires greater energy demands and control of oxidative
stress. Cirrhosis was induced in male Wistar-Furth rats by
administration of thioacetamide. NADH-cytochrome ¢
reductase activity, mitochondrial glutathione peroxidase

activity and mitochondrial GSH levels were all signifi-
cantly lowered in cirrhotic livers and in the cirrhotic rem-
nants up to 72 h after 70 % hepatectomy when compared
to the corresponding controls. Lower respiratory control
ratios with succinate as substrate were also observed
from 6 to 48 h post-hepatectomy. At 24 h post-hepatec-
tomy, higher levels of lipid peroxidation were observed.
We conclude that, compared to the controls, cirrhotic liv-
ers have diminished oxidative phosphorylation capabili-
ties due to changes in NADH and FADH,-linked respira-
tion as well as impaired antioxidant defenses following
partial hepatectomy. Both of these factors, if critical,
could then impede liver regeneration.
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The normal liver has a phenomenal capacity to regener-
ate following insults such as viral infections or surgical
resection. This allows for the complete restoration of liver
mass and tissue-specific functions following injury or he-
patectomy [1]. Many factors including cytokines such as
tumor necrosis factor (TNF), interleukin-6 (IL-6), hepa-
tocyte growth factor (HGF) and transforming growth fac-
tor-alpha (TGF-a) are necessary to induce quiescent rem-
nant liver cells to proliferate and regenerate [1, 2]. In ad-
dition, the regenerative process itself places a high energy
demand on the hepatocytes [3—6]. The energy required is
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supplied by the mitochondria through the process of ox-
idative phosphorylation and reactive oxygen species are
formed as byproducts. In a normal liver, the levels of re-
active oxygen species are low and antioxidant defenses
are adequate to prevent oxidative damage [7]. Animal
studies on mitochondrial function, oxidative stress and
antioxidant defenses in the normal liver following partial
hepatectomy (PH) have been performed. During the re-
generation process, increases in respiratory control and
phosphorylation rates together with changes in the activ-
ities of the complexes involved in the electron transport
chain have been described [3, 4, 8—10]. Mitochondrial
glutathione (GSH) has been observed to decrease after
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PH [11, 12] while mitochondrial oxidant production is in-
creased [13]. However, there are conflicting data on the
levels of mitochondrial lipid peroxidation. Increased and
unchanged malondialdehyde production had been de-
scribed in two different studies [11, 14].

A diseased liver can become increasingly fibrotic and
eventually cirrhotic. Patients with cirrhosis have an in-
creased risk of developing hepatocellular carcinoma, the
third most common cause of death due to cancer world-
wide [15]. For many liver malignancies including hepato-
cellular carcinoma [15, 16], the main therapeutic inter-
vention is surgical resection. Fibrotic or cirrhotic livers
do not tolerate insults well and experience delayed regen-
eration following surgery. Several studies using whole
cirrhotic rat livers have demonstrated that the capacity of
cirrhotic livers to respond to oxidative stress [17, 18] and
to carry out oxidative phosphorylation [19, 20] is im-
paired. We postulate that these two factors may in turn
have an adverse effect on liver regeneration after hepate-
ctomy leading to inadequate responses to increased en-
ergy demand and oxidative stress. To verify this, liver cir-
rhosis was induced by thioacetamide administration to
rats and the changes in mitochondrial oxidative function
and antioxidant defenses were examined before and after
partial hepatectomy. Our results concur with our postula-
tion, and differences in mitochondrial oxidative function
and antioxidant defenses were observed between normal
and cirrhotic livers after PH.

Materials and methods

Materials

Sucrose and the Bio-Rad protein assay dye were obtained
from Bio-Rad (Hercules, Calif.). Glutathione was from
ICN (Aurora, Ohio). Tris-(hydroxymethyl) aminometh-
ane was from Baker (Phillipsburg, N. J.). Sodium dithio-
nite, sodium dihydrogen phosphate, disodium hydrogen
phosphate, potassium dihydrogen phosphate, dipotas-
sium hydrogen phosphate, hydrochloric acid and sulfuric
acid were purchased from Merck (Darmstadt, Germany).
Monochlorobimane (MCB) was purchased from Molec-
ular Probes (Eugene, Ore.). All other chemicals were pur-
chased from Sigma (St. Louis, Mo.).

Induction of cirrhosis

Ten-week-old male Wistar-Furth rats were kept on stan-
dard rat chow and tap water ad libitum under 12-h light-
dark cycles. Cirrhosis was induced by intraperitoneal in-
jection of 300 mg thioacetamide/kg thrice weekly for 10
weeks as previously described with slight modifications
[21, 22]. Healthy, control animals were kept under the
same conditions without any treatment. All animals re-
ceived humane care in compliance with the International
Guiding Principles for Animal Research. After 1 week ac-
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climation to allow for the washout of thioacetamide, all
animals underwent 70% PH. Two experimental groups
were studied. In group 1, healthy, control rats were sub-
mitted to PH, while in group 2, cirrhotic animals were
submitted to PH. Within each group, six rats were sacri-
ficed at 3, 6, 24, 48 and 72 h after surgery.

Partial hepatectomy

The rats were anesthetized by an intraperitoneal injec-
tion of ketamine (60 mg/kg) followed by ether inhala-
tion. Through a midline incision, a 70% hepatectomy
was performed by removing the median and left lateral
lobes of the liver as described by Higgins and Anderson
[23]. The wound was closed with catgut suture and the
rats allowed to recover. At 3, 6, 24, 48 and 72 h after
surgery, the rats were anesthetized with ether and killed
by exsanguination after the drawing of blood from the
heart. The remnant livers were then removed and a part
of the left lateral lobe was used for histological exami-
nation. Cirrhosis was confirmed by gross inspection and
histological examination.

Preparation of mitochondria

Mitochondria were prepared from the excised and the re-
maining resected liver as previously described with slight
modifications [24]. The liver was chopped into small
pieces and homogenized in 5 vol of buffer containing
0.25 M sucrose, 5 mM HEPES and 0.5 mM EGTA, pH
7.5. The homogenate was centrifuged at 585 g at 4 °C for
10 min. This was repeated twice and 2 ml of the super-
natant was stored at —80 °C and used for determination of
hepatic GSH. The remainder was centrifuged at 12,100 g
at 4 °C for 10 min. The pellet was washed twice with
buffer containing 0.25 M sucrose and 5 mM HEPES, pH
7.5. The mitochondria pellet was then resuspended and
the protein concentration was determined with the Bio-
Rad protein assay dye reagent using bovine serum albu-
min as the standard. Freshly prepared mitochondria were
used to determine respiratory control and ADP/O ratios
while submitochondrial particles were used for all other
assays. Submitochondrial particles were prepared by
freezing and thawing the mitochondrial suspension.

Determination of the respiratory control and

ADP/O ratios

These were determined polarographically using a Clark
oxygen electrode (Hansatech, Pentney, UK) [25]. A mito-
chondria suspension containing 2.5 mg protein was
added to 2 ml of buffer containing 0.1 M KCI, 10 mM
Tris-Cl, 12.5 mM KH,PO, and 12.5 mM potassium suc-
cinate, pH 7.6. Oxygen consumption was measured in the
absence (giving the state 4 activity) and presence (giving
the state 3 activity) of 0.25 mM ADP. The respiratory con-
trol ratio (RCR) was expressed as the ratio of state 3 to
state 4 respiration, while the ADP/O ratio was expressed
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as the ratio of ADP added to that of oxygen atoms con-
sumed during state 3 respiration.

Mitochondrial NADH-cytochrome c reductase
activity

NADH-cytochrome c reductase (NCCR) activity was mea-
sured as previously described [26]. Five micrograms of
submitochondrial particles was added to 1 ml of buffer
containing 25 mM potassium phosphate, pH 7.4, 2.5 mg/
ml bovine serum albumin, 5 mM MgCl,, 10 pM ferricy-
tochrome ¢ and 2 mM KCN. The reaction was started by
the addition of 25 pM NADH. Reduction of ferricy-
tochrome ¢ was followed at 25 °C at 550 nm for 3 min. The
extinction coefficient of cytochrome ¢ is 19 mM'cm™ [8].

Mitochondrial succinate-cytochrome c reductase
activity

Succinate-cytochrome ¢ reductase (SCCR) activity was
measured as previously described [26]. Five micrograms
of submitochondrial particles was added to 1 ml of 50 mM
potassium phosphate, pH 7.4, 20 mM succinate, 10 pM
ferricytochrome c, 2 pg/ml rotenone and 2 mM KCN at
room temperature. The absorbance change at 550 nm was
recorded at 25 °C for 5 min. The extinction coefficient of
cytochrome c is 19 mM'cm™! [8].

Mitochondrial cytochrome c oxidase activity

Cytochrome ¢ oxidase (CCO) activity was measured as
previously described [26]. Five micorgrams of submito-
chondrial particles was added to 1 ml of 50 mM potas-
sium phosphate, pH 7.4 and 10 pM ferrocytochrome c
(reduced by sodium dithionite at a weight ratio of 2:7, the
solution was then shaken vigorously for 2 min to remove
excess sodium dithionite). The absorbance change at
550 nm was recorded at 25 °C for 5 min. The extinction
coefficient of cytochrome c is 19 mM'cm™! [8].

Mitochondrial ATPase activity

This was determined by measuring the release of inor-
ganic phosphate [27]. The reaction was initiated by addi-
tion of 250 pg of submitochondrial particles to 0.25 ml of
buffer containing | mM ATP, 100 mM NacCl, 10 mM KC1
and 3 mM MgCl,, pH 7.4. After incubation at 37 °C for
5 min, the reaction was stopped by addition of 2 ml of
0.1 M ice-cold HCI. A portion (0.2 ml) of the reacted mix-
ture or standards corresponding to 0, 0.02, 0.04, 0.06,
0.08 and 0.lmM KH,PO, were added to 0.8 ml of
5 mM H,SO,. One hundred and sixty microliters of
2.5% ammonium molybdate and 40 pl of 1% stannous
chloride were then added. After incubation at 25 °C for
15 min, the absorbance at 680 nm was read.

Hepatic and mitochondrial GSH determination
GSH levels were measured by using the specific reaction
of MCB with GSH. MCB, itself nonfluorescent, forms a
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stable, fluorescent adduct, bimane-GS with GSH in a re-
action catalyzed by GSH S-transferases (GSTs) [28]. The
endogenous GST was first removed by boiling the sam-
ple for 3 min. To quantify the amount of GSH, 0.2 U of
equine liver GST was added to 250 pl of phosphate-
buffered saline, 0.1 mM MCB and GSH standards corre-
sponding to 0—0.04 mM GSH or to the sample. Follow-
ing incubation at 37 °C for 15 min, the fluorescence of all
samples was read using an excitation wavelength of 385
nm and an emission wavelength of 478 nm in a Gemini
XS microplate spectrofluorometer from Molecular De-
vices (Sunnyvale, Calif.). Following this, a calibration
curve was obtained and the fluorescence of the samples
was then correlated with the curve.

Mitochondrial superoxide dismutase activity

This was measured using the method of Flohé and Otting
[29]. Solution A (1.45 ml; containing 0.76 mg xanthine
dissolved in 10 ml 0.001 N NaOH and 24.8 mg cy-
tochrome ¢ mixed with 100 ml 50 mM KH,PO,-
Na,HPO,, 0.1 mM EDTA, pH 7.8) was pipetted into a
cuvette. The suspension of submitochondrial particles
was spun and 25 pl of the supernatant (0.5 mg protein)
was added to solution A. The reaction was started by ad-
dition of 25 pl of solution B [freshly prepared xanthine
oxidase in 0.1 mM EDTA to produce a rate of cy-
tochrome ¢ reduction of 0.025 absorbance units/min in
the control without superoxide dismutase (SOD)]. The
absorbance change at 550 nm was recorded at 25 °C for
5 min.

Mitochondrial glutathione peroxidase activity

This was measured using the method of Floh¢ and Giin-
zler [30]. The following solutions were pipetted into a cu-
vette: 500 pl of buffer containing 0.1 M potassium phos-
phate/l mM EDTA, pH 7.0, 100 pl submitochondrial
particles (50 pg protein), 100 pl (0.24 U) glutathione re-
ductase (freshly prepared in 0.1 M potassium phosphate/
0.1 mM EDTA, pH 7.0) and 100 pl of 10 mM GSH. The
mixture was preincubated for 10 min at 25 °C. One hun-
dred microliters 1.5 mM NADPH in 0.1 % NaHCO, was
then added. The reaction was started by adding 100 pl of
12 mM t-butyl hydroperoxide. The decrease in absorption
at 340 nm was monitored for 5 min. The extinction coef-
ficient of NADPH is 6.2 mM'cm ™.

Mitochondrial glutathione reductase activity

This was measured as previously described [31]. One
hundred and fifty micrograms of submitochondrial parti-
cles was added to 1 ml of 50 mM potassium phosphate,
pH 7.6, 0.1 mM NADPH, | mg bovine serum albumin
and 3.25 mM oxidized glutathione. The oxidation of
NADPH was monitored at 340 nm at 25 °C for 5 min in a
spectrophotometer. The extinction coefficient of NADPH
is6.2mM'cm™.
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Measurement of malondialdehyde

The extent of lipid peroxidation was determined by the
thiobarbituric acid (TBA) test [32]. Fifty microliters of
8.1% SDS, 375 pl of 20% acetic acid solution (adjusted
to pH 3.5 with NaOH) and 375 pl of 0.6 % aqueous solu-
tion of TBA were added to 200 pl of 0.4 mg/ml mito-
chondria suspension. The mixture was heated in a water
bath at 95°C for 60 min. After cooling, 1 ml of a mixture
of n-butanol and pyridine (15:1, v/v) was added and
mixed vigorously. After centrifugation at 4000 g for
10 min, the organic layer was taken and its absorbance at
532 nm was measured. Results were expressed in malon-
dialdehyde equivalents using 1,1,3,3,-tetraecthoxypropane
as the standard.

Statistical analysis

Data are expressed as means = SE and were subjected to
ANOVA analysis followed by a Tukey post hoc test. A p-
value of less than 0.05 was considered significant. Two
sets of comparisons were carried out. The first was within
group 1 for the healthy controls before and post-PH. The
second comparison was between group 1 and group 2 at
all time points of the study.

Results

Respiratory enzymes activities in normal

and cirrhotic livers

The livers of all thioacetamide treated animals were
grossly cirrhotic. Similar macronodular cirrhosis had
been previously observed in rats subsequent to continu-
ous oral or intraperitoneal administration of thioace-
tamide [21, 22, 33]. Liver mitochondria were isolated
from control and cirrhotic rats. Using succinate as the
substrate, there were no differences in state 3 respiration,
state 4 respiration, the respiratory control and the ADP/O
ratios between the two groups of animals. Activities of
the respiratory chain enzymes and the mitochondrial
ATPase were also examined. There were no significant
differences in the SCCR, CCO and ATPase activities.
However, NCCR activity was significantly lowered in
cirrhotic livers (table 1).

Mitochondrial antioxidant capacity in normal

and cirrhotic livers

Within the mitochondria, enzymes involved in antioxi-
dant defenses include SOD and glutathione peroxidase.
The activities of these enzymes as well as that of glu-
tathione reductase and the mitochondrial GSH levels
were analyzed. In cirrhotic livers, total hepatic GSH lev-
els were not significantly different from controls but mi-
tochondrial GSH levels were significantly lower. There
was no significant difference in the mitochondrial SOD
activity but mitochondrial glutathione peroxidase was
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Table 1. Mitochondrial function in control (group 1) and cirrhotic
(group 2) rats.

Group 1 Group 2
State 3 respiration (nmol O atom/ 116.6+ 5.1 1134+ 5.0
min per milligram protein)
State 4 respiration (nmol O atom/ 239+ 1.1 289+ 0.9
min per milligram protein)
Respiratory control ratio 44+ 0.1 4.0+ 0.2
ADP/O ratio 1.9+ 0.1 1.9+ 0.1
ATPase activity (nmol/min 622+ 1.6 66.5+ 1.6
per milligram protein)
NCCR activity (nmol/min 673.4+£275 427.8+23.5*
per milligram protein)
SCCR activity (nmol/min 1043+ 6.3 88.1+ 5.5
per milligram protein)
CCO activity (nmol/min 1302+ 53 1742+ 7.7

per milligram protein)

Data are presented as the mean + SE of 30 animals in each group.
State 3 respiration, state 4 respiration, respiratory control ratio and
ADP/O ratio were determined in the presence of succinate. Submi-
tochondrial particles were used to determine the mitochondrial AT-
Pase, NCCR, SCCR and CCO activities. * Compared with group 1,
p<0.05 (Student’s t test).

significantly lowered in the cirrhotic group. In contrast,
mitochondrial glutathione reductase activity was signifi-
cantly higher (table 2).

Changes in mitochondrial respiratory enzymes

and ATPase following hepatectomy

To examine how PH influences mitochondrial respiratory
activity, liver mitochondria were isolated at various time
points post-PH. At each time point, mitochondria were
isolated from six cirrhotic rats and six control rats. Mito-
chondria from each animal were assayed individually to
determine activities related to the respiratory chain and
oxidative phosphorylation. Activities from the excised

Table 2. Antioxidant status in control (group 1) and cirrhotic
(group 2) rats.

Group 1 Group 2

Hepatic GSH (nmol/mg protein) 820+ 2.8 98.8+2.7
Mt GSH (nmol/mg protein) 7.6+ 0.2 1.9£0.1%*
Mt GPx activity (nmol/ 301.7+11.3  189.1 £7.6*
min per milligram protein)

Mt GRd activity (nmol/ 232+ 1.1 36.3 £2.0*
min per milligram protein)

Mt SOD activity (U/mg protein) 185+ 0.8 150+1.3

Data are presented as the mean + SE of 30 animals in each group.
Liver homogenates were used to determine the hepatic GSH level.
Submitochondrial particles were used to determine the mitochon-
drial GSH level, glutathione peroxidase (GPx), glutathione reduc-
tase (Mt) (GRd) and SOD activities. * Compared with group 1,
p<0.05 (Student’s t test).
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livers of control rats were used as the basis for compari-
son and set at 100%. Comparisons were first carried out
to determine if there were significant changes in controls
(group 1 rats) following PH and, second, to determine if
there were significant differences between the control
(group 1) rats and the cirrhotic (group 2) rats during the
entire course of the experiment.

Respiration using succinate was first examined. Six
hours after PH, state 3 and state 4 respiration were re-
duced to 65% + 7% and 65% =+ 3% respectively in the
control group while the RCR was significantly increased
at 24 h post-PH (fig. 1A—C). In contrast, for the cirrhotic
rats, the RCRs were significantly lower when compared
to the corresponding controls from 6 to 48 h post-PH (fig.
1C). This concurs with the SCCR activities over the same
time points. SCCR activity was lowered from 6 to 72 h
post-PH although statistical significance was only ob-
served at 48 h (fig. 2A). The ADP/O ratios were not af-
fected except at 6 h where the ratio for the cirrhotic group
was significantly lowered when compared to the corre-
sponding controls (fig. 1D). Increased ATPase activity at
3 and 6 h post-PH was also observed in mitochondria
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from cirrhotic rats when compared to controls (fig. 3).
Mitochondria isolated from control rats showed no
changes in NCCR activity during the regenerative
process. However, NCCR activity at all time points was
significantly reduced in mitochondria from cirrhotic an-
imals when compared to controls (fig. 2B). Following
PH, the CCO in controls was significantly increased
from 24 to 72 h post-PH. CCO activity in mitochondria
from cirrhotic animals was not significantly different
from that of the control group during the course of the
study (fig. 2C).

Changes in mitochondrial antioxidant capacity
following partial hepatectomy

Following PH, mitochondrial GSH levels decreased at 3
and 6 h but returned to pre-hepatectomy levels at 24 h in
controls (fig. 4A). A transient drop at 3 h followed by a
peak at 24 h in total GSH levels was also observed for the
controls (fig. 4B). In the cirrhotic group, mitochondria
GSH levels were consistently lower than those of controls
at all time points (fig. 4A) even though there were no sig-
nificant differences in total hepatic GSH levels between
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Figure 1. Changes in liver mitochondrial respiration of control (solid line) and cirrhotic rats (broken lines) following partial hepatectomy.
State 3 respiration (4), state 4 respiration (B), respiratory control ratio (RCR) (C) and ADP/O ratio (D) were measured using succinate as
the substrate. Results (mean + SE from six rats in each group) are expressed as percent of control activity at 0 h (100%). Control values
for state 3 and state 4 respiration, RCR and ADP/O ratio were 116.6 = 5.1 nmol O atom/min per milligram mitochondrial protein, 23.9 +
1.1 nmol O atom/min per milligram mitochondrial protein, 4.4 + 0.1 and 1.9 + 0.1, respectively, and were determined from the excised liv-
ers (at 0 h) of all control rats (n=30) used in the study. *p <0.05, ANOVA analysis, for comparison between control rats before (at 0 h) and
after PH. "p<0.05, ANOVA analysis, for comparison between the cirrhotic group and the corresponding control group at each time point.
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Figure 2. Time-dependent changes SCCR (4), NCCR (B) and
CCO (C) activities from control (solid line) and cirrhotic rats (bro-
ken lines) after PH. Results (mean + SE from six rats in each group)
are expressed as percent of control activity at 0 h (100%). Control
values for SCCR, NCCR and CCO were 104.3 £ 6.3 nmol/min per
milligram mitochondrial protein, 673.4 + 27.5 nmol/min per mil-
ligram mitochondrial protein and 130.2 + 5.3 nmol/min per mil-
ligram mitochondrial protein, respectively, and were determined
from the excised livers (at 0 h) of all control rats (n=30) used in the
study. *p<0.05, ANOVA analysis, for comparison between control
rats before (at 0 h) and after PH. *p<0.05, ANOVA analysis, for
comparison between the cirrhotic group and the corresponding con-
trol group at each time point.
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Figure 3. Mitochondrial ATPase activity from control (solid line)
and cirrhotic rats (broken lines) after PH. Results (mean + SE from
six rats in each group) are expressed as percent of control activity
at 0 h (100%). The control activity was 62.2 + 1.6 nmol/min per
milligram mitochondrial protein and was determined from the ex-
cised livers (at 0 h) of all control rats (n=30) used in the study.
p<0.05, ANOVA analysis, for comparison between the cirrhotic
group and the corresponding control group at each time point.
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Figure 4. Mitochondrial GSH (4) and hepatic GSH (B) content in
control (solid line) and cirrhotic rats (broken lines) after PH. Re-
sults (mean + SE from six rats in each group) are expressed as per-
cent of control at 0 h (100 %). Control GSH content was determined
from the excised livers (at 0 h) of all control rats (n=30) used in the
study. The control mitochondrial GSH level was 7.6 + 0.2 nmol/mg
protein while that for hepatic GSH was 82.0 + 2.8 nmol/mg protein.
*p<0.05, ANOVA analysis, for comparison between control rats
before (at 0 h) and after PH. “p<0.05, ANOVA analysis, for com-
parison between the cirrhotic group and the corresponding control
group at each time point.
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the two groups of animals throughout the experimental
time frame (fig. 4B).

Mitochondria glutathione peroxidase activities in the cir-
rhotic animals were also consistently lower than those of
controls during the entire experimental time frame,
while mitochondria glutathione reductase activity was
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Figure 5. Mitochondrial peroxidase GPx (4), glutathione reductase
(GRd) (B) and SOD (C) activities from control (solid line) and cir-
rhotic rats (broken lines) after PH. Results (mean + S.E.M. from six
rats in each group) are expressed as percent of control activity at 0
h (100%). The control activities were determined from the excised
livers (at 0 h) of all control rats (n=30) used in the study. Control
values were 301.7 = 11.3 nmol/min per milligram protein, 23.2 +
1.1 nmol/min per milligram protein and 18.5 + 0.8 U/mg protein for
GPx, GRd and SOD, respectively. *p<0.05, ANOVA analysis, for
comparison between control rats before (at 0 h) and after PH.
*p<0.05, ANOVA analysis, for comparison between the cirrhotic
group and the corresponding control group at each time point.
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Figure 6. Mitochondrial TBARS level from control (solid line) and
cirrhotic rats (broken lines) after PH. Results (mean + SE from six
rats in each group) are expressed as percent of control activity at 0 h
(100%). The control activity was 1.84 + 0.05 nmol malondialdehyde
(MDA)/mg mitochondrial protein and was determined from the ex-
cised livers (at 0 h) of all control rats (n=30) used in the study.
#p<0.05, ANOVA analysis, for comparison between the cirrhotic
group and the corresponding control group at each time point.

comparable or even higher than that for controls (fig.
5A-B).

Lipid peroxidation was assessed using the TBA-reacting
substances (TBARS) assay. The only significant rise was
observed in the mitochondria of cirrhotic rats 24 h post-PH
(fig. 6). This coincides with a significantly lowered mito-
chondria SOD activity at the same time point (fig. 5C).

Discussion

In a healthy adult liver, hepatocytes are quiescent. How-
ever, following hepatic resection or injury, the liver has
the capacity to regenerate fully. In humans, hepatic resec-
tion is often carried out on a diseased, cirrhotic liver
which may result in delayed regeneration or even failure
to regenerate. To enable us to examine the changes that
occur following resection of cirrhotic livers, the thioac-
etamide-induced rodent model of liver cirrhosis was em-
ployed in this study.

In a healthy liver, energy required for all cellular
processes is supplied by the mitochondria through the
process of oxidative phosphorylation. A series of enzyme
complexes are involved in this process which couples the
oxidation of the electron donors, NADH or FADH,, with
ATP synthesis from ADP and inorganic phosphate. Using
rodent models of cirrhosis, changes in mitochondrial
functions have been observed in cirrhotic livers. These
include the loss of respiratory control in the presence of
an NADH-linked substrate, glutamate [20, 34], or an
FADH,-linked substrate, succinate [34]. In this study,
liver cirrhosis in rats was induced with thioacetamide and
the activities of respiratory enzyme complexes were first
examined. In cirrhotic livers, NCCR activities were sig-
nificantly reduced, suggesting that NADH-linked oxida-
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tion may be impaired as previously reported [20, 34].
However, in our study, succinate-linked respiration was
not affected by cirrhosis. In agreement with this observa-
tion, all complexes involved in FADH,-linked oxidative
phosphorylation, namely SCCR, CCO and ATPase activ-
ities, were also unchanged. This is in contrast to previous
observations [34] and may be due to the rats’ access to
food prior to sacrifice. Feeding leads to a greater degree
of coupling of oxidative phosphorylation [35], and in this
study, the animals were allowed free access to food. Sim-
ilar observations have been made in the carbon tetra-
choloride-induced model of cirrhosis [20]. The RCR was
reduced in mitochondria from cirrhotic livers with S-hy-
droxybutyrate as substrate but not with succinate. This
also concurs with previous observations that complex I is
more susceptible to damage than complex II and complex
I [36, 37].

The process of oxidative phosphorylation can result in the
generation of reactive oxygen species as byproducts.
Within the mitochondria, the reaction catalyzed by SOD
(also known as Mn-SOD) is the first step in dealing with
oxidative stress. This removes the superoxide anion and
generates hydrogen peroxide which is then reduced to
water by glutathione peroxidase, a selenoprotein, using
GSH as the cosubstrate. The oxidized glutathione is then
regenerated following reduction by glutathione reductase
[for a review see ref. 7]. In this thioacetamide-induced
model of cirrhosis, the mitochondrial antioxidant de-
fenses were impaired although mitochondrial lipid perox-
idation was not significantly increased, as observed in the
study by Hernandez-Muifioz et al. [38]. Although mito-
chondrial SOD activity was not affected, mitochondrial
glutathione peroxidase activity was significantly de-
creased in the cirrhotic liver. This decrease may be due to
the loss of selenium from the liver following chronic
thioacetamide treatment [18, 39]. Mitochondrial GSH
levels in the cirrhotic liver were significantly lower than
in the control. The decreased mitochondrial GSH level
was not due to impaired regeneration of oxidized GSH,
because mitochondrial glutathione reductase was signifi-
cantly higher than or similar to controls. In addition, sim-
ilar to previous observations [38, 40], total hepatic GSH
levels were not different from controls. Thus, the lowered
mitochondrial GSH levels may be attributed to an im-
paired transport of GSH from the cytoplasm into the mi-
tochondria or an increased utilization of GSH to counter
oxidative stress.

Following hepatic resection, ATP demand increases due
to loss of liver mass and the needs of the regenerative
process. In normal rat liver remnants, the energy charge
potential as well as liver ATP levels have been shown to
decrease significantly at 24 h post-PH [41, 42]. Changes
in mitochondrial functions have also been observed.
These include changes in RCR [3, 4, §—10]. In this study,
as in earlier studies using rats [10, 41, 42], a peak in RCR
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was observed at 24 h post-PH in normal liver remnants.
CCO activities were also enhanced from 24 to 72 h post-
PH and this may represent the initial steps in mitochon-
dria biogenesis [43]. Both these changes will lead to en-
hancement of phosphorylation rates, which were also
maximal at 24 h post-PH [41]. The increase in the RCR
and CCO are probably adaptive measures to enhance mi-
tochondrial ATP-synthesizing activity, because the in-
crease in RCR and phosphorylation rate coincides with
low levels of liver ATP [41, 42].

A key difference between the normal and cirrhotic livers
post-PH was the significantly lowered NCCR activity
both before and after hepatectomy, which would diminish
NADH-linked respiration. In contrast to normal liver
remnants, the RCR in the cirrhotic group was signifi-
cantly lower [this study and ref. 42] than that of the cor-
responding controls indicating a higher degree of uncou-
pling of oxidative phosphorylation. Taken together, this
would account for the absence of enhancement of phos-
phorylation rates in cirrhotic livers after partial hepatec-
tomy [41] and would contribute to the depressed energy
status and low ATP levels after hepatectomy [6, 41, 42].
This will in turn result in a less efficient regeneration
process and may even cause liver failure if the degree of
histologic damage in the remnant liver is high and oxida-
tive phosphorylation is greatly impaired.

An increase in oxygen free radicals has been shown to oc-
cur during liver regeneration after PH [8]. In addition,
TNF-a, which has growth-stimulatory effects after hepa-
tectomy, also increases mitochondrial oxidant production
[13]. In the early phase of regeneration in normal rem-
nants (before 24 h post-PH), decreased mitochondrial and
hepatic GSH levels were observed (fig. 4) [11] probably
as a consequence of the increased oxidant production [8,
13]. Following an initial drop in hepatic GSH levels at 3 h
post-PH, increases were observed from 24 to 72 h post-
PH. Both a normal baseline hepatic GSH level and a sub-
sequent increase in GSH following PH are necessary for
normal regeneration [44]. The mechanism for this is cur-
rently not known [44] although increased GSH levels
have been shown to be associated with an early prolifera-
tive response and are essential for the cell to enter S phase
[45, 46]. Despite the initial decrease in GSH levels after
PH in normal livers, there was no increase in lipid perox-
idation in the mitochondria, similar to observations made
in an earlier study [14]. Mitochondrial SOD and glu-
tathione reductase activities were not affected by PH.
However, decreased mitochondrial glutathione peroxi-
dase activities at 24 h and 48 h post-PH were observed.
Although the reason for this is not clear, glutathione per-
oxidase can be inactivated by a variety of physiological
substances including nitric oxide. Thus, the decreased ac-
tivity may be the result of inactivation of the peroxidase
by nitric oxide which is released in the regenerating liver
after PH [47, 48].
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Cirrhotic livers had significantly lower mitochondrial
GSH as well as lower mitochondrial glutathione peroxi-
dase activities. Following hepatectomy, hepatic GSH lev-
els were not different from controls but both mitochondr-
ial GSH and glutathione peroxidase activity remained de-
pressed up to 72 h post-PH. In addition, a significant
decrease in mitochondrial SOD activity at 24 h post-PH
together with increased lipid peroxidation was also ob-
served in the cirrhotic remnants (this study) [41]. Thus
unlike the control, the cirrhotic remnant is unable to pro-
vide sufficient antioxidant defense (in the form of GSH
and glutathione peroxidase) in the mitochondria follow-
ing PH.

We conclude that the impaired mitochondrial antioxidant
system and reduced complex I activity in cirrhotic livers
may in turn generate more oxidative stress and also ad-
versely affect the ability of the mitochondria to carry out
oxidative phosphorylation following PH. The diminished
ATP production, if critical, would then impede the liver
regeneration process resulting in liver failure. Indeed, di-
minished ATP production has been observed not only in
rodent experimental models [41, 42] but also during the
regenerative process of cirrhotic livers in humans [6].
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