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Oxidative stress is an important factor in many patholog-
ical conditions such as inflammation, cancer, ageing and
organ response to ischemia-reperfusion. Humans have
developed a complex antioxidant system to eliminate or
attenuate oxidative stress. Liver ischemia-reperfusion
injury occurs in a number of clinical settings, including
liver surgery, transplantation, and hemorrhagic shock
with subsequent fluid resuscitation, leading to significant
morbidity and mortality. It is characterized by significant
oxidative stress but accompanied with depletion of endog-
enous antioxidants. This review has 2 aims: firstly, to
highlight the clinical significance of liver ischemia-reper-
fusion injury, the underlying mechanisms and the main
pathways by which the antioxidants function, and sec-
ondly, to describe the new developments that are ongoing
in antioxidant therapy and to present the experimental
and clinical evidence about the role of antioxidants in
modulating hepatic ischemia-reperfusion injury. (Liver

Transpl 2005;11:1031-1047.)

iver ischemia-reperfusion (I/R) injury is well recog-
L nized as a significant cause of morbidity and mor-
tality in 2 principal settings. Firstly, it occurs in major
liver resections! and transplantation®3 where anoxic or
ischemic liver injury takes place. Secondly, it happens as
a consequence of systemic hypoxia or with conditions
that cause low blood flow to the liver resulting in insuf-
ficient perfusion. The latter occurs in hemorrhagic, car-
diogenic, or septic shock with subsequent fluid resusci-
tation,* in cardiovascular surgery with extracorporeal
circulation,” in laparoscopic surgery,®” and in abdom-
inal compartment syndromes.®
Severe warm liver I/R can lead to liver or even to
multiple organ failure. The extent of hepatic injury
caused by I/R depends primarily on the condition of the
liver prior to the ischemic insults and its duration.®
In liver surgery, new techniques have been applied to
increase the resectability rate of liver tumors such as
downstaging chemotherapy and portal vein emboliza-
tion. However, these techniques can make the liver
more susceptible to ischemic insults.'® Furthermore,
the commonest primary liver cancer, hepatocellular car-
cinoma usually develops on the background of liver
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cirrhosis, which increases the risk of liver failure during
any subsequent surgery.'!

In the field of liver transplantation, I/R injury is
closely related to the development of primary graft non-
function (occurs in <5 % of grafts) and primary graft
dysfunction (occurs in 10-30 % of grafts).'? Both con-
ditions are associated with high rates of morbidity and
mortality. I/R injury increases the incidence of subse-
quent graft rejection.!3

Another field where I/R injury affects outcome is
hepatic resection or transplantation with steatotic liv-
ers. It is reported that 25% of the western population
has some degree of hepatic steatosis,"* which is the
result of the abnormal accumulation of triacylglycerol
within the cytoplasm of hepatocytes, attributed to the
effects of alcohol excess, obesity, diabetes, or drugs.
Furthermore, hepatic steatosis is associated with an
impaired microcirculation,'>1¢ increased postoperative
morbidity and mortality, and poor graft function.'

It is obvious that liver I/R occurs in many diverse
clinical settings and has a major impact on clinical out-

Abbreviations: I/R, ischemia-reperfusion; ROS, reactive oxygen
species; RNS, reactive nitrogen species; ATP, adenosine triphosphate;
XOR, xanthine oxidoreductase; TNF-«, tumor necrosis factor-o;
O,, oxygen; OH, hydroxyl radical; NO, nitric oxide; H,O,, hydro-
gen peroxide; ONOO ™, peroxynitrite; HO, haem oxygenase; NOS,
NO synthetase; iNOS, inducible NOS; GSH, glutathione; SOD,
superoxide dismutase; NAC, N-acetylcysteine.

From the ' University Department of Surgery, Royal Free and Uni-
versity College Medical School, University College London, London,
NW3 2PF, UK, and the *Hepatopancreaticobiliary and Liver Trans-
plant Unit, Royal Free Hampstead NHS Trust, London, NW3 2QG,
UK.

Received March 21, 2005; accepted May 3, 2005.

Address reprint requests to: Professor Brian R. Davidson, Professor of
Hepatobiliary Surgery and Liver Transplantation, University Depart-
ment of Surgery, Royal Free and University College Medical School,
University College London, Rowland Hill Street, London, NW3 2PF,
UK. Telephone: 020 7830 2901; FAX: 020 7472 6444; E-mail:
b.davidson@medsch.ucl.ac.uk

Copyright © 2005 by the American Association for the Study of
Liver Diseases

Published online in Wiley InterScience (www.interscience.wiley.com).

DOI 10.1002/1t.20504

1031



1032

Glantzounis et al.

come. Reoxygenation of the ischemic liver causes the
generation of numerous reactive oxygen species (ROS)
and reactive nitrogen species (RNS). Although ROS
and RNS in low concentrations have an important role
as mediators in normal cellular metabolism and signal
transduction, 78 in higher concentrations they can be
damaging. In light of this, a complex defense network,
called the antioxidant system, has been developed in
mammals, to prevent or reduce the injury caused by
high concentrations of ROS or RNS.

Free radical scavenging or administration of agents
that enhance the endogenous antioxidant system could
reduce postischemic tissue injury and so be useful in
clinical settings against hepatic I/R damage.

The aim of this review is to present the main mech-
anisms by which antioxidants function and then the
potential use of exogenous antioxidants as a therapeutic
strategy in conditions associated with liver I/R injury.
For information on other therapeutic strategies against
liver I/R injury, the reader is referred to recent
reviews.19-23

Search Strategy Methods

All the studies were identified by PubMed, Web of
Science, and Embase searches between years 1966 and
2004 with the following keywords: liver, hepatic, isch-
aemia or ischemia, reperfusion, injury, antioxidant,
pharmaceutical preconditioning. In vitro, experimental
and clinical studies included focused on the effect of
antioxidant therapy on liver I/R injury.

Ischemic Injury

When oxygen supply to cells becomes insufficient as a
direct result of reduced blood flow or hypoxia, the
mitochondrial respiratory chain function alters and the
reduction-oxidation (redox) state of the mitochondrial
enzymes becomes reduced. This results in the inhibi-
tion of the oxidative phosphorylation process with a
subsequent reduction in adenosine triphosphate (ATP)
synthesis.?4 Reduction of cellular ATP causes distur-
bances in membrane ion translocation by inhibition of
the ATP-dependent sodium (Na")/potassium (K")
ATPase, resulting in sodium influx and intracellular
sodium accumulation with corresponding cell swelling
and death.?5

Intracellular calcium accumulation is also strongly
implicated in the development of ischemic injury and
thought to be a crucial step in the transition to irrevers-
ible damage.?® The increased cytosolic calcium level
causes activation of cell membrane phospholipases,

resulting in phospholipids degradation and cell mem-
brane disruption.?” Prior to cell death, hepatocytes and
other cells develop a state characterized by mitochon-
drial permeability transition,?® lysosomal disruption,
bleb formation and growth, cell swelling, and leakage of
small molecular mass solutes.2%-3° Calcium also acti-
vates xanthine oxidoreductase (XOR) which has a role
in oxygen free radical production following reperfu-
sion3!,

Although the basic mechanisms of ischemic injury
after warm and cold liver ischemia are similar, there are
also significant differences. In liver transplantation the
liver undergoes cold ischemic storage followed by
rewarming ischemia and reperfusion.?? Cold ischemia
is associated with reduced oxidative phosphorylation,
lower cellular ATP levels, and increased glycolysis,3?
while warm ischemia leads to greater oxidative stress
and mitochondrial dysfunction.33-34 The main site of
injury in cold ischemia are nonparenchymal cells
(Kupfter, sinusoidal endothelial cells, Ito cells and bili-
ary epithelium) whereas in warm ischemia are hepato-
cytes.>

Reperfusion Injury

Although ischemia causes significant injury to tissue
and cells, the injury during reperfusion is more severe. A
complex network of hepatic and extrahepatic mecha-
nisms is involved in the pathophysiology of hepatic I/R
injury.

Experimental evidence shows that there are two dis-
tinct phases of liver reperfusion injury. The early phase
covers the first 2 hours after reperfusion. During this
phase the main event is the activation of Kuppfer
cells.?¢ Complement activation and the recruitment
and activation of CD4 " T lymphocytes are factors that
enable the activation of the Kuppfer cells.20-37

Kuppfer cell activation leads to structural changes,
formation of vascular ROS and production of cytokines
such as tumor necrosis factor-a (TNF-«) and interleu-
kin 1.2238, These ROS and cytokines have a direct
cytotoxic effect on endothelial cells, and hepatocytes
can induce changes in cell membrane receptors in hepa-
tocytes and release of cytokines. TNF-a acts as the
central mediator in the hepatic response to I/R. The
production of TNF-« induces the expression of adhe-
sion molecules on vascular endothelial cells and stimu-
lates the production and release of neutrophil-attracting
chemokines. The final result is the recruitment of neu-
trophils. These activated neutrophils release ROS and
proteases that are responsible for the induced oxidative
stress during the late phase of reperfusion injury,3%:40
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Figure 1. Schematic presentation of pathophysiology of liver ischemia / reperfusion injury. IL-1, interleukin 18; EC,

endothelial cells.

which is much more severe compared to that during the
early phase.

Recent evidence suggests that the T-lymphocytes
can also be important mediators in short- and long-
term liver I/R injury. Their role seems to be a multifac-
torial one. There is evidence that systemic immunosup-
pression attenuates hepatocellular injury following
I/R.41-43 The adherence of CD4" T-lymphocytes in
hepatic sinusoids occurs during the early phase of reper-
fusion and is mediated by TNF-a and interleukin 1.44
These T-lymphocytes can increase Kupffer cell activa-
tion and can act as cellular mediators in polymorpho-
nuclear cell recruitment through the release of sub-
stances such as granulocyte colony stimulating factor
and interferon .45 The basic pathophysiological
mechanisms in hepatic I/R injury are summarized in
Figure 1.

Reactive Oxygen Species and I/R Injury

A “radical” is defined as any atom or biomolecule that
contains unpaired electrons.“¢ These unpaired electrons
influence the chemical reactivity, making the radical
more reactive than the corresponding nonradical.
Although oxygen (O,) is the most important biological
molecule for sustaining life, it is also the main source for
free radical formation due to its high availability.

The biologically relevant radicals are the superoxide
anion (O,°7), the hydroxyl radical (OH) and nitric
oxide (NO). Under normal conditions around 1 to 3%

of the oxygen that is metabolized in the mitochondria is
converted to the radical O," .47 Some other species are
intermediate in the metabolism of O, or NO but are
not radicals, as they do not contain unpaired electrons.
These intermediate species along with the radical spe-
cies are called ROS and RNS, respectively. The most
representative examples of nonradical ROS are hydro-
gen peroxide (H,O,) and hypochlorous acid. The most
representative of nonradical RNS is peroxynitrite
(ONOO")#8. Peroxynitrite is formed when there is
simultaneous production of nitric oxide with superox-
ide anion (equation 1):

NO + O, — ONOO - (1)

Tissue toxicity from superoxide generation is based on
its direct reactivity with numerous types of biological
(typically lipids, DNA, RNA,

echolamines, and steroids) and from its dismutation to

molecules cat-
form H,0O, 4 Trace amounts of metals ions (princi-
pally iron or copper) react with H,O, in what is known
as the Fenton reaction to produce the toxic radical
"OH.5° This radical can cleave covalent bonds in pro-
teins and carbohydrates and destroy cell membranes.
Liver injury induced by I/R is caused, at least par-
tially, by ROS and RNS. There is evidence that during
hepatic I/R there is generation and release of ROS and
RNS with concomitant consumption of endogenous
antioxidants and apoptotic or necrotic cell death.3:51-54
Although the exact sources of ROS generation in
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Table 1. Role of ROS in I/R Injury

Function

References

DNA damage

Inactivation of antiproteases
Induction of protective stress genes in hepatocytes

Enhance proinflammatory gene expression (TNF-q; IL-1, IL-8, cellular adhesion molecules)
Induce expression of the transcription factors NF-«B and activator protein-1

Direct cellular damage through protein oxidation and degradation, lipid peroxidation, and

Direct induction and regulation of apoptotic and necrotic cell death

Formation of mediators involved in regulating sinusoidal blood flow and liver regeneration

Lentch,22 2000
Liu,3® 2001

Zwacka,>8 1998
Harada,> 2003

Jaeschke, 2000
Rauen,” 1999
Rudiger,>* 2002
Weiss, 40 1989
Jaescke,? 2000
Bauer,% 2002
Nakatani,®! 1997
Paxian,® 2001

Abbreviations: IL-1, interleukin-1; IL-8, interleukin-8; NF-«B, nuclear factor kappa B.

liver I/R are still under investigation, the nicotinamide
adenine dinucleotide phosphate oxidase, the xanthine/
XOR system, and the mitochondria have been sug-
gested to play key roles.>> Although XOR was regarded
as the principal source of postischemic oxidant stress in
the liver, recent evidence suggests that XOR plays a
minor role as compared to the mitochondria.>¢ Mito-
chondria are the site of the production of large amounts
of superoxide, under conditions of oxidative stress. It is
this stress that finally leads to the formation of mem-
brane permeability transition pores and the breakdown
of the mitochondrial membrane potential that can
cause cellular death.>”

ROS and RNS can have an important role in signal
transduction pathways coordinating the body’s inflam-
matory response after liver I/R injury.20:39:5859 They are
involved as mediators in the production of substances
regulating liver blood flow®® and regeneration.6!:¢2
Transgenic mice with overexpression of antioxidant
enzymes have decreased cellular ploidy during liver
regeneration, suggesting a role for ROS in cell cycle
control." ROS also induce stress genes such as haem
oxygenase (HO)-1.6% The induction of HO-1 leads to
formation of the antioxidant biliverdin, the vasodilator
carbon monoxide, and iron. The multiple roles of ROS
in liver I/R are summarized in Table 1.

Role of Nitric Oxide in Liver I/R Injury

NO is a radical synthesized via the oxidation of L-argi-
nine by NO synthetase (NOS).** There are two major
isoforms of NOS in the liver, endothelial NOS and
inducible NOS (iNOS). Endothelial NOS is expressed

constitutively, and its activity is dependent on Ca**
and calmudulin.®> iNOS is synthesized by endothelial
cells, hepatocytes and Kuppfer cells and its activity is
Ca”" independent. NO is a lipophilic biomolecule that
diffuses to adjacent cells and enters the cytosol, where it
activates soluble guanylyl cyclase by binding to the iron
in the heme center, resulting in an intracellular increase
of cyclic guanosine monophosphate levels.%® Many of
the biological actions of NO are mediated through the
guanyl cyclase/cyclic guanosine monophosphate sys-
tem.

Under physiologic conditions only constitutive
endothelial NOS is present in the liver and the low level
of NO produced regulates hepatic perfusion, prevents
platelet adhesion, thrombosis, polymorphonuclear cell
accumulation and secretion of inflammatory media-
tors.67:68 NO also induces vasodilatation at the level of
the sinusoid and at pre-sinusoid sites®>7° to keep a
balance with vasoconstrictors such as endothelin.62

Induction of iNOS may have either toxic or protec-
tive effects. The effects are dependent on the type of
insult, the level and duration of iNOS expression and
the simultaneous production of superoxide anion.*’

In liver I/R iNOS messenger RNA expression starts
1 hour postreperfusion with increased iNOS activity at
5 hours postreperfusion.”! The literature concerning
the effect of iINOS in liver I/R injury is still ambivalent.
Some studies suggest that INOS expression has detri-
mental effects”>74 to liver function, while others sug-
gest that it is beneficial’>7¢ or has no effect at all.”7-78
One study with mice deficient in iNOS showed a mod-
erate reduction in reperfusion injury.”®

The toxic effects of NO are linked with the produc-
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tion of peroxynitrite, which is the product of O, and
NO. Peroxynitrite can cause cell injury through muld-
ple pathways: initiation of lipid peroxidation, direct
inhibition of mitochondrial respiratory chain enzymes,
inhibition of membrane Na*/ K" ATPase activity, or
oxidative protein modification such as formation of
nitrotyrosine.80-82

However whether NO will act as a cytoprotective or
cytotoxic agent depends on an number of factors, such
as NO-superoxide radical ratios, hepatic stores of
reduced glutathione, and the duration of ischemia.

The Antioxidant System

The body has developed major antioxidant defense
mechanisms to protect it from damage from free radi-
cals. An antioxidant is any substance that when present
at low concentrations, compared with those of an oxi-
dizable substrate, significantly delays or prevents oxida-
tion of the substrate.83 The endogenous antioxidants
mainly are small molecular weight substances that are
able to prevent initiation of oxidative damage or to limit
its propagation and enzymes that convert and detoxify
ROS and RNS. Cellular redox balance is in normal
circumstances under tight control. However, when
ROS and RNS are produced at levels that cannot be
counteracted by endogenous antioxidant systems, an
imbalance takes place, called oxidative stress.34 This
condition can lead to the damage of lipids, proteins,
carbohydrates, and nucleic acids. Hepatocytes tend to
be resistant to injury by ROS and RNS, since they
contain high intracellular concentrations of glutathione
(GSH), superoxide dismutase (SOD), catalase, and
lipid soluble antioxidants.

The antioxidant system is very important for the
living species and has allowed them to use O, for energy
production, without being exposed to the deleterious
effects of O,. The composition of antioxidant defences
differs from tissue to tissue and from cell to cell in a
given tissue. Also, different organs contain different
concentrations of antioxidants, and for this reason there
is variability in organ resistance to I/R. However, there
is evidence that the antioxidants operate as a balanced
and coordinated system and each relies on the action of
the others.85-86

Antioxidants are a heterogenous family of mole-
cules. Several classifications have been used in the past
taking into account the origin (natural or synthetic),
properties
(hydrophilic or lipophilic), mechanism (catalytical

nature (enzymatic or nonenzymatic),

removal of ROS, metal chelation, scavenging of ROS),
and site of action (intracellular; membrane, and extra-

cellular). This review is presented according to the site
of action of the antioxidants.

Intracellular antioxidant defenses include the super-
oxide dismutase; catalase; glutathione peroxidase and
reductase enzymes, the tripeptide glutathione, the
polypeptide thioredoxine, the enzyme HO, and peroxi-
dases of the peroxiredoxin family.

SOD catalyses the dismutation of superoxide to
hydrogen peroxide and oxygen (equation 2):

SOD

20" 4+ 2H" — H,0, + O, (2)
Three forms of SOD exist with different subcellular
localizations. Those containing copper and zinc are
located in the cytosol,#” manganese in the mitochon-
dria,®® and the extracellular form usually located on the
outside of plasma membrane interacting with matrix
components.

The product of reaction 2, H,0,, is a weak oxidant
and is relatively stable. However, unlike superoxide,
H, 0O, can rapidly diffuse across cell membranes, and in
the presence of transition metal ions it can be converted
to toxic hydroxyl radicals via Fenton chemistry (equa-
tion 3):

Fe*2+ H,0, —> Fe >+ OH+ OH ™~ (3)

Three main systems can break down H,0,. One of
them is the hemoprotein catalase. Catalase is present in
all major body organs, especially concentrated in liver.
It catalyzes the breakdown of hydrogen peroxide to
oxygen and water (equation 4):

2H,0, — O, + 2H,0 (4)

The second system consists of the glutathione peroxi-
dases. This group includes 4 different isoforms, such as
cellular, gastrointestinal, extracellular, and phospholip-
ids.8? They have a major role in removing hydrogen
peroxide generated by superoxide dismutase with the
oxidation of GSH to its oxidized form, glutathione

disulphide (GSSG) (equation 5):
2GSH + H,0, — GSSG + 2H,0 (5)

Glutathione reductase is also an important enzyme in
this system. It expresses its action through the regener-
ation of GSH from glutathione disulphide using nico-
tinamide adenine dinucleotide phosphate.

GSH is a tripeptide present in millimolar concentra-
tions in virtually all cells. It is an important component
of the endogenous antioxidant system. GSH’s main
function is to act as a cosubstrate of glutathione perox-
idase to reduce intracellularly generated peroxides.
GSH also scavenges directly ROS and RNS. GSH is
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involved in many other metabolic processes including
prevention of oxidation of protein sulthydryl groups
and chelation of copper ions. GSH is also present in the
extracellular fluids in very small concentrations.51-21.92

The third system consists of peroxidases of the per-
oxiredoxin family that reduce hydrogen peroxide and
alkyl hydroperoxides to water and alcohol respectively
using reducing equivalents. These equivalents are
derived specifically from thiol-containing donor mole-
cules, such as thioredoxin. They are located in the cyto-
plasm (peroxiredoxin I and II) and in mitochondria
(peroxiredoxin III).93:94

Thioredoxin is a polypeptide especially concen-
trated in the endoplasmic reticulum (thioredoxin 1),
but it is also found in mitochondria (thioredoxin 2).
Thioredoxin contains 2 adjacent sulthydryl groups in
its reduced form that are converted to a disulphide in
the oxidized form thioredoxin. In addition, it can
undergo redox reactions with multiple proteins.86-95

HO is an enzyme found in the endoplasmic reticu-
lum that catalyses the breakdown of haem to biliverdin
with the release of iron ions and carbon monoxide.
Three isoforms of HO have been characterized: HO-1,
which is highly inducible in conditions of inflammation
and oxidative stress, and HO-2 and HO-3, which are
constitutively expressed.s Induction of HO-1 protects
the cell against oxidative injury by controlling intracel-
lular levels of free heme (a prooxidant), producing biliv-
erdin (an antioxidant), and improving microcirculation
via carbon monoxide release.%3

Major extracellular antioxidant defenses include the
metal-binding proteins.®” Free metals iron and copper
can promote free radical damage, accelerating lipid per-
oxidation and catalyzing hydroxyl radical formation.
The body is protected against these potentially adverse
effects by metal-binding proteins that ensure that these
metals are maintained in a nonreactive state.”® Trans-
ferrin and lactoferrin bind iron, while ceruloplasmin
and albumin bind copper. Haemoglobin and myoglo-
bin are normally intracellular proteins. When these pro-
teins are exposed to a large amount of oxidative stress
such as H,0,, they are degraded, releasing both haem
and iron ions that can then stimulate lipid peroxida-
tion. Hemoglobin binding proteins known as hapto-
globins and haem binding proteins such as hemopexin
decrease the effectiveness of these substances in stimu-
lating lipid peroxidation.®”

In addition to the major protective role of the metal-
binding proteins, various low-molecular-weight mole-
cules that are synthesized in vivo have antioxidant prop-
erties.!90-192 The most important of these substances are
bilirubin, melatonin, lipoic acid, coenzyme Q, uric acid

and the melamins. Recent evidence suggests that uric
acid has an important role in the endogenous antioxi-
dant system!931%4 and that exogenous administration
of uric acid could have beneficial effects in situations
associated with oxidative stress.!05-106

A large number of dietary constituents exert antiox-
idant effects in vivo. The most important are hydro-
philic ascorbic acid (vitamin C) and lipophilic a-to-
copherol (the most active form of vitamin E) that are
important components of the human antioxidant sys-
tem. Ascorbate is required in vivo as a cofactor for many
enzymes, of which the best known are proline hydrox-
ylase and lysine hydroxylase, both involved in the bio-
synthesis of collagen. Its main chemical property is its
ability to act as a reducing agent. It can scavenge most
radicals such as O, ™, "OH, peroxyl, thiyl, oxysulphur
radicals, and peroxynitrite.?®197 The lipophilic a-to-
copherol is a highly effective antioxidant when incor-
porated in the lipid core of cell membranes. It has the
ability to scavenge intermediate peroxyl radicals and
therefore interrupt the chain reactions of lipid peroxi-
dation.108

Carotenoids are a group of colored pigments thatare
widespread in plant tissues. They serve as a precursor of
vitamin A and are the principal dietary source of vita-
min A in humans. They exert their antioxidantaction as
free-radical scavengers.!®?

Another group of antioxidants are the plant phenols.
Plants contain a huge range of phenols, including toco-
pherols, tocotrienols, flavonoids, anthocyanidins, and
phenylpropanoids. They inhibit peroxidation by acting
as chain-breaking peroxyl-radical scavengers. In addi-
tion, they scavenge ROS and RNS such as "OH,
ONOO™, and hypochlorous acid, and they act as metal
chelators.110-111

There is synergism among the different antioxidants
and they are linked to each other in a systematic rela-
tionship as part of the antioxidant network.8¢ Recent
studies in myocardial I/R injury suggest that the hydro-
philic agents (ascorbic acid, GSH) are consumed first
followed by the lipophilic species (vitamin E ).85112 It
has also been shown that ascorbate can recycle a-to-
copherol.8¢ Figure 2 summarizes the main antioxidant
mechanisms.

Antioxidant Therapy

A large number of antioxidant agents have been shown
clinically or experimentally to have benefit in the treat-
ment of liver I/R injury. Table 2 summarizes the effects
of these agents in liver I/R injury.
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Figure 2. Basic mechanisms of endogenous antioxidant
system. XOR and mitochondria are the main intracellular
sources of production of ROS. Kupffer cells and activated
neutrophils are the main extracellular sources for produc-
tion of ROS during the early and late phase of reperfusion
respectively. The main intracellular antioxidant enzymes
are SOD, catalase and GSH peroxidase. A-tocopherol and
coenzyme Q are the main antioxidants in cellular mem-
branes. PMN, polymorphonuclear cell; NADPH, nicotin-
amide adenine dinucleotide phosphate; GSSG, glutathi-
one disulphide.

Membrane and Extracellular Antioxidants

a-tocopherol is the most important inhibitor of the free
radical chain reaction of lipid peroxidation. It acts as a
direct free radical scavenger, increases GSH levels, and
has other nonantioxidant properties, such as the inhi-
bition of protein kinase C.'13-116 A significant reduc-
tion in liver a-tocopherol levels was observed during
the first hour of reperfusion in a rat model of liver
ischemia.!'” Pretreatment with high and very high
doses of a-tocopherol (30 and 300 mg/kg of body
weight intra-muscular, respectively) improved ATP lev-
els, prevented the increase in lipid peroxidation prod-
ucts such as thiobarbituric acid reactive substances, and
attenuated the loss of hepatic glutathione during the
early phase of reperfusion after warm ischemia in rats.5?
High doses of a-tocopherol (1,000 U/kg) also increased
the survival of rats with steatotic liver that underwent
warm liver ischemia.!'8 a-tocopherol has also shown
beneficial effects in cold I/R injury.''® Trolox C, the
hydrophilic analog of a-tocopherol, has shown benefi-
cial effects in experimental liver I/R injury.'2° The com-
bination of a-tocopherol and pentoxyphylline, a drug
that affects microcirculation as used in the treatment of
peripheral vascular disease, reduces experimental warm
liver I/R injury.'?!

Ascorbic acid in low doses (<100 mg/kg) has also
shown protective effects in hepatic function in an
experimental study of liver I/R injury. However, high
doses of ascorbic acid (1,000 mg/kg) aggravated the
injury. This harmful effect could be due to the increased
reduction of ferric iron to the ferrous form under high
ascorbic acid concentration.'?? A prospective random-
ized clinical study in patients undergoing liver resection
used an antioxidant multivitamin infusion containing
10 mg a-tocopherol acetate and 1 g ascorbate adminis-
tered prior to reperfusion. In the treated group, less
plasma lipid peroxidation occured and less acute liver
damage as assessed by measurement of the prothrom-
bine time and aminotransferase levels. The treated
group also had fewer postoperative complications
(postoperative infections and bleeding disorders).'23

Melatonin is a hormone produced by the pineal gland
that helps regulate circadian rhythms and exhibits antiox-
idant activity. In an experimental study with rats that
underwent 60 minutes of total liver ischemia and 2 hours
reperfusion, melatonin administration preserved func-
tional and energetic status, reduced TNF-a production
and inhibited expression of iINOS.'24 One recent clinical
study in patients undergoing liver resections suggested that
the protective effect of melatonin may be through the
enhancement of neutrophil apoptosis.'?>

Administration of lipoic acid in experimental mod-
els of warm and cold I/R injury showed protective
effects through the enhancement of the phosphatidyl-
inositol-kinase pathway.!26

Pretreatment with coenzyme Q prevented the post
ischemic loss of hepatic a-tocopherol and glutathio-
ne''7 and also attenuated the increase in lipid peroxida-
tion and the decrease in mitochondrial respiration in
rats submitted to partial hepatic ischemia.’?” Also, the
administration of idebenone that is an analog of coen-
zyme Q-10, in isolated perfused pig livers significantly
reduced the neutrophil mediated reperfusion injury.!28
The combination of coenzyme Q and pentoxyphylline
had a protective effect in warm I/R injury by main-
taining GSH levels and by inhibiting lipid peroxida-
tion,!2?

As mentioned before, free iron in its ferrous state can
catalyze the formation of hydroxyl radical from hydro-
gen peroxide (Fenton reaction). In this way it can ini-
tiate lipid peroxidation. Desferrioxamine is an iron che-
lator used for the treatment of iron loading diseases
such as thalassemia. Pretreatment with desferrioxamine
in vivo protected in experimental settings with warm
and cold hepatic ischemia.!30-132

A number of experimental studies using biomol-
ecules principally trimetazidine!33 or trimetazidine ana-



1038

Glantzounis et al.

Table 2. List of Antioxidant Agents With Beneficial Effects in Liver IR Injury

Injury  Mode of Main Protective
Antioxidant Category Species  Type Adm. Dose Effect Author
a-Tocopherol Vitamin-diet Rat W1 im 30 and 300 mg/kg  Survival, histology Giacoustidis®2
a-Tocopherol Vitamin-diet Rat CI/WT iv 50 TU/Kg Histology Gondolesi'!?
a-Tocopherol/ Vitamins-diet Clinical W1 iv 2 mg/1,000 mg Better PT Cerwenka'??
Ascorbate | Postop.
complications
Ascorbate Vitamin-diet Rat WI iv 30 and 100 mg/kg | Lipid Seo!??
peroxidation
Coenzyme Q/ In vivo LMM Rat W1 in/ip 10 mg/kg/50 mg/kg | Lipid Portakal!??
Pentoxyfylline agent peroxidation
Idebenone Coenzyme Q Pig CI 1 GSH levels Schutz'?8
derivative
Lipoic acid In vivo LMM Rat CI iv 500 uM Histology Muller?2¢
agent
Deferrioxamine  Iron chelator Dog C/WI  iv 20 mg/kg | AST activity Park!32
Trimetazidine Metal chelator ~ Rat WI iv/ip 2.5 mg/kg Histology Tsimoyiannis?
Quercetin Plant phenol Rat WI po 0.13 mmol/kg | ALT, AST Su'36
Cyanidin Plant phenol Rat W1 po 0.9 mmol/kg | Lipid Tsuda'?”
peroxidation
Green Tea Plant extracts Rat WI po 0.1% Histology Zhong'4?
Extracts (catechines)
Magpnifera indica  Plant extract Rat WI po 250 mg/kg | AST, ALT Sanchez!43
| Lipid
peroxidation
GSH In vivo LMM Rat WI iv 100 uM/h/kg | ALT Schauer!>°
agent 1 Survival
GSH In vivo LMM Rat CI/WI v 100 uM/h/kg | ALT Schauer!'#?
agent 1 Bile flow
N-acetylcysteine  Thiol Rabbit ~ WI iv 150 mg/kg | ALT Glantzounis'®
compound 1 Microcirculation
GSH precursor
N-acetylcysteine/  Thiol Rat WI ip 150 mg/kg/ | AST,ALT Sener!58
Melatonin compound 10 mg/kg | Lipid
peroxidation
N-acetylcysteine  Thiol Clinical CIU/WI iv | ICAM, | a-GST ~ Weigand'62
compound
Bucillamine Thiol Rat CUWI iv Survival Amersi'®
compound
SOD derivatives  Intracellular Rat WI iv 5,000 IU/Kg | Lipid Nguyen!74
enzyme peroxidation
CAT derivatives  Intracellular Rat W1 v 0.1 mg/kg | ALT, AST Yabe!77
enzyme
Allopurinol XO Inhibitor Rat WI ip 50 mg/kg | AST Jeon!7?
Aminoguanidine  iNOS inhibitor ~ Pig CUWI  iv 10 mg/kg Survival, histology Kimura”?

one.

Abbreviations: Adm., administration; W1, warm ischemia; im, intra-muscular; CI, cold ischemia; iv, intravenous; PT, prothrombin time;
in, intragastric; deriv, derivatives; LMM, low molecular molecule; AST, aspartate transaminase; po, per oral; ALT, alanine transaminase;
ICAM-1, intercellular adhesion molecule-1; a-GST, a-glutathione S-transferase; CAT, catalase; XO, xanthine oxidase; GSH, glutathi-

logs'34 have shown beneficial effects after warm liver

ischemia. The mode of action has been postulated to be

through the chelation of metals, mainly copper.’3> In
addition, plant phenols!’®®137 and herbal medi-
cines!38-143 have shown beneficial effects (Table 2).

From the above, it is clear that a lot of experimental
evidence exists about the protective effects of extracel-
lular antioxidants in hepatic I/R injury. However, the
majority of these antioxidants have not as yet been

tested in small or large clinical trials.
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Intracellular Antioxidants

Thiol-Containing Compounds

Sulphydryl groups exert their antioxidant action
through the oxidation of the thiol (sulthydryl) group of
cysteine. Furthermore, they have a central role as medi-
ators to the majority of redox-sensitive cell signaling
mechanisms.86.144

The main representative in this group is GSH. It
serves as a substrate for glutathione peroxidase and also
scavenges directly ROS.14514¢ Glutathione peroxidase
is the major defense system of the cell against ROS
found in the cytosol and mitochondria and detoxifies
H,O, very effectively. The main problem is that its
efficacy is dependent on the availability of intracellular
GSH and the ability of the cell to rereduce the oxidized
form, glutathione disulphide.4”

The administration of GSH or its precursors could
be expected to be effective if the compounds are sup-
plied at the time of declining tissue GSH levels.
Although initial experimental studies with GSH
administration in liver I/R have not shown a protective
effect,'8 recent studies in rats have shown that intrave-
nous administration of GSH in doses over 100 wmol/
h/kg offers significant protection from both warm and
cold liver ischemia.'4*15 Exogenous GSH administra-
tion has limited cellular uptake, due to its large molec-
ular size. This may limit its value in situations associated
with severe intracellular oxidative stress.'” Glutathione
precursors such as N-acetylcysteine (NAC) can enter
cells more easily due to its smaller size. NAC is a
biomolecule that is commercially available and was
introduced for the treatment of congestive and obstruc-
tive lung diseases, primarily those associated with
hypersecretion of mucus, such as chronic bronchitis
and cystic fibrosis.’>' NAC is currently the drug of
choice in the treatment of fulminant liver failure due to
paracetamol overdose.'>? The diversity in the pharma-
cological uses of NAC is due to the multiple chemical
properties of the cysteinyl thiol of the molecule. These
include its nucleophilicity and redox reactions. The
main mechanism of action of NAC is through the
metabolism to cysteine in vivo and synthesis of GSH.153
NAC can also act as a chemical antioxidant. In vitro
studies show that the interaction with free radical spe-
cies results in the intermediate formation of NAC thiyl
radicals, with NAC disulphide as the major end prod-
uct.!>4

The results in the literature about the effect of NAC
in liver warm I/R injury are still ambivalent.'>515¢ This
probably relates to differences in the method of NAC
administration and the duration of follow-up. Our

group has studied the effects of continuous intravenous
NAC administration in both the early and late phases of
I/R injury in a rabbit lobar liver I/R model. NAC sig-
nificantly improved liver function, microcirculation,
and hepatic tissue oxygenation during the late phase of
reperfusion.’>” The combination of NAC and melato-
nin has more pronounced beneficial effect, during the
early reperfusion period, than NAC or melatonin alone,
in a rat model of 45 minutes total warm liver isch-
emia.’>® Five small clinical trials have looked at the
effect of intravenous NAC administration in patients
undergoing liver transplantation. Two of these failed to
show any clear protection on postoperative graft func-
tion.15%:160 The third clinical study showed that NAC
administration was associated with better liver func-
tion, less hepatocellular injury, and lower incidence of
primary graft dysfunction.'¢! The fourth study showed
that NAC attenuated the increase in a-glutathione
S-transferase, circulating intracellular adhesion mole-
cule-1 and vascular cell adhesion molecule-1 af-
ter liver transplantation, indicating cytoprotective
effects.’%2 In the last study, NAC was used in combina-
tion with prostaglandin E; on pediatric liver transplant
recipients. In this study, peak serum alanine amino-
transferase was lower and median postoperative in-hos-
pital stay was shorter in the treated group, while rejec-
tion was less severe.163

Another related thiol compound is bucillamine,
which contains 2 thiol groups and is more potent than
other cysteine-derived agents that contain only 1
thiol.’®4 In an experimental study with normal and
steatotic rat livers, bucillamine administration signifi-
cantly reduced hepatic I/R injury and improved out-
comes after syngenic orthotopic liver transplanta-
tion.'®> Bucillamine in phase I human studies in
normal volunteers, at doses within the therapeutic
range (10-25 mg/kg/h), elicited no serious toxicity.!¢¢

Superoxide Dismutase

The rational behind using SOD is to accelerate the
detoxification of the superoxide anion, thus preventing
the generation of the highly reactive ‘OH radical. In
vivo experimental studies in hepatic I/R have reported
protective effects with SOD pre-treatment. %7168 How-
ever, some other studies failed to show a protective
effect with SOD administration.!6%:170

To effectively detoxify intracellular ROS, the SOD
molecule has to enter the cells intact, or superoxide has
to leave the cell to be metabolized extracellularly. There
is no evidence in the liver that superoxide moves
through cell membranes.

The main problems with SOD administration are



1040

Glantzounis et al.

the short half-life (about 6 min) and the lack of uptake
of the intact protein into cells.’4” Inadequate delivery to
target sites could be the cause for the mixed results
reported to date in the literature.

To improve the intracellular availability of SOD,
new derivatives have been developed. These include the
conjugation of SOD with carbohydrate structures that
facilitate the uptake into liver non-parenchymal cells.
The techniques that have been developed are mannosy-
lation, succinylation,'”" and pegylation.'”? Kupffer
and sinusoidal endothelial cells have receptors that
recognize and internalize ligands containing mannose,
succinylated and pegylated proteins. Targeted SOD
derivatives showed beneficial effects in preventing
experimental warm liver I/R injury.173.174

Catalase

The results in the literature are ambivalent concerning
the role of catalase in liver I/R175:17¢ injury. The main
problems are the same as with SOD, the short half-life
in plasma, and the difficulty of protein uptake into cells.
To bypass these difficulties, catalase-targeted deriva-
tives have been developed from conjugation with car-
bohydrates. The initial results appear promising,'”7 and
the administration of a combination of both enzymes
(catalase and SOD) has been tried and the results were
found to be good.'”® Among the different combina-
tions Man-SOD and Suc-catalase have shown the great-
est efficacy in preventing liver injury. This combination
reduced significantly inter-cellular adhesion molecule-1
expression and neutrophil infiltration.

Allopurinol

Allopurinol is an XO inhibitor. Low doses (5-10
mg/kg) are sufficient to inhibit hepatic activities of xan-
thine oxidase and xanthine dehydrogenase almost com-
pletely, but these doses were not protective of liver
I/R."7 On the other hand, an experimental study
where allopurinol was administered intra-peritoneal,
before ischemia, at high doses (50 mg/kg) showed a
clear protective role in rats subjected to liver I/R in-
jury.17? There is experimental evidence that allopurinol
has a protective role in acetaminophen-induced tox-
icity.'®® The most likely mechanism for this protective
effect is the prevention of mitochondrial oxidative
stress. An alternative mechanism is the action as a free
radical scavenger and most probably as a scavenger of
peroxynitrite. 80

Table 2 summarizes substances with extracellular
and intracellular antioxidant action that have shown
beneficial effects in liver I/R injury.

Antioxidants That Modulate NO Metabolism

NO can have either beneficial or detrimental effects in
liver I/R injury. Recent evidence has shown that during
the reperfusion period endothelial NOS is downregu-
lated in both hepatocytes and inflammatory cells during
the late phase.'8! The expression of iINOS is associated
with evidence of ONOO™ formation, although the
exact role of peroxynitrite in liver I/R is not clear.?° It
has been postulated that when the endogenous amount
of SOD or GSH is not enough to inhibit ONOO™
formation, cellular damage can occur. Pharmacological
intervention to block ONOO ™ formation could have a
protective role against the toxic effects of massive
ONOO™ production.*® This intervention could act
either at the level of the reactant (NO and O, ) or the
product (ONOQO™). The blockage of O, ™ can be done
by the use of SOD or its derivatives. There are reports in
the literature that showed beneficial effects with use of
selective inhibitors of iNOS in both warm and cold
liver I/R injury.72182

Strategies that aim at decreasing the intrinsic life-
time of ONOQO™ could be either competitive stoichio-
metric trapping of ONOO™ or catalysis of ONOO™
decomposition to benign products (for example
isomerization to nitrate). Such ONOO™ decomposi-
tors have been developed and have as their base iron
porphyrin complexes.® The search for other redox-
active complexes that will accomplish catalysis of the
peroxynitrite isomerization to nitrate still continues.

Antioxidant Gene Therapy

Gene therapy has recently been applied as a therapeutic
strategy against I/R injury. Two categories of vector
systems have been used: viral and nonviral. The advan-
tages of virus-based systems include higher infection
efficiencies and the ability to encode multiple large
genes.'83 The disadvantages include immunogenicity
and vector production issues. For these reasons, nonvi-
ral vector systems using lysosomes and DNA-protein
complexes have been developed.

In liver I/R injury predominantly, to date, viral vec-
tors, typically recombinant virus, have been used. High
doses of mitochondrial SOD administered via viral vec-
tor in rats prevented liver I/R injury via inactivation of
the transcription factors nuclear factor kappa B and
activator protein-1.'84 Experimental studies in a rat
liver transplantation model with normal and steatotic
livers have shown that cytosolic and mitochondrial
SOD markedly improved survival, whereas extracellu-
lar SOD was not protective.'8%18¢ In another experi-
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mental study,'8” overexpression of the 3 SOD isoforms
were all shown to protect against an increase in serum
transminases and hepatocellular necrosis following I/R
injury. They also significantly reduced the production
of lipid derived free radicals. The extracellular form was
protective when administrated in high doses.

A recent in vitro study has shown that the induction
of human genes expressing the peroxidase peroxire-
doxin can protect murine cells effectively from oxida-
tive stress.'88 Gene therapy therefore has potential for
amelioration of the effects of liver I/R. Although its
value to cadaveric liver transplantation may be limited
by the emergency nature of the procedure, it could have
application to elective liver surgery, such as liver resec-
tion for tumors or living donor liver transplantation.
However, the future success of gene therapies requires
better understanding of the pathophysiology of I/R.
Although ROS can cause cell injury during I/R, they
may also have a significant role in the normal cell
growth and proliferation. The targets should be ROS
that are responsible for cell injury; in addition, the
subcellular compartments that produce detrimental
ROS should be identified. A recombinant adenoviral
vector has been used to inhibit nuclear factor kappa B
activation in a model of partial hepatectomy,'8? result-
ing in massive apoptosis and also delaying the regener-
ation process. This study showed that nuclear factor
kappa B is important in preventing apoptosis and also
in enabling liver regeneration.

Conclusions

Liver I/R injury occurs in a number of clinical settings
in general surgery and is associated with increased mor-
bidity and mortality. ROS and RNS play a major role in
the pathophysiology of I/R injury. The antioxidant
defense system is a complex one that includes intracel-
lular enzymes, nonenzymatic substances that act as
scavengers, and dietary components. It normally con-
trols the production of ROS and RNS. Oxidative stress
occurs when there is significant imbalance between pro-
duction and removal of ROS and RNS. This occurs
principally when antioxidants are depleted or oxidants
are overproduced.

Antioxidant therapy is a promising therapeutic
strategy to ameliorate liver I/R injury. Drug therapy
has distinct advantages when compared to surgical
strategies such as ischaemic preconditioning since it
can be applied in conditions where the surgical strat-
egies cannot be applied (typically transplantation or
hemorrhagic shock) and at the same time avoid the
detrimental effects that the surgical techniques pos-

sess. In recent years, new strategies have been devel-
oped using, for example, SOD and CAT derivatives,
thiol compounds, selective NOS inhibitors, per-
therapy.
Although the results are still not entirely clear; there

oxynitrite decompositors, and gene
is accumulative evidence, mainly from in vitro and in
vivo experimental studies, that the administration of
antioxidant substances can reduce the postreperfu-
sion liver injury.

However, important parameters have to be taken in
account before antioxidant therapy is applied: (1) Free
radical pathways are very complex, and more studies are
needed for an in depth understanding of the mecha-
nisms involved. ROS and RNS at low concentrations
have an important role as signal, trigger, and messenger
molecules in cellular growth and metabolism.!90:191
The understanding of the signal transduction mecha-
nisms and the role of ROS and RNS in them enables us
to develop therapeutic strategies that will then target
detrimental oxidative stress but without affecting the
pathways that are responsible for normal cell growth,
repair and generation after liver I/R. (2) Free radicals are
very reactive with extremely short half-lives. Timing of
intervention is critical. (3) Certain antioxidants can also
exert pro-oxidant effects under specific conditions.8¢
(4) Differences between species, duration of ischemia,
dose, timing and mode of drug administration, distri-
bution problems, and different endpoints may account
for the inconsistency found in the results.

The evaluation of antioxidants in large-scale ran-
domized clinical trials in which treatment effects can be
closely monitored is therefore a necessity before routine
clinical application.
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