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The objective of this study was to test the hypothesis that the extracellular oxidation of glutathione (GSH)
may represent an important mechanism to limit hepatic ischemia/reperfusion injury in male Fischer rats
in vivo. Basal plasma levels of glutatione disulfide (GSSG: 1.5 + 0.2uM GSH-equivalents), glutathione
(GSH: 6.2 + 0.4 uM) and alanine aminotransferase activities (ALT: 12 + 2 U/l) were significantly in-
creased during the |h reperfusion period following 1 h of partial hepatic no-flow ischemia (GSSG:
19.7 £ 2.2uM; GSH 36.9 + 7.4uM; ALT: 2260 + 355U/l). Pretreatment with 1,3-bis-(2-chloroethyl)--
nitrosourea (40 mg BCNU/kg), which inhibited glutathione reductase activity in the liver by 60%, did not
affect any of these parameters. Biliary GSSG and GSH efflux rates were reduced and the GSSG-to-GSH
ratio was not altered in controls and BCNU-treated rats at any time during ischemia and reperfusion. A
90% depletion of the hepatic glutathione content by phorone treatment (300 mg/kg) reduced the increase
of plasma GSSG levels by 54%, totally suppressed the rise of plasma GSH concentrations and increased
plasma ALT to 4290 + 755 U/l during reperfusion. The data suggest that hepatic glutathione serves to
limit ischemia/reperfusion injury as a source of extracellular glutathione, not as a cofactor for the
intracellular enzymatic detoxification of reactive oxygen species.
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INTRODUCTION

A role for reactive oxygen species (ROS) in the pathogenesis of ischemia/reflow injury
has been suggested for the liver and other organs (for review: '). This view is based
on the protective effects of pharmacological interventions which reduce the formation
or accelerate the metabolism of ROS.* However, the exact role of reactive oxygen
remained unclear.

Our own studies in the isolated blood-free perfused liver demonstrated that the
quantitaties of ROS formed intracellularly were insufficient to exceed endogenous
defense mechanisms during reperfusion after up to two hours of ischemia.* When
ROS were generated chemically with diquat, the postischemic liver detoxified several
orders of magnitude more ROS than were formed during reperfusion alone, without
additional cell damage.* Further, no evidence for lipid peroxidation was detected in
postischemic livers.*® A significant increase of ROS release from intracellular sources
such as mitochondria and xanthine oxidase was observed only during reoxygenation
after severe hypoxic injury of the liver.”® But even under these dramatic conditions
that resulted in a significant loss of intracellular glutathione, ROS were still detoxified
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and further cell damage was drastically reduced during reoxygenation.™® These data
demonstrate a considerable resistance of hepatocytes against intracellular oxidant
stress.*”® On the other hand, a dramatic increase of the plasma concentration of
glutathione disulfide (GSSG)' correlated with the accumulation of neutrophils in
the postischemic liver,? indicating a significant oxidant stress during reperfusion in
vivo. Although GSSG is mainly exported into bile,'" the biliary efflux of GSSG was
not elevated in this no-flow ischemia model.” These results are consistent with the
hypothesis that neutrophils and/or resident macrophages (Kupffer cells) may be the
source of ROS formation. However, it is not clear whether ROS oxidize plasma GSH
directly or are detoxified intracellularly (erythrocytes, endothelial cells) and then
partially exported into the plasma. Further, it is unknown whether ROS contribute
directly to the damage and if GSH of hepatic origin, when released into the plasma,
can protect significantly against reperfusion damage.

This study presents evidence that reactive oxygen directly oxidizes GSH in the
extracellular space and that GSH release from hepatocytes attenuate reperfusion
injury in the liver.

MATERIALS AND METHODS

Animals

Fed male Fischer-344 rats (250-300 g; Harlan Sprague-Dawley, Inc. Houston, Texas)
were used in all experiments. 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU)
(BiCNU®, Bristol-Myers Comp., Evansville, Indiana) was dissolved in corn oil
(20 mg/ml) and injected intraperitoneally (40 mg BCNU/kg body wt.) 15 h prior to the
experiment. 2,6-Dimethyl-2,5-heptadien-4-one (phorone; Aldrich Chemical Comp.,
Milwaukee, Wisconsin) was diluted in corn oil and injected ip (300 mg/kg body wt.)
1 h prior to ischemia.

Experimental Protocols

All animals were anesthetized with pentobarbital (50 mg/kg body wt.; ip) and the
carotid artery was cannulated with PE-50 tubing. In some experiments the common
bile duct was cannulated additionally with PE-10 tubing. Body temperature was
maintained at 37.5 + 0.5°C by a heating lamp. Blood samples of 400 ul were collected
at different times during the experiment and the volume of the blood was replaced by
saline. An aliquot (200 ul) of the blood was mixed immediately with 10 mM N-ethyl-
maleimide (NEM) in 100 mM potassium phosphate buffer (pH 6.5) for determination
of GSSG.'? The remaining blood was centrifuged for 1 min, an aliquot of the plasma
was pipetted into 3% sulfosalicylic acid (SSA) for determination of total soluble
glutathione and the rest of the plasma was used for determination of alanine amino-
transferase (ALT) activity. Bile was collected in preweighed tubes containing 3%
SSA. In ischemia experiments, the blood flow to the median and left lateral hepatic
lobe was occluded with an arterial clamp for 1h. Reperfusion was initiated by
removal of the clamp. In other experiments tert-butylhydroperoxide (1 mmol tBHP/
kg body wt.) was injected ip as a single dose. At the end of the experiment a part of
a non-ischemic and a postischemic lobe was freeze-clamped and stored in liquid
nitrogen.
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Methods

Total soluble glutathione (GSH and GSSG) and GSSG was measured in bile, plasma,
and acidic homogenate from freeze-clamped livers by the method of Tietze as des-
cribed in detail.*"' ALT was determined in plasma with Sigma Test Kit DG 159-UV
and is expressed as IU/l. Hepatic glutathione reductase activity was determined in the
postmitochondrial supernatant of a 20% homogenate (w/w). An aliquot of the
supernatant was added to 1 ml of 250 mM potassium phosphate buffer (pH 7.0),
containing 250 uM NADPH and 1.5uM FAD. The mixture was incubated at 37°C
for S5min and then the reaction was started with the addition of GSSG (1.5 mM) and
the consumption of NADPH was recorded at 340 nm.

RESULTS

Pretreatment of rats with BCNU in vivo reduced hepatic glutathione reductase (GR)
activity by 61%, from 75.5 + 3.3mU/mg protein to 29.4 + 5.5mU/mg protein
(n = 6; p < 0.05). In order to verify that this pretreatment will increase GSSG
release from the liver as a response to an oxidative challenge, the animals received a
bolus injection of tBHP (I mmol/kg; ip). Basal biliary GSSG efflux rates
(2.47 + 0.16 nmol GSH-eq./min/g liver wt.) increased immediately in untreated ani-
mals, reaching a maximum (56.85 + 5.67) within the first Smin and returned to
control values within 15min. BCNU-pretreated animals showed a similar temporal
pattern but significantly higher GSSG effiux rates (basal: 545 + 0.87; p < 0.05;
max.: 96.88 + 17.56; p < 0.05). The total amount of GSSG released into bile after
tBHP was 355 + 29 nmol GSH-eq./g liver wt. (controls) and 763 + 114 (BCNU;
p < 0.05). Basal plasma GSSG concentrations (C: 1.65 + 0.22uM; BCNU:
2.27 + 0.27) also increased dramatically in both groups Smin after tBHP (C:
60.3 + 8.9; BCNU: 122.1 + 22.8;p < 0.05, C versus BCNU). These results demon-
strate that BCNU treatment enhanced significantly hepatic GSSG efflux rates as well
the total amount of GSSG release as a response to an intracellular oxidant stress. To
test if the postischemic increase of plasma GSSG was caused by enhanced intracel-
lular GSSG formation and release, control and BCNU-treated animals were subject-
ed to 1 h normothermic no-flow ischemia followed by 1 h of reperfusion. As shown
in Figure 1, the concentration of GSSG and GSH in plasma did not change during
ischemia but both parameters increased severalfold during reperfusion. No significant
difference in plasma GSSG or GSH was observed between controls and BCNU-treat-
ed animals at any time during either ischemia or reperfusion. Likewise there was no
significant difference in hepatocellular damage between these groups as reflected by
a similar rise of the aminotransferase activities during the reperfusion period (Figure
1). BCNU induced a choleresis and an enhanced efflux of biliary GSH and GSSG
(Table I). All biliary parameters declined significantly in both experimental groups
during iscemia and partially recovered only in controls during the reperfusion period.
The.biliary efflux of GSSG did not increase above basal values and the GSSG-to-GSH
ratio did not change either in controls or in BCNU-treated rats during ischemia and
reperfusion (Table I). The GSSG content in the postischemic liver lobes of controls
increased only by 30% during reperfusion when compared with the nonischemic lobes
(0.21 £ 0.02nmol GSH-eq./mg protein). Slightly higher basal GSSG levels were
measured in livers of BCNU treated animals (0.35 + 0.03; p < 0.05). A similar 30%
increase was seen in the postischemic lobes.
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FIGURE | Plasma concentrations of GSSG (given as GSH-equivalents) and GSH and plasma alanine
aminotransferase activities (ALT) during hepatic ischemia (60 min) and reperfusion. All values are given
as mean + S.E. (n = 6 animals). Controls (C) are compared with animals pretreated with BCNU
(40 mg/kg; ip) or phorone (300 mg/kg; ip). *p < 0.05 (C vs. BCNU or phorone).
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TABLE |
Biliary Glutathione Efflux in Controls and BCNU-treated Rats
Pre-Ischemia* Ischemia* Post-Ischemia*

Bile Flow'

C 220 + 0.19 0.35 + 0.15 0.94 + 047

BCNU 3.56 + 0.29* 0.69 + 0.16* 095 + 0.14
GSSG?

C 1.36 + 0.79 0.13 + 0.07 0.38 + 0.13

BCNU ’ 6.60 + 0.18* 0.74 + 0.20* 0.76 + 0.26
GSH?

C 475 + 0.74 0.35 £ 0.20 1.05 + 0.14

BCNU 11.49 + 0.36* .27 + 0.28* 1.17 £ 0.52
GSSG %!*

C 22 27 27

BCNU 37 37 39

'Data are expressed as mean + S.E. in ul/min/g liver wt (n = 3 experiments).

!Data are given as nmol GSH-equivalents/min/g liver wt.

3GSSG efflux rates are given as per cent of the total glutathione efflux in bile.

4Bile was collected for |15 min before ischemia (Pre-Ischemia), during 60 min of hepatic no-flow ischemia
(Ischemia) and during the first 15 min of reperfusion (Post-Ischemia).

These results suggest tissue GSH released into the plasma could be directly oxidized
to GSSG in the vascular compartment by reactive oxygen. To test this hypothesis, the
hepatic glutathione content was depleted by phorone.” A dose of 300 mg phorone/kg
reduced hepatic GSH from 32.2 + 2.0 nmol/mg protein to 1.9 + 0.2 within 1 h. As
shown in Figure [, phorone pretreatment significantly reduced the increase of plasma
GSSG and totally suppressed the increase of plasma GSH during reperfusion. Thus,

in phorone-treated animals plasma glutathione was almost totally (95%) oxidized to"

GSSG after 1 h reperfusion while only 35-40% of the plasma glutathione concentra-
tion in controls and BCNU-treated animals was present as GSSG. As a result,
phorone treatment exacerbated reperfusion injury (Figure 1).

DISCUSSION

The objective of this study was to test the hypothesis that ROS, formed in the
vasculature, directly oxidize GSH and that intracellular GSH, when released into the
plasma, can provide a significant protection against hepatic reperfusion injury. In-
direct evidence for the extracellular generation of ROS came from ischemia experi-
ments with the isolated blood-free perfused liver, where no evidence was found for a
significant intracellular oxidant stress during reperfusion.* In the in vivo model, the
selective increase of the GSSG concentration in plasma suggested an oxidant stress
outside of hepatocytes™'® since GSSG is preferentially (80-85%) released into bile."!
Impairment of bile formation can lead to an enhanced release of GSSG into plasma,
however, intracellular oxidant stress will always cause a significant increase of the
biliary GSSG efflux rate even under severe cholestasis."" The BCNU experiments
presented in this paper strongly support the idea that no enzymatic detoxification of
ROS took place during reperfusion. BCNU is an alkylating agent which causes an
irreversible inhibition of glutathione reductase (GR)." Since the efflux of GSSG is a

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/09/11

For personal use only.

742 H. JAESCHKE

very sensitive indicator of the activity of glutathione peroxidase'’ and GR is the
rate-limiting step of the glutathione redox cycle, inhibition of GR during an oxidant
stress should result in a further enhancement of GSSG release. As demonstrated by
the experiments in which tBHP was administered as an oxidant stress, BCNU pre-
treatment caused a significantly greater increase of biliary and plasma GSSG and
considerably delayed the return to basal values. The fact, that BCNU treatment did
not change plasma concentration of GSSG and GSH and did not exacerbate hepa-
tocellular damage during ischemia aqnd reperfusion suggest that the intracellular
glutathione redox cycle was not involved in the formation of GSSG. Thus, the
oxidizing species was neither generated nor detoxified intercellularly. Since BCNU
treatment inhibits GR not only in hepatocytes but also in various other cells, includ-
ing erythrocytes and endothelial cells,'*!® these experiments also do not support the
hypothesis that a relevant portion of extracellarly generated ROS was detoxified
enzymatically inside vascular cells. These results imply that glutathione is oxidized
non-enzymatically in the extracellular space. Since the spontaneous oxidation of GSH
in plasma is relatively slow'” and glutathione disappears from blood with a half-life
of less than 2 min,"*'* GSSG formation must be catalyzed by an oxidant. The identity
of the oxidizing species is not known at present, but hydrogen peroxide and hypoch-
lorous acid are potential oxidants formed by neutrophils (PMNs) and macrophages.
PMNs were shown to accumulate in reperfused tissued after ischemia®®?' and the
liver contains a large number of resident macrophages (Kupffer cells). Further experi-
ments are necessary to elucidate the relative importance of these cells for the vascular
oxidant stress and reperfusnon injury.

A controversial issue is whether ROS directly cause reperfusion damage. Treatment
with phorone depleted the hepatic glutathione content and consequently reduced not
only the physiological GSH efflux from the liver but also the additional GSH release
due to cell swelling. As a result, the increase of the plasma GSSG concentration was
significantly attenuated. Since phorone also enhanced reperfusion damage, it is
concluded that ROS contribute either directly or indirectly at least to the additional
damage. These data confirm the importance of hepatic glutathione levels in hepatic
iscehmia/reperfusion injury,”? however, not as a cofactor of glutathione peroxidase
but as a source of plasma GSH and thus an extracellular reductant of ROS. This
concept would also explain the beneficial effect of extraccellular superoxide dismutase
and catalase?’ on ischemia/reperfusion injury and recent evidence for lipid peroxida-
tion in the endothelial cell and Kupffer cell fraction of the postischemic liver.?
Although ROS derived from PMNs and Kupffer cell can cause cell damage, the
release of proteolytic enzymes from PMN may also be involved.*

In summary, this paper presents evidence for the extracellular oxidation of GSH as
an important mechanism for limiting reperfusion injury in vivo. The hepatic glutath-
ione content is a crucial factor in the pathogenesis as a source of extracellular
glutathione not as a cofactor for the intracellular enzymatic detoxification of ROS.
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