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ABSTRACT

Protection of alveolar epithelial cells (alveolocytes) and vascular endothelial cells against pulmonary oxidative
stress is an important problem. An inadequate delivery to the target cells limits the protective utility of the an-
tioxidant enzymes, superoxide dismutase (SOD) and catalase. SOD and catalase modifications, such as coupling
with polyethylene glycol and encapsulation in liposomes, prolong the life span of the active enzymes in vivo. The
airway administration of SOD and catalase protects alveolocytes against hyperoxic oxidative stress. Although pul-
monary endothelium is poorly accessible from the airways, it is accessible from circulation. However, antioxidant
enzymes and their derivatives display poor targeting to pulmonary endothelium. To improve the targeting and
provide intracellular delivery to endothelium, the enzymes can be conjugated with antibodies against endothe-
lial antigens, such as angiotensin-converting enzyme and adhesion molecules [intercellular adhesion molecule-1
(ICAM-1) or platelet-endothelial cell adhesion molecule-1 (PECAM-1)]. These immunoconjugates accumulate in
the pulmonary vasculature in intact animals, enter endothelium, and augment the antioxidant defenses. The im-
munoconjugates directed against ICAM-1 and PECAM-1 may also provide a secondary therapeutic benefit by
blocking of sequestration and infiltration of leukocytes in the lungs. Further investigations are necessary to eval-
uate the therapeutic effectiveness of the vascular immunotargeting of antioxidant enzymes and solve technical
problems associated with production of safe, clinically useful conjugates. Antioxid. Redox Signal. 3, 39–62.
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INTRODUCTION

PULMONARY OXIDATIVE STRESS is a pathologi-
cal condition implicated in many diseases

and syndromes. Both alveolar epithelium and
vascular endothelium represent important tar-
gets for antioxidant therapy. Superoxide dis-
mutases (SOD; enzymes converting superoxide
anion to H2O2) and catalase (an enzyme con-
verting H2O2 to water) represent potential pro-
tein drugs for antioxidant therapy. However,
the results of animal and clinical studies pro-
vide an impression that SOD and catalase af-
ford rather modest (if any) protective effect
against oxidative stress. At least in part, the
modest benefit can be attributed to an inade-

quate delivery of the enzymes to the sites of the
therapeutic action.

This review discusses the current means for
the delivery of SOD and catalase to the lungs.
For the sake of brevity, it focuses on protein
drugs and does not discuss delivery of genetic
material encoding antioxidant proteins. The
goal of this article is to analyze critically the po-
tential applicability of antioxidant enzymes for
prevention or treatment of pulmonary oxida-
tive stress, outline main problems of this strat-
egy, and reveal avenues for its improvement.
The article gives a detailed analysis of the re-
sults of the airway administration of antioxi-
dant enzymes and their derivatives and dis-
cusses attempts for the intravascular delivery
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of these agents, including a novel means for im-
munotargeting of catalase and SOD to the pul-
monary vascular endothelium.

A BRIEF OVERVIEW OF OXIDATIVE
LUNG INJURY; ALVEOLAR EPITHELIUM
AND VASCULAR ENDOTHELIUM AS

TARGETS FOR ANTIOXIDANT THERAPY

Oxidative injury to the lung that occurs in
many diseases is often initiated and propa-
gated by overproduction of the key reactive
oxygen species (ROS) superoxide anion and
H2O2. Superoxide anion produces potent oxi-
dants, hydroxyl radical, and peroxynitrite in re-
actions with metals or with nitric oxide,
whereas H2O2 generates hydroxyl radical,
hypochlorous acid, and nitrating agents (14, 68,
102). Extracellular ROS first attack components
of the extracellular milieu and the outer leaflet
of the plasma membrane. Intracellular ROS
first attack components of the inner leaflet of
the plasma membrane and the cellular interior,
including DNA and regulatory proteins. Im-
portantly, intracellular oxidants are less acces-
sible to drugs than the extracellular counter-
part.

Oxidative stress in the lung can be initiated
and propagated via many scenarios (see Table

1). Inflammation represents the most common
mechanism (53). For example, alveolar macro-
phages activated by pathogens or environ-
mental factors (e.g., smoke) release ROS and
pro-inflammatory mediators (chemoattractants
and cytokines), which up-regulate adhesion
molecules and activate blood leukocytes (184).
Activated leukocytes transmigrate into the
lung tissue, generate ROS and cytokines, and
propagate lung inflammation and oxidative in-
jury (193).

Leukocytes (neutrophils and monocytes)
also propagate lung injury caused by mechan-
ical ventilation with high oxygen (hyperoxia).
This procedure helps to maintain a sufficient
blood oxygenation in the hypoxic patients (e.g.,
in trauma patients and premature infants).
However, mitochondria and other oxygen-uti-
lizing systems are unable to detoxify all ROS
formed in the course of oxygen utilization and
transport under hyperoxia (27, 75, 180). A di-
rect oxidative injury caused by environmental
oxidants is further propagated via the inflam-
mation cascade described above.

Abnormal ventilation in chronic obstructive
pulmonary disease leads to a reorganization of
the lung tissue and emphysema, a condition as-
sociated with elevated protease activity in lung
tissue. Excessive proteolysis in lung tissue
leads to generation of pro-inflammatory medi-
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TABLE 1. SELECTED VARIANTS OF PULMONARY OXIDATIVE STRESS

Pathology Mechanism Target compartment and cell

Inflammation ROS and cytokines produced by activated Injury initiation:
alveolar macrophages damage lung tissue, up- alveolar, epithelium
regulate endothelial adhesion molecules, attract Injury propagation:
leukocytes that propagate the injury. vascular, endothelium

Oxygen toxicity, hyperoxia Elevated level of O2 in the lungs leads to over- Injury initiation:
production of ROS in the tissue, with some of alveolar, epithelium
the above consequences. Injury propagation:

vascular, endothelium

Chronic obstructive Elevated lung protease activity generates pro- Injury initiation:
pulmonary disease inflammatory cytokines and release of ROS by interstitial

resident and migrating phagocytes. Injury propagation:
vascular, endothelium

Endotoxemia, sepsis, Systemic activation of leukocytes and up- Initiation and propagation:
trauma, ARDS/ALI regulation of endothelial adhesion molecules lead vascular, endothelium

to vascular injury.

Pancreatitis, gastrointestinal Leukocytes activated in the abdominal vasculature Initiation and propagation:
ischemia–reperfusion accumulate in the pulmonary capillaries, damage vascular, endothelium

endothelium, and infiltrate the lung tissue.



ators, activation of alveolar macrophages, and
recruitment of blood leukocytes, hence oxida-
tive stress and persisting lung injury (147).

Trauma, sepsis, acute pancreatitis, intestinal
and hepatic ischemia–reperfusion, hemor-
rhage, coagulation disorders, and other patho-
logical conditions associated with systemic ac-
tivation of complement, leukocytes, and
generation of inflammatory mediators may
cause secondary oxidative stress in the lung, for
example, an acute lung injury syndrome [ALI;
also known as adult respiratory distress syn-
drome (ARDS)]. Pulmonary vasculature con-
tains an extended capillary network and serves
as a natural filter for activated leukocytes.
These aggressive cells attack pulmonary en-
dothelium, infiltrate the lung tissue, and cause
oxidative injury (22, 95).

Gas and liquid exchange is the main physi-
ological function of the lung; hence the major
portion of the lung volume belongs to the alve-
olar and vascular compartments. Thus, alveo-
lar epithelium (lining the air surface of the alve-
oli) and endothelium (lining the capillary
network surrounding the alveoli), separated in
this compartment by the basal membrane, rep-
resent the two major cellular constituents in
lung tissue (Table 2). These cell types suffer the
most intense oxidative injury and represent im-
portant targets for antioxidant therapy.

Two types of alveolar epithelium (alveolo-
cytes) have been described in human lungs.
Type I, flat cells that cover the majority of the
alveolar surface, are involved mainly in gas
and liquid exchange between the air and blood
compartments. Type II, cuboidal cells that rep-
resent only 5% of the alveolar epithelium, also

exercise important functions. First, type II cells
are the major source for the repair of alveolar
tissue and regrowth of type I cells. Second, type
II cells produce and recycle the lung surfactant.
This mixture of phospholipids and specific pro-
teins reduces surface tension within the alve-
oli, prevents alveolar collapse, and thus per-
mits a normal breathing cycle. Surfactant
proteins B and C are critically important for this
function of the lung surfactant. Third, type II
cells are involved in the host defense in the air-
ways, because surfactant protein A (SP-A) is a
lectin important for opsonization of pathogens.

Type I and II epithelial cells lining the alve-
oli are susceptible to oxidant attack by envi-
ronmental ROS and ROS released from acti-
vated macrophages or leukocytes. Oxidative
damage to the alveolocytes leads to the surfac-
tant dysfunction, compromises gas and liquid
exchange, and may lead to hypoxia, lung
edema, and inflammation. Theoretically, an-
tioxidants delivered directly to the alveolocytes
via the airways may permit effective protec-
tion.

Endothelium is an interface between blood
and underlying tissues that transduces chemi-
cal and mechanical signals, and regulates lev-
els of vasoactive compounds such as an-
giotensins, substance P, bradykinin, nitric
oxide, oxidants, cytokines, and growth factors.
Pulmonary endothelial cells control vascular
permeability in the lung, regulate vascular
tone, manage the interaction of blood cells with
pulmonary tissue, help to maintain the balance
between blood coagulation and fibrinolysis in
the lung, and contribute to immunological re-
actions in lung tissue. Endothelium is arguably

SOD AND CATALASE DELIVERY TO LUNG CELLS 41

TABLE 2. PULMONARY EPITHELIAL AND ENDOTHELIAL CELLS: TARGETS FOR ANTIOXIDANT THERAPY

Cell type Type I epithelium Type II epithelium Endothelium

Compartment Alveolar, flat cells Alveolar, cuboidal cells Vascular, monolayer cells

Main functions Gas and liquid exchange Production of surfactant, Blood–tissue barrier that
regeneration of alveolar regulates vascular pressure,
epithelium permeability, inflammation

Major target Hyperoxia Hyperoxia ALI/ARDS
upon Inflammation Inflammation Inflammation, hyperoxia

Primary/secondary Macrophages Macrophages Neutrophils (endothelium,
sources of ROS (neutrophils) (neutrophils) macrophages)

Accessible from Airways Airways Circulation



the most important target for antioxidant ther-
apy in many pathological settings. Pulmonary
endothelium is predisposed to injury induced
by ROS released from activated leukocytes (68).
Endothelial damage is extremely dangerous,
because it compromises the vitally important
functions of the endothelium and may initiate
a cascade of pro-inflammatory events.

In addition to frequently being the target for
attack by extracellular oxidants, endothelial
cells can generate ROS (e.g., H2O2 or O2

2). En-
zymatic pathways that may generate ROS in
the endothelium include the following: (i) xan-
thine oxidase formed from xanthine dehydro-
genase upon hypoxia (207); (ii) lipoxygenase
and cyclooxygenase activated by hormones, cy-
tokines, or inflammatory mediators (100); (iii)
univalent reduction of molecular oxygen by
respiratory chain enzymes in the mitochondria
(138); (iv) uncoupled superoxide anion gener-
ation by nitric oxide synthase (141); and (v)
NADPH-oxidase or NADH-oxidase activated
upon ischemia or by cytokines (2). ROS up-reg-
ulate expression of endothelial surface adhe-
sion molecules used by leukocytes as anchors
for rolling, adhesion, and tissue migration.
Thus, endothelial cells may provoke neutrophil
attack. This mechanism is involved in propa-
gation of pulmonary oxidative stress associated
with cardiopulmonary bypass, radiation, and
lung transplantation. In these settings, ROS and
pro-inflammatory mediators generated in lung
tissue initiate the cascade of pro-inflammatory
reactions described above, which results in pul-
monary sequestration of leukocytes and lung
injury. Importantly, a portion of ROS released
by the adherent neutrophils diffuse inside the
endothelium and become inaccessible to an-
tioxidants in blood (162). At high concentra-

tions, ROS cause irreversible damage and kill
vascular endothelium.

Endothelial cells are relatively accessible for
drugs circulating in the bloodstream. Ideally,
antioxidant therapy of the endothelium would
combine (i) intracellular delivery of antioxidant
enzymes, to intercept intracellular ROS, and (ii)
blockage of endothelial adhesion molecules, to
suppress leukocyte attack and inflammation.

GENERAL PROPERTIES OF SOD AND
CATALASE AND THEIR DERIVATIVES

Antioxidant enzymes, SOD and catalase, are
not consumed by ROS and have high affinities
and rates of reaction with ROS. Three forms of
SOD, namely CuZnSOD, MnSOD, and extra-
cellular SOD (exSOD), exist in mammals (55,
79). Table 3 gives a brief overview of their prop-
erties. All forms of SOD convert superoxide an-
ion to H2O2. As superoxide anion may form hy-
droxyl radical and peroxynitrite, SOD protects
against oxidative stress and helps to maintain
normal regulatory functions of nitric oxide. In
the absence of an adequate detoxification of
H2O2, however, SOD may aggravate oxidative
stress (70, 125, 136, 178). Catalase is a heme-
containing tetrameric protein (Mr-240 kDa) that
can be found in almost every tissue in many
organisms. Each subunit (Mr-60 kDa) consists
of a single polypeptide chain associated with a
single prosthetic group, ferric protoporphyrin
IX. Catalase rapidly decomposes H2O2 to wa-
ter and oxygen.

However, despite the great expectations gen-
erated two decades ago, the protective antiox-
idant potential of SOD and catalase has yet to
be translated into effective, reliable, and safe
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TABLE 3. GENERAL PROPERTIES OF SODS AND CATALASE

Enzyme CuZnSOD MnSOD ExSOD Catalase

General properties Dimer Tetramer Tetramer Tetramer
Cellular distribution Cytosol Mitochondria Plasma membrane Peroxisomes
Reaction catalyzed O2

2 to H2O2 O2
2 to H2O2 O2

2 to H2O2 H2O2 to H2O and O2
Natural affinity Not known Not known Heparin Not known
Half-life in blood 4–5 min 4–5 min 3–6 min 10–15 min
Elimination pathway Renal excretion, Renal excretion, Hepatic uptake Hepatic uptake

hepatic uptake hepatic uptake



therapeutic strategies (see 55, 62, 103, 143).
Studies in intact animals and in humans reveal
that an unfavorable pharmacokinetic profile
and an inadequate delivery to the target cells
severely restrict therapeutic application of SOD
and catalase (62, 143, 194).

Oral administration of SOD and catalase is
not effective, because the enzymes are poorly
absorbed from and rapidly degraded in the
gastrointestinal tract (59, 145). Repeated injec-
tions of the enzymes may elicit immune reac-
tions, although recombinant human proteins
are likely to be safer in terms of this adverse ef-
fect (182). Chemical camouflage (see below)
also may help to elude the host defense system
and attenuate immune reactions.

SOD and catalase have an extremely short
life span in the bloodstream, with a half-life of
,10 min (79, 80, 163, 182). Renal excretion rep-
resents the major pathway for the elimination
of CuZnSOD (131, 179). Sinusoidal hepatic
phagocytes (Kupffer cells) also display rapid
uptake of CuZnSOD in vivo (42, 43, 171). Ex-
SOD possesses a significant affinity to heparin

(82). Thus, exSOD binding to charged compo-
nents of glycocalyx leads to rapid hepatic up-
take of exSOD; injection of heparin permits the
release of a portion of tissue-sequestered ex-
SOD to the bloodstream enabling the elevation
of systemic antioxidant potential of circulating
exSOD (10, 80). Hepatic uptake is also the ma-
jor pathway for catalase elimination (118, 202).

Numerous modifications of SOD and cata-
lase have been used to improve their pharma-
cokinetics. The major goals for the modification
of SOD and catalase are as follows: (i) to pro-
long life span of the enzymes in vivo; (ii) to re-
duce their immunogenicity; (iii) to attain effec-
tive delivery to target tissues or cells; and (iv)
to facilitate intracellular uptake of the enzymes
(see Table 4 for an overview).

The covalent coupling of activated polyeth-
ylene glycol (PEG) to amino groups of lysine
within the enzymes was introduced by Abu-
chowski and co-workers in the late 1970s for
the optimization of the pharmacokinetics of
therapeutic proteins and polymers. Linear PEG
molecules form a shell that masks a protein
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TABLE 4. SELECTED MODIFICATIONS OF SOD AND CATALASE FOR THERAPEUTIC USE

Applications
Modification, derivative properties Properties in vivo (other than lung)

Coupling of PEG: PEG-SOD and PEG-catalase have a Myocardial ischemia
Protects proteins against recognition prolonged life span and higher activity Cerebral ischemia

by immune system and phagocytes, in vivo. Gastrointestinal ischemia
facilitates intracellular delivery Renal ischemia

Inflammation

Encapsulation in liposomes: Liposome-encapsulated SOD and Brain injury, ischemia
Protects proteins against inactivation catalase have a prolonged life span Hepatic necrosis

in blood, promotes cellular uptake and higher activity. Inflammation
Radiation injury

Coupling of SM: SM-SOD circulates in an albumin- Myocardial ischemia
Renders enzymes an affinity to associated form for a prolonged time Hepatic ischemia

albumin and accumulates in the sites of acidosis.

Lecithinized SOD (PC-SOD): PC-SOD binds to blood and vascular cells Brain injury
Renders SOD an affinity to the and has a prolonged life span. Vascular injury

plasma membrane components

Coupling of putrescine: PUT-catalase and PUT-SOD accumulate Brain ischemia–reperfusion
Renders the enzymes an affinity to in the brain after intravenous injection. Brain injury

brain–blood barrier

Coupling of mannose: Targeting of mannosylated enzymes to Liver inflammation
Renders the enzymes an affinity to the hepatic macrophages

mannose receptors

Coupling of gelatin: Gelatin-SOD has a prolonged life span Peripheral inflammation
Increases stability and affinity to and lower antigenicity.

extracellular matrix



from recognition by the immune system and
phagocytes (1). Thus, PEG-modified proteins
escape rapid elimination by macrophages, and
circulate in the bloodstream for a prolonged
time without eliciting dangerous immune re-
actions (“stealth technologies”).

Coupling of PEG to SOD and catalase dra-
matically prolongs the half-lives of the en-
zymes in the bloodstream, from 5 and 15 min,
respectively, to several hours (1, 142, 185). PEG-
SOD and PEG-catalase do not cause detectable
adverse effects in animal studies (186). The in-
crease in life span in vivo and suppression of
the immune response depend on the number
and length of PEG polymers attached to a pro-
tein (154). In most studies, PEG-5000 has been
used to modify the therapeutic proteins, in-
cluding the antioxidant enzymes.

PEG-SOD and PEG-catalase display more ef-
fective intracellular delivery than the unmodi-
fied enzymes in cell culture (12, 69, 189). The
mechanism of the cellular entry and metabo-
lism of PEG-modified enzymes has yet to be
fully understood. However, due to a favorable
pharmacokinetic profile, PEG-SOD and PEG-
catalase afford a more potent protective effect
than unmodified enzymes in many animal
models and clinical studies.

For example, PEG-modified SOD and cata-
lase are protective in animal models of vascu-
lar, renal, hepatic, and cerebral oxidative stress
(67, 94, 108). Several reports indicate that PEG-
modified SOD and catalase display a superior
protective potential over unmodified enzymes
in animal models of myocardial ischemia (25,
170). Negative results with PEG-modified en-
zymes, however, have also been reported (66,
171). Most likely, a prolonged circulation is nec-
essary, but not sufficient for protection. Thera-
peutic advantages of PEG-modified SOD and
catalase remain to be characterized, although
some clinical studies imply that these deriva-
tives may have therapeutic merit (115, 177).

Another approach is encapsulation of cata-
lase and SOD in liposomes. Liposomes, syn-
thetic vesicles comprising phospholipids and
cholesterol, have gained a prominent profile as
a vehicle for delivery of small drugs (antibi-
otics), genetic material (DNA), and therapeutic
proteins. Modulation of the liposome mem-
brane allows production of unilamellar and

multilamellar vesicles of defined fluidity,
charge, and size (ranging from 50 nm to 50 mm).
A liposome-encapsulated drug is protected
from inactivation and causes less significant
systemic effects. Modification of the outer sur-
face of the liposome with masking and target-
ing moieties (e.g., PEG and antibodies) allows
extension of their life span in the body and ac-
cumulation of liposomes in the target sites. Li-
posome vehicles also may provide the advan-
tage of facilitated intracellular delivery, via
fusion with the plasma membrane lipids, re-
ceptor-mediated endocytosis, and phagocyto-
sis (140). Encapsulation of SOD and catalase in
liposomes prolongs life span of the enzymes in
the bloodstream, attenuates immune reactions,
and facilitates cellular uptake of the enzymes
in cell culture and animal models (26, 52, 123).
Encapsulation of SOD in liposomes may im-
prove its bioavailability after oral delivery
(144).

Systemic administration of liposomal deriv-
atives of SOD provided protective effect in an-
imal models of toxic hepatic necrosis (122), ad-
juvant arthritis (26), oxidative injury to the
brain (206), and brain ischemia–reperfusion
(72). Results of clinical studies imply that lipo-
somal SOD and catalase might be protective
against radiation-induced fibrosis (41).

Different forms of SOD–catalase conjugates
have been proposed to attain a more safe and
complete detoxification of both superoxide an-
ion and H2O2. These conjugates show promis-
ing protective effect in the models of isch-
emia–reperfusion injury in isolated rat heart
(97) and rat intestine in vivo (30).

Natural heparin-binding properties of ex-
SOD allow manipulation of the heparin-medi-
ated cellular binding of SOD. For example,
truncation of exSOD reduces its affinity to hep-
arin and thus prolongs the half-life of exSOD
in the bloodstream in rabbits from 20 min to 20
h (82, 155). On the other hand, generation of a
fusion protein comprising CuZnSOD and a
peptide sequence with a high affinity to hep-
arin-like proteoglycans provides a new form of
CuZnSOD that possesses an ability to bind to
cells via a heparin-dependent mechanism (17).

A covalent coupling of [poly(styrene-co-
maleic acid)], a hydrophobic organic anion
(SM), to the cysteinyl residues of CuZnSOD
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generates SM-SOD, a derivative that binds to
serum albumin. Binding to albumin prolongs
the life span of CuZnSOD (half-life-6 h in rats)
and provides an affinity to plasma membrane
components, especially when the pH is lower
than the physiological level (73). These features
may facilitate SM-SOD accumulation in isch-
emic sites. Intravascular administration of SM-
SOD is reported to be protective against tissue
oxidative injury in rat models of ischemia–
reperfusion in heart (73), liver (86), and brain
(168).

A covalent modification of CuZnSOD with 
a phosphatidylcholine derivative generates
lecithinized SOD (PC-SOD), which possesses a
high affinity to the plasma membrane compo-
nents and promiscuously binds to blood and
endothelial cells in vitro (71). PC-SOD is pro-
tective in rat models of oxidative stress associ-
ated with ischemia–reperfusion paw injury (71)
and brain injury (204, 205). Recently, PC-SOD
was reported to cause a vasodilatory effect in
the aortic rings, likely due to elimination of su-
peroxide anion and protection of endothelial
nitric oxide signaling (124).

Modification of catalase and SOD with N,N9-
dimethyl-1,3-propanediamine (“cationization”)
renders the enzymes with an affinity to the
strongly negatively charged components of
some tissues. Cationized catalase is retained at
the site of intra-articular or intrajejunal admin-
istration and protects against local oxidative in-
jury in these organs in animal models (156).

A covalent coupling of putrescine (PUT; a
natural polyamine that binds to a putative re-
ceptor in the blood–brain barrier) to carboxylic
groups of antioxidant enzymes generates PUT-
SOD and PUT-catalase. The ability of PUT-en-
zymes to permeate the blood–brain barrier
(perhaps via a receptor-mediated transcytosis)
affords augmentation of SOD and catalase ac-
tivity in the brain and thus may provide a
modality for the treatment of some neurologi-
cal diseases and syndromes (197). The utility of
PUT-catalase and PUT-SOD, however, is likely
to be limited to cerebral pathology, because en-
hanced targeting to the brain is accompanied
by a significant reduction of the enzyme levels
in the bloodstream (146).

Covalent coupling of sugar moieties alters
the affinity and pharmacokinetics of antioxi-

dant enzymes. The general rationale for this 
approach is that the interaction of sugars with
cellular receptors is one of the natural mecha-
nisms of ligand recognition. Thus, coupling of
mannose or galactose residues provides deriv-
ative protein with an affinity to the corre-
sponding cellular receptors. In contrast, cou-
pling of sialic acid residues masks proteins
from recognition by macrophages and immune
cells. Sialylation of catalase renders a greater
resistance to proteases in vitro and retains 70%
of enzymatic activity; however, properties of
this derivative remain to be characterized in
vivo (48). SOD modified with carboxymethyl-
dextran displays a prolonged life span in mice,
whereas diethylaminoethyl-dextran SOD is
rapidly cleared from the bloodstream by non-
specific hepatic uptake (56). SOD and catalase
conjugated with a dextran-based carrier, Ficoll,
have been tested for protection against lung ox-
idative injury (78, 101).

Mannosylated SOD (Man-SOD) and galacto-
sylated SOD (Gal-SOD) undergo rapid elimi-
nation from the bloodstream after intravascu-
lar administration, similar to unmodified SOD
(56). However, tissue distribution of these de-
rivatives is quite different: unmodified SOD
undergoes renal excretion, whereas Man-SOD
accumulates in the liver (56). This result can be
explained by the fact that Man-SOD, but not
Gal-SOD or SOD, binds to macrophage man-
nose receptors (167). SOD glycosylation also al-
ters the rate of renal filtration and reabsorption
(106, 107). Similar to Man-SOD, Man-Catalase
accumulates in hepatic nonparenchymal cells
(Kuppfer macrophages), whereas Gal-catalase,
as well as unmodified catalase, accumulates in
hepatocytes (201, 202). Delivery of antioxidant
enzymes to hepatic cells may be useful for
treatment of oxidative hepatic injury associated
with ischemia–reperfusion and inflammation.

Antioxidant enzymes can be conjugated with
components of the extracellular matrix. The ra-
tionale for this approach is that coupling to
these natural products may increase stability of
the enzymes and their affinity to the cellular
exterior. For example, coupling of succinylated
gelatin to CuZnSOD elevates an apparent mo-
lecular mass of SOD (from 35 kDa t 98 kDa),
prolongs the life span of SOD in the blood-
stream (half-life of 29 min versus 4.5 min), and
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reduces SOD antigenicity (88). Gelatin-SOD
conjugate is more active than unmodified SOD
in protection against ischemic foot pad edema
and collagen-induced arthritis in mice (88).
Conjugation of CuZnSOD with succinylated
keratin fragments generates suc-Ker-SOD,
which displays greater resistance to inactiva-
tion by H2O2, lower immunogenicity, slightly
prolonged half-life in the bloodstream, and he-
patic (instead of renal) clearance in mice (130).

Therefore, a variety of antioxidant enzyme
derivatives have been proposed to improve
their delivery to different targets in the body.
Pharmacological properties and therapeutic
advantages of these agents remain to be fully
characterized. Some of the SOD and catalase
derivatives, however, seem to be suitable for
pulmonary delivery and will be discussed in
more detail below.

DELIVERY OF ANTIOXIDANT ENZYMES
VIA THE AIRWAYS

Airways represent a unique mode of entry
that theoretically allows attainment of a high
concentration of drugs in lung tissue. This
route is widely used in clinical, ambulatory,
and home settings for the administration of
drugs (e.g., spasmolytics, bronchodilating
agents, and agents regulating the production of
mucose). These drugs are small molecules,
which can be aerosolized easily, thus permit-
ting a more effective and homogeneous distri-
bution in the lung.

More recently, novel applications of the air-
way route have evolved. Peptides or proteins,
which cannot be administered orally (e.g., in-
sulin), can be inhaled to avoid the need for in-
jections. This application requires an effective
transfer of protein therapeutics from the alve-
olar to the vascular compartment. Intratracheal
administration has been explored experimen-
tally and clinically in gene therapy for the de-
livery of viral and nonviral DNA to lung cells.
This application requires a sufficient contact of
DNA vehicle with the target cells and proper
intracellular trafficking of DNA. The tracheal
route seems to be well suited for direct deliv-
ery of therapeutic proteins to the airway and
alveolar cells. Delivery of SOD and catalase to

the alveolocytes represents an example of the
latter strategy.

There are serious technical issues associated
with the delivery of large molecules or mi-
croparticles to the alveolar compartment (45).
The key requirement is that the drug achieves
contact with an extended surface of the airway
and alveoli. However, inhaled proteins tend to
be retained in the airways and a small propor-
tion of protein reaches the alveoli. The larger a
drug is, the more difficult it is to attain its ef-
fective and homogeneous delivery to the alve-
olar compartment. Aerosolization of proteins is
technically more complicated than that of small
drugs, but this approach increases the effi-
ciency and homogeneity of the alveolar deliv-
ery. Proteins in the alveoli, however, can be
taken up by macrophages and degraded by
proteases released from macrophages. Intra-
cellular delivery of proteins to the alveolocytes
represents a challenging goal.

Several studies investigated whether the air-
way delivery of SOD and catalase affords pro-
tection against oxygen toxicity. In hyperoxia, a
significant oxidative stress occurs in the alveo-
lar compartment, where epithelial cells suffer a
major injury. However, intratracheal adminis-
tration of CuZnSOD fails to prevent lung in-
jury caused by hyperoxia in rats (28). In more
recent studies, CuZnSOD affords some mitiga-
tion of hyperoxic injury in piglets (37, 148).

The distribution and duration of active en-
zymes in the lung tissue are likely to determine
the protective effect. For example, even a
minute-scale mismatch between the peak of the
oxidative insult and the application of catalase
compromises the protection in an animal
model of the intratracheal coadministration of
the ROS-generating enzyme, glucose oxidase,
and catalase (57). The kinetics of oxidative
stress upon hyperoxia, however, is rather com-
plex: an initial insult caused by mitochondrial
overproduction and leakage of ROS (which de-
velops within a few hours) is followed by a sec-
ondary insult caused by ROS released from in-
filtrating neutrophils (which develops several
days later). Therefore, active antioxidant en-
zymes must be present for a prolonged period
of time in proper sites of the lung tissue to have
a satisfactory therapeutic benefit.

The fate of SOD after intratracheal adminis-
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tration has been addressed in some detail. Ex-
SOD has the closest association with the ep-
ithelial cells and longest life span in the alveoli
(.24 h), whereas the life span of CuZnSOD and
MnSOD did not exceed several hours (40).
Davis and co-workers characterized the fate of
fluorescently labeled SOD after intratracheal
instillation in piglets (35, 153). In these studies,
instillation of human CuZnSOD and MnSOD
provides 100% increase in SOD activity in the
lung tissue and the activity remains elevated
above the basal level for several hours. Within
an hour post instillation, CuZnSOD and Mn-
SOD are detectable intracellularly in the alve-
olar cells and undergo degradation within 12 h
post instillation (153).

Intratracheal instillation of SOD and catalase
results in a patchy distribution of the enzymes
in the lung tissue, mainly in the airways.
Aerosolization did not alter specific activity of
CuZnSOD, improved distribution of CuZn-
SOD in the lung, and provided a significant el-
evation of SOD activity in the epithelial lining
fluid (58, 90, 153). A significant proportion of
the aerosolized MnSOD is associated with the
airway/alveolar surface and with alveolar
macrophages (196). Analysis of biochemical,
physiological, and morphological parameters
showed that aerosolized MnSOD affords a sig-
nificant protection against hyperoxia in ba-
boons (164, 196).

Modification with PEG and liposome encap-
sulation protects the enzymes against inactiva-
tion and facilitates intracellular delivery. Thus,
PEG-modified catalase enters type II alveolo-
cytes in cell culture, augments cellular catalase
activity, and protects the cells against exposure
to H2O2 (69, 189). Intratracheal administration
of PEG-modified SOD and catalase provides
augmentation of their enzymatic activity in the
alveolocytes and affords a significant protec-
tive effect in rats exposed to 100% oxygen (172,
176, 191, 198). PEG itself seems to affect the
alveolar macrophages and display some pro-
tective effect (198); however, the effect of PEG-
modified enzymes is significantly stronger.
Noteworthy, even preadministration of PEG-
SOD in the lungs 24 h prior to exposure to hy-
peroxia affords a significant protection (172).

Encapsulation of SOD and catalase in lipo-
somes also augments protection. Liposome-en-

capsulated SOD and catalase undergo inter-
nalization by cultured alveolar epithelial cells
and protect the cells against oxidative injury by
95% oxygen and H2O2 (21, 174). Intratracheal
instillation of liposomal SOD and catalase pro-
vides intracellular localization of the enzymes
in alveolar cells, and elevated SOD and cata-
lase activities in the lung homogenates and
type II cell fractions (8). Liposomal SOD and
catalase attenuate hyperoxic lung injury and
prolong survival of newborn, young, and adult
animals (135, 173, 175, 192). As has been noted
with PEG, enzyme-free liposomes also provide
a significant protective effect, albeit less dra-
matic than that of the enzyme-containing lipo-
somes (173). Intratracheal instillation of liposo-
mal SOD and catalase affords some protection
of rabbit lungs against vascular injury caused
by perfusion of ROS-generating enzymes (9)
and rat lung injury caused by bleomycin treat-
ment (91).

In the alveolar compartment, drugs may in-
teract with surfactant, which may affect their
delivery to epithelial cells. The issue of inter-
action of the antioxidant enzymes with surfac-
tant components is a subject of controversy.
CuZnSOD has been reported to inactivate
bovine surfactant in vitro (64). The specificity,
exact mechanism, and potential clinical signif-
icance of this effect need to be addressed in
more detail. One group found no effect of ei-
ther endogenous or exogenous surfactant on
the activity and distribution of unmodified
CuZnSOD in the lung (35, 38), whereas others
report that exogenous surfactant facilitates the
uptake of unmodified CuZnSOD and catalase
by alveolocytes in cell culture and in vivo (129).
Two laboratories reported that incorporation of
SP-A into liposomes enhances the uptake of en-
capsulated antioxidant enzymes by cultured
type II alveolocytes and augments the antioxi-
dant capacity of the cells (19, 190). SP-A is likely
to stimulate the receptor-mediated endocytosis
of the enzymes by alveolar cells. Alternative
strategies to facilitate catalase endocytosis in
the alveoli utilizing Fc-receptor and transferrin
receptor have also been tested in cell cultures
(65, 149).

Airway administration of antioxidant en-
zymes causes no significant toxicity and ad-
verse effects in animals (200). Recent clinical
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trials in premature infants show that intratra-
cheal administration of recombinant CuZnSOD
elevates the enzyme activity in serum and tra-
cheal aspiration fluid and causes no significant
adverse effects (39, 152). It is tempting to spec-
ulate that intratracheal administration of an-
tioxidant enzymes or their derivatives will
evolve as a viable means for the attenuation or
prevention of hyperoxic lung injury (36, 151).

INTRAVASCULAR DELIVERY OF
ANTIOXIDANT ENZYMES

In contrast to alveolocytes, endothelium is
not readily accessible from the airways. The in-
travascular route may be more suitable for
drug delivery to endothelial cells. Numerous
experiments in isolated lungs document that
perfusion of antioxidant enzymes affords a sig-
nificant protection against endothelial dys-
function and lung damage caused by ROS gen-
erated in the lung upon ischemia–reperfusion,
activation of neutrophils, hyperoxia, and other
mechanisms (11, 24, 83, 87). Effects of individ-
ual enzymes vary; a combination of SOD and
catalase affords a more consistent protective ef-
fect, whereas SOD may potentiate lung injury
(70). The studies in the perfused lungs, how-
ever, provide a foundation for numerous at-
tempts to protect lungs against oxidative injury
by vascular delivery of SOD and catalase.

Protective effects of SOD and catalase have
been tested in a sepsis-like syndrome caused
by bacterial endotoxins in animals (endo-
toxemia). Endothelium is the first target 
for ROS released from neutrophils activated 
by pathogens and pro-inflammatory agents
formed upon sepsis and other disease condi-
tions. Intravenous infusion of CuZnSOD atten-
uates pulmonary edema and respiratory disor-
der in endotoxemic rats (158) and sheep (89).
CuZnSOD infusion also protects animals
against pulmonary injury caused by inflam-
matory mediators tumor necrosis factor (TNF)
(4), interleukin-1 (92), and immune complexes
(104). As in the isolated lungs, SOD occasion-
ally potentiates the lung injury caused by en-
dotoxin, probably due to an excessive forma-
tion of H2O2 (178). Intravital fluorescence
microscopy reveals that intravenous injection

of catalase suppresses the generation of H2O2
in the lungs of endotoxin-challenged rats (111).
In a model of sheep endotoxemia, intravenous
injection of catalase suppresses lung lipid per-
oxidation (159), whereas intraperitoneal injec-
tion of catalase attenuates lung injury (110). In-
fusion of SOD has no significant protective
effect on neutrophil-dependent lung injury
caused by pneumothorax (44), yet SOD and
catalase attenuate lung injury caused by remote
activation of neutrophils in acute pancreatitis
(63).

Several studies addressed the protective ef-
fects of SOD and catalase against lung injury
caused by radiation (18, 96) and chemical
agents known to generated ROS. Thus, injec-
tion of SOD and catalase in rats and dogs is
protective against vascular pulmonary injury
induced by a-naphthylthiourea (99), alloxan
(85), and eugenol (199). MnSOD, but not CuZn-
SOD, is protective against bleomycin-induced
pulmonary fibrosis (139). However, doses of
antioxidant enzymes used for injection in this
and many other studies exceed the practically
acceptable level (see below). Systemic admin-
istration of SOD provides no significant pro-
tection against paraquat-induced oxidative
lung injury (132).

Systemic administration of SOD and catalase
was also tested in animal models of environ-
mental oxidative stress, hyperoxia, and smoke
inhalation. Injection of megadoses of CuZn-
SOD attenuates some indices of lung injury in
hyperoxic rabbits (109), yet fails to prevent hy-
peroxic injury in rats despite significant eleva-
tion of SOD activity in plasma (160). Combined
intravenous bolus and intratracheal instillation
of MnSOD attenuate pulmonary fluid balance
disorder caused by smoke inhalation in don-
keys (128). However, it is difficult to identify
the contribution of intravascular and intratra-
cheal fractions of the enzyme in the latter study.

Pulmonary embolism, such as gas embolism
causing decompression sickness, has been pos-
tulated to be associated with oxidative stress.
This notion is supported indirectly by animal
experiments in which intravenous infusion of
SOD (along with heparin) and intraperitoneal
injection of catalase attenuate pulmonary
edema caused by air embolism in sheep (49,
50). However, even combined administration
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of heparin, SOD, and catalase fails to protect
dogs against decompression sickness (23).

In general, protective effects in the animal
studies require a prolonged or multiple infu-
sions of megadoses (10–150 mg/kg) of SOD
and catalase (18, 50, 85, 89, 109, 110, 199). Even
multiple injections (every 12 h for 8 days) of
200 mg/kg CuZnSOD fail to protect neonate
rats against hyperoxic lung injury. Use of
megadoses of antioxidant enzymes may cause
artifacts, for example, a nonintentional admin-
istration of trace amounts of endotoxin (60). 
Endotoxin may cause poorly controlled and
paradoxical effects, such as stimulation of en-
dogenous antioxidant defenses.

Some preliminary trials indicate that human
subjects tolerate subcutaneous and systemic
administration of 0.25 mg/kg SOD (150). How-
ever, simple calculations based on effective
doses ranging from 10 to 100 mg/kg imply that
grams of the enzymes would be required for
the therapeutic treatment in humans. This
would impose an extraordinary economic bur-
den and a high risk of side effects (e.g., immune
reactions). One avenue to address the safety is-
sue is to reduce the dose and number of injec-
tions by improving the delivery of protein
drugs. Accordingly, PEG-modification, encap-
sulation in liposomes, and other modifications
of SOD and catalase have been explored as
means to attain a prolonged life span, reduced
immune reactions, better delivery to endothe-
lium, and ultimately, a more effective protec-
tion against oxidative vascular stress in the
lungs. Some of these studies rather reduced the
level of enthusiasm for this strategy. For ex-
ample, neither Ficoll-catalase nor Ficoll-SOD
provides markedly better protection than un-
modified enzymes in the animal models of lung
injury caused by endotoxin (101) and thrombin
(78). Recent studies demonstrated promising
protective effects of PC-SOD in animal models
of lung injury. In isolated canine lungs, PC-
SOD protects against oxidative injury caused
by phorbol ester (112). PC-SOD injected in mice
attenuates bleomycin-induced pulmonary fi-
brosis (203) and pulmonary metastasis (169).

PEG-modification facilitates intracellular up-
take of CuZnSOD and catalase by the cultured
endothelial cells and elevates the enzymes’ in-
tracellular activity and cellular resistance to ox-

idative stress (12, 13). In vitro, PEG-SOD de-
composes superoxide anion produced by neu-
trophils (166), yet does not affect neutrophil
bactericidal activity, perhaps due to the effect
of H2O2 (105). Systemic administration of PEG-
modified SOD and catalase augments the ac-
tivity of these enzymes in plasma and, in some
studies, in the lung tissue (113, 134, 187, 198).
Combined injection of PEG-SOD and PEG-
catalase is protective against hyperoxic lung in-
jury in premature lambs (187, 188). In hyper-
oxic rats, injection of PEG-SOD and PEG-
catalase attenuates lung edema and prolongs
survival, whereas unmodified SOD and cata-
lase fail to produce protective effects (198). In-
traperitoneal injection of PEG-SOD and PEG-
catalase protects against hyperoxia in rabbits
(77). Intravenous injection of PEG-SOD is pro-
tective against endotoxemia in guinea pigs
(166), yet fails in pigs (134). Intravenous infu-
sion of PEG-catalase protects against endotox-
emic lung injury in pigs (134). Chronic infusion
of PEG-catalase with subcutaneously im-
planted osmotic pumps attenuates lung in-
flammation and injury caused by asbestos (113,
114). PEG-SOD displays a trend to attenuate
some indices of injury in rabbit models of lung
reoxygenation (76) and asthma (5). In general,
the combination of PEG-modified SOD and
catalase affords a more significant effect than
individual PEG-modified enzymes (77, 198).

Encapsulation of SOD and catalase in lipo-
somes also facilitates their uptake by cultured
endothelial cells, leading to augmentation of
the cellular antioxidant defense and resistance
to oxidative stress (12, 52). Intravenous injec-
tion of liposome-encapsulated CuZnSOD and
catalase leads to a significant elevation of the
respective enzyme activity in lung tissue and
affords some protection in hyperoxic rats (54,
181). One group reported that multiple intra-
muscular injections of liposome-encapsulated
CuZnSOD attenuated radiation-induced pul-
monary fibrosis (41).

However, as an attentive reader could al-
ready notice, the number of reports on in-
travascular administration of SOD and catalase
has declined in recent years. There are anec-
dotes of inconsistent, poor, and even worsen-
ing effects of PEG-SOD observed in some un-
published studies. Modification with PEG and
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liposomal encapsulation indeed prolong life
span and activity of SOD and catalase in the
bloodstream, but these advantages do not
translate into a viable therapeutic strategy. It is
likely that prolonging life span of antioxidant
enzymes in the circulation is not sufficient for
the effective protection of endothelial cells.
Blood possesses a tremendous antioxidant po-
tential without injection of PEG-SOD or PEG-
catalase. Most likely, one must deliver antiox-
idants to endothelial cells in a more specific
manner, preferably to the intracellular com-
partment. There is no compelling evidence,
however, that the strategies described above
deliver active antioxidant enzymes to the pul-
monary endothelium in vivo. A novel experi-
mental approach to deliver antioxidant en-
zymes to pulmonary endothelium will be
discussed in the next section.

TARGETING OF ANTIOXIDANT
ENZYMES TO PULMONARY

ENDOTHELIUM

Experiments in isolated perfused lungs and
in endothelial cell cultures allow prolonged ex-
posures of endothelium to high doses of SOD
and catalase in the absence of blood compo-
nents. Some studies with cell cultures imply
that endothelial cells bind and internalize un-
modified SOD under such conditions (98, 133).
The specificity and biological/therapeutic sig-
nificance of binding and uptake of unmodified
SOD remain to be fully characterized. How-
ever, catalase and SOD possess no significant
specific affinity to endothelial cells. PEG-mod-
ification and encapsulation in liposomes facili-
tate internalization in cell cultures, but do not
increase the affinity for endothelium.

Some derivatives of CuZnSOD, as well as un-
modified exSOD, demonstrate a heparin-de-
pendent binding to endothelial cells in cell cul-
ture (17, 74, 81). PC-SOD was also reported to
bind to endothelial cells in culture (71). Never-
theless, none of these SOD derivatives accu-
mulate in the lungs after intravenous injection,
despite the fact that pulmonary vasculature
contains , 30% of the total amount of en-
dothelial cells in the body. From the drug de-
livery perspective, a lack of pulmonary accu-

mulation implies that these derivatives do not
bind to endothelial cells in vivo. Thus, the prob-
lem of an inadequate delivery of antioxidant
enzymes to endothelial cells persists.

To increase the specific affinity to endothe-
lium and thus facilitate delivery, antioxidant
enzymes can be conjugated with antibodies di-
rected against endothelial surface antigens.
This concept, the vascular immunotargeting
strategy, has been developed in the last decade
(for review, see 120). Endothelium is directly
accessible to blood, hence even large immuno-
conjugates injected in the bloodstream would
bind to the target. Pulmonary endothelium re-
ceives the entire cardiac blood output and rep-
resents the first large vascular area that a drug
encounters after intravenous injection. Thus,
even carriers that do not discriminate between
pulmonary and systemic endothelial cells
would accumulate in the lung. In addition, pul-
monary endothelium, either normal or en-
gaged in the pathological process, is enriched
in some surface antigens (see below). This may
provide an additional factor for the improve-
ment of tissue selectivity of the targeting.

There are numerous antigens potentially
useful for the immunotargeting of drugs to en-
dothelial cells. At the present time, angiotensin-
converting enzyme (ACE) and endothelial ad-
hesion molecules seem to be the most attractive
targets for delivery of antioxidant enzymes to
the pulmonary endothelium (117, 120) (see
Table 5 for an overview).

ACE, a carboxypeptidase localized on the
surface of endothelial cells, cleaves vasoactive
peptides, converts angiotensin I to angiotensin
II, and inactivates bradykinin (47). There are
1–3 3 105 binding sites for antibodies directed
against ACE (anti-ACE) on the luminal surface
of a single endothelial cell (119). Pulmonary en-
dothelium is enriched in ACE. As determined
by immunohistochemical analysis, 100% of the
pulmonary capillaries and 10–20% of nonpul-
monary capillaries are ACE-positive (51). Ra-
diolabeled monoclonal anti-ACE accumulates
selectively in the lungs after intravenous, intra-
arterial, and intraperitoneal injections in rats,
cats, hamsters, monkeys, healthy human vol-
unteers, and sarcoidosis patients (32, 33, 117).
Endothelial cells in culture, perfused rat lung
explants, and rat lungs in vivo internalize anti-
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ACE, which undergoes relatively slow and
modest intracellular degradation (119).

Thus, anti-ACE seems to be a good carrier
for the intracellular immunotargeting of an-
tioxidant enzymes to the pulmonary endothe-
lium. Indeed, Fig. 1 shows that almost 5% of
125I-catalase and 125I-CuZnSOD conjugated
with anti-ACE accumulate in the lungs after in-

travenous injection in rats versus 0.5% for IgG-
conjugated and ,0.2% for nonconjugated en-
zymes (118). Both SOD and catalase conjugated
with anti-ACE are retained in the lung for a
prolonged time after injection (118). A recent
study documented that catalase, conjugated
with anti-ACE, but not nonimmune counter-
parts, protects isolated rat lungs perfused with
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TABLE 5. SURFACE ANTIGENS POTENTIALLY USEFUL FOR THE IMMUNOTARGETING OF ANTIOXIDANT ENZYMES TO

PULMONARY ENDOTHELIUM

Antigen Properties and function Advantages of the targeting Potential problems

ACE Carboxypeptidase, converts High pulmonary specificity Inflammation inhibits
angiotensin I to angiotensin II targeting 

Endothelium internalizes Intracellular delivery ACE inhibition
and slowly degrades anti-ACE

ROS and cytokines suppress ACE inhibition
ACE expression

ICAM-1 Promotes firm adhesion of Targeting to pulmonary and Intracellular targeting is
leukocytes to endothelium systemic endothelium questionable

Endothelium poorly internalizes Enhanced targeting to ROS-
anti-ICAM-1 attacked endothelium

ROS and cytokines stimulate Inhibition of inflammation
ICAM-1 expression by blocking of ICAM-1

PECAM-1 High surface density antigen Very effective targeting to Potential interference with
Facilitates leukocytes migration pulmonary and systemic PECAM-mediated
through endothelium endothelium endothelial signaling

Endothelium internalizes and Inhibition of inflammation
slowly degrades modified by blocking of PECAM-1
anti-PECAM

FIG. 1. Pulmonary accumulation of anti-ACE conjugated SOD (left) and catalase (right) after intravenous injec-
tion in intact rats. SOD or catalase was labeled with 125I and conjugated with either anti-ACE (hatched bars) or con-
trol IgG (open bars). One hour after intravenous injection, the tissue level of the enzymes was determined in the blood
and lungs and expressed as percentage of injected dose (ID) per gram of tissue (mean 1 sem, n 5 4). Neither IgG/en-
zyme conjugates nor unconjugated enzymes (filled bars) display significant pulmonary accumulation, whereas anti-
ACE conjugated enzymes accumulated in the lungs. Reproduced with modification from (118), with permission.
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H2O2 against oxidative injury to the vascular
endothelium (7).

Importantly, anti-ACE does not fix comple-
ment and induces no injury to the endothelium
either in cell culture or after administration in
vivo at doses of 100 mg/kg (33, 34). These data
imply that ACE-directed immunotargeting of
antioxidant enzymes will not cause harmful
side effects mediated by the antibody. How-
ever, cytokines and ROS suppress ACE ex-
pression in endothelium (195). Therefore, in-
flammation inhibits immunotargeting to ACE
(6, 117).

Surface adhesion molecules [InterCellular,
Adhesion Molecule-1 (ICAM-1) or CD54;
Platelet-Endothelial Cell Adhesion Molecule-1
(PECAM-1) or CD31; P-selectin and E-selectin)
represent attractive targets for the delivery of
antioxidant enzymes. Cytokines and ROS up-
regulate the surface density of these molecules
on the endothelial cells (165). Thus, oxidative
stress and inflammation may facilitate the im-
munotargeting. In addition, antibodies to ad-
hesion molecules block leukocyte adhesion to
endothelium and their transmigration into the
adjacent tissues. Antibodies directed against
ICAM-1, PECAM-1, and P-selectin are protec-
tive in inflammation-associated animal models
of lung injury; nowadays, blocking of the sur-
face adhesion molecules with antibodies has
emerged as a novel therapeutic concept (84).
Thus, immunotargeting of antioxidant en-
zymes to endothelial surface adhesion mole-
cules may provide a secondary (anti-inflam-
matory) therapeutic benefit.

Endothelial cells constitutively express the
surface adhesion molecule ICAM-1 (CD54), a
transmembrane glycoprotein that is localized
on the apical surface of endothelial cells and
supports adhesion of leukocytes to endothe-
lium (3). Mediators of inflammation (TNFa, in-
terleukin-1, interferon-g, and ROS) stimulate
ICAM-1 expression in endothelial cells and up-
regulate the content of ICAM-1 in the lung and
other organs (15). Therefore, ICAM-1-directed
immunotargeting may provide a more effective
delivery of antioxidant enzymes to endothelial
cells engaged in inflammation.

Recent results obtained with radiolabeled
antibodies directed against ICAM-1 (anti-
ICAM) strongly support this hypothesis. 125I-

Anti-ICAM accumulates in the lungs of control
rats and mice (116, 137). Lung injury induced
by endotoxemia, intratracheal deposition of
IgG-immune complexes, or TNFa leads to a
marked elevation of the vascular binding of
125I-anti-ICAM and stimulates its accumulation
in the lung in rats (15, 116, 137). Cytokine-in-
duced up-regulation of the pulmonary uptake
of anti-ICAM-1 requires several hours after en-
dotoxin injection and reaches a peak level at
9–12 h (137). Taken together, these results im-
ply that ICAM-1 antibody may serve for the im-
munotargeting of antioxidant enzymes to the
inflammation-engaged endothelium.

Internalization of anti-ICAM-1 has not been
systematically studied in the literature. Some
reports (3), as well as unpublished results from
the author’s laboratory, imply that endothelial
cells poorly internalize anti-ICAM-1. However,
catalase conjugated with anti-ICAM accumu-
lates in the pulmonary vasculature after sys-
temic administration in intact rats and attenu-
ates vascular oxidative stress in the perfused
rat lung (7).

PECAM-1 (CD31) is a 130-kDa molecule,
constitutively expressed in the endothelial
cells, that plays an important role in leukocyte
transmigration through the monolayer and
contributes to signal transduction in endothe-
lium (126). Endothelial cells possess several
million binding sites for anti-PECAM per cell
(an order of magnitude more than for anti-ACE
or anti-ICAM-1). Cytokines have no marked ef-
fect on PECAM-1 vascular expression (183). Al-
though native anti-PECAM is poorly internal-
izable, chemical modification of anti-PECAM
dramatically facilitates intracellular delivery
(121). Therefore, reporter enzymes conjugated
with anti-PECAM bind to endothelial cells in
culture, enter the cells, and display intracellu-
lar activity (61, 121, 161). After intravenous in-
jection in intact animals, enzymes and genetic
material conjugated with anti-PECAM accu-
mulate in the lungs, enter endothelial cells, and
display functional activity in the pulmonary
vasculature (29, 93, 121, 161). In cell culture ex-
periments, catalase, conjugated with anti-
PECAM, but not with control IgG, enters the
endothelial cells and protects them against
H2O2 (121). Figure 2 shows that in animal ex-
periments, anti-PECAM/catalase conjugate ac-
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cumulates in rat and murine lungs after intra-
venous injection (121). Preliminary results from
our laboratory indicate that anti-PECAM/cata-
lase protects lungs against oxidative injury in
animal models in vivo. Importantly, anti-
PECAM inhibits neutrophil infiltration in the
lungs and suppresses pulmonary inflammation
(183).

Therefore, antibodies against the endothelial
antigens ACE, ICAM-1, and PECAM-1 seem to
be good carriers for immunotargeting of an-
tioxidant enzymes to pulmonary vascular en-
dothelium. As with other types of immuno-
therapy, the safety issues must be rigorously
addressed. Antibodies provide the targeting,
but they also may cause side effects, such as ac-
tivation of complement and leukocytes via Fc-
fragment. Thus, antibodies, to be useful as car-
riers, must not fix complement or activate
leukocytes. Although some isotypes of im-
munoglobulins naturally lack these functions,
utilization of Fab fragments seems to be oblig-
atory for the targeting. Laboratory animals and
patients tolerate injections of large doses of
anti-ACE (34, 117) and antibodies against sur-
face adhesion molecules (22, 84, 183). Conceiv-
ably, utilization of humanized antigen-binding
fragments will minimize the potential adverse
effects.

Antibodies and immunoconjugates may
mask antigens, inhibit their activity, and alter

membrane metabolism of antigens in endothe-
lial cells (20, 34). For example, anti-ACE stim-
ulates ACE shedding from the plasma mem-
brane (34). Cross-linking of antigen molecules
by antibodies also may cause significant alter-
ations in endothelial physiology, for example,
through stimulation of signal transduction and
elevation of intracellular Ca21.

Vascular immunotargeting is a relatively
novel approach for delivery of antioxidant en-
zymes. Recent results merit further investiga-
tion of the strategy, and evaluation of the effi-
cacy of protection by immunotargeting of
antioxidant enzymes to endothelium in animal
models of pulmonary oxidative stress, such as
hyperoxia or endotoxemia.

PERSPECTIVES

Despite a great deal of effort, three decades
of intense research has not translated into ef-
fective and clinically useful therapeutic strate-
gies for antioxidant therapies using exogenous
SOD and catalase. Weak and inconsistent pro-
tective effects of the enzymes represent the ma-
jor problems. Significant problems are associ-
ated with poor stability of the enzymes,
inadequate delivery to the target sites, and dan-
ger of harmful side effects, such as an immune
response.

These problems motivated many researchers
to seek alternatives in the use of antioxidant
scavengers (16), small mimetics of antioxidant
enzymes (157), and antioxidant gene therapies
(31, 46). These approaches are exciting and pos-
sess a potential therapeutic merit. Pulmonary
applications of gene therapy are the focus of in-
tense research. Both intratracheal (46) and in-
travascular (93) routes represent potential av-
enues for delivery of genetic material.

Therapeutic application of the exogenous en-
zymes, however, has important and unique ad-
vantages. In contrast to genetic material (which
requires several hours for protein synthesis and
processing), enzymes would be active imme-
diately upon arrival at the therapeutic site.
Thus, antioxidant enzymes could be applicable
in acute oxidative stress, such as hyperoxia and
adult respiratory distress syndrome. Modifica-
tions of SOD and catalase may optimize deliv-

SOD AND CATALASE DELIVERY TO LUNG CELLS 53

FIG. 2. Organ-selective pulmonary accumulation of
anti-PECAM conjugated catalase after intravenous in-
jection in intact rats. The experimental design is similar
to that described in the legend to Fig. 1. Open bars, anti-
PECAM/catalase; filled bars, IgG/catalase. Reproduced
from (121), with permission. Liv, liver; Kid, kidney; Spl,
spleen.
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ery by prolonging their life span, minimizing
immune reactions, and improving targeting to
the cells, including alveolar epithelium and
vascular endothelium. Future studies will more
fully characterize the pharmacological profile
and therapeutic value of antioxidant enzyme
derivatives.

Airway administration of SOD and catalase
for treatment of hyperoxic lung injury is more
developed than intravascular administration 
in terms of potential clinical use. Enzyme
aerosolization, derivatization (PEG-modifica-
tion, encapsulation in liposomes), and inclu-
sion of surfactant components in the formula-
tions offer means to attain more homogeneous
alveolar distribution, prolonged retention of
active SOD and catalase in the alveolar space,
and more effective delivery to the alveolocytes.
Clinical trials of antioxidant enzymes are un-
der way and the preliminary results are en-
couraging (36).

Antioxidant protection of pulmonary en-
dothelium is a more challenging goal. In-
travascular administration of SOD and catalase
is unlikely to render a significant utility unless
their pharmacological profile is markedly im-
proved. Many SOD and catalase derivatives
display a more favorable pharmacokinetics;
however, the specificity of their binding to en-
dothelial cells and intracellular delivery must
be improved. Immunotargeting represents a
potential avenue to facilitate the intracellular
delivery to endothelium. In addition, im-
munotargeting may permit a secondary thera-
peutic benefit of blocking of the target antigens,
such as surface adhesion molecules. Biotech-
nological techniques permit a large-scale pro-
duction of chimeric proteins combining a hu-
manized antigen-binding domain of a carrier
antibody and antioxidant enzyme. Therefore,
generation of chimeric, targeted antioxidant
enzymes promises a new avenue for antioxi-
dant therapy in the lung and, possibly, other
areas in the vasculature.
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ABBREVIATIONS

ACE, angiotensin-converting enzyme; ALI,
acute lung injury; ARDS, adult respiratory dis-
tress syndrome; exSOD, extracellular SOD;
Gal-SOD, galactosylated SOD; ICAM-1, inter-
cellular adhesion molecule-1; Man-SOD, man-
nosylated SOD; PC-SOD, lecithinized SOD;
PECAM-1, platelet-endothelial cell adhesion
molecule-1; PEG, polyethylene glycol; PUT-
SOD, putrescine-conjugated SOD; ROS, reac-
tive oxygen species; SM-SOD, SOD chemically
modified with [poly(styrene-co-maleic acid)];
SOD, superoxide dismutase; SP-A, surfactant
protein A; TNFa, tumor necrosis factor-a.
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