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Abstract
A proposed mechanism for irreversible ischemic liver damage has been peroxidation of membrane
phospholipids by free radicals. However, the hepatocyte is laden with enzymes which are
antioxidants and, therefore, ought to be relatively resistant to oxidative injury. To test the hypothesis
that free radical damage from ischemia and reperfusion of the liver is a non parenchymal cell process,
we studied an in vivo model of ischemia. A point of transition from reversible to irreversible ischemia
was defined at ≥60 min of total ischemia by serial measurements of ATP at control, end of ischemia,
and end of reperfusion periods (n = 6 each). Nonparenchymal cells were separated out of 10 livers
in each ischemic group using a Percoll gradient. Second derivative spectroscopy did not detect
conjugated dienes in any hepatocellular fraction, total cellular, mitochondrial, or microsomal, but
did in the nonparenchymal cell fractions of livers from the 60- and 90-min ischemia groups. This in
vivo study shows that irreversible ischemia in the rat liver is associated with free radical lipid
peroxidation, but that the non parenchymal cells rather than hepatocytes are the focus of this injury.

INTRODUCTION
A variety of mechanisms are responsible for the damage to the liver with ischemia and
reperfusion. One process which is of great interest is the initiation of lipid peroxidation by
oxygen-derived free radicals and, in particular, the superoxide anion [1,2]. Free radicals are
generated upon reperfusion after prolonged ischemia and are hypothesized to initiate a cascade
of oxidative reactions which results in irreversible damage to cellular and organellar
membranes [3,4]. The exact mechanism by which this damage to membranes occurs is
uncertain and depends on the particular model which is studied and the experimental
methodology used to ascertain the processes involved [13].

Much evidence supports the hypothesis that toxic injury to the liver involves the production
of free radicals with subsequent membrane damage by lipid peroxidation [5–7]. However, most
of the support for this mechanism of irreversible cellular damage comes from models of hepatic
injury involving alcohol [8], iron overload [9], paraquat and diquat [10], acetaminophen [11],
and carbon tetrachloride [40]. In models of ischemic damage, the evidence is mixed; certain
organ systems (e.g., brain mitochondria) support the role of lipid peroxidation [12], while many
others do not (e.g., in situ canine heart and whole rat liver) [14,15].
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Recently, much attention in the field of injury of the liver due to ischemia/reperfusion has been
focused on the role of the microvasculature and, in particular, its susceptibility to damage
relative to the hepatic parenchyma [16–20]. Xanthine oxidase has a controversial role in the
generation of free radicals with reperfusion, but is an enzyme which is associated with
membrane damage induced by free radicals [18,35]. Since, xanthine oxidase has been localized
to the cytosol of capillary endothelial cells and, in particular, those of the liver sinusoids [21–
23], we posed the hypothesis that the hepatic sinusoidal endothelium is most sensitive to free
radical damage. Therefore, if any hepatic tissue should be the site of lipid peroxidation after
ischemia/reperfusion in vivo, the vascular endothelium rather than the hepatocytes is most
susceptible. In this report, we individually assessed the role of parenchymal and non
parenchymal hepatic tissues in the process of membrane damage induced by lipid peroxidation
and attempted to clarify some of the controversies that are involved in this process.

MATERIALS AND METHODS
Animal surgical procedure

An in vivo model of hepatic ischemia/reperfusion in the rat was studied in which the branches
of the portal vein and hepatic artery to the left lateral and median lobes were occluded for 30,
60, and 90 min using microvascular clips. One hour of reperfusion was also studied. Male,
inbred rats of the Lewis strain (250–300 g, Charles River Breeding Lab, Wilmington, MA)
were used, and anesthesia consisted of inhalational Metofane.

Standardization of severity of ischemia
An initial group (n = 6/group) was studied to standardize the severity of the ischemic injury.
This was of critical importance to exactly determine whether the periods of ischemia used in
this model were completely reversible, partially reversible, or irreversible.

Tissue assays: ATP
Tissue samples were collected by freeze-clamping with liquid nitrogen-cooled tongs from
ischemic and control lobes at 30-min intervals throughout ischemia and reperfusion. ATP was
assayed using the method of Lamprecht and Trautschold [38] and reported as micromoles/gram
tissue.

Tissue assays: Superoxide anion
A separate group (n = 10/group) was studied for the concurrent production of superoxide anion
and for the generation of the products of lipid peroxidation in each ischemic group. Tissue was
collected at the end of ischemia and after 30 min of reperfusion for superoxide levels. The
samples were homogenized in 0.25 M sucrose and centrifuged at 3500g and 100,000g to
generate cytosolic fractions. Superoxide levels were assayed according to the method of Green
and Hill [39] and expressed as nanomoles of cytochrome c reduced/milliliter. This was
performed in order to confirm that reperfusion was associated with the generation of oxygen
derived free radicals.

Assay for conjugated dienes
Products of lipid peroxidation were assayed in samples collected at the end of ischemia and
after 1, 2, 6, and 12 hr of reperfusion by the determination of the presence of conjugated dienes.
Tissue was collected and prepared for analysis by two distinct methods to allow the individual
evaluation of parenchymal and nonparenchymal cell populations. First, tissue was
homogenized in 0.25 M sucrose and sequentially centrifuged at 3500g, 25,000g, and
100,000g to generate whole cell, mitochondrial, microsomal, and cytosolic fractions. Second,
separate samples were digested in 0.2% protease, 0.5% collagenase, and 0.2%
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deoxyribonuclease, and the nonparenchymal cells were separated from the hepatocytes on a
Percoll gradient. Samples were stored at −70°C.

For the determination of conjugated dienes, lipid extracts of the samples were prepared in 2:1
chloroform: methanol [24]. Aliquots of the lipid fraction were evaporated to dryness under a
vacuum at room temperature and dissolved in hexane. Conjugated dienes were detected in the
hexane solutions by the simultaneous calculation of the second derivative of the absorbance
spectrum between 220 and 300 nm using a Hitachi 557 recording spectrophotometer. This
method has greatly enhanced sensitivity when compared to the standard uv method and is
appropriate for in vivo studies (Fig. 1).

Materials used
Collagenase (C0130), protease (P5147), sucrose (S5), and deoxyribonuclease (P5025) were
purchased from Sigma. Chloroform, hexane, and methanol were all HPLC grade (Fischer
Scientific). Percoll was purchased from Pharmacia (Uppsala, Sweden).

RESULTS
Changes in ATP with ischemia and reperfusion

The control level of ATP (n = 12) was 2.98 ± 0.08 μm/g and decreased to 1.71 ± 0.07, 0.63 ±
0.07, and 0.30 ± 0.09 (n = 3 each) at the end of 30, 60, and 90 min of ischemia (Fig. 2). During
reperfusion, the livers subjected to 30 min of ischemia recovered to ATP levels of 2.88 ± 0.06
μm/ml, while the rats subjected to 60 and 90 min of ischemia partially recovered to 1.57 ± 0.06
and 0.75 ± 0.08, respectively. Therefore, easily reversible, severe, and completely irreversible
periods of normothermic ischemia were represented in this model.

Generation of superoxide anion with ischemia and reperfusion
Superoxide levels (Fig. 3) increased from 0.13 nanomoles cytochrome c reduced/ml before
ischemia to a mean level of 0.76 at the end of ischemia and 2.53 during reperfusion. Samples
taken from control lobes of the experimental rats showed no increase in the level of superoxide
at any of the time points studied.

Detection of conjugated dienes: Hepatocellular fractions
In the samples that were sequentially centrifuged (n = 10), there was no evidence of the
formation of conjugated dienes in hepatic total cellular, mitochondrial, microsomal, or
cytosolic fractions (Table 1). This held true for 30, 60, and 90 min of ischemia and up to 12 hr
of reperfusion. This was also true in the hepatocyte pellets of the digested samples.
Hepatocellular fractions from control and ischemic rats which were left overnight exposed to
room air showed significant production of conjugated dienes.

Detection of conjugated dienes: Nonparenchymal cell fractions
When the nonparenchymal cell layer was studied, 20% of the samples in the 60-min group and
80% in the 90-min group contained conjugated dienes during reperfusion (Table 1). None of
the livers subjected to 30 min of ischemia, control samples, or livers at the end of ischemia had
produced conjugated dienes. All livers which contained conjugated dienes at any point during
reperfusion, retained them throughout the 12 hr of reperfusion that were studied.

DISCUSSION
Injury to the liver after a period of ischemia is a complex process which involves not only the
deprivation of oxygen and nutrients, but also the accumulation of by-products of metabolism
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during the cessation of blood flow. In addition, reperfusion appears to be a phase of additional
tissue injury [25]. Therefore, the study of any model of ischemic injury requires appraisal of
the events which occur during both ischemia and reperfusion and should include ischemic
periods of varying severity so as to properly categorize the importance of the damaging events.
The mechanism of ischemic injury appears to be the gradual loss of normal cellular homeostasis
and, in particular, membrane-associated processes which regulate ion concentrations within
and between subcellular compartments [26–31].

The generation of highly reactive oxidative molecules is mostly reserved for reperfusion which
occurs when oxygen is reintroduced and hypoxic cell populations become reactivated or
hyperactivated. Peroxidation of membrane phospholipids by oxygen-derived free radicals is a
well-accepted mechanism of liver damage from toxic substances [5–7], and it has been logically
assumed that the generation of free radicals during ischemia/reperfusion would cause cellular
damage via similar mechanisms. However, recent studies have challenged this premise by
failing to document the presence of free radicals or the products of lipid peroxidation in livers
damaged by ischemia, even during reperfusion [13–15]. Each of these studies analyzed
hepatocellular tissue fractions or whole liver tissue which was 70–92.5% hepatocytes by weight
(32).

Another aspect of the controversy is that although some studies have found lipid peroxidation
to be important in hepatic damage (e.g., endotoxin) [6], the assays which were used to detect
the products of lipid peroxidation were performed in an in vivo model. Unfortunately, these
assays are not always appropriate and are not specific for the products of lipid peroxidation.
Therefore, we have not only individually studied the different cell populations of the liver, but
have also applied an assay which is sensitive, specific, and appropriate for an in vivo model.

Our hypothesis is based on the premise that the non-parenchymal cells of the liver are of critical
importance in ischemia/reperfusion injury of the liver and that the liver has the ability to
subsequently recover normal function [33–35]. This hypothesis is based upon two assumptions.
The first assumption is that the hepatocyte is particularly well suited to resist oxidative damage
under physiologic conditions since it is laden with antioxidants, especially glutathione and
catalase. Much of the work reported on toxic damage of the liver is done under pharmacologic
and not physiologic conditions [5–11,40]. The second assumption is that the nonparenchymal
cells of the liver, primarily endothelial and Kupffer cells, are an active population containing
the enzyme systems necessary for, but not the cellular defenses against, oxidative damage
[19,22,23,36]. Therefore, the primary focus of liver damage may be the vascular endothelium
via lipid peroxidation with secondary damage to the hepatocytes [35].

We applied second derivative spectroscopy to the detection of conjugated dienes. This
technique is highly specific and sensitive for the detection of products of lipid peroxidation
[24]. Additionally, we undertook a careful examination of both hepatocyte and
nonparenchymal cell fractions in an in vivo model of liver ischemia which studied both
reversible and irreversible damage. In this model, superoxide radicals are generated with
ischemia/reperfusion, but especially during reperfusion. Additionally, the concentration of
superoxide anion did not vary with the duration of ischemia. Our findings show that lipid
peroxidation does occur in livers which have been severely damaged and not in those which
have been reversibly damaged. Of greater importance is the localization of this process to the
nonparenchymal cell portion of the liver. Under no circumstances did lipid peroxidation occur
in nonischemic livers (any fraction) or in hepatocyte fractions, even in livers which had been
irreversibly damaged. The nonparenchymal cell fractions prepared by this method ultimately
have less than 10% contamination from cells other than endothelial and Kupffer cells when
cultured. The contribution of other nonparenchymal cells to the production of conjugated
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dienes is minimal. Therefore, lipid peroxidation does occur in ischemic/reperfusion damage
to the liver, but it is most probably an endothelial/Kupffer cell process.

The findings of this study explain some of the previous discrepancies as to whether lipid
peroxidation is involved in liver damage from ischemia/reperfusion. Careful separation and
examination of the fractions which contain nonparenchymal cells avoided disposition of the
Kupffer and endothelial cells and avoided the concealment of lipid peroxidation in
nonparenchymal cells by the examination of only whole tissues.

In summary, this study has shown that superoxide anion is generated during damage to the
liver by ischemia and reperfusion, but that the amount produced did not vary with the duration
of ischemia. Therefore, the ability of the liver to withstand free radicals seems to diminish as
the ischemia lengthens. Second, in this in vivo model, lipid peroxidation was associated with
reperfusion after prolonged periods of ischemia which again attests to a diminution of the
antioxidant defenses of the liver. Last, lipid peroxidation is an event of the nonparenchymal
cell portion of the liver and not of the hepatocyte. These findings further stress the relative
susceptibility and importance of the microvasculature of the liver in ischemia/reperfusion.
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FIG. 1.
Tracing from Hitachi spectrophotometer. The bottom line is the standard print out of the
absorbance for 220–300 nM. The top line is the second derivative of the absorbance at each
wavelength and shows how a “shoulder” in the standard printout is transformed into a distinct
peak at 242 nM (cis, trans diene).
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FIG. 2.
Amount of ATP present in whole liver extracts at the end of ischemia and reperfusion for 30,
60, and 90 min of ischemia. The amount of ATP remained decreased as the length of ischemia
increased, but the ability of the liver to regenerate ATP also diminished greatly after 60 and
90 min of ischemia.
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FIG. 3.
The generation of superoxide anion with ischemia and reperfusion. Superoxide anion was
generated in small amounts during ischemia, but increased greatly with reperfusion. The
amount of anion produced did not vary with the length of ischemia.
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TABLE 1

Percentage of Cellular Fractions Containing Conjugated Dienes

Ischemia (%) Reperfusion (%)

Hepatocellular (n = 10 each)

 Total cellular 0 0

 Mitochondrial 0 0

 Microsomal 0 0

 Cytosolic 0 0

Endothelial/Kupffer cell (n = 10 each)

 30-min ischemia 0 0

 60-min ischemia 0 20

 90-min ischemia 0 80

Note. Percentage of all fractions in each experimental group in which conjugated dienes could be found. All livers which contained conjugated dienes
during the 12 hr of reperfusion retained them throughout the remainder of reperfusion.
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