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ABSTRACT
The balance of redox is pivotal for normal function and integrity of tissues. Ischemic insults
occur as results of a variety of conditions, leading to an accumulation of reactive oxygen species
(ROS) and an imbalanced redox status in the tissues. The oxidant stress may activate signaling
mechanisms provoking more toxic events, and eventually cause tissue damage. Therefore,
treatments with antioxidants, free radical scavengers and their mimetics, as well as gene transfer
approaches to overexpress antioxidant genes represent potential therapeutic options to correct the
redox imbalance. Among them, antioxidant gene transfer may enhance the production of
antioxidant scavengers, and has been employed to experimentally prevent or treat ischemic
injury in cardiovascular, pulmonary, hepatic, intestinal, central nervous or other systems in
animal models. With improvements in vector systems and delivery approaches, innovative
antioxidant gene therapy has conferred better outcomes for myocardial infarction, reduced
restenosis after coronary angioplasty, improved the quality and function of liver grafts, as well as
outcome of intestinal and cerebral ischemic attacks. However, it is crucial to be mindful that like
other therapeutic armentarium, the efficacy of antioxidant gene transfer requires extensive
preclinical investigation before it can be used in patients, and that it may have unanticipated
short- or long-term adverse effects. Thus, it is critical to balance between the therapeutic benefits
and potential risks, to develop disease-specific antioxidant gene transfer strategies, to deliver the
therapy with an optimal time window and in a safe manner. This review attempts to provide the
rationale, the most effective approaches and the potential hurdles of available antioxidant gene
transfer approaches for ischemic injury in various organs, as well as the possible directions of
future preclinical and clinical investigations of this highly promising therapeutic modality.
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1.0 Introduction

1.1 Enhanced oxidant stress during ischemic conditions

Reactive oxygen species (ROS) are largely generated from mitochondrial energy metabolism via
oxidative phosphorylation in the respiratory chain of eukaryotes. Because of the existence of
antioxidant enzymes, such as superoxide dismutase (SOD) and catalase, and antioxidants, such
as the reduced form of glutathione (GSH), as well as vitamin C and E, the redox balance is well
maintained. Upon injurious insults including ischemia, inflammation, drugs, alcohol intake, or
environmental pollutants, there is increased production of superoxide anion (O,") or other ROS
from various sources resulting in the disturbance of this delicate balance. The increase in ROS
consumes endogenous antioxidant compounds, such as GSH, and induces expression of
antioxidant enzymes in order to maintain the redox balance. When the injury is pronounced or
persistent, compensatory responses become inadequate to correct the imbalanced redox state,
giving rise to oxidant stress, with activation of subsequent signaling events leading to
inflammatory responses and tissue damage. Cardiac, cerebral, pulmonary or intestinal ischemic
attacks often take place secondary to arterial thrombosis or emboli from other sites. In these
cases, enhanced oxidant stress exists along with chronic pathologic changes within the involved
vascular wall and surrounding tissue. In the event of ischemia/reperfusion (I/R)-induced donor
organ damage, oxidant stress depends on the donor conditions (living donor or cadaveric),
preservation method and duration, the match of tissue typing, as well as the complexity of
surgical procedure of implantation. More profound oxidant stress usually occurs when the blood
supply is re-established for either ischemic tissue or implanted grafts. Thus, oxidant stress
represents one of the major causes of ischemic injury, and antioxidant therapy may ameliorate
the injury when it is properly delivered during an optimal time window and at right doses. A
variety of antioxidants, scavengers, or scavenger mimetics have been evaluated in various
ischemic conditions. This review aims to provide an update of preclinical anti-oxidative
interventions in various organ systems in which ischemia is a common cause of tissue damage,
such as brain, heart, lung, and intestine. For I/R-associated donor organ injury, the liver is used as
an example for a better understanding of the complexity of gene transfer as a therapeutic
paradigm.

1.2 Antioxidant enzymes

Antioxidant enzymes play a fundamental role in maintaining the delicate redox balance in the
body and are essential in keeping the physiological function and in coping with oxidant stress
from endogenous or exogenous sources. The gene expression of most antioxidant enzymes, such
as SOD, glutathione peroxidase (Gpx), catalase or heme oxygenase-1 (HO-1), is inducible under
inflammation, trauma or other stressful conditions, and this induction represents the key
mechanism for the body in response to a variety of stressors. The following are common
antioxidant enzymes chosen for gene delivery in preventing or treating ischemic conditions. The
chemistry of their catalyzing reactions is shown in Fig. 1.

Superoxide dismutase (SOD), which catalyzes the dismutation of O, to hydrogen
peroxide (H,0,), is a major ROS scavenger (Fig. 1). There are three isozymes of SOD, and each
displays unique subcellular locations, and plays anti-oxidative roles in various compartments [1].
Cu/Zn-SOD is localized in the cytosol and nucleus of all cell types, and functions as the
intracellular anti-oxidative system [2]. Manganese SOD (Mn-SOD) is exclusively localized in
the mitochondria [3]. The unique extracellular distribution and secretory nature of extracellular
SOD (EC-SOD) offer anti-oxidative protection against ROS not only in the cytosol but also in
the extracellular space. Elevated SOD activity can be found in the cell lysates and culture
medium after EC-SOD gene delivery [1,4,5]. This is physiologically important because O;"
existing in the extracellular space cannot cross the cell membrane to be removed by intracellular
SOD [6].

Catalase, which is a potent scavenger of H,O,, provides another means of inhibiting
oxidant stress [7]. It prevents the formation of more toxic HO™ when SOD is insufficient to
remove O~ overload. Insufficient catalase activity may lead to an accumulatlon of H,O,, which
may in turn be converted into more toxic HO™ in the presence of Cu** and Fe** (Fenton reaction)
or O, (Haber-Wiess reaction) [7,8] (Fig. 1). Thus, the addition or production of catalase will



result in additional anti-oxidative activity against oxidative stress that is present under ischemic
conditions. The combination of SOD and catalase gene delivery may achieve additive effects in
reducing oxidant stress [9].

Glutathione peroxidase (Gpx) is a ubiquitous antioxidant enzyme that is located in both
the mitochondria and the cytosol. Similar to catalase, Gpx facilitates the breakdown of H,O, into
water and oxygen. The enzyme consumes GSH as a substrate for H,O, breakdown [7]. In in vitro
studies, Gpx was shown to confer greater protection against oxidative stress than SOD, catalase,
or the combination of SOD and catalase [10]. The primary defense against peroxide in the heart
is via Gpx, which is depleted during ischemia [11]. In one study, herpes simplex virus (HSV)
mediated Gpx overexpression in the striatum of rat brain was able to prevent subsequent
ischemic damage caused by middle cerebral artery occlusion [10].

Heme oxygenase-1 (HO-1) uses NADPH as a cofactor to catalyze the oxidative
degradation of heme to biliverdin, carbon monoxide and iron; and is a critical enzyme in heme
metabolism [12]. Indeed, HO-1 is conserved across species. ROS are scavenged during the
subsequent quick conversion of biliverdin into bilirubin catalyzed by biliverdin reductase [12].
Besides its action in heme metabolism, antioxidant role and cytoprotection may account for its
potential antioxidant effect on ischemic damage of neural tissue [13], heart [14,15], kidneys [16],
muscle [17] and liver [15,18-20]. Because of its function in vascular beds, a great amount of
attention has been focused on inducing HO-1 expression or overexpression in the cardiovascular
system to prevent ischemic myocardial injury [21].

2.0 Antioxidant Gene Transfer Vectors

The purpose of gene transfer is to introduce antioxidant enzyme genes into target organs in order
to prevent or treat ischemic attack or to prevent I/R-associated donor organ damage in
transplantation. To deliver functional genes to cells or tissues, viral vectors, such as adenoviral,
adeno-associated (AAV), retroviral or lentiviral vectors, and non-viral vectors, for instance,
liposomes, polymers, or other physical approaches or electroporation, can be used. Selecting a
proper vector with a feasible delivery approach is the key to achieve sufficient and persistent
transgene expression in target organs, because various viral or non-viral vectors exhibit different
gene transfer efficiency, immunogenicity, toxicity and oncogenicity. For viral vectors, viral
genetic background, integration site in the host genome, immunogenicity, foreign gene carrying
capacity, organ tropism, infectivity, and readiness for genetic modification and for vector
manipulation are the crucial factors to consider. For nonviral vectors, chemical structures of
synthetic lipids or polymers, transfection efficiency, cytotoxicity, in vivo stability, tissue
distribution, and feasible administration routes are the main issues to consider. The choice of the
most effective vector should be tailored for a particular need. General features of common gene
delivery systems are listed in Table 1 [22].

One must be cognizant of the advantages and disadvantages of the various vector systems
when preclinical trails are planned, because an ideal or universal gene delivery system has yet to
emerge. For high gene transfer efficiency, viral vectors, such as adenoviral vector or AAV are
generally used, especially for liver gene transfer because of their liver tropism [23]. However, the
immune response against viral components is a major concern, and it may lead to the loss of
infected recombinant viral vector and shut-down of the transgene expression [24]. AAV appears
to be more promising for clinical uses than adenoviral vector because of less toxicity to the
infected organ [25]. For long-term gene transfer, both retroviral vectors and lentiviral vectors can
be considered because of their ability to integrate into the genome. However, low transduction
efficiency in non-proliferative cells and the possibility of insertion-induced oncogenesis limit the
usefulness of retroviral vectors [26]. On the other hand, lentiviral vectors have been used more
frequently in recent years, due to their ability to transduce both proliferative and non-
proliferative cells, lower frequency in causing insertion-elicited mutation, and improved vector
safety profile [27]. For example, lentiviral vector encoding the human HO-1 gene under the
control of the antioxidant response element has a special application in the development of
oxidative stress-inducible gene therapy [28]. Moreover, HSV is used in the nervous system
because of its natural neurotropism [29]. For non-viral vectors, hydrodynamic plasmid



administration is widely used for high levels of liver transgene expression in rodents; however, it
is not directly applicable for large animals or humans [30,31]. With significant modifications,
minimally invasive and selective hydrodynamic gene transfer methods have been applied in pigs
[32,33], non-human primates [34], and humans [33], however, the gene transfer efficiency needs
to be improved. Nanoparticles made of lipids or polymers are commonly used non-viral vectors
for in vivo gene transfer via topical or systemic administration [35]. They are less immunogenic,
and may be more amendable for cell-specific or tissue-specific delivery than viral vectors [36].
Transient gene expression and relatively lower gene transfer efficiency are the common
disadvantages [37]. Taken together, balancing the risks and benefits of gene therapy for a specific
organ or disease process requires a thorough understanding of the vector systems as well as the
pathophysiology of the condition.

3.0 Antioxidant Gene Therapy for Cardiovascular Disorders

3.1 Cellular mechanisms of oxidative stress injury in cardiovascular diseases

Cardiovascular diseases represent one of the most common disorders affecting Western societies.
There is accumulating evidence to support the notion that oxidative injury plays a critical role in
several cardiovascular diseases including myocardial infarction, myocardial I/R, atherosclerosis,
endothelial dysfunction, restenosis, hypertension as well as cardiomyopathies and heart failure
[38-42]. The oxidative stress-associated injury is a direct result of an imbalance between an
increase in ROS production and a decrease in antioxidant reserve under various pathological
processes (Fig. 2). To fully understand the potentials and challenges of antioxidant therapy, it is
essential to appreciate the cellular mechanisms contributing to the imbalance which occurs
during these processes [40,42].

ROS generated in vascular endothelial cells were through NADPH oxidase (Nox),
uncoupled endothelial NO synthase (NOS) and byproduct of mitochondrial respiration (Fig. 2).
The overall effects of the oxidative stress result in an increase in Ca®" entry into cardiac
myocytes, alteration in gene expression and activation of distinct signal transduction pathways.
The resultant Ca** overload thus triggers wide spread injury on subcellular organelles in cardiac
myocytes, including sarcolemma, sarcoplasmic reticulum (SR), mitochondria, myofibrils and
nucleus. Specifically, ROS lead to lipid peroxidation and protein oxidation. Lipid oxidation leads
to disruption of the membrane lipid bilayer as well as the production of cytotoxic metabolites.
On the other hand, protein oxidation causes structural oxidation of sulthydryl groups or
methionine residues leading to conformational changes, fragmentation and polymerization.

Redox-sensitive proteins contain highly conserved cysteine residues, and their oxidation,
nitrosylation or the formation of disulfide bonds are crucial events in the redox signaling.
Changes in the redox state of proteins play an important role in many cellular functions including
gene transcription, cellular metabolism, ionic homeostasis and signal transduction. Previous
studies have documented that activity of various ion regulatory proteins can be modulated by
redox-dependent mechanisms. Redox-mediated alteration in the activity of ion channels and
pumps results in a significant increase in 1ntrace11u1ar Ca®" during I/R injury. Specifically, ROS
generation during I/R mJury directly affects Ca*'-handling proteins including ryanodine
receptors (RyR), SR Ca*"-ATPase (SERCA) as well as inositol 1,4,5-trisphosphate (IP;)-induced
Ca”" release channel [43]. Previous studies have shown that reagents that oxidize thiols activate
cardiac RyR channels, but inhibit the SERCA pump. Moreover, the redox modulation of RyR
activity is mediated by the redox modification of sulthydryl groups of cysteine residues. Other
key components of cardiac excitation—contraction coupling such as the SERCA and L-type Ca*"
channel are also subject to redox modulation. We and others have previously shown that the
pore-forming subunit of the L-type Ca*" channel contains functionally important free sulfhydryl
groups that modulate gating of the channel. Exposure of the channels to thiol oxidizing agents
results in a significant reduction in L-type Ca®" current [44,45]. Furthermore, ROS, presumably
acting as oxidants of the thiol groups, also decreased Ca’" currents [46]. A signiﬁcant increase in
ROS generation during reperfusion of the ischemic heart resulting in changes in the activity of
the major Ca*"-handlin ng proteins in cardiac myocytes is likely to play an important role in I/R-
related intracellular Ca™ overload [43].



Exposure to ROS also triggers the activation of a distinct signaling pathway as well as
alteration of gene expression. For example, H>O, has been shown to upregulate the gene
expression of growth factor in vascular endothelial cells and c-fos and c-jun in neonatal
cardiomyocytes. Activation of these genes was shown to be associated with the activation of
transcription factors including NF-xB and activator protein-1 (AP-1). Indeed, both NF-xB and
AP-1 represent one of the redox-sensitive molecular targets, and the activation of these
transcription factors is a prerequisite for induction of pro-inflammatory gene expression.

3.2 Antioxidant gene therapy for cardiovascular diseases

Despite the strong evidence supporting the link between oxidative stress and cardiac injury in
various types of cardiovascular diseases, the efficacy of oral antioxidant therapy has largely been
disappointing. It has been suggested that a more targeted delivery of antioxidant therapy via gene
transfer may provide a means to accomplish this goal. Indeed, a large number of studies to date
have provided exciting proof-of-concept that this targeted approach may be beneficial in
different pathological conditions. These studies have utilized a wide array of well described
animal models for cardiovascular diseases. Adenoviral vectors were used in most studies with a
few exceptions where AAV or retroviral vectors were used.

HO-1 is one of the best characterized protective genes in cardiovascular diseases and
represents one of the stress-inducible enzymes. The beneficial effects of HO-1 gene transfer have
been documented in several animal models including hypertension in spontaneously
hypertensive rats (SHR) [47], cardiac I/R injury [14,48,49] and carotid or femoral artery balloon
angioplasty [50,51]. Specifically, one study using a rat model of cardiac I/R showed that HO-1
gene transfer resulted in the reduction in infarct size. This was accompanied by decreases in
myocardial lipid peroxidation, proapoptotic protein Bax and proinflammatory cytokine
interleukin-1p. In addition, there was a concomitant increase in antiapoptotic Bcl-2 protein level
suggesting that HO-1 may exert its cardioprotective effects in part by reducing oxidative stress,
associated inflammation and apoptotic cell death [48]. Treatment with HO-1 gene transfer was
also associated with a reduction in fibrosis and ventricular remodeling as well as the restoration
of left ventricular function and chamber dimensions after myocardial infarction.

Vascular injury is characterized by inflammation with a local reparative process,
supporting a potential protective role for HO-1 in arterial repair. Previous studies have
demonstrated that induction of HO-1 attenuated neointima formation after experimental vascular
injury [50]. Induction of the HO-1 pathway reduced the severity of vascular injury by at least
two adaptive mechanisms independent of nitric oxide [51]. HO-1 directly reduced
vasoconstriction and inhibited cell proliferation during vascular injury. Expression of HO-1 in
arteries stimulated vascular relaxation, mediated by guanylate cyclase and cGMP, independent of
nitric oxide. In addition, HO-1 directly inhibited vascular smooth muscle cell growth, and the
inhibition was mediated by cell-cycle arrest. In addition, HO-1 adenoviral gene transfer has been
shown to decrease atherosclerotic lesions in an apoE mouse model of atherosclerosis [52]. These
studies suggest that HO-1 may represent an important in vivo vasoprotective mediator that is
capable of attenuating the pathophysiological remodeling response to endovascular injury.

Gene therapy with SOD including EC-SOD, Mn-SOD, Cu/Zn-SOD has been tested in a
variety of animal models. EC-SOD has been used successfully to decrease blood pressure in
SHR model [53], to reduce restenosis in balloon angioplasty models [54,55] as well as to reduce
infarct size in a cardiac I/R model [56,57]. EC-SOD gene therapy markedly reduced infarct size
in a rabbit model of myocardial infarction with 30 minutes of ischemia followed by reperfusion
compared to control group. A more recent study further supported the proof-of-concept from
earlier studies demonstrating that pre-emptive gene therapy using recombinant AAV delivery of
EC-SOD protects heart against I/R injury, improves ventricular function, and prolongs survival
in a rat model [57]. The EC-SOD gene was delivered 6 weeks prior to myocardial injury.
Significant myocardial protection was documented by the decrease in infarct size at 24 hour post
I/R, associated with an improved left ventricular function at 7 weeks post injury, as well as
enhanced long-term survival in the EC-SOD-treated group. The study provides evidence for
beneficial and cardioprotective effects of 'pre-emptive' gene therapy via expression of a secreted
protein that affords a paracrine cardioprotective action against future injury [57].



Similarly, Mn-SOD and Cu/Zn-SOD have also been shown to result in similar beneficial
effects in cardiac I/R injury [58,59]. The possible mechanisms underlying the cardioprotective
effects of Mn-SOD and Cu/Zn-SOD have been investigated in a rat model of cardiac I/R injury
using recombinant adenoviruses expressing Mn-SOD or Cu/Zn-SOD to modulate superoxide
levels in the mitochondrial or cytoplasmic compartments, respectively. Ectopic expression of
both Mn-SOD and Cu/Zn-SOD provided cardioprotection from I/R injury, as evidenced by a
significant reduction in infarct size as well as apoptotic cell death compared to controls.
Moreover, Mn-SOD and Cu/Zn-SOD expression significantly delayed the activation of NF-xB
and AP-1 transcription factors following I/R injury. Further analysis of pro- and anti-apoptotic
genes and protein expression revealed that ectopic SOD expression resulted in changes in gene
expression consistent with protection against apoptosis. The study supports the notion that both
mitochondrial and cytoplasmic-derived SOD isozymes provide cardioprotection against I/R
injury, and that their beneficial actions are derived, at least in part, from the alteration in AP-1
and NF-kB activation resulting in an overall antiapoptotic effect [58].

One of the new exciting areas of intense investigation that merit closer examination is the
use of antioxidant therapy in balloon injury. Percutaneous coronary intervention (PCI),
commonly known as coronary angioplasty, is a widely used technique for the treatment of acute
coronary syndrome as well as chronic ischemic heart diseases. The procedure is used to treat the
stenotic coronary arteries due to atherosclerosis secondary to the build up of cholesterol-laden
plaques. Previous studies have documented that balloon angioplasty induces an acute increase in
systemic oxidative stress, local O, generation and decreased vascular SOD activity [60-62]. The
procedure is associated with a significant incidence of restenosis. Therefore, drug-eluting
coronary stents (or scaffolds) are widely used that are placed into narrowed, diseased coronary
arteries allowing a slow release of drugs to block cell proliferation while the stents further
prevent the recoil and restenosis of the vessels. Drug-eluting stents in current clinical use were
approved by the FDA after clinical trials, showing that they were statistically superior to bare-
metal stents for the treatment of native coronary artery narrowing, having lower rates of major
adverse cardiac events. First-generation drug-eluting stents were coated with either rapamycin or
paclitaxel to prevent restenosis. However, some studies have found an increased risk for late
stent thrombosis [63,64]. Several novel stent systems are being investigated in order to address
these issues. A recent study has demonstrated beneficial effects of EC-SOD gene therapy in the
prevention of restenosis using balloon angioplasty in animal models [55]. Hence, local therapy
using viral vectors directed toward oxidative stress may thus represent an attractive strategy
against stent-induced vascular injury in atherosclerotic disease.

4.0 Antioxidant Gene Therapy for Pulmonary Diseases

4.1 Oxidant stress and the lungs

In the context of oxidative stress and injury, the lung represents a unique organ in the body since
it is directly exposed to higher oxygen tensions as well as environmental oxidants. ROS can be
generated either endogenously by metabolic reactions and lipid peroxidation products during
activation of circulating inflammatory cells as well as exogenously from air pollutants or
cigarette smoke. Most living cells, including lung cells, generate free radicals under normal
conditions. Similar to the cardiovascular system, an imbalance of the oxidative stress and
antioxidant mechanisms occurs during these pathologic states. Indeed, there is increasing
evidence that ROS generation plays a major role in a wide range of pulmonary diseases
including asthma, chronic obstructive pulmonary disease (COPD), I/R injury post transplantation,
parenchymal lung diseases, for example, idiopathic pulmonary fibrosis and lung granulomatous
diseases as well as malignancies. Asthma and COPD are inflammatory lung diseases that are
characterized by systemic and chronic inflammation and oxidative stress. Moreover, it is now
recognized that oxidative stress represents one of the main pathologic factors that perpetuate the
disease progression in COPD.

4.2 Antioxidant gene therapy for pulmonary diseases

Recent studies have suggested that antioxidant enzymes delivered to the lung can improve
alveolar epithelial and/or endothelial cell function. In many instances, gene transfer was the
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avenue leading to localized expression of these antioxidant enzymes [65]. In addition, nonviral
vectors using immunotargeting liposomes or transposon have also been used successfully in
different species. These studies have documented the beneficial effects of antioxidant enzymes in
a wide range of pulmonary diseases including I/R injury post transplantation, pulmonary toxicity
post irradiation and viral infection.

Lung transplantation has become an accepted therapy for end-stage pulmonary diseases
by offering the possibility of improved quality of life as well as life expectancy. However,
transplanted lungs are especially prone to I/R injury as compared to other transplant organs,
since the lungs received the entire cardiac output and are exposed to higher oxygen tension and
ROS. Despite advances in tissue preservation and improvement in surgical techniques, I/R injury
remains a common complication post lung transplantation. I/R injury has been suggested to be
one of the major risk factors for the development of primary acute graft failure post
transplantation and is characterized by endothelial dysfunction, capillary leak, and an intense
neutrophilic inflammatory reaction in the lung parenchyma. Moreover, the development of I/R
injury has been correlated with the later progression of obliterative bronchiolitis. Clinically, I/R
injury is seen as a progressive deterioration in gas exchange, opacification of the lung on chest
X-ray, and increased pulmonary vascular resistance within 24 hours post transplantation.

Even though the precise cellular mechanisms of I/R injury post transplantation have not
been fully elucidated, it has been recognized that inflammation and ROS-induced endothelial
dysfunction represent a critical component in the pathophysiology of lung I/R injury [66,67].
Several other mechanisms have also been identified including adhesion and sequestration of
activated leukocytes through disrupted endothelium followed by cytotoxic disruption of lung
parenchyma, complement activation, platelet activation, increased endothelin-1 expression, and
release of inflammatory cytokines [68].

Several therapeutic strategies aimed at disrupting a variety of these pathways have been
shown to attenuate I/R injury in animal models of lung transplantation. Enhanced pulmonary
endothelial oxidative stress is associated with profound vascular leak and extravasation of
inflammatory cells, leading to necrosis and programmed cell death in lung grafts. Accordingly,
recent studies have shown that immunotargeting of catalase, conjugated with an antibody to
platelet-endothelial cell adhesion molecule-1, to donor rats augmented the antioxidant capacity
of the pulmonary endothelium, reduced oxidative stress and I/R injury, and improved the
function of transplanted lung grafts [67]. One recent study has taken the advantage of the
preferential expression of angiotensin-converting enzyme (ACE) in pulmonary capillaries [69].
Conjugates of ACE monoclonal antibody (MAb) 9B9 with catalase (9B9-CAT) were evaluated in
Vivo using lung I/R injury in rats. The treated animals exhibited a significantly lower degree of
lung injury compared with control rats including decreased serum levels of endothelin-1 and
decreased expression of inducible NOS. Taken together, these studies support the potential
protective effects of antioxidative enzymes of the pulmonary endothelium [67,69].

Additional studies have tested the roles of indoleamine-2,3-dioxygenase (IDO), a unique
cytosolic enzyme possessing both T cell-suppressive and antioxidant properties, in I/R injury in a
rat model of lung transplantation [70,71]. Nonviral gene transfer approaches were used including
sleeping beauty transposon that can mediate long-term transgene expression [70] as well as
targeted delivery with cationic polymer [71]. It was shown that enhanced IDO activity prevented
endothelial cell apoptosis, reduced vascular permeability and leukocyte extravasation. These
biological effects were associated with an improvement in graft function and survival [71]. This
nonviral gene therapeutic approach led to persistent and uniform transgene expression in the rat
lung tissue without significant toxicity and inflammation.

One antioxidant enzyme that has been under intense investigation is HO-1. Recent
experimental data suggested that the stress-inducible HO-1 may play an important role in host's
defense against oxidant-induced lung injury [72]. Specifically, HO-1 is involved in the resolution
of inflammation by modulating apoptotic cell death or cytokine expression. Overexpression of
exogenous HO-1 gene provides a therapeutic effect in a murine model of acute lung injury
caused by type A influenza virus. HO-1 overexpression resulted in suppression of pathological
changes, intrapulmonary hemorrhage as well as inflammatory cells in the lung associated with



enhanced survival of animals. HO-1 gene transfer reduced cellular apoptosis. Since oxidative
stress and lung injury are involved in many lung disorders, such as pneumonia induced by a
variety of microorganisms and pulmonary fibrosis, HO-1 may be clinically useful for gene
therapy targeting a wide variety of lung disorders 1nc1ud1ng acute pneumonia and pulmonary
fibrosis [72].

Pulmonary toxicity is a major complication of irradiation to the lung or total body
irradiation used in patients prior to bone marrow transplantation. Antioxidant enzymes have been
shown to be beneficial in irradiation-induced lung injury [73,74]. Intratracheal injection of Mn-
SOD plasmid/liposome prior to irradiation in mice resulted in increased survival compared to
irradiated controls. The treatment significantly reduced late irradiation damage. These results
support the potential benefit of intrapulmonary Mn-SOD gene delivery in lung cancer patients
for protection of normal lung tissue from irradiation while allowing effective tumor control [73].

5.0 Antioxidant gene therapy for ischemic liver disorders

Due to the dual blood supply system (arterial and venous), the liver is less vulnerable to suffer
ischemic injury caused by portal vein thrombosis (PVT) or superior mesenteric artery embolism
or thrombosis. For PVT, the main clinical features are the manifestations of the primary disease
leading to PVT plus progressive portal hypertension and its complications. Patients with
myeloproliferative disorder, cirrhosis, Budd-Chiari syndrome, post-living donor, or liver
transplant recipients have a higher risk to spontaneously develop PVT. Primary hepatocellular
carcinoma (HCC) and pancreatic carcinoma may cause occlusion of the portal vein due to
indirect invasion and local compression. Superior mesenteric artery embolus or thrombus
predominantly manifests the symptoms of intestinal ischemia. Selective hepatic artery branch
embolization in combination with chemotherapeutic agents as an adjuvant treatment for
unresectable liver cancer can also lead to ischemic liver injury [75], and, I/R-associated donor
damage is a major challenge in liver transplant, especially when marginal liver grafts are used for
small-for-size or living donor transplant. In these cases, pronounced oxidant stress arises from
fatty or/and fibrotic changes in marginal grafts, the organ procurement, and transplant procedure.
5.1 Ischemia/reperfusion-induced liver injury and oxidant stress

Hepatic I/R injury occurs when there is a transient blockage of blood supply to the liver and
subsequent re-establishment of the blood supply. The severity of the damage depends on the
duration of ischemia, but the injury process is more extensive during the reperfusion period than
the ischemia [76]. The injury is characterized by the production of toxic ROS, disturbance of the
microcirculation, and activation of the coagulation system. The injury is classified into three
types: warm, cold ischemic and rewarming, depending on whether the ischemic organ is located
in situ (warm), or undergoing cold ischemia preservation (cold). The rewarming ischemia
typically occurs during manipulation of the graft when the cold liver is subjected to room or
body temperature while performing the vascular reconstruction [77].

The pathogenesis of hepatic I/R injury has been studied for nearly three decades, and
many crucial elements of the pathogenesis have been identified [77,78]. Development of hepatic
I/R injury can be divided into initial and late phases [79]. The initial phase (less than 2 hours
after reperfusion) is characterized by oxidative stress, where production and release of ROS
appear to directly result in hepatocellular injury. Our recent study showed that there was a
significant increase in O, and H,O, levels in liver homogenates during the early stage of the
reperfusion [9]. The late phase of liver injury from 6 to 48 hours after hepatic reperfusion is an
inflammatory disorder thought to be mediated by recruited neutrophils. The cells release
proteolytic enzymes and ROS, which contribute to the damage of hepatocytes and sinusoidal
endothelial cells (SEC). The primary ROS generated by neutrophils include O,", HO™, H,O,, and
their derivatives, such as ONOO™. Activated neutrophils also release elastase, cathepsin G,
heparanase, collagenase and hydrolytic enzymes that appear to be directly cytotoxic to
hepatocytes [77,78].

Our recent investigation with a sensitive chemiluminescent probe, MCLA (2-methyl-6-
(p-methoxyphenyl)-3,7-dihydroimidazo [1,2-a] pyrazin-3-one), for O, and singlet oxygen,
demonstrated that there is enhanced chemiluminescence of O, during the early stage of the



reperfusion, as early as 5 min after the beginning of the reperfusion, and that EC-SOD gene
delivery almost completely eliminated the oxidant stress and attenuated the liver injury caused
by the I/R procedure [9]. O," is a central and initial species that is readily converted to other
species when SOD activity is inadequate [8]. A significant amount of O," is thought to be
generated by infiltrative neutrophils, activated Kupffer cells, and damaged hepatocytes during
the I/R procedure [80]. The release of O, in hepatic I/R injury was demonstrated based on the
fact that allopurinol, a specific inhibitor of xanthine oxidase (XO), attenuated hepatic I/R injury
[81]. Recently, attention has been paid to Nox, which represents a major source of ROS in the
microcirculation. The subunits of the membrane-bound enzyme catalyze the reduction of
molecular O, to O;", and ultimately H,O,, using NADPH as the electron donor [82]. The
structure and functlon of Nox are well characterized. They are composed of the cytoplasmic
subunits p40°™*, p47°"* and p67°" and the GTP- -binding protein Rac as well as the membrane-
bound cytochrome-b558 complex (consisting of p22°"* and gp91P"**). The cascade of events
required for Nox activation is thought to be initiated by the phosphorylation of p47°™*, enabling
it to bind to gp91°"™. This activation results in the well-characterized generation of 05", Our
recent study suggests that Nox activation is a major source of increased O, generation during
hepatic I/R-induced injury because the use of a Nox-specific inhibitor, apocynin, decreased
MCLA chemiluminescent signal intensity and partially prevented the injury in a warm hepatic
I/R model [83]. A study with Nox knock-out mice suggests that Nox-derived O," from
neutrophils or Kupffer cells may contributes to elevated O™ levels [84]. O, originating from a
variety of cell types may be released into the extracellular space when cells are injured, and
cause toxicity to other surrounding cell types. Accumulated O, in the extracellular space and
intracellular subcellular compartments may be converted to more toxic H,O,, HO™, or ONOO™ in
the presence of H', H,O,, and nitric oxide (NO) [8]. These O, -derived ROS part1c1pate in the
inflammatory process and are critical components in the mediation of apoptotic and/or necrotic
cell death of parenchymal cells and SEC [77].

It has been determined that both necrosis and apoptosis occur in hepatic I/R injury, and
that during the extended ischemic phase, necrosis is a dominant pathway of cell death; whereas,
during the late phase of reperfusion apoptosis accounts for the majority of the cell death. Thus,
the entire I/R procedure is an oncotic process [85,86]. Growing evidence supports the notion that
oxidant stress is the major initiator in eliciting signaling pathways that lead to the onset of
necrosis/apoptosis during the hepatic I/R procedure, especially in the early stage of the process.
This establishes the rationale for the use of antioxidants, free radical scavengers, and antioxidant
and anti-apoptotic gene transfer for the prevention of hepatic I/R-associated injury, as well as
improvement of donor organ quality, function and survival after transplant.

5.2 Antioxidant gene therapy for hepatic ischemia/reperfusion injury

Providing more SOD activity by delivering the enzyme or SOD mimetics has been shown to be
effective in preventing a variety of forms of liver injury [87]. However, the half-life of SOD is
only six minutes [87]. Therefore, gene delivery of SOD, catalase or in combination may offer
better protection against ROS overload, minimize the potential toxicity of SOD mimetics [8],
and overcome the short half-life of the enzyme in the body. Adenoviral vectors of Cu/Zn-SOD,
Mn-SOD, and EC-SOD have been shown to protect against warm I/R injury in mouse liver
[88,89]. In these studies, adenoviral EC-SOD vectors were found to be somewhat less effective
than other two SOD isoform vectors [90]. It seems that sufficient gene expression is critical
because clear protection was only attained when the adenoviral titer was increased, and a 3-fold
increase in liver SOD activity was reached [89]. Moreover, it is known that adenoviral vectors
possess a number of disadvantages [91]. For long-term antioxidant gene transfer, we have
developed a recombinant lentiviral vector encoding Cu/Zn-SOD. The portal vein injection of
lentiviral vector led to sustained SOD activity in mouse liver for one month (the length of the
experiment), and the overexpression of Cu/Zn-SOD prevented carbon tetrachloride (CCly)-
induced liver injury in mice [92].

We have significantly improved a non-viral gene delivery approach by polymerizing a
cationic lipid to form polymerized cationic lipid (PCL) [93,94]. Polylipid nanoparticles (PLNP)
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are co-formulated from PCL and cholesterol, and are small in size (approximately 150 nm in
diameter). These PLNP are non-cytotoxic in vitro, and not toxic to the liver in vivo. They are also
very stable in serum-containing medium [93]. These serum-resistant PLNP have the least serum-
binding activity in comparison with other commercially available cationic lipids when tested in
vivo [93]. PLNP gave rise to substantial transgene expression in the liver when PLNP-DNA
complexes (polyplexes) were administered through the portal vein, and when thyroid hormone
(T3) was employed as a stimulus for hepatocyte regeneration [93]. In our studies, PLNP-
mediated EC-SOD or catalase gene delivery led to an approximately 10-fold increase in liver
SOD and catalase activity, and to a 50-fold increase in EC-SOD mRNA levels. The elevated
SOD or catalase activity in the liver protected mice from hepatic I/R injury [9]. Our findings
demonstrate that mice receiving either EC-SOD and/or catalase gene delivery markedly reduced
O, and H,O, levels, lowered serum levels of ALT, restored liver GSH content and reversed liver
MDA content. These findings coincided with a striking increase in SOD or catalase activity, and
their overexpression at the mRNA and protein levels [9]. This approach is being formulated for
the next stages of organ transplantation experiments and large animal studies [9,95].

In addition to SOD or catalase, other antioxidant enzyme genes have been also used in
the prevention of hepatic I/R injury. In an early study, treating genetically obese Zucker rats with
the HO-1 inducer, cobalt protoporphyrin (CoPP), or with adenoviral HO-1 (Ad-HO-1) vector
significantly improved portal venous blood flow, increased bile production, and decreased
hepatocyte injury. Following cold ischemia/isotransplantation, HO-1 overexpression induced by
CoPP or Ad-HO-1 therapy significantly extended animal survival. This effect correlated with
preserved hepatic architecture, improved liver function, and suppressed infiltration by T cells and
macrophages [20]. The protective role of HO-1 gene upregulation was further documented in
different models of immune-mediated acute liver injury [19]. In a separate study, prior
administration of an adenoviral vector encoding inducible HO-1 prevented remote liver injury
during systemic inflammatory responses to limb ischemia [18]. Thus, there exists growing
evidence that induction of endogenous HO-1 expression or overexpressing HO-1 by gene
transfer is beneficial in preventing hepatic I/R injury in which oxidant stress is critical for its
pathogenesis.

Instead of direct delivery of antioxidant genes, inhibiting Nox activation by targeting up-
streaming signaling molecules, such as Rho-kinase, has been investigated in a rat model of
hepatic I/R injury [96]. An adenoviral vector was used to deliver the dominant-negative Rho-
kinase gene in rats with Kupffer cell depletion. The overexpression of dominant-negative Rho-
kinase interrupted the function of native Rho-kinase activity and down-stream Nox activation in
hepatocytes, reduced ROS production, suppressed the release of pro-inflammatory cytokines,
and ameliorated the lethal liver injury with a significant prolongation of survival. These results
suggest that the Rho-kinase-mediated pathway plays a major role in ROS production through
Nox in hepatocytes during an early phase of reperfusion, and they suggest a new therapeutic
target for the prevention of primary graft failure in liver transplantation [96].

In summary, most gene transfer studies are performed prior to donor organ harvest, and the
level and duration of transgene expression are critical for the function of implanted grafts.
To date, no study is available to address whether an antioxidant gene can be delivered during the
window of donor organ procurement and implantation, or after grafts are implanted. The delivery
of an antioxidant gene during the transplant window or post-transplant would be helpful for
addressing oxidant stress during the reperfusion period and graft failure after transplant. Neither
viral nor non-vector systems are fully optimized for clinical use yet. For example, in the context
of our nonviral PLNP system, more studies are needed to critically analyze the best
administration routes, dose and time points of PLNP delivery, as well as to evaluate the efficacy,
species differences in immune responses, and adverse effects in large animals. All these are
necessary to translate the approach to clinical use.

6.0. Ischemic intestinal damage and antioxidant therapy
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Intestinal ischemia occurs when the main trunk or branches of the superior mesenteric artery
(SMA) is blocked by embolus or thrombosis as part of systemic thrombosis, temporary occlusion
of the mesenteric artery during abdomen surgery. The incidence of intestinal ischemia has
increased steadily over the past 25 years due to the advanced mean age of the population,
increasing number of critically ill patients, and a greater recognition of the condition [97]. SMA
embolism accounts for 50% of acute mesenteric arterial ischemia (AMI) with sudden severe
abdominal pain. Emboli most commonly originate from thrombi found in the left side of heart,
and are dislodged secondary to a cardiac arrhythmia, less commonly from atherosclerotic plague
in the artery or a thrombosed aortic aneurysm. SMA thrombosis accounts for 15% of AMI, and
may present acutely or as a slowly evolving chronic disorder [97]. The key treatment for AMI is
surgical revascularization, often with resection of necrotic bowel; and angiographic techniques
play an adjunctive but critical role. Adjuvant drug therapies include vasodilators, thrombolytics,
and anticoagulant agents [97]. Increasing attention has been paid to antioxidants based on
enhanced oxidant stress in this I/R process. Some antioxidants are classic, for example ascorbic
acid, vitamin E and their analogues [98] or others having been clinically approved for other
conditions (mannitol, N-acetyl cysteine, pentoxifylline) [99,100]. Another class of agents
includes newly synthesized or extracted natural compounds, such as compound IA (an
antioxidant, non-steroidal anti-inflammatory agent) [101], green tee polyphenol extract [102],
mesna [103], tempol [104], etc. However, most of these agents have been tested only in animal
experiments, and whether they will be evaluated in clinical trials remains unclear [105]. To date,
there is no report available concerning the use of antioxidant gene transfer as a therapeutic
approach for AMI or chronic non-occlusive superior mesenteric ischemia. However, HSV-
mediated Mn-SOD gene delivery was used to prevent enteritis caused by radiation in mice [106].
6.1 Rationale for the use of antioxidants as therapeutics for superior mesenteric ischemia
Like ischemic conditions in many other organs, the damage to the intestinal tract caused by
reperfusion following an ischemic insult is an example of oxidative injury, and the evidence
exists that oxidative stress plays a critical role in this process [107]. XO is one of major sources
of abundant O,", as evidenced by the fact that that increased permeability secondary to ischemia
can be mimicked by local intra-arterial injection of hypoxanthine and XO [108], and that
enhanced leukocyte-endothelium interactions following colonic I/R in mice were largely
abrogated by pretreatment with SOD or allopurinol [109]. Allopurinol is an inhibitor of XO, and
has been shown to be protective against I/R-induced injury in the liver [83]. Our recent study
demonstrated that Nox is critical for hepatic I/R-induced injury [83]; whereas, no similar report
has been seen with intestinal ischemic damage. Further evidence supporting the role of oxidant
stress in the pathogenesis of intestinal ischemic injury is that GSH levels were decreased
following reperfusion in rats [103]. These changes occurred concurrently with increased MDA
levels in animals and patients with intestinal ischemia [109,110]. Moreover, a preconditioning
procedure to the small intestine prevented subsequent standard I/R insult to the same segment of
the gut. N-o-nitro-L-arginine, a blocker of NO synthase, inhibited the role of pre-ischemic
conditioning [111], suggesting that NO synthesis is involved in the preischemic conditioning-
associated protection. The role of NO production in intestinal ischemic injury is dichotomous.
NO production may be beneficial to the vasodilation of ischemic tissue; on the other hand,
excessive NO accumulation is cytotoxic and proapoptotic for vascular endothelial cells and
mucosal epithelial cells [112]. The accumulation of neutrophils in the ischemic area is thought to
be a major element in causing tissue damage in several ways, by releasing proteolytic enzymes
and ROS, and by causing the physical impairment of the microcirculation and thereby extending
the ischemic duration of the involved tissue [107]. In fact, neutrophils might be the major
sources of O, via the Nox pathway as proved in other systems [113].

Other mediators during intestinal ischemic injury include endothelins (ETs) [114],
inducible heat shock proteins (HSPs) [107], and HO-1. ETs are potent and long-lasting
vasconstrictive peptides. Together with increased neutrophil infiltration, and microvascular and
mucosal dysfunction, ETs contribute to the pathogenesis of I/R-induced intestinal damage.
Endothelial receptor antagonists, BQ485+BQ788, improved microscopic damage, reversed
increased blood flow resistance, and reduced infiltration of neutrophil infiltration as evidenced

12



by reduced myeloperoxidase activity in ischemic intestinal tissue [114]. Inducible HSPs are
intracellular stress proteins (HSP-70 and HSP-72 and HSP-73) that have been shown to
accumulate in the ischemic area [107], and increased HSP levels may be associated with
protection by pre-ischemic conditioning. As noted earlier, HO-1 is a stress-inducible protein
capable of modulating inflammation, oxidative stress, and cell death. HO-1 was found to be
highly expressed in the mucosa of ischemic colitis [115], and CoPP-induced upregulation of HO-
1 before a warm I/R insult resulted in significant reduction of intestinal tissue injury [116]. These
factors together with ROS, neutrophil accumulation and other factors contribute to the further
progression of tissue damage in a complicated interplay [107], and are targets of novel
therapeutics.
6.2 Antioxidant treatments of intestinal ischemia/reperfusion injury
The main objective of the treatment is the restoration of blood flow to normal levels in ischemic
vascular beds. Importantly, if bowel is rendered ischemic for more prolonged periods, then
antioxidants and other treatments have no effect, indicating that the oxidant damage is only
operant in the initial reversible phase of tissue damage. There appears to be a critical time point
of 6-8 hours after infarction [97], and beyond this point, the damage to the intestinal tract will be
irreversible. Thus, early diagnosis of acute superior mesenteric embolus or thrombosis at a time
point where the intestine has not lost its viability is the key for the implementation of treatments
and for improving the survival and prognosis of patients. The guidelines for proper diagnosis and
surgical and pharmacologic managements of AMI are covered elsewhere [97,105]. The
following is the summary of recent attempts in the use of antioxidant and biological therapy for
minimizing intestinal I/R injury, mostly in animal experiments.
6.2.1 Antioxidant enzymes and mimetics
The usefulness of SOD alone in the prevention of intestinal I/R injury has been documented in
animal experiments, and co-use with catalase may achieve better protection in animal studies.
However, SOD has a very short half-life in its activity, and its clinical application is limited.
SOD mimetics exert similar activity, are permeable for the cell membrane, and have a longer
bioactivity. M40401, a new Mn-based SOD mimetic, was tested in a rat model of intestinal I/R
injury. M40401 significantly improved animal survival after splanchnic artery occlusion,
decreased the extent of tissue damage in ileum sections, and MDA levels and MPO activity, as
well as neutrophil infiltration. The prior administration of the mimetic exhibited potent SOD
activity as indicated by much lower ONOO™ levels in the tissue. Reduced neutrophil infiltration
will also decrease the source of O, from these cells. Therefore, it appears that an SOD mimetic
has its potential use in the treatment of intestinal I/R injury. Viral and non-viral delivery of SOD
isoform and catalase genes has been used in I/R-induced injury in other organs [9,57]. It is
intriguing to investigate whether antioxidative gene delivery would achieve greater protection
against injury when compared to administration of SOD or its mimetic, because the production
of the transgene should extend the protective effects; Mn-SOD gene delivery is beneficial for
radiation-caused enteritis [106]; and oral gene delivery approach has been developed [117].
6.2.2 Erythropoiethin
Erythropoiethin (EPO) is a glycoprotein cytokine produced primarily by the kidneys in
regulation of red blood cell production, and is commonly used in the clinics for patients after
chemotherapy or anemia. Besides its angiogenic action, anti-inflammatory and antiapoptotic
property, EPO has been shown to be antioxidative and cytoprotective. These features are
mediated through its receptor, consisting of a heteromeric complex containing an EPO receptor
and a B common receptor subunit [118]. A recent study showed that before and after an intestinal
I/R insult, EPO administration partially reversed the tissue damage, restored tissue catalase
activity, reduced MDA levels, neutrophil MPO activity and apoptotic cell count, as well as
minimized eNOS expression. Thus, EPO is effective in attenuating intestinal I/R-induced injury
in rats, and the protective effects are associated with its antioxidative and cytoprotective features
[119]. This study offers a possibility that exogenous EPO delivery might be replaced by
endogenous production via a mode of gene transfer approach to the gut.

In summary, occlusive acute mesenteric artery embolism or thrombosis-induced ischemia
requires an immediate surgical attention when there are peritoneal signs. Indications for
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pharmacological treatments are those who have an early diagnosis and do not need surgical
interventions. The treatments mainly include thrombolytics and vasodilators. For chronic
mesenteric ischemia, both surgical and pharmacotherapy can be considered [120].
Vasoconstrictive agents may potentiate the ischemia and cause irreversible damage to the
ischemic tissue, and should be avoided. Efficacy of antioxidant or biological treatments has not
been verified in randomized clinical trials. Thus, whether these new strategies will be used in
clinical medicine depends on the results of clinical studies. However, some of the antioxidant
therapeutic options discussed in this section suggest new directions for clinical investigation of
these modalities.

7.0 Antioxidant Gene Transfer for Ischemic Cerebral Diseases

7.1 Scales of the clinical problems

CNS ischemia occurs due to an interruption of blood flow, most often secondary to cardiac arrest,
embolus, thrombus, or hypotension. Predictable exposure to focal brain ischemia may occur
during neurosurgical resection, carotid endarterectomy, cardiac artery bypass (CABG) or total
circulatory arrest procedures [121]. Risks of spinal cord ischemia leading to paraplegia after
thoracic aneurysm surgery can be as high as 40% [122]. Currently, there are no effective
therapeutic interventions. Therefore, the ability to successfully deliver and express exogenous
antioxidant gene sequences to the CNS has widespread clinical application after injury or in
neurodegenerative disease.

When the balance between free radical production during normal cellular respiration and
free radical degradation is disrupted due to ischemia or reperfusion, tissue damage can occur due
to increased production of ROS [123,124]. There are multiple pathways of cellular damage that
can result from increased ROS, including signaling cascades, disruption of lipid membranes,
increased excitatory amino acids (EAA), initiation of apoptosis, protein modification, and DNA
damage [125]. As described in the preceding sections, the delivery of anti- oxidant gene
sequences such as SOD, Gpx, or HO-1 has been used to attenuate post-ischemic injury.

7.2 Specific targets in the CNS

A number of targets for antioxidant gene delivery have been identified in the CNS. ROS are
thought to play a role in Parkinson’s disease [126,127], and amyotrophic lateral sclerosis (ALS)
[128-130], as well as in ischemia. HO-1 is elevated in the oxidative stress that occurs after
traumatic brain injury (TBI) in humans [131]. Growing evidence suggests that HO-1 is not only
important in the degradation of heme, but also possesses antioxidant properties, regulates
vascular tone, and prevents apoptosis in endothelial cells [12]. Overexpression of this protective
enzyme is a strategy to increase ROS conversion, particularly after hemorrhage [12], which
should be especially useful after stroke.

Several animal models have successfully targeted SOD. For example, intraperitoneal
injection of Tat-SOD fusion protein in a gerbil model protected against transient forebrain
ischemia [132]. Neuronal nitric oxide synthase (nNOS) mediated nitration and inactivation of
MnSOD is a potential target due to enhanced peroxynitrite production [133]. Mn-SOD nitration
mediated by adriamycin has also been linked to CNS toxicity [134], and can in part be limited by
elevation of brain GSH [135]. Overexpression of Cu/Zn-SOD to block mitochondrial caspase
activation also protected neurons in a global ischemia model [136].

There have been several animal models that target post-injury apoptosis through
antioxidant gene over-expression or delivery. As mentioned earlier, HSV-mediated Gpx
overexpression in the striatum of rat brain was able to prevent subsequent ischemic damage, to
improve neural survival, and to reduce neuronal oxidant stress and apoptotic death [10]. In
another study, catalase overexpression protected neurons in a stroke model [137] by inhibiting
cytochrome C release and by increasing Bel-2, an anti-apoptotic protein. Inhibition of apoptosis
is 1nv01ved in many of these antioxidant strategles including delivery to ‘sensitive to apoptosis
gene’ (SAG). An Ad-CMV-SAG expression in mouse brain protected from ischemic injury by
decreased ROS and apoptosis [138]. Finally, neuronal apoptosis inhibitory protein (NAIP)
prevented apoptosis in the brain in response to multiple stimuli including ischemia [139], and it
is clear that there is a synergy between reducing apoptosis through antioxidant targeting.
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Cerebral I/R leads to upregulation of the 12/15-lipoxygenase, which leads to edema and
microvascular injury [140]. Treatment with lipoxygenase inhibitors, such as siRNA, blocked
injury and reduced edema, and offers another target for gene expression. Another strategy that
has been implemented with both adenoviral and lentiviral vectors is the use of the Nrf2
transcription factor to drive the antioxidant response element (ARE) in NRF2-expressing
astrocytes [141,142]. Oxidative injury in rodent models of focal ischemia has been shown in the
endoplasmic reticulum [143]. Oxidative ischemic stress results in TNK3 activation through
kainate receptor glutamate receptor 6 (GluR6) binding to PSD95, via MLK3 signaling. Delivery
of the antioxidant N-acetylcysteine blocked this activation [144].

7.3 Non-viral delivery of HSP mRNA or cDNA for CNS ischemia

In our own work, we hypothesize that cellular survival can be improved by expressing
therapeutic anti-oxidant genes in the CNS using non-viral delivery of DNA or mRNA vectors.
The long-range goal of such a therapy is to prevent or minimize CNS damage by the introduction
of intracellular nucleic acids that encode for anti-oxidant proteins but avoids the risks of viral
vectors. Delivery and rapid expression of appropriate anti-oxidant gene sequences in the CNS
can minimize ischemic CNS and spinal cord injury, provided that delivery and distribution can
achieve widespread gene expression in the CNS. To develop clinically applicable approaches for
neural gene transfer, we take advantage of cerebral spinal fluid (CSF), which is an effective way
to express foreign genes in the brain [145-147]. This technique is intended for those clinical
applications in which the risks of the CNS injury are sufficiently high so as to justify the
potential relatively minor risks of intrathecal CNS delivery, such as after tissue plasminogen
activator treatment to minimize the reperfusion injury. mRNA offers advantages over DNA
vectors for many clinical applications, because transfected mRNA is available for translation
once delivered into cytoplasm and is therefore expressed much more rapidly than DNA, whereas
DNA must be transported into the nucleus for transcription before transport back to the
cytoplasm [148-150]. The short duration of expression with mRNA transfection is also an
advantage in some clinical situations.

7.3.1 Heat shock proteins in antioxidant strategies

The heat shock proteins (HSPs), in particular HSP70, appear to be involved in the regulation of
many stress responses, from cellular to the entire organism. For example, HSP70 helps regulate
cellular redox status in ischemia [151], possibly through a mechanism whereby nuclear HSP70
blocks oxidative stress induced high mobility group box 1 protein (HMGBI1) cytoplasmic
translocation [152]. The Cu/Zn-SOD mutation is responsible for approximately 10% of familial
ALS, and overexpression of Hsp70 or Hsp27 prevents apoptosis in a mutant Cu/Zn-SOD model
[153]. Gene transfer therapy with an HSV vector expressing HSP70 improved neuron survival
after focal cerebral ischemia and kainate-induced excitotoxicity [154,155], and this was likely
due at least in part to the role in preventing apoptosis caused by the oxidative stress of
excitotoxicity. In a similar example, hippocampal neurons transfected with the HSP70 gene using
an HSV vector improved neuron survival in a rat model of middle cerebral artery occlusion [156].
Recent reports also demonstrate a role for HSP70 after CNS injury. A gutted HSV vector [157]
provided some of the first in vivo evidence for cellular protection using HSP70 after injury, and
this is thought in part to be due to the antioxidant interaction of HSP70.

In summary, the delivery of antioxidant genes to CNS by viral or non-viral vector is
possible. Non-viral vectors may offer advantages over viral methods in both safety and ease of
use. The CSF provides an efficient access to the brain and spinal cord. It seems that the far-
reaching and efficient distribution, uptake and expression of our RNA and DNA vectors are due
to non-specific bulk transport, facilitated by cardiac oscillations along intra-parenchymal peri-
vascular channels and across less-than-tight junctions in the brain [150,158].

8.0 Prospects and Conclusions

Ischemic diseases in cardiovascular and CNS account for the majority of morbidity and mortality
worldwide, and the incidence is increasing due to an aging population. Ischemic injury occurs
when there is reduced blood supply or complete occlusion of artery. The causes for ischemic
insults vary from organ to organ, and rupture of atherosclerotic plagues with resultant formation
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of thrombi represents a major cause for acute ischemic injury in heart, brain, lung, intestinal tract
and other organs. Intermittent constriction or compression from outside of vessels also causes a
reduced or cessation of blood supply. Lung, heart and liver transplantation remains the only
effective therapy for end-stage lung, heart or liver diseases. Due to the scarcity of donor organs,
majority of patients who qualify for transplantation will not be transplanted, and eventually die
on the waiting lists. For the same reason, marginal or small size grafts are used for transplant.
Recipients with marginal or small size grafts have a higher possibility of developing graft failure
and severe I/R-associated injury.

Both ischemic damage and I/R-associated donor injury share similar pathologic pathways,
i.e. enhanced oxidant stress and ROS-triggered signaling mechanisms leading to cell death via
apoptosis and/or necrosis. Indeed, growing evidence has demonstrated that therapy using
antioxidants, free radical scavengers or their mimetics, as well as antioxidant gene transfer can
be beneficial by reducing oxidant stress, blocking the activation of signaling mechanisms leading
to cellular apoptosis, attenuating tissue damage, and promoting tissue recovery. Thus, the
antioxidant therapy at an early stage is considered as an adjuvant regimen in a variety of
ischemic disorders.

Gene therapy as a therapeutic paradigm holds tremendous promise for different types of
genetic deficiencies, cancer and varieties of ailments. With improvements in vector systems and
gene transfer approaches, successful preclinical or clinical trails are encouraging in exploring
this treatment in ischemic disorders or I/R-induced injury in organ transplant. Overexpression of
SOD gene has been shown to be beneficial for the recovery of cardiac ischemic attack and
prolongs animal survival in preclinical experiments. Induction of endogenous HO-1 expression
or HO-1 gene transfer prevents experimental vascular injury. Anti-oxidant enzyme or its gene
transfer benefits not only for a variety of lung disorders, including COPD, irradiation lung
damage, but also for lung graft function and survival in recipients. Antioxidant gene transfer
resulted in much reduced hepatic I/R injury and improved function and survival of fatty liver
grafts in experiments with rodents. Although no gene transfer study has been reported with
ischemic intestinal attack so far, antioxidants are shown to be effective in attenuating the injury.
Gpx gene delivery has been shown to prevent ischemic stroke in rat, even with post-ischemic
gene transfer, and the neuroprotective mechanism involves attenuation of apoptosis-related
events [10]. Even though the results of these translational studies are encouraging, several
critical issues remain unanswered, and further investigations to examine the usefulness of
various antioxidant gene transfer approaches are warranted. For example, large animal studies
are required to evaluate the beneficial effects of this new treatment paradigm. The most
advantageous type of vectors to be used for certain tissue or organ as well as the particular
enzymes or combination thereof is likely to be additional keys to successful treatment. Both
timing for gene delivery and long-term follow up are critical. Moreover, safety concerns are
paramount; hence, side effect profiles need to be carefully determined. The possibilities of these
innovative gene transfer approaches are far reaching once they prove to be feasible and safe for
clinical use. Millions of patients with ischemic disorders may benefit from this new treatment for
their illness, and more donor organs will function and survive in recipients with less I/R injury.
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Table 1. Characteristics of commonly used vectors in gene transfer

Vector Genome Foreign Transfection or | Genomic Tropism
gene- transduction integration (Examples)
carrying
capacity

Retrovirus ssRNA ~8.0 kb Stable Yes Wide range of cells with
species specificity

Adenovirus dsDNA ~7.5kb Transient No Liver, epithelial cells

Adeno- ssDNA ~4.7 kb Stable No Liver, brain, heart,

associated muscle, bone marrow

virus (AAV)

SV40 dsDNA ~5.0kb Stable No Liver, lung, spleen,
lymphocytes

Lentivirus ssRNA ~5.0kb Stable Yes Proliferating and non-
proliferating cells

Herpes dsDNA | ~15.0kb Stable No Neural  tropism  and

simplex virus spread in nerve system

(HSV) [159]

Plasmid DNA | dsDNA Depending Transient No Most cell types

on plasmid
constructs

Liposome or | dsDNA Depending Transient No Formulation-dependent,

polymer- on plasmid and in most cell types

mediated gene constructs

delivery

Modified from Yen RD, et al. [22]. dsDNA = double stranded DNA; ssDNA = single stranded DNA.
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Fig. 1 Chemical reactions involved in formation of reactive oxygen species (ROS) and actions
of ROS scavengers. Common ROS include O,", hydrogen peroxide (H,O;), hydroxyl radical
(OH) singlet molecular oxygen ('O,), nitric oxide (NO) and peroxynitrite anion (ONOO™). SOD

= superoxide dismutase (modified from Wu et al. 1999 [7]).
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Fig. 2 Diagram depicting an imbalance in cellular redox state from an increase in the production
of ROS and a decrease in antioxidant reserve under various pathological processes leading to

tissue injury.
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