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Abstract

The time course of oxidative stress and tissue damage in zonal
liver ischemia-reperfusion in rat liver in vivo was evaluated.
After 180 min of ischemia, surface chemiluminescence de-
creased to zero, state 3 mitochondrial respiration decreased by
70-80%, and xanthine oxidase activity increased by 26% with-
out change in the water content and in the activities of superox-
ide dismutase, catalase, and glutathione peroxidase. After re-
perfusion, marked increases in oxyradical production and tis-
sue damage were detected. Mitochondrial oxygen uptake in

state 3 and respiratory control as well as the activities of super-
oxide dismutase, catalase, and glutathione peroxidase and the
level of nonenzymatic antioxidants (evaluated by the hydroper-
oxide-initiated chemiluminescence) were decreased. The sever-
ity of the post-reperfusion changes correlated with the time of
ischemia. Morphologically, hepatocytes appeared swollen with
zonal cord disarrangement which ranged from mild to severe
for the tissue reperfused after 60-180 min of ischemia. Neutro-
phil infiltration was observed after 180 min of ischemia and 30
min of reperfusion. Mitochondria appear as the major source of
hydrogen peroxide in control and in reperfused liver, as indi-
cated by the almost complete inhibition of hydrogen peroxide
production exerted by the uncoupler carbonylcyanide p-(tri-
fluoromethoxy) phenylhydrazone. Additionally, inhibition of
mitochondrial electron transfer by antimycin in liver slices re-

produced the inhibition of state 3 mitochondrial respiration and
the increase in hydrogen peroxide steady-state concentration
found in reperfused liver. Increased rates of oxyradical produc-
tion by inhibited mitochondria appear as the initial cause of
oxidative stress and liver damage during early reperfusion in
rat liver. (J. Clin. Invest. 1993.91:456-464.) Key words: chemi-
luminescence * hydrogen peroxide - mitochondrial damage * re-
perfusion injury. xanthine oxidase

Introduction

Oxidative stress, defined as an increase in the physiologic intra-
cellular steady-state concentrations of active oxygen species
(superoxide anion [°0 ], hydrogen peroxide [H202], hydroxyl
radical [HO], peroxyl radicals [ROO'], and singlet oxygen
['02]) (1, 2), has been related to reperfusion injury in heart (3,
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4), kidney (5, 6), liver (7, 8), lung (9), and intestine ( IO, 11).
However, the molecular mechanisms by which oxidative stress

is produced as well as the time course of the phenomenon are

still unclear due to lack of studies measuring or evaluating the
major sources ofoxygen free radicals in the same experimental
model.

Parks et al. (12, 13) and Mc Cord (14) in 1981-1985 put
forth the first hypothesis to explain reperfusion tissue injury;
cytosolic xanthine oxidase, derived from dehydrogenase con-
version during ischemia, was considered for many years as the
main source of superoxide anion during reperfusion of isch-
emic tissues. This hypothesis was supported by the protective
effects ofxanthine oxidase inhibitors (i.e., allopurinol and oxo-

purinol). Several studies were performed to assess the quanti-
tative and mechanistic aspects ofthe dehydrogenase to oxidase
conversion during liver ischemia and reperfusion (15-18).
However, these studies were performed in isolated and per-
fused liver and changes occurring during hypoxia were not

correlated to tissue damage observed after reperfusion.
The mitochondrial hypothesis for tissue damage in isch-

emia and reperfusion presented here, proposes that during isch-
emia the lack of electron aceptor, molecular oxygen, and an

inhibition of electron transfer by ischemia by-products and/or
morphologic disarrangement lead to a high reduction of the
components of the mitochondrial respiratory chain. Upon
reoxygenation, a burst of superoxide anion production occurs

owing to the increased autooxidation rate ofthe major intrami-
tochondrial sources of superoxide anion, namely, ubisemi-
quinone (UQH)' and NADH-dehydrogenase flavin-semi-
quinone (FMNH). Both semiquinone concentrations are rela-
tively increased because of steady inhibition of electron
transfer. Intramitochondrial superoxide anion, unable to dif-
fuse out of mitochondria, yields by the action of Mn-superox-
ide dismutase, intramitochondrial hydrogen peroxide that dif-
fuses through mitochondrial membranes to the cytosol. The
result of the primarily increased rate of intramitochondrial su-
peroxide anion will be an increase in the whole cellular hydro-
gen peroxide steady-state concentration. Hydrogen peroxide
will react with the hemes of both intramitochondrial cy-
tochrome c and cytosolic cytochrome P450, yielding either hy-
droxyl radical (HO') or perferrylhemoproteins (Fe'v = 0) ('19)
and providing highly reactive oxidizing species capable of ini-
tiating free radical chain reactions (Fig. 1).

This article reports evidence of the time course of liver re-
perfusion injury in terms of oxidative stress indicators (hydro-
gen peroxide steady-state concentration and spontaneous che-
miluminescence) and markers of (a) tissue (morphology and

1. Abbreviations used in this paper: ALT, alanine aminotransferase;
AST, aspartate aminotransferase; FCCP, carbonylcyanide p-(trifluoro-
methoxy) phenylhydrazone; LDH, lactate dehydrogenase; FMNI-,
NADH dehydrogenase flavin-semiquinone; UQ, ubiquinone; UQH,
ubisemiquinone.
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Figure 1. Scheme of the proposed mechanism for 02/H202 increase associated to ischemia-reperfusion in liver. Statements a and b represent
mitochondrial changes during ischemia (a) and reperfusion (b). UQ and UQH, oxidized and reduced forms ofubiquinone; FMN and FMNH,
oxidized and reduced forms ofNADH dehydrogenase flavoprotein; P450, cytochrome P4_O; Cyt c, cytochrome c; FeIV = 0, perferryl hemoprotein.

water content), (b) cell (serum activities of lactate dehydroge-
nase [LDH], aspartate aminotransferase [ASTI, and alanine
aminotransferase [ALT]), and (c) mitochondrial damage (mi-
tochondrial respiratory activities). The relative contributions
of cytosolic and mitochondrial compartments as oxyradical
sources in ischemia-reperfusion are also evaluated.

Methods

Experimental model. Male Wistar rats weighing 180-200 g fed a con-
ventional laboratory diet and water ad libitum were used. Rats were
fasted 24 h before surgery. Animals were anticoagulated with sodium
heparine (400 IU/kg body wt) and anesthetized with sodium pento-
barbital (50 mg/kg body wt), and the liver was exposed by transverse
abdominal incision. The liver lobes were gently moved to expose the
branches ofthe portal vein and hepatic artery to the right and left lobes.
The right branches of the hepatic artery and portal vein were tempo-
rarily ligated as previously described by Jaeschke et al. (20) and
Metzger et al. (21 ), rendering about one-third ofthe total hepatic mass
ischemic. Left lobes were used as control tissue. The abdominal cavity
was then closed and the rats were positioned under warming lamps to
maintain constant body temperature. After 60, 120, or 180 min of
warm ischemia, the abdomen was reopened and the ligature was re-

moved to allow reperfusion in the ischemic lobes. The abdominal cav-

ity was closed again and reopened after 30 min of reperfusion. During
ischemia and after reperfusion blood and liver samples from the right
lobes were taken to be processed.

Spontaneous liverchemiluminescence. Spontaneous chemilumines-
cence of the surface of the right upper lobe of the in situ liver was

monitored using a photon counter (Johnson Research Foundation,
University ofPennsylvania, Philadelphia, PA) with a model 9658 pho-

tomultiplier (responsive in the range 300-900 nm; Thorn EMI, Ruis-
lip, Middlesex, England) as described (22). The emission was ex-
pressed as counts per second per unit of liver surface (cps/cm2).

Marker enzymes ofliver damage. Serum samples taken before sur-
gery and after reperfusion were processed for the determination of
LDH, ALT, and AST activities using commercial laboratory kits. Val-
ues are given in units per liter of serum.

Water content. Liver samples ( 1 g) were weighed and then dried
in a convection oven at 70°C for 48 h. Water content was calculated as
the difference between wet and dry weights and referred to the initial
wet weight as percentage.

Morphologic studies. Small fragments of liver were resected at the
end of experiments, fixed in 10% formaldehyde in 50 mM phosphate
buffer (pH 7.0), embedded in paraffin, sectioned, and stained with
hematoxilin and eosin.

Oxygen uptake. Liver slices (0.1 mm thick) were placed in Krebs-
Ringer solution containing 10 mM glucose in the reaction chamber of
an Clark-type oxygen electrode at 30°C. The medium was air-equili-
brated at 0.22 mM oxygen (23). The initial rate ofoxygen uptake was
monitored during 10 min.

Mitochondrial respiratory activities. Mitochondria were isolated
from liver homogenized in 0.23 M mannitol, 0.07 M sucrose, 1 mM
EDTA, and 5 mM Tris-HCI (pH 7.3) as described (24). Respiratory
rates were measured with a Clark-type oxygen electrode in a reaction
medium containing 0.25 M sucrose, 20mM KCI, 5 mM MgCl2, I mM
EDTA, 10mM Tris-HCl, and 7mM phosphate (pH 7.2) at 30°C using
either 6 mM malate and 6 mM glutamate or 8 mM succinate and 6
mM glutamate to measure state 4 respiration rates and the same sub-
strates plus 0.5 mM ADP to measure state 3 respiration rates. Respira-
tory control was determined as the ratio of oxygen uptake in state

3/state 4 (23).
Xanthine dehydrogenase and oxidase activities. Liver samples were

homogenized in 140 mM KCI, 1 mM phenylmethylsulfonyl fluoride
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(to avoid the irreversible conversion from dehydrogenase to oxidase),
1 mM dithiothreitol (to avoid the reversible conversion from dehydro-
genase to oxidase) and 20 mM Tris-HCl (pH 7.6), and centrifuged at
15,000 g for 20 min at 0-40C. The post-peroxisomal supernatant was
used for the determinations. Activities were measured in a Perkin
Elmer Corp. (Norwalk, CT) model 356 spectrophotometer in the dual-
wavelength mode. Xanthine oxidase activity was measured by follow-
ing uric acid appearance (E293-320 = 12.4 mM-' cm-') (24) in a reac-
tion medium containing 0.1 M Tris-HCl (pH 8.6) and 50 MM xan-
thine. Xanthine dehydrogenase activity was determined by following
NADH appearance (E340.375 = 2.88 mM-' cm-') in the same reaction
medium plus 0.1 mM NAD'. Measurements were carried out within
the first hour after supernatant isolation. In preliminary experiments,
these conditions were shown to preserve the enzyme from in vitro
conversion during 6 h at 0-40C, or 12 h at -20'C.

Tissue homogenates. Samples to be processed for hydroperoxide-
initiated chemiluminescence and for the determination of the activity
ofantioxidant enzymes (0.5-1.0 g ofwet weight) were homogenized in
120 mM KCl, 30 mM phosphate buffer(pH 7.2) at 0-40C. The suspen-
sion was centrifuged at 600 g for 10 min at 0-4°C to remove nuclei and
cell debris. The pellet was discarded and the supernatant was used as
"homogenate" (25).

Hydroperoxide-initiated chemiluminescence. Tert-butyl hydroper-
oxide initiated-chemiluminescence was measured in a liquid scintilla-
tion counter in the out-of-coincidence mode (25). Homogenates were
placed in low-potassium glass vials (25 mm X 50 mm) at a protein
concentration of 0.5-1.0 mg of protein/ml in a reaction medium con-
sisting of 120 mM KCl, 30 mM phosphate buffer (pH 7.5). Measure-
ments were started by addition of 3 mM tert-butyl hydroperoxide. The
background level of emission of the empty vials was 2,500-3,000 cpm.
Determinations were carried out at 30°C with occasional stirring. The
results were expressed in cps/mg protein.

Antioxidant enzymes. Superoxide dismutase activity was deter-
mined from the inhibition of the rate of autocatalytic adrenochrome
formation in a reaction medium containing 1 mM epinephrine and 50
mM glycine-NaOH (pH 10.2) (26). The activity of the Mn-isoenzyme
was assayed by adding 1 mM KCN to the reaction medium (27). Cata-
lase activity was determined by measuring the decrease in absorption at
240 nm in a reaction medium containing 50mM phosphate buffer (pH
7.2) and 2 mM H202. The pseudo-first-order reaction constant (k'
= k. [Cat]) of the decrease in H202 absorption was determined and the
catalase content in nmol/g liver was calculated using: k = 4.7 x 10'
M-' s-' (28). Glutathione peroxidase activity was determined follow-
ing NADPH oxidation at 340 nm in a reaction medium containing
0.17mM GSH, 0.2 U/ml yeast glutathione reductase, 0.5mM tert-bu-
tyl hydroperoxide, and 50 mM phosphate buffer (pH 7.2) (29).

Intracellular steady-state concentration ofhydrogen peroxide. Tis-
sue slices - 0.1 mm thick were incubated in 120 mM NaCl, 30 mM
phosphate buffer (pH 7.4) at 30°C and at a tissue/medium ratio of
1/20. Samples of the incubation medium were diluted 1:2.5 with 100
mM phosphate buffer (pH 7.4) containing 5 U horseradish peroxidase
and 40 gM p-hydroxyphenylacetic acid as hydrogen donor (30). Hy-
drogen peroxide concentration was calculated by subtracting the value
of a sample treated with 0.1 uM catalase from the value of an untreated
sample. To test the effect of uncouplers and inhibitors in control and
ischemia-reperfusion samples, liver slices were preincubated 10 min
with 1.5 nmol antimycin/mg of mitochondrial protein, 0.2 ,M car-
bonylcyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) or 1
mM allopurinol at 0-4°C, washed twice with fresh phosphate-buffered
saline, and assayed as described above.

Protein determination. Protein was measured by the method of
Lowry et al. (31 ) using bovine serum albumin as standard.

Chemicals. tert-Butyl hydroperoxide was from Aldrich Chemical
Co (Milwaukee, WI). Allopurinol, antymicin A, FCCP, dithiothreitol,
epinephrine, glutathione reductase, glutathione, glycine, mannitol,
NAD+, NADPH, phenylmethylsulfonyl fluoride, Tris, sucrose, and
xanthine were from Sigma Chemical Co. (St. Louis, MO). Other re-
agents were of analytical grade. Kits for LDH, AST, and ALT were
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Figure 2. Spontaneous chemiluminescence of the liver in situ. Ani-
mals were anesthetized with pentobarbital and the liver surface was
exposed by laparotomy. Bars represent mean values±SEM of six in-
dependent experiments. *JP < 0.001.

kindly provided by Boehringer Mannheim GmbH (Buenos Aires, Ar-
gentina).

Statistics. The numbers in tables and the symbols and bars in fig-
ures indicate mean values of six experiments±standard error of the
mean (SEM). Data were analyzed statistically by factorial analysis of
variance (ANOVA) followed by Dunnett's test for other compari-
sons (32).

Results

Spontaneous liver chemiluminescence. As previously described
by Cadenas and Sies (33), singlet oxygen concentrations can
be accurately approached by chemiluminescence. The surface
chemiluminescence of normal liver in situ was 13±2 cps/cm2,
constant over the experimental time and consistent with a
steady state concentrations of singlet oxygen ofabout l1-0" M
(9, 33). The absence of light emission in ischemic liver agrees
with the absence of oxygen free radical generation due to lack
of molecular oxygen. Reperfusion of ischemic tissue produced
marked increases in liver chemiluminescence (1 10%, 140%,
and 60% for the reperfusion after 60, 120, and 180 min of
ischemia, respectively) reflecting increases in singlet oxygen
steady-state concentrations and indicating the occurrence of
oxidative stress (Fig. 2).

Liver damage. Lactate dehydrogenase, aspartate amino-
transferase, and alanine aminotransferase activities in serum
samples obtained after reperfusion showed marked increases as
compared to controls (Table I). Liver subjected to 60 or 120
min of ischemia did not show differences in water content

Table L Enzymatic Serum Markers ofLiver Damage and Water
Content in the In Situ Rat Liver Subjected to Ischemia-Reperfusion

Water
Ischemia/reperfusion LDH AST ALT content

mmn U/liter %

0/0 195±15 35±5 42±2 72±1
60/30 880±20* 120±7* 69±3 76±1
120/30 1,350±30* 340±6t 91±7* 78±2*
180/30 1,700±35* 370±5t 175±10t 80±1*

Values indicate mean value±SEM of six independent experiments.
*P<0.01; tP<0.001.
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Figure 4. Oxygen consumption by tissue slices. Slides from control,
ischemic, and reperfused tissue were incubated in air-saturated
Krebs-Ringer solution added with 10 mM glucose at 370C with stir-
ring. Initial 02 concentration was considered 0.22 mM (21 ). Bars
represent mean values±SEM of six independent experiments. *P
<0.001.

(73±1% for both groups) while significant increases were mea-
sured after 180 min of ischemia (75±1%) and for reperfusion
samples (Table I). Water content after reperfusion was linearly
related to the time of ischemia (r = 0.98). Reperfusion injury
was accompanied by marked morphologic changes. Whereas
ischemia caused no discernible alterations in the histological
appearance of hematoxylin and eosin stained liver (data not
shown) ischemia followed by 30 min of reperfusion caused
marked cellular injury (Fig. 3). In particular, vacuolar degen-
eration of hepatocytes was noted as well as cord disarrange-
ment and portal edema which varied from slight to severe as
ischemia duration increased. Liver subjected to 180 min of
ischemia-30 min of reperfusion showed a marked infiltration
by neutrophils as well as an increase in hepatocytes nuclear
volume. Differences among zones were noted; acinar zones 2
and 3 were affected the most.

Oxygen consumption by tissue slices. The oxygen uptake of
tissue slices obtained from ischemic livers was decreased with
respect to control samples. The rate of oxygen uptake was in-
versely related to the time of ischemia indicating mitochon-
drial damage secondary to the lack ofoxygen. Increased rates of
oxygen uptake were measured after reperfusion (Fig. 4), indi-
cating recovery of oxidative metabolism as well as an overup-
take ofoxygen due to oxyradical generation and lipid peroxida-
tion; this later was well evident in the liver with 180 min of
ischemia-30 min of reperfusion.

Hydroperoxide-initiated chemiluminescence. No change
was observed in hydroperoxide-initiated chemiluminescence
in short-time ischemic samples. Values for this ratio were signif-
icantly higher than control values after 180 min of ischemia
and for ischemia-reperfusion (Fig. 5), indicating for these two
latter situations the occurrence of oxidative stress or marked
tissue damage (25) with consumption ofendogenous nonenzy-
matic antioxidants such as tocopherols and retinoids (25).
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Figure 5. Post-reperfusion/control (B/A) ratio for the hydroperox-
ide-initiated chemiluminescence ofliver homogenates. At each time
point samples were taken homogenized and assayed to determine the
hydroperoxide-initiated chemiluminescence. Bars represent mean
values±SEM of six independent experiments. * P < 0.001.

Correlation between the indicators of oxidative stress and
liver damage. The reperfusion/control ratio (B/A) calculated
for the values of hydroperoxide-initiated chemiluminescence
(Fig. 5) linearly correlated with the same ratio calculated for
the values of the markers of liver damage (Table I) (LDH, r

= 0.94; AST, r = 0.93; ALT, r = 0.87 and water content r

= 0.98). Other oxidative stress indicators gave less significant
correlations (r < 0.60).

Mitochondrial respiratory activities. No changes were ob-
served in ischemia and ischemia-reperfusion samples in the
mitochondrial rate of oxygen uptake in the controlled respira-
tion (in the absence of ADP: state 4) but marked decreases
were found in the rate ofactive respiration (with ADP: state 3)
in both ischemia and ischemia-reperfusion (Table II). Respira-
tory control as an indicator of the coupling of oxidative phos-
phorylation showed marked changes for short ischemia times,
that reflected the decreased state 3 respiration (Table II). Respi-
ratory control values linearly related both to the time of isch-
emia (r = -0.97) and to the level of markers of cell damage
(LDH, r = -0.996; AST, r = -0.97; ALT, r = -0.86; and water
content (r = 0.99) (Table I). Reperfusion further decreased
state 3 respiration rates and respiratory control ratios
(Table II).

Xanthine dehydrogenase and oxidase activities. An almost
linear increase in xanthine oxidase activity with the time of
ischemia was observed (Table III). The ratio dehydrogenase/
oxidase activities does not appear as a good indicator of en-
zyme conversion since significant changes in this relation did
not correlate with significant changes in the oxidase activity
(Table III). Increases in xanthine oxidase activity during isch-
emia gave good correlations with the increase in the markers of
tissue damage during reperfusion (LDH, r = 0.95; AST, r
= 0.92; ALT, r = 0.99 and water content r = 0.95) (Table I).
The rates ofsuperoxide and hydrogen peroxide production can
be calculated from the measured activity ofxanthine oxidase as

Figure 3. Morphologic appearance of the rat liver before and after ischemia-reperfusion. (A) Control lobe: hepatic cords around terminal hepatic
venule are made up ofpolygonal cells with granular cytoplasm. (B) Liver subjected to 60 min ofischemia-30 min of reperfusion. The perivenular
hepatocytes appear mildly tumefacted and it is possible to observe minimal trabeculae disarrangement. (C) Liver subjected to 120 min of isch-
emia-30 min of reperfusion. Moderate vacuolar degeneration is evident as well as the hepatic cord disarrangement. (D) Liver subjected to 180
min ofischemia-30 min of reperfusion hepatic cord disarrangement and vacuolar degeneration are more marked. In some hepatocytes nuclei
appear tumefacted or piknotic. (X75 in A, C, and D and XI 00 in B).
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Table II. Respiratory Activities in Mitochondria Isolatedfrom Rat
Livers Subjected to Ischemia and Ischemia-Reperfusion

Oxygen uptake Respiratory
control

Ischemia/reperfusion State 4 State 3 ratio

min nat O/min * mgprot

6 mM malate + 6 mM glutamate

0/0 23±3 193±13 8.0±0.4

60/0 31±5 150±5 4.8±0.2

120/0 33±4 79+5* 2.4±0.1*

180/0 28±2 40±4* 1.5±0.2*
60/30 22±2 55±5* 2.5±0.2*

120/30 24±2 40±5t 1.7±0.2*
180/30 31±2 40±5* 1.3±0.2*

8 mM succinate + 6 mM glutamate

0/0 33±4 241±15 7.5±0.4

60/0 37±5 150±10 3.8±0.2

120/0 40±5 118±9* 2.9±0.1*
180/0 40±5 92±10t 1.6±0.1t
60/30 38±7 76±6t 2.0±0.2*
120/30 48±9 79±12* 1.6±0.2t
180/30 58±10 80±10t 1.5±0.2t

Respiratory control ratio was calculated as the ratio between the rate
of mitochondrial respiration with (state 3) and without (state 4)
added ADP. Values represent the mean±SEM of six independent ex-
periments. *P<O.OI1, tP<0.00(1.

described (34). The calculated rates are 0.08 and 0.15 uM s'
for superoxide anion and 0.28 and 0.60 ,M s-I for hydrogen
peroxide in control and 180 min of ischemia-30 min of reper-
fusion samples, respectively.

Antioxidant enzymes. The liver activity of superoxide dis-
mutases, catalase, and glutathione peroxidase decreased by
- 50% in the organ reperfused after 120 and 180 min of isch-
emia (Table IV). It is worth noting the higher inactivation of
Mn-superoxide dismutase located in the mitochondrial matrix
as compared with cytosolic Cu-Zn-superoxide dismutase
which is consistent with an intramitochondrial generation of
the damaging species.

Table III. Activities ofXanthine Dehydrogenase (XD) and
Xanthine Oxidase (XO), XD/XO Ratio, and XO Activity
Percentage in Rat Liver Subjected to Ischemia

Ischemia XD XO XD/XO XO

min mUlg liver %

0 216±27 20±2 10.8±1.0 8±1

60 216±20 26±3 8.3±0.7 11±1

120 171±25 33±3 5.2±0.5 16±1*
180 124±7* 45±6* 2.8±0.5* 27±2*

Values indicate the mean±SEM of six independent experiments. The
values ofmU/g liver correspond to nmol/min/g liver. Values can be
converted into AM * s-' by multiplying by 60. * P < 0.01.

Table IV. Superoxide Dismutases, Catalase, and Glutathione
Peroxidase Activities in Rat Liver Subjected
to Ischemia-Reperfusion

Ischemia/reperfusion

min
0/0 60/30 120/30 180/30

Superoxide
dismutase
(U/g liver)

Mn-SOD 110±15 80±10 55±5t 52±4*
Cu-Zn SOD 750±30 600±35* 390±25* 330±20*

Catalase

(nmol/g liver) 1.15±0.08 0.90±0.07* 0.60±0.07t 0.52±0.05t
Glutathione

peroxidase
(mU/g liver) 850±40 750±30* 450±30* 370±20*

Values indicate the mean±SEM of six independent experiments. * P
<0.01; tP< 0.(1.

Intracellular sources ofH202. Based on the free diffusion of
hydrogen peroxide through cell membranes, its intracellular
steady-state concentration can be approached by measuring
the hydrogen peroxide concentration in the incubation me-
dium of tissue slices after reaching diffusional equilibrium (in-
tracellular concentration equals to extracellular concentration)
(9, 35, 36). Moreover, the whole-tissue rate ofhydrogen perox-
ide production can be calculated using the steady-state assump-
tion that the rate of hydrogen peroxide production equals to
the rate of hydrogen peroxide utilization and considering utili-
zation by catalase as follows:

d[H202/dt = -d[H2021/dt = k. [H202] -[cat],

being k = 4 X 17O M'- s-') (27), [H202] the measured concen-
tration ofhydrogen peroxide in the incubation medium (Table
V), and [Cat] the concentration of catalase in the tissue
(Table IV).

The intracellular concentration of hydrogen peroxide was
five times higher after 120 min of ischemia than in the control
tissue. The calculated rate of hydrogen peroxide production
after ischemia-reperfusion was 2.5 times higher than in control
conditions (Table V). The effect of mitochondrial inhibitors
such as the uncoupler FCCP and the inhibitor of the electron
transfer antimycin were studied to assess the relative contribu-
tion of mitochondrial generation of hydrogen peroxide to in-
tracellular hydrogen peroxide steady-state concentrations. The
xanthine oxidase inhibitor allopurinol was also tested to evalu-
ate the quantitative role of xanthine oxidase in this model.
Likewise, the effect of an increase in cytochrome P4m content
by phenobarbital treatment was studied.

Mitochondrial uncouplers such as FCCP are known to re-

duce the rate of mitochondrial hydrogen peroxide production
to negligible levels (37). FCCP addition to liver slices de-
creased the hydrogen peroxide steady-state concentration and

production rate to zero both in control and in ischemia-reper-
fusion samples indicating that mitochondria may account for

most of hydrogen peroxide production in rat liver.
Blocking mitochondrial electron transfer by antimycin pro-

duces an increase in the leakage of electrons from the respira-
tory chain causing a three- to fivefold increase in hydrogen
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Table V. Intracellular Hydrogen Peroxide Concentration and
Production Rate by Rat Liver Slices Subjected to 120 min
ofIschemia and 30 min ofReperfusion

[H2021 d[H20J/di

Ischemia- Ischemia-
reperfusion reperfusion

Treatment Control 120/30 Control 120/30

W z~~~~Ms~'

None 0.09±0.01 0.43±0.04 4.1±0.1 10.3±0.1

FCCP 0 0 0 0
Allopurinol 0.12±0.02 0.42±0.02 5.5±0.1 10.1±0.1

Antimycin 0.30±0.03 0.64±0.05 13.8±0.1 15.4±0.1

Phenobarbital
treatment 0.16±0.05 0.46±0.07 9.2±0.1 11.0±0.1

Values indicate the mean of six independent experiments±SEM.

peroxide production (37, 38). A threefold increase in hydrogen
peroxide generation was found in control liver after antimycin
supplementation. Slices from livers subjected to ischemia-re-
perfusion showed a slight further increase both in the hydrogen
peroxide steady-state concentration and in the rate ofhydrogen
peroxide production when treated with antimycin.

Inhibition ofxanthine oxidase by allopurinol had no signifi-
cant effect on the hydrogen peroxide concentration and produc-
tion rate in control and in ischemia-reperfusion samples (Table
V). The rate of hydrogen peroxide production by xanthine
oxidase (see below) was 7% of the measured total rate of
hydrogen peroxide production in control and reperfused liver.

Phenobarbital treatment. Phenobarbital-treated animals
subjected to ischemia-reperfusion did not show significant
changes respect to untreated animals in liver hydrogen perox-
ide concentration and production rate (Table VI). The in-
creases in the spontaneous chemiluminescence of the in situ
liver and in the serum activity ofLDH in 120 min ofischemia-
30 min of reperfusion were significantly higher in phenobarbi-
tal-treated rats as compared with untreated animals.

Discussion

The results presented here aim to establish the relative role of
mitochondria, endoplasmic reticulum, and xanthine oxidase
as sources of oxygen free radicals during ischemia-reperfusion
cycles in rat liver in vivo, on a time scale, and in a quantitative
mode.

Table VI. Ratios of Oxidative Stress and Cell Damage Markers
after 120 min ofIschemia 30 min ofReperfusion in the Liver of
Control and Phenobarbital-treated Rats

Ratio of ischemia-reperfusion values
to control values

Untreated Phenobarbital-treated
rats rats

[H202] 4±1 3±1
Spontaneous chemiluminescence 2.4±0.2 3.0±0.2*
LDH activity 7±1 18±2*

*P<0.0l;*P<0.00.l

During the ischemic period, the marked decrease observed
in the steady-state concentration of singlet oxygen is consistent
with a low oxygen supply and a Po2 low enough to keep the
02-dependent chain reaction of lipid peroxidation occurring at
undetectable rates. The cytosolic space seemed well preserved
in that no changes were found in the cytosolic and peroxisomal
antioxidant enzymes (superoxide dismutase, catalase, and glu-
tathione peroxidase, in the nonenzymatic antioxidants deter-
mined by hydroperoxide-initiated chemiluminescence) and in
water content. The respiratory capability of the tissue, evalu-
ated by the oxygen uptake ofliver slices and isolated mitochon-
dria was found markedly decreased. Thus, there is a limitation
in both oxidative phosphorylation for energy supply and in
secondary oxidative processes during ischemia that occurs
without apparent cell damage. These mitochondrial changes
have been described and depend on intracellular calcium move-
ment due to changes in cell energy charge (39).

Upon reperfusion, the resupply of oxygenated blood into
the tissue allows restitution ofoxidative metabolism associated
to the development of oxidative stress which is basically as-
sessed by the increase in singlet oxygen and hydrogen peroxide
steady-state concentrations. The severity of oxidative stress
and cell damage depends on the time of ischemia. In fact, the
observed changes can be graded as slight, marked and more
marked for 60, 120, and 180 min of ischemia. For example,
after 60 min ofischemia, reperfusion increases the steady-state
concentration ofsinglet oxygen and decreases both the concen-
tration of chain-breaker antioxidants and antioxidant enzyme
with a slight decrease in the oxygen uptake of tissue slices and
isolated mitochondria. This situation was associated with slight
increases in the marker enzymes of liver damage and water
content and slight morphologic damage. After 120 or 180 min
of ischemia, reperfusion produced a more severe oxidative
stress situation with more marked increases in surface chemilu-
minescence and hydrogen peroxide concentration. Decreases
in the activities ofsuperoxide dismutase, catalase, and glutathi-
one peroxidase and in nonenzymatic antioxidants and more
marked increases both in the leakage ofLDH, AST, and ALT
and in water content were observed. Oxygen consumption by
tissue slices was brought back to near normal values with an
slight overshoot. In both situations mitochondrial state 3 respi-
ration showed additional decreases during reperfusion reach-
ing minimal values after 180 min of ischemia and 30 min of
reperfusion.

It appears that short periods (60 min) of warm ischemia
results in reversible cell injury in which liver oxygen consump-
tion returns to control levels when oxygen is resupplied after
ischemia. Reperfusion after more prolonged periods of isch-
emia ( 120-180 min) results in irreversible cell damage as de-
tected by the higher than twofold increases in the hydrogen
peroxide and singlet oxygen steady-state concentrations, the
50% inactivation ofthe antioxidant enzymes and by the lack of
regulation in oxidative metabolism. These observations agree
with a previous report on rat liver subjected to ischemia-reper-
fusion indicating a cellular end point for hepatocytes after
- 90 min of ischemia (40).

Liver ischemia-reperfusion in the experimental condition
reported here produced: (a) inhibition of the mitochondrial
electron transfer with decreased rates of state 3 respiration, (b)
in vivo conversion of xanthine dehydrogenase to the oxidase
form, (c) inactivation ofantioxidant enzymes, and (d) neutro-
phil infiltration. All these events may account for increases in
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the superoxide anion and hydrogen peroxide steady-state con-
centrations in liver cells. Among these, only inhibition of elec-
tron transfer and xanthine oxidase activity correlated with re-
perfusion cell damage as evaluated by the marker enzymes and
water content. However, as observed by Brass et al. ( 15 ), En-
gerson et al. ( 16), and McKelvey et al. ( 17), xanthine dehydro-
genase conversion proceeds slowly and it appears to be a conse-
quence of cellular injury rather than the initial cause.

A kinetic analysis indicates that mitochondria were the first
oxyradical source to undergo marked changes, starting after
reperfusion following 60 min of ischemia and leading to in-
creased rates of superoxide anion and hydrogen peroxide pro-
duction. The inactivation of antioxidant enzymes, the xan-
thine dehydrogenase to oxidase conversion, and neutrophil in-
filtration developed gradually according to the previous time of
ischemia and may be considered as amplifying events.

A quantitative analysis ofthe relevance ofxanthine oxidase
and inhibited mitochondria as oxyradical sources in the reper-
fused liver can be made by comparing the rates of superoxide
anion and hydrogen peroxide production. Increases in super-
oxide anion and hydrogen peroxide production by xanthine
oxidase were shown to be negligible respect to the total produc-
tion of oxygen free radicals and do not correlate with the de-
crease in state 3 mitochondrial respiration developed at short-
term ischemia. A primary role for mitochondria is strongly
suggested both by the absence of hydrogen peroxide produc-
tion in the presence of mitochondrial uncouplers and by the
reproduction of the increase in hydrogen peroxide concentra-
tion and production rate by reproducing in vitro the inhibition
of the state 3 mitochondrial respiration.

Mitochondria are one of the main sources of oxygen free
radicals in the liver under physiological conditions (24, 28, 37,
38) and probably the most important source in other mamma-
lian organs. In addition to the characterization of UQHF (41 )
and FMNH' (42) as the components of the mitochondrial re-
spiratory chain responsible for the intramitochondrial super-
oxide anion and hydrogen peroxide production in control con-
ditions, an increase in the intramitochondrial superoxide an-
ion and hydrogen peroxide production up to maximal values
has been described when mitochondrial inhibitors of the elec-
tron transport were used (37, 38). Addition of antimycin pro-
duces maximal reduction ofthe components ofthe respiratory
chain that are located on the substrate side of antimycin-sensi-
tive site (i.e., cytochrome b, ubiquinone, nonheme iron, and
flavoprotein) with a decrease in the rate ofmitochondrial respi-
ration in state 3. Interestingly enough, the same changes were
observed in ischemic mitochondria in this study as well as in
previous reports in isolated rat liver ( 18, 42) and heart (43).

Inactivation of antioxidant enzymes after reperfusion fol-
lowing long-term ischemia is unlikely to be the main event in
reperfusion injury but may significantly amplify the increase in
hydrogen peroxide steady-state concentrations by decreasing
the rate of oxyradical utilization. In example, hydrogen perox-
ide steady-state concentration in the liver after 120 min ofisch-
emia-30 min of reperfusion was five times higher than the
control value. A 2.5-fold increase was due to an increased rate
of hydrogen peroxide production and the additional twofold
increase was due to catalase inactivation.

Finally, the absence of significant changes in hydrogen per-
oxide steady state concentration after ischemia-reperfusion in
phenobarbital-treated rats indicate cytochrome P4., is not sig-
nificant in hydrogen peroxide generation during reperfusion.

The marked increases in spontaneous chemiluminescence and
LDH serum activity indicate that the propagation steps of the
hydrogen peroxide-initiated chain reaction clearly involve cy-
tochrome P450 and lead to cell damage.

In summary, the results presented here support in quantita-
tive and kynetic terms the mitochondrial hypothesis for oxyrad-
ical damage in liver reperfusion. Oxidative inactivation of an-
tioxidant enzymes appears to be an important amplifying epi-
phenomenon after long-term ischemia, while xanthine oxidase
activity and neutrophil infiltration appeared delayed and do
not seem clearly related to cell or tissue damage. Cytochrome
P450 appears as the cytosolic component that links the primarily
increased mitochondrial hydrogen peroxide steady-state con-
centration and the related cell damage.
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