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Abstract Introduction

This study was designed to investigate the effects of prostaglan-
din El on reductive stress and the subsequent oxidative cell
injury in hypoperfused rat liver. The intralobular heterogeneity
of hepatocellular redox state, mitochondrial dysfunction, and
intracellular hydroperoxide formation were visually monitored
by digital microfluorography of pyridine nucleotide autofluores-
cence, rhodamine 123, and dichlorofluorescein fluorescence, re-
spectively. Under the 25% low flow perfusion, pyridine nucleo-
tide autofluorescence increased time-dependently and reached
a steady state at 10 min among the entire lobules. The decrease
in mitochondrial membrane potential was > 20 mVin all por-
tions of the lobules at 60 min. The onset of hydroperoxide for-
mation was observed at 40 min in the marginally oxygenated
proximal portion of anoxic pericentral regions and the oxida-
tive impact reached a maximum level at 60 min. Sodium (-)-8-
(3-methoxy4-phenylsulfinylphenyl) pyrazo 11,5-aJ-1,3,5-tri-
azine4-olate monohydrate (BOF 4272), a novel xanthine oxi-
dase inhibitor, suppressed the zone-specific oxidative changes
without attenuating the increase in pyridine nucleotide auto-
fluorescence and mitochondrial dysfunction. Pretreatment with
prostaglandin El not only abrogated an early increase in pyri-
dine nucleotide fluorescence and mitochondrial dysfunction in-
duced by hypoperfusion but also diminished the subsequent
midzonal oxidative injury. Since prostaglandin El has no oxy-
radical-scavenging action, the preventive effect of this reagent
on the hypoxia-induced oxidative cell injury is attributable to
the attenuation of mitochondrial dysfunction. These results
suggest that, in low flow hypoxia, early reductive stress plays a
key role in the initiation of xanthine oxidase-mediated mid-
zonal oxidative changes, which may lead to subsequent centri-
lobular necrosis. (J. Clin. Invest. 1994. 93:155-164.) Key
words: hypoxia * xanthine oxidase * oxygen radicals * nicotin-
amide adenine dinucleotide reduced form * redox state
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Hypoxic liver injury is of major clinical importance in hemor-
rhagic shock, endotoxemia, metabolic disorders induced by
ethanol administration (1, 2), and primary nonfunction in
liver transplantation (3). There is a body of evidence showing
that mitochondrial damage due to impaired oxygen supply is
important as a mechanism of irreversible liver injury. Lemas-
ters et al. ( I ), who examined isolated rat hepatocytes exposed
to anoxia-mimicking reagents, has stated that a decrease in
mitochondrial inner membrane potential may play a crucial
role in bleb formation and subsequent cell death. When the
liver is exposed to the prolonged impairment of sinusoidal
blood supply, the mitochondrial function of hepatocytes in an-
oxic pericentral regions should be more easily impaired than in
relatively well-oxygenated periportal regions. Accordingly,
during low flow hypoxia in which an intralobular gradient of
oxygen supply is observed, hepatocytes in the most distal por-
tion of microcirculatory units are expected to show a loss of
viability followed by the extension of the damage towards the
proximal portion of the lobule.

However, the actual time course of the intralobular distri-
bution of cell injury during hypoxia seems quite different. Ac-
cording to Marotto et al. (4), low flow hypoxia-induced cell
injury occurs first in the intermediate zone between the peripor-
tal and pericentral regions and extends towards the distal por-
tion of hepatic microcirculatory units, producing centrilobular
necrosis. Furthermore, our recent observation has revealed
that, even under hypoxic condition, the oxidative stress occurs
paradoxically in the midzonal region rather than in the anoxic
pericentral regions (5). Because of these findings, the relation-
ship between mitochondrial dysfunction and oxygen radical
formation in hypoxic liver injury remains unclear.

The aim of this study is to investigate the mechanism by
which hypoxia-induced mitochondrial dysfunction evokes oxi-
dative cell injury during 25% low flow hypoxia. To that effect,
we used dual-color digital microfluorography using two differ-
ent functional fluorescence probes, rhodamine 123 (Rh 123)'
and propidium iodide (PI), which revealed spatial and tem-
poral alterations of mitochondrial function and cell death si-
multaneously in a hepatic microcirculatory unit ( 1, 6). Fur-
thermore, the temporal and spatial alterations of intrahepatic

1. Abbreviations used in this paper: BOF4249, 8-[4-(4-bromophenyl-
thio ) -3-methylphenyl] -4-hydropyrazolo [1,5-a]- 1,3,5-triazine;
BOF4272, sodium (- )-8-(3-methoxy-4-phenylsulfinylphenyl )pyrazo
[1,5-a ]-1 ,3,5-triazine-4-olate monohydrate; DCF, dichlorofluorescein;
DCFH, dichlorofluorescein; LDH, lactate dehydrogenase; LF, low
flow; MCLA, 2-methyl-6-(P-methoxy-phenyl-3,7-dihydroimidazo
[1,2-a] pyrazin-3-one [methyl cypridina luciferin analogue]); PI, pro-
pidium iodide; PN, pyridine nucleotide; Rh123, rhodamine 123.
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pyridine nucleotide (NAD [ P] H) autofluorescence during hyp-
oxia were investigated as a marker of reductive stress (7, 8). We
also investigated microtopography of oxidative changes in the
hypoperfused liver using a hydroperoxide-sensitive fluoro-
chrome, dichlorofluorescein (DCFH) diacetate (5, 9-1 1).
Among these functional parameters, our study showed that
panlobular elevation of pyridine nucleotide fluorescence is a
significant phenomenon that occurs in the earliest period of
hypoxia. Wehave demonstrated a distinct effect of PGE, on
hypoxia-induced oxidative cell injury via its preventive action
on mitochondrial dysfunction, i.e., PGE1 significantly atten-
uated early panlobular reductive stress, depression of mito-
chondrial membrane potential, and subsequent midzonal oxi-
dative injury during the 25%low flow hypoxia. Since PGEI per
se has no oxyradical-scavenging action, the preventive effect of
this reagent on hypoxia-induced oxidative cell injury seems to
be a consequence of attenuation of mitochondrial dysfunction,
which may diminish ATP degradation and subsequent xan-
thine oxidase-mediated oxidant formation in incompletely ox-
ygenated midzonal regions.

Methods

Animal preparation. Male Wistar rats (200-240 g) allowed free access
to laboratory chow and tap water were fasted 24 h before experiments.
After the animals were anesthetized with pentobarbital sodium (30
mg/kg intraperitoneally), the livers were perfused with hemoglobin-
and albumin-free Krebs-Henseleit bicarbonate-buffered solution (pH
7.4, 370C) gassed with carbogen (95% 02, 5%C02) as described previ-
ously (5, 6). The perfusate was pumped through the liver with a peri-
staltic pump at a constant flow rate (3.0 ml/min per g liver wt) in a
single pass mode. Low flow hypoxia was performed by reducing the
perfusion rate at 25% of the control flow rate (5, 6).

Dual-color microfluorography using rhodamine 123 and propidium
iodide. Rh123 is a fluorescent dye that accumulates electrophoretically
in the mitochondria of viable cells in response to a potential difference
(A'I') across the mitochondrial membrane (1, 12). Namely, Rh123
was dissolved in the perfusate to yield a final concentration of 0.8 AM,
which is low enough to maintain the mitochondrial viability of hepato-
cytes (12). The isolated liver was perfused with the Rh 123-containing
Krebs-Henseleit solution by transportal infusion for 10 min. The
Rh 123 remaining in the intravascular space was washed out by perfus-
ing an Rh123-free perfusate for 10 min. Then, PI was added to the
perfusate to give a final concentration of 1.0 AMto assess cell viability
(5,6, 9, 11) . Under epiillumination at 480 nm, Rh 123-associated fluo-
rescence was passed through a 520-nm band pass filter (BA 520; Ni-
kon, Tokyo, Japan). PI-associated fluorescence was visualized by epiil-
luminating at 535 nmwith passage through a 590-nm band pass filter
(BA 590; Nikon). By changing the filter combination, both PI- and
Rh123-derived hepatic fluorographs were alternately visualized using a
silicon-intensified target camera (C-2400-08; Hamamatsu Photonics,
Hamamatsu, Japan) and a quartz objective lens (at a magnification of
10). These fluorographs were digitally processed and analyzed with a
computer-assisted image processor (ARGUS200; Hamamatsu Pho-
tonics, Hamamatsu, Japan) (5, 6, 13, 14).

Data analysis of Rh123- and PI-fluorographs. After the PI- and
Rh 123-fluorographs were taken, a 2.0% solution of FITC-BSA was
injected into the perfusion circuit at a rate of 100 ,ul/s for 3 s to facilitate
recognition of the topography of the hepatic microangioarchitecture
and the state of perfusion in the individual lobules under observation.
The time course of the fluorescence tracer was recorded into a digital
videorecorder (S-VHS-HQ; Victor-JVC, Tokyo, Japan). The lobular
landmarks, terminal portal venules (P) and central venules (C), were
identified using our previous methods described elsewhere (5, 6). To
investigate the spatial and temporal alterations of cell death during low
flow hypoxia, the net increase in PI-associated fluorescence was calcu-

lated by subtracting the control image (time 0) from each fluorograph
recorded after the onset of the low flow procedure according to the
following equation:

Alp, (x, y, t) = Ipj (x, y, t) - Ipj (x, y, 0) (count/pixel),
where (x, y) is the position of a pixel in the video frames; Ip, (x, y, t) is
the fluorescence intensity at pixel (x, y) at time t in PI-associated he-
patic fluorographs; Ip (xy,0) is the intensity at pixel (x, y) before
starting low flow perfusion; and AIp, (x, y, t) expresses the net increase
in fluorescence during low flow hypoxia at pixel (x, y) at time t.

The temporal changes in mitochondrial membrane potential in the
hepatic lobules were investigated by estimating relative Rh123 fluores-
cence intensity [%Rh 123 (x, y, t)] according to our previous method
(6). Using the digitally composed images [AIp, (x, y, t) and %Rhl23
(x, y, t)], intrahepatic Rhl23- or PI-derived fluorescence was esti-
mated at the respective measurement sites, which were restricted by
variable-frame circulardiaphragms containing 100 pixels. Since nonflu-
orescent vascular spaces were found in Rh123-associated fluorographs,
%Rh123 (x, y, t) was expressed as the mean value at over 20 pixels
which were located in parenchymal areas inside each circular dia-
phragm. Two or three different lobules that were located in the centers
of microscopic fields were chosen from each experiment to avoid a

possible optical error due to a marginal shading effect. Since the mito-
chondrial inner membrane potential (A'Iv) is proportional to the loga-
rithmic values of the intensity of Rh123 fluorescence in hepatocytes,
the net depletion of the membrane potential (dA/v) during hypoxia
could be estimated according to the following equation, as described
elsewhere (6):

dA'I (x, y, t) = A'I (x, y, t) - A'I (x, Y, 0)

= Klog [IRH (x, Y, t)- BG(X, Y)]
- Klog [IRH (x, Y, 0)- 1sG (X, Y)]
=K log [IRH (x, y, t)- IBG (x, Y)/IRH (x, y, 0) -IBG (X, Y)]

= Klog [% Rhl23 (x, y, t)] (mV),

where K is the constant obtained using the Nernst equation and as-

sumed to be 59 (mV), according to the methods described by Lemas-
ters et al. ( 1, 6, 15). In another set of experiments, the outlet perfusate
was sampled at the end of experiments ( 120 min after the start of
hypoperfusion) and stored at -80'C to determine the activity of lac-
tate dehydrogenase (LDH) according to the previous method ( 16).

Microfluorographyfor intralobularpyridine nucleotide autofluores-
cence. In a separate group, spatial and temporal alterations in intralob-
ular pyridine nucleotide (PN) autofluorescence were visually investi-
gated during low flow hypoxia using the same system. Although PN
autofluorescence has been measured to assess the redox state in various
organs, it has recently been shown that vitamin A autofluorescence in
fat-storing Ito cells disturbs hepatic PN evaluation by ultraviolet-elic-
ited spectrophotometry (7). We therefore performed digital micro-
fluorography of intrahepatic PN autofluorescence after vitamin A au-

tofluorescence had been abolished by a short period of ultraviolet epiil-
lumination, as described elsewhere (8). Briefly, the surface of the
perfused liver was exposed to the ultraviolet epiillumination at 360 nm

for 30 s, during which vitamin A-associated autofluorescence in Ito
cells was eliminated. To confirm recovery from minimal PN photo-
bleaching, the preparation was kept under light-free conditions for 10
min. During this period, intrahepatic PN levels established a steady
state (data not shown) (8, 17). The preparation was epiilluminated at
360 nm and the fluorescence at 450 nmwas visualized by the silicon-
intensified target camera assisted by the aforementioned computer-as-
sisted image processor. To evaluate the spatial distribution and tem-
poral alterations of intrahepatic PN autofluorescence during low flow
hypoxia, each PN fluorograph was digitally processed and the marginal
shading effect due to inhomogeneity of the camera sensitivity was

corrected as described below. Namely, a fluorescent image of NADH
solution at 1.0 AtM [INADH-SOl (x, y)] was recorded under the same
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setup for the camera sensitivity at the end of each experiment. Fluores-
cence intensity at time t at pixel (x, y) in the microscopic field
[%INAD(P)H (X, Y, t)] was expressed as a relative intensity versus the
initial periportal PN intensity before starting low flow hypoxia
[INAD(P)h (XP, YP, 0)], as follows:

% INAD(P)H (X, Y. = INAD(P)H (x, y, t)/INDH-sol (x, y)
DNAD(P)H (X, YP, O)/INADH-SO (X,YPP)

X 100(%),

After completing the observation period for PNautofluorography
(20 min), a 2.0% solution of FITC-BSA was injected to the perfusate
circuit at a rate of 100 gl/s for 3 s and the dynamics of sinusoidal
perfusion were videotaped to facilitate recognition of the topography of
the hepatic microangioarchitecture. To determine whether PGE1 ad-
ministration may influence local perfusion during the low flow hyp-
oxia, the difference of in situ sinusoidal flow was evaluated in the livers
treated with and without the reagent. The replayed video images show-
ing FITC-BSA hepatic microangiography were then introduced into an
offline videodensitometer (Capiflow; IM-Capiflow, Kista, Sweden),
which allowed us to show the temporal profile analysis of the changes
in fluorescence at desired portions of the hepatic lobules under obser-
vation (5). Briefly, temporal profiles of the intensity of FITC-BSA
fluorescence were traced in periportal regions (P) as well as in the distal
pericentral regions adjacent to central venules (C) using two square
video windows (50 x 50 jLm2). Time when the peak fluorescence inten-
sity was obtained in each portion was automatically recorded after the
dye injection. Since there is a delay of time at the peak fluorescence
intensity in the pericentral region, the velocity of sinusoidal FITC-BSA
movement in the individual lobules (Vp c) can be measured as follows:

Vpc= Lpc/lATpc(Am/s),

where Lp-c is the distance between the centers of the measurement
windows in periportal and pericentral regions, and ATp-c is the time
delay of the peak intensity in the periportal and pericentral regions. By
changing the position of these windows to different venules, three to
four measurements were able to be carried out in a single experiment.
Such measurements were repeated using livers taken from six animals
(low flow [LF] alone and PGEI plus LF, n = 3 for each group). The
correlation between the individual values of Vp c and those of

%IND(P)H in the same pericentral regions at 20 min after the start of
low flow perfusion was evaluated between the groups pretreated with
and without PGE,.

DCFHdiacetate-dependent microfluorography. In a separate set of
experiments, DCFHdiacetate-dependent microfluorography was ap-
plied to the isolated perfused liver to visualize intracellular oxidative
events in hepatic microcirculatory units during the 25% low flow hyp-
oxia. DCFHdiacetate and dichlorofluorescein (DCF) were purchased
from Molecular Probes, Inc. (Eugene, OR) and were dissolved in abso-
lute ethanol at a concentration of 5.0 mM. The isolated liver was per-
fused with DCFHdiacetate-containing Krebs solution for 10 min via a
transportal infusion at a final concentration of 5.0 MM. DCFHdiace-
tate in the intravascular space was washed out with the DCFHdiace-
tate-free perfusate for 20 min. Low flow hypoxia was performed by
reducing the perfusion rate to 25%of the aforementioned control flow
rate for 100 min. Temporal changes in intracellular hydroperoxide
formation in the liver were investigated by estimating the apparent
DCFfluorescence intensity [%In (x, y, t)] according to the following
equation:

%IDCF (X, Y, 0 I(X,Y= Y, 0) - IB (X, Y) X 100 (%),

where IDCF (X, Y, t) is the rare fluorescence intensity at pixel (x, y) at
time t in the DCFfluorographs; IBG (x, y) is the background intensity at
pixel (x, y) measured before pretreatment with DCFHdiacetate; (Xp,
Yp) is the site of measurement corresponding to the periportal region in
each hepatic lobule; and IDCF(XP, Yp, 0) is the intensity of DCFfluores-
cence at (Xp, Yp) before starting the low flow perfusion (5). The values
of %ID (x, y, t) and %INAD(P)H (x, y, t) in five different portions of the
lobule were determined using a variable digital diaphragm according to
the method used for Rh123 and PI fluorography.

Interventions. Effects of PGE, on hypoxia-induced alterations in
mitochondrial function, oxidative metabolism, and cell viability were
evaluated in the perfused liver using the digital microfluorography de-
scribed above. PGE, (Ono Pharmaceutical Co., Ltd., Osaka, Japan)
was added into the perfusate to give a final concentration of 100 Mg/
liter, 20 min before the 25% low flow perfusion. BOF4272 (sodium
[- ]-8-(3-methoxy-4-phenylsulfinylphenyl) pyrazo[l,5-a]-I ,3,5-tri-
azine-4-olate monohydrate), a de novo synthetic xanthine oxidase in-
hibitor, and BOF4249 (8-[4-(4-bromophenylthio)-3-methylphenyl]-

* L ,.rt-..-I

,4i

Figure 1. A representative picture of ultraviolet-elicited autofluoro-
graphs of the perfused liver microcirculation and the effects of
25% low flow hypoxia. The peak epiilluminating wave length is
360 nm. (A) A microfluorograph before the start of a continuous
ultraviolet epiillumination (30 s). Note that diffuse parenchymal
autofluorescence is overlaid with multiple patchy fluorescence ac-
tivities derived from vitamin A in Ito cells. (B) The microfluoro-
graph in the same microscopic field after completing the continu-
ous ultraviolet epiillumination followed by the 10-min illumina-
tion-free period. Intralobular gradient of pyridine nucleotide
autofluorescence was featured after eliminating Ito cell autofluores-
cence. (C) Effects of 25%low flow hypoxia for 20 min on pyridine
nucleotide autofluorescene. Both periportal and pericentral re-
gions show a rapid increase in the fluorescence intensity. (D) He-
patic microangiograph recorded after injecting FITC-BSA from
the portal inlet. P and C denote portal and central venules, re-
spectively. Bar represents 200 ,um.
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4-hydroxypyrazolo [l,5-a]-1,3,5-triazine) were gifts from Otsuka
Pharmaceutical Factory, Inc., (Naruto, Japan). Although the chemical
structure of BOF4272 is similar to that of BOF4249, the K1 values of
BOF4272 and BOF4249 for xanthine oxidase were ranged at the order
of l0-9 Mand l0-5 M, respectively (18). To confirm the specific inhibi-
tory effects of BOF4272 on xanthine oxidase-mediated oxidative
changes in hypoperfused liver, either of these reagents was added to the
perfusate at a final concentration of 10 nM, 20 min before the start of
25% low flow hypoxia in a separate set of experiments.

To check the nonspecific free radical-scavenging properties of
PGEI, BOF4272, and BOF4249, the in vitro effects of these reagents on
xanthine oxidase-dependent superoxide production were assessed by a
chemiluminescence method using a luciferin analogue, 2-methyl-6-(P-
methoxy-phenyl-3,7-dihydroimidazo [1,2-a] pyrazin-3-one [methyl
cypridina luciferin analogue]) (MCLA) (19, 20). The mixture con-
taining 50 MMhypoxanthine, 6.7 X lO-5 U/ml xanthine oxidase

CONTROL

(Sigma Chemical Co., St. Louis, MO), and 6.0 MMMCLAwas pre-
pared for the in vitro source of superoxide generation. After checking
the basal chemiluminescence activity, the reaction was initiated by add-
ing hypoxanthine to the system. MCLA-dependent chemilumines-
cence activity was determined using a multichannel luminometer
(Biolumat 9505; Berthold GmbH, Bad Wildbad, Germany). Actual
chemiluminescence activity was estimated as the difference between
the maximum and basal chemiluminescence counts. Chemilumines-
cence activities were also determined in the presence of PGE, (100
Mg/liter) or BOF4272 or BOF4249 (10 nM) and were expressed by the
percentage activities versus the controls. In separate experiments, the
effects of these reagents on MCLA-dependent photoemission derived
from isolated neutrophils were also investigated. Neutrophils were iso-
lated from peripheral blood samples taken from healthy human sub-
jects (13), and suspensions were prepared using Eagle's MEMsolution
at 1 X 106 cells/ml. In the presence of MCLA(6.0,MM), chemilumines-
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Figure 2. Topographic distribution
and temporal alteration of intralob-
ular pyridine nucleotide autofluores-
cence during 25%LF hypoxia. The
intensity of NAD(P)H autofluores-
cence was expressed as the percent-
age values [%INAD(P)H] versus con-

trols in periportal regions before
starting hypoperfusion. P and C de-
note the periportal and pericentral
regions, respectively. The axis P-C
represents the percentage distance
from the periportal region regarding
the distance between P and C as 100
(%). Note a slight gradient of

N.AD P) NAD(P)H autofluorescence among
the lobules (periportal < pericen-
tral) in the normoperfused condi-
tion (time 0). PGE,, but not
BOF4272, significantly attenuated
hypoxia-induced intrahepatic
NAD(P)H elevation. Data repre-

sent mean values of measurements
derived from six animals in each
group. *P < 0.01 as compared with
control. tP < 0.01 as compared with
LF.
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cence activities were evoked by adding phorbol myristate acetate to a
final concentration of 0.1 tg/ml. The maximum chemiluminescence
activities were monitored using the aforementioned luminometer and
compared among groups with and without reagents (21 ).

Experimental groups and statistical analysis. 30 animals were used
for each experimental group using different fluorogenic probes (rhoda-
mine 123/propidium iodide, dichlorofluorescin diacetate, and PNau-
tofluorescence). These animals were divided into five subgroups (con-
trol, LF, PGE1 plus LF, BOF4272 plus LF, and BOF4249 plus LF; n
= 6 for each). 18 animals were used for the LDHassay in the perfusate
sampled from hypoperfused livers (control, LF, PGE1 plus LF; n = 6
for each). Differences of the data among the groups were analyzed by
two-way ANOVAcombined with Scheffe-type multiple comparison
test. A value of P < 0.01 was considered significant.

Results

PGE, attenuates early reductive stress in hypoperfused liver.
Fig. I illustrates spatial and temporal alterations in PN auto-
fluorescence during the 25% low flow hypoxia. As reported
previously (7), ultraviolet epiillumination evoked not only dif-
fuse parenchymal autofluorescence (NAD [ P] H) but also mul-
tiple patchy autofluorescence in perisinusoidal regions which is
derived from vitamin A in Ito cells. After the liver was exposed
to a continuous ultraviolet epiillumination for 30 s, a majority
of vitamin A autofluorescence was eliminated because of its
rapid photobleaching property (7, 8). While diffuse parenchy-
mal autofluorescence also decreased slightly (< 10% of con-
trol), the fluorescence intensity showed a rapid recovery and
reached a plateau level within 10 min after completing the
epiillumination for vitamin A photobleaching (Fig. 1 B).
Under normoperfusion, NAD(P)H autofluorescence in peri-
central regions was slightly higher than in periportal regions,
showing an intralobular gradient. Fig. 2 shows semiquantita-
tive patterns of intrahepatic PN autofluorescence during the
low flow hypoxia. The NAD(P)H level in the pericentral re-
gion was always higher than that in the periportal region, show-
ing an intralobular gradient of the autofluorescence. After
starting hypoperfusion, PN autofluorescence underwent a
rapid increase throughout lobules and the initial gradient of
NAD(P)H elevation was steeper in periportal regions than in
pericentral regions. Within 10 min of the hypoperfusion pe-
riod, intrahepatic NAD(P)H intensity reached a plateau and
the intralobular gradient of fluorescence was eliminated (Fig. I
C). Pretreatment with PGE1, but not BOF4272 or BOF4249,
significantly attenuated hypoperfusion-induced early NADH
elevation in any portion of hepatic lobules. To clarify the possi-
bility that PGE, might modulate intrahepatic oxygen demand
by increasing sinusoidal perfusion, intralobular dynamics of
transportally injected FITC-BSA were evaluated by a video-
densitometer. Fig. 3 illustrates the relationship between the si-
nusoidal perfusion velocity (Vp c) and PNautofluorescence at
20 min after the start of hypoperfusion [MINAD(P)H (t = 20) ].
These results suggest that PGE, may abolish early reductive
stress in hypoperfused liver without modifying the dynamics of
sinusoidal perfusion.

PGE, attenuates hypoxia-induced mitochondrial dysfunc-
tion. As we previously reported in relation to the spatial distri-
bution and temporal changes of Rh123 fluorescence in the nor-
moperfused liver (6), Rh123 stained the entire hepatic lobule
but the area close to the portal venules was preferentially la-
beled. Throughout the entire course of observation ( 100 min),
there was no significant depletion of Rh123 fluorescence at any

200 Figure 3. The relation-
* LF(20 min) ship between sinu-
O PGEI+LF(20 min) soidal perfusion velocity

(Vp c) and the intensity

11150 * of pyridine nucleotideautofluorescence at 20
min after the start of LF

tc *hypoxia [%INAD(P)H (t
0 =20)], and effects of

100 U °0 Q PGE, pretreatment.
° 00 ° Open and closed circles

denote the data in the
groups treated with and
without PGE1, respec-

0 50 100 tively. Note that PGE,
pretreatment attenuates

Vp-c (gm/ sec) the hypoperfusion-in-
duced increase in pyri-

dine nucleotide autofluorescence without modifying the state of sinu-
soidal perfusion in situ. 12 data measured in 12 different lobules of
three livers are represented.

sites measured, showing that mitochondrial function was well
maintained in the normoperfused liver (6). Fig. 4 illustrates
spatial and temporal alterations in net depletion of mitochon-
drial membrane potential (dAT) among groups. In low flow
hypoxia, a significant ATI decrease was observed in pericentral
regions at 20 min (regions expressed by 75% and C in plots of
Fig. 4). The At values decreased significantly in the entire
lobules at 40 min and the actual A'T decrease reached > 20 mV
in all portions of the lobules at 60 min. When hypoxia was
prolonged to 100 min there was a large A'T fall, especially in the
pericentral regions. PGEI treatment significantly prevented the
hypoxia-induced depletion of mitochondrial membrane po-
tential at all measurement sites during the entire course of ob-
servation. However, neither BOF4272, a specific xanthine oxi-
dase inhibitor, nor BOF4249 displayed any significant inhibi-
tory effect on the A\T depletion during the entire period of
observation, suggesting that blockade of xanthine oxidase may
not improve the hypoxia-induced mitochondrial dysfunction.

PGEJprevents zone-specific cell death during lowflow hyp-
oxia. As described elsewhere (5, 6), cell death first occurred in
the midzonal regions in the midway between P and C - 40
min after starting low flow perfusion. Early midzonal cell death
extended towards the periphery of hepatic lobules in a time-de-
pendent manner, resulting in centrilobular necrosis. Fig. 5
shows a semiquantitative analysis of the PI-associated fluoro-
graphs. Pretreatment with BOF4272 significantly delayed the
onset of the midzonal cell death and reduced the centrilobular
necrosis. Pretreatment with BOF4249 had no inhibitory effect
on hypoxic cell death. These data suggest that zone-specific cell
death during the low flow hypoxia involves a mechanism de-
pending on xanthine oxidase. PGEI treatment also attenuated
zone-specific cell injury. To confirm the extracellular enzyme
release as a consequence of centrilobular necrosis, the LDH
activity was determined in the outlet perfusate at 120 min after
the start of low flow hypoxia (Table I). The 25% low flow
perfusion for 120 min induced a significant increase in the
LDH levels. PGE, pretreatment significantly attenuated the
enzyme release induced by hypoperfusion.

Prevention of hypoxia-induced paradoxical oxidative stress

by PGE,. In the hypoperfused liver, the intensity of DCFfluo-
rescence increased, especially in the upstream regions
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surrounding the periportal areas, as early as 20 min. After 40
min of low flow hypoxia, the number of multiple patchy fluoro-
genic sites and their fluorescence intensity increased markedly
midway between the portal and the central venules and
reached a maximum level after about 60 min. After reaching
the maximum level, midzonal DCF fluorescence was rapidly
decreased. Meanwhile, DCFfluorescence surrounding the cen-

tral venules was markedly depressed without showing any sig-
nificant activation during the entire course of observation (5).
Fig. 6 shows the time course of midzonal DCFfluorescence in
the hypoperfused liver and effects of PGE1, BOF4272, and
BOF4249. PGE, significantly diminished the midzonal DCF
elevation. Furthermore, BOF4272, but not BOF4249, signifi-
cantly attenuated early midzonal oxidative changes, suggesting
that early midzonal oxidative stress is a phenomenon involving
the xanthine oxidase-dependent mechanism.

Figure 4. Spatial and temporal
changes of intralobular mitochon-

drial membrane potential (d/v+)
during low flow hypoxia and the ef-
fects of PGE,, BOF4272, and
BOF4249. Note that PGE, signifi-

\ tt cantly attenuated hypoxia-induced
8-20 decrease in mitochondrial mem-

brane potential. Data represent
-40 mean values of measurements de-

rived from six animals in each
-660 group. *P < 0.01 as compared with

30.;V; r control. tP < 0.01 as compared with

LF.

Therefore, we inquired whether the attenuating effect of
PGE, or BOF4272 on oxidative stress might be associated with
their nonspecific oxyradical-scavenging properties. To clarify
this possibility the effects of these reagents on an in vitro oxi-
dant-producing system were evaluated. As shown in Fig. 7,
BOF4272, but not BOF4249, significantly diminished MCLA-
dependent chemiluminescence derived from the hypoxan-
thine-xanthine oxidase system. PGE, did not inhibit xanthine
oxidase-dependent MCLAchemiluminescence. Furthermore,
neither BOF4272 nor BOF4249 in the present concentration
diminished phorbol myristate acetate-stimulated MCLAche-
miluminescence yielded by a neutrophil suspension. These
data suggested that PGE, does not scavenge superoxide anions
derived from xanthine oxidase and that the antioxidant prop-
erty of BOF4272 depends on its inhibitory effects on xanthine
oxidase.
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Figure 5. Spatial and temporal
changes of intralobular cell dam-
ages (AlIp) assessed by PI micro-
fluorography and the effects of
PGE1, BOF4272, and BOF4249.
The inability of BOF4249 to at-
tenuate the hypoxia-induced cell
injury suggests that the inhibi-
tory effect of BOF4272 results
from its specific inhibition of
xanthine oxidase activity. Data
represent mean values of mea-

surements derived from six ani-
mals in each group. * P < 0.01
as compared with control. tp

< 0.01 as compared with LF.

Discussion

This study has demonstrated the time course and topographic
distribution of reductive stress and subsequent mitochondrial

Table I. The Release of Lactate Dehydrogenase from the Liver
Exposed to 25 %Low Flow Hypoxia for 120 Min

Group Lactate dehydrogenase

(IU per min)

Control (n = 6) 0.05±0.02
LF (n = 6) 13.5±6.2*
PGEI plus LF (n = 6) 0.21±0.18

* P < 0.01 as compared with control and the group treated with PGE,
plus LF.

dysfunction in hypoperfused liver and provides insight into the
detailed mechanisms of zone-specific paradoxical oxidative in-
jury during low flow hypoxia in the liver. According to the
previous report using a microoptical fiber technique ( 16), in
response to hypoxia, the pericentral but not periportal regions
showed an increase in the pyridine nucleotide fluorescence,
while both regions indicate the fluorescence increase in our

method. The discrepancy seems to result from several technical
problems in the previous optical fiber technique. First, the pre-
vious method did not exclude the possible contamination of
vitamin A autofluorescence in Ito cells (7). Second, the peri-
central fluorescence could be underestimated due to the gray
density of the large pericentral venules. Finally, since a continu-
ous ultraviolet epiillumination was used in the optical fiber
method, a decrease in vitamin A autofluorescence by photo-
bleaching would make an increase in pyridine nucleotide auto-
fluorescence obscure in periportal regions. Our findings thus
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serve as further accurate evaluation of intralobular heterogene-
ity in pyridine nucleotide autofluorescence in the normoper-

fused or hypoperfused liver.
We reported that early midzonal oxidative changes were

observed as early as 20-40 min after starting the 25% low flow
hypoxia and were followed by cell injury in the same regions
(5, 8). Using the same experimental model, the current data
show that intrahepatic saturation of NAD(P)H takes place as

early as 10-20 min after starting hypoperfusion in the liver,
and this early reductive change precedes a decrease in mito-
chondrial inner membrane potential. Intrahepatic pyridine nu-

cleotide autofluorescence has been used as an index of im-
paired tissue oxygen supply and reductive changes after ultravi-
olet-elicited reflectance spectrophotometry became available
(22). However, the pathological relevance of NADHhas re-

cently been reevaluated as a crucial factor of free radical-de-
pendent tissue injury rather than as a mere index of tissue oxy-

genation.
Although we demonstrated the early midzonal hydroperox-

ide formation during low flow hypoxia (5), it was still unclear

how the liver could be exposed to oxidative stress under rela-
tively reductive conditions. In our previous report, pretreat-
ment with allopurinol attenuated the zone-specific oxidative
stress and subsequent centrilobular necrosis, suggesting in-
volvement of xanthine oxidase in the oxidant-dependent cell
injury mechanism. However, these findings were inconsistent
with the hypothesis that the enzyme conversion from xanthine
dehydrogenase to its oxyradical-producing oxidase form is a

prerequisite for oxidative injury (23). Namely, since the per-

centage of the xanthine oxidase activity versus total oxidore-
ductase activity was - 25% during normoperfusion and
showed only an additional 5% increase after 60-min hypoxic
perfusion (24), the time for the enzyme conversion is too long
to explain the early oxidative changes in this model. Wehave
therefore reexamined the involvement of xanthine oxidase in
the early oxidative changes by using a novel synthetic xanthine
oxidase inhibitor, BOF4272. The preventive effects of this re-

agent on midzonal DCFelevation and subsequent PI enhance-
ment in centrilobular regions confirmed the hypothesis that
xanthine oxidase-derived oxidative stress contributes to zone-
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Figure 7. Effects of PGE, and BOF4272 on superoxide production by
xanthine oxidase or neutrophils. PGE, attenuated neither xanthine
oxidase-nor neutrophil-induced superoxide production. Note that 10
nMBOF4272, a xanthine oxidase inhibitor, showed > 60% inhibition
of xanthine oxidase-induced superoxide production, whereas it did
not scavenge neutrophil-elicited superoxide release. Data represent
mean valuesv of measurements derived from four separate measure-

ments. * P < 0.01 as compared with control.

specific cell injury in hypoperfused liver. These results suggest
the involvement of another mechanism that promotes xan-

thine oxidase-dependent oxidative stress independent of the
enzyme conversion.

The hypoxia-induced early increase in reduced pyridine
nucleotides is one such possible mechanism by which xanthine
oxidase could produce profound oxidative injury during a rela-
tively short period of hypoperfusion. The current finding
clearly showed that during low flow hypoxia intrahepatic
NAD(P)H saturation precedes decreasing mitochondrial in-
ner membrane potential, midzonal hydroperoxide formation,
and centrilobular cell injury. It has been reported by Nishino
and Tamura (25) that NADHis a potent inhibitor of xanthine
dehydrogenase but not oxidase. It is therefore quite possible
that, in a reductive state where intracellular NADHis elevated
enough to block the dehydrogenase activity, naturally occur-

ring oxidase-form enzyme may catalyze hypoxanthine and ox-

ygen to yield oxygen radicals in incompletely oxygenated mid-
zonal regions. It also appears that NADHoxidase activity of
this enzyme may serve as a possible source of superoxide pro-
duction (25).

Another possibility that NAD(P)H participates in oxida-
tive injury has recently been postulated by Jaeschke et al. (26).
They showed the effects of NADHon free iron release from
ferritin which enhanced hepatic microsomal lipidperoxidation
induced by allyl alcohol. Since iron released from ferritin is a

possible factor that propagates superoxide-dependent intracel-
lular hydroperoxide formation via the iron-catalyzed Fenton

reaction (26-28), the hypoxia-induced early NADHelevation
may also facilitate iron-dependent oxidative injury in hypoper-
fused liver. Wehave recently observed that pretreatment with
2,2'-dipyridyl, a lipid-soluble iron chelator, completely abol-
ished early midzonal DCFelevation and subsequent cell death
(Suematsu et al., unpublished observation).

In this study, a novel xanthine oxidase inhibitor, BOF4272,
did not inhibit early NAD(P) H elevation or subsequent mito-
chondrial dysfunction, whereas it did significantly diminish
xanthine oxidase-dependent free radical formation and cell
necrosis. These results raise the question of whether the hyp-
oxia-induced oxidative injury could be attenuated by another
new intervention that directly modulates early reductive stress
per se. Our findings suggest that PGE1 is a powerful therapeutic
tool that can minimize paradoxical oxidative liver injury under
hypoxic conditions. As shown by our in vitro experiments,
PGE, is not a radical-scavenging reagent and has no inhibitory
effects on xanthine oxidase. It is therefore conceivable that a
protective action of PGE, on xanthine oxidase-mediated oxi-
dative injury, distinct from that of allopurinol or BOF4272,
may result from its preventive effects on early reductive stress
and subsequent mitochondrial dysfunction. Our data suggest
that this reagent may contribute to attenuation of xanthine
oxidase-dependent oxidative injury, possibly by reducing
NADHelevation and subsequent mitochondrial ATPdegrada-
tion, which may facilitate the availability of hypoxanthine as a
substrate for xanthine oxidase in incompletely oxygenated
midzonal regions. PGE derivatives have been reported not
only to attenuate various experimental models liver injury
(29-31 ), but also to improve the clinical prognosis of fulmi-
nant hepatitis (32) and to prevent primary nonfunction of
transplanted liver (33). However, the detailed mechanisms by
which PGE, attenuates reductive stress and mitochondrial dys-
function in hypoxia have been quite unclear. Only a limited
body of the previous experimental data showed that PGE, may
attenuate hypoxia-induced mitochondrial dysfunction via its
improving effects on blood flow in vivo (34). However, our
findings showing the relationship between early reductive
stress (pyridine nucleotide autofluorescence) and the corre-
sponding sinusoidal perfusion in situ (Fig. 3) suggest that PGE,
can improve the viability of mitochondrial function indepen-
dently of its vascular actions. Further investigation is required
to elucidate the mechanism through which PGE1 attenuates
reductive stress in the hypoxic liver.
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