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Absra act. Survival of rats exposed to 100% ox-
ygen was increased from 69.5±1.5 to 118.1±9.9 h
(mean±SEM, P < 0.05) when liposomes containing cat-
alase and superoxide dismutase were injected intrave-
nously before and during exposure. The increased survival
time in 100% oxygen was also associated with significantly
less fluid in the pleural cavity. Rats injected with catalase-
and superoxide dismutase-containing liposomes, which
had increased survival in 100% oxygen, had increased
lung wet weight upon autopsy compared with saline-in-
jected controls (2.9±0.2 g/lung vs. 4.8±0.4 g/lung,
mean±SE, P < 0.05). Intravenous injection of control
liposomes along with catalase and superoxide dismutase
in the suspending buffer decreased the mean pleural ef-
fusion volume 89% and had no significant effect on sur-
vival time. Lung catalase and superoxide dismutase ac-
tivities were increased 3.1- and 1.7-fold, respectively, 2
h after a single intravenous injection of liposomes con-
taining catalase or superoxide dismutase. Superoxide dis-
mutase activity was also significantly greater than controls
in both air- and 100% oxygen-exposed rat lungs, when
enzyme activity was assayed 24 h after cessation of in-
jection of control and oxygen-exposed rats with enzyme-
containing liposomes every 12 h for 36 h. Free superoxide
dismutase and catalase injected intravenously in the ab-
sence of liposomes did not increase corresponding lung
enzyme activities, affect pleural effusion volume, lung
wet weight, or extend the mean survival time of rats
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exposed to 100% oxygen. The clearance of liposome-aug-
mented '25I-labeled catalase from lung and plasma obeyed
first order kinetics according to a one-compartment
model. When clearance of liposome-augmented catalase
activity or radioactivity were the parameters used for
pharmacokinetic studies, the half-life of augmented lung
catalase was 1.9 and 2.6 h, respectively. The half-life of
liposome-entrapped catalase and superoxide dismutase
activity in the circulation was 2.5 and 4 h, respectively,
while intravenously injected catalase and superoxide dis-
mutase had a circulation half-life of 23 and 6 min, re-
spectively.

Introduction

A number of pharmacologic approaches have been used in at-
tempts to prevent the toxic effect of oxygen upon lungs and
most have failed to have substantial impact. Intravenous or
intraperitoneal injection of corticosteroids, prostaglandin syn-
thesis inhibitors, vitamin E, or free superoxide dismutase (SOD)'
have not prolonged the lethal effects of 100% oxygen (1, 2).

Tolerance to 100% oxygen can be induced by preexposure
of rats to 85% oxygen, but this tolerance-inducing exposure to
hyperoxia does not prevent most ofthe cellular damage induced
by oxygen (3, 4). Increased lung antioxidant enzyme activities
after 85% oxygen exposure, including SOD and catalase, are an
adaptive metabolic response associated with increased tissue
production of oxygen metabolites and tolerance of rats to the
lethal effect of 100% oxygen (3). Small doses of endotoxin also
protect rats from oxygen toxicity, possibly by increasing the
activity of oxygen protective enzymes including catalase, SOD,
and glutathione peroxidase (5). Increased rates of superoxide
and hydrogen peroxide production occur in lung tissue and in
isolated lung subcellular organelles during hyperoxia (6-9). These
observations support the hypothesis that an increased rate of
generation of partially reduced oxygen species by lung cells is
a primary mechanism of hyperoxic lung damage (10). Thus, it

1. Abbreviations used in this paper. DPPC, L-a-dipalmitoylphospha-
tidylcholine; LT50, time for 50% survival; SOD, CuZn superoxide dis-
mutase.
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should be possible to reduce pulmonary oxygen toxicity by in-
creasing the concentration of lung cell enzymatic defenses against
generation of partially reduced species of oxygen, which include
superoxide, hydrogen peroxide, and hydroxyl radical. Specific
augmentation of lung catalase and SOD could both reduce ox-
ygen toxicity and directly demonstrate the participation of re-
duced species of oxygen in oxygen toxicity.

Entrapment of biologically active substances in liposomes
is an efficient method for delivery of macromolecules to isolated
cells in vitro or target organs in vivo (I1 1-13). Nucleic acids ( 14,
15), proteins (16), and antitumor drugs (17) can become cell-
associated and biologically active, both in vitro and in vivo,
using liposomes as transmembrane vectors. The intracellular
content of these macromolecules can be increased severalfold.

Methods

Liposome preparation. Liposomes were prepared by reverse-phase
evaporation (18) and consisted of L-a-dipalmitoylphosphatidylcholine
(DPPC)/cholesterol/stearylamine, (14:7:4, mol/mol). Lipids dissolved
in chloroform (usually 25 ml, 6.8 Mmol DPPC/ml) were mixed with an
aqueous solution of enzyme (8 ml) in 4 mM potassium phosphate, pH
7.4, and sonicated with a Branson sonifier, model W 185 (Heat Systems-
Ultrasonics, Inc., Plainview, NY) until a homogeneous emulsion was
formed. Chloroform was then removed in vacuo by rotary evaporation
at 43O- 460C.

Bovine liver catalase (6.5 X 104 U/mg protein, Millipore/Continental
Water Systems, Bedford, MA) and bovine blood CuZn SOD (3.5 X 103
U/mg protein, Diagnostic Data, Inc., Mountain View, CA) were dissolved
in 4 mM phosphate buffer, pH 7.4. Aqueous solutions of these enzymes
were found from preliminary experiments to be stable to emulsification
with chloroform and heat exposure (460C maximum) during rotary
evaporation, and suffered no losses in specific activity. Liposome con-
centrations are expressed per micromole phospholipid, with 100 umol
phospholipid corresponding to 105 mg total liposome lipid. Purity of
DPPC (Avanti Polar Lipids, Inc., Birmingham, AL) was >99%, by thin-
layer chromatography on silica gel G (Supelco, Inc., Bellefonte, PA),
using chloroform/methanol/acetic acid/water, 170:25:25:6 (vol/vol) as

eluent and detection of lipid phosphorus with ammonium molyb-
date (19).

Approximately 30% of enzyme in aqueous solution was liposome
associated after reverse-phase evaporation, centrifugation, and washing,
with a day-to-day variation in entrapment efficiency of - 10%. Enzyme
to phospholipid ratios before reverse-phase evaporation were 1.6 X 104
U catalase/Amol phospholipid and 2.0 X 102 U SOD/hmol phospholipid.
Liposomes were prepared the day before injection and assayed for enzyme
content. Following reverse-phase evaporation, liposomes were separated
from nonentrapped protein by centrifugation at 105,000 g for 40 min
and resuspended in 0.15 M NaCl, 10 mM potassium phosphate, pH
7.4, yielding a liposome phospholipid concentration of -40 /mol/2.0
ml buffer.

Control or "empty" liposomes, contained catalase and SOD in the
external aqueous milieu. Control liposomes were prepared by reverse-
phase evaporation in the presence of 4 mM potassium phosphate, pH
7.4. After centrifugation, liposomes were resuspended in 0.15 M NaCl,
10 mM potassium phosphate, pH 7.4, with concentrations of catalase
and SOD (per micromole liposome phospholipid) equivalent to the
content of enzyme-containing liposomes.

Treatment of rats with liposomes and oxygen exposure. Studies
were carried out using 325-350 g male, specific pathogen-free, Sprague
Dawley, CD strain rats (Charles River Breeding Laboratories, Wil-
mington, MA). Each rat was injected with -40 jsmol phospholipid in
2.0 ml 0.15 M NaCl, 10 mM potassium phosphate, pH 7.4. Liposome-
associated enzyme activities are specified in Results for individual ex-
periments. Before injection, liposomes were passed through a 27-gauge
needle to disperse aggregates. All rat groups were injected in the tail
vein 1 h before the first liposome injection with 2 ml 0.2% (wt/vol)
latex beads (0.7 ,sm, Duke Scientific Corp., Palo Alto, CA) suspended
in 0.15 M NaCl, 10 mM potassium phosphate, pH 7.4 (20). When
studying the kinetics ofliposome clearance by lungs, animals were killed
for analysis at intervals after intravenous liposome injection. For oxygen
toxicity studies, rats were first injected in the tail vein with 2 ml 0.2%
(wt/vol) latex beads and injected 1 h later with saline, liposome prep-
arations, or free enzymes. Rats were then immediately exposed to 100%
oxygen as previously described (4). Liposome, but not latex bead in-
jections were repeated every 12 h thereafter for the first 36 h of oxygen
exposure. Rats were maintained continuously in 100% oxygen, even
when removed from exposure chambers for injection.

Biochemical analysis. Lungs were perfused through the pulmonary
artery with 0.15 M NaCl, 10 mM potassium phosphate, pH 7.4, to
remove blood elements for measurement of lung SOD and catalase
activity and liposome uptake. Lungs were homogenized with a Polytron
cell disruptor (Brinkmann Instruments, Rexdale, Ontario, Canada) in
10 ml 5 mM Tris-HCI, pH 7.4. Lung homogenates were centrifuged at
1,400 g for 10 min to remove fibrous material that caused light scattering
during spectrophotometric enzyme assays.

Control rat lungs had no l,400-g-sedimentable SOD and catalase
activity, but perfused and liposome-treated rats had both significant
sedimentable enzyme activity and '25I-labeled SOD and catalase (which
for these experiments served as tracers of liposome contents) that sed-
imented. For the first 1-4 h after liposome injection, up to 80% of the
liposome-delivered enzyme radioactivity was associated with the 1,400-
g pellet, suggesting sedimentation of intact liposomes with lung ho-
mogenate debris. To more accurately quantify uptake of liposomes by
lungs, different methods of lung homogenization were tested to obtain
optimal solubilization of the presumably intact lung-associated liposomes
soon after injection. Lungs were homogenized in 5 mM Tris-HCI, pH
7.4, containing up to 1% Triton X-100, 1% sodium deoxycholate, 0.2%
digitonin, or 0.2% sodium dodecyl sulfate (SDS). Greater detergent con-
centrations could not be tested since gel formation during homogenization
made further analysis ofenzymatic activity impossible. Enzyme released
after homogenization in the presence of these detergents was measured
by comparing the '25I-enzyme present in lung supernatants following
centrifugation at 1,400 g with the '25I-enzyme present in aliquots of
uncentrifuged homogenates of the same sample. Homogenization of
lungs in the presence of 0.2% SDS gave more than a 60% solubilization
of lung-associated catalase or SOD. Homogenization after the addition
of the other detergents only released between 20 and 40% of the lung-
associated radioactivity and, at higher concentrations, these other de-
tergents inhibited enzyme activity. Thus, for measurement of lung SOD
and catalase activities both before and after liposome treatment, all lungs
were homogenized in 5 mM Tris-HCI, 0.2% SDS, pH 7.4. The enzyme
activity measured following homogenization with 0.2% SDS represented
the total amount of enzyme delivered to the lung by liposomes. This
probably underestimates the actual amount of liposome-mediated de-
livery of catalase and SOD to lungs by up to 40%, soon after liposome
injection.
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The contribution ofblood cell SOD and catalase activity to perfused
whole lung enzyme activity was <5%. Lung enzyme activity after oxygen
exposure was affected to a greater extent by that due to residual blood
content. Thus, lung enzyme activity measured after liposome injection
and hyperoxic exposure was corrected for SOD and catalase content of
contaminating blood. This was done using the method of Cross et al.
(21). Briefly, a blood sample was removed from the inferior vena cava
of rats after pentobarbital anesthesia using a heparinized syringe. The
hemoglobin content of the blood sample and lung homogenate was
determined, enzyme activities ofblood and lung assayed, and each lung
enzyme activity corrected for blood contamination, which ranged from
0 to 5 Al for control rats and 12 to 60 Ml for rats exposed to 100%
oxygen for 60 h. Correction for blood contribution to lung enzyme
activity also eliminated the artifactual increase of lung tissue SOD and
catalase activity that occurred in liposome-injected rats having circulating
liposome-associated enzyme activity in conjunction with blood element
enzymes.

Catalase activity was assayed according to Bergmeyer (22). Whole
lung SOD activity was measured according to Sjostrom and Crapo (23)
using cytochrome c in the presence of 10 MM KCN, to avoid cytochrome
c reoxidation by lung homogenate cytochrome c oxidase. Protein was
measured using the method of Lowry et al. (24) with bovine serum
albumin (fraction V, Sigma Chemical Co., St. Louis, MO) as standard.

Catalase and SOD were labeled with 1251 (New England Nuclear,
Boston, MA) according to Hunter and Greenwood (25). Catalase and
SOD lost no activity during iodination. Catalase-specific activity was
270 MCi/mg protein and SOD-specific activity was 195 MCi/mg protein.
The rate constant for clearance of catalase activity was calculated using
conventional methods based on linear regression analysis ofconcentration
vs. time data (26).

Statistical analysis. For Table III, all data was evaluated by a one-
way analysis of variance followed by Duncan's multiple-range test (27)
with significance defined as P < 0.05.

Results

Liposome entrapment ofcatalase andSOD and delivery to lungs.
A typical preparation of liposomes containing catalase (catalase
liposomes) consisted of 3,000 U catalase/Mmol DPPC while
SOD-containing liposomes (SOD liposomes) consisted of 100
U SOD/Amol DPPC. The apparent catalase activity ofliposomes
containing catalase was increased sixfold, after addition of 1%
Triton X-100 and sonication (Fig. 1). An increase from virtually
no detectable SOD activity to 100 U SOD/,umol DPPC was

Figure 1. Effect of Triton-
X-100 and sonication on
the rate of H202

liposomes consumption by catalase-

670 +son1cation containing liposomes.
*70+ Liposomes (3.2 nmol

DPPC/ml) were suspended
I1 in 0.15 M NaCl, 20 mM

,&4bA= 0.05
potassium phosphate (pH

3492 AA .5 7.4). The numbers beside
1 min T the trace are catalase

\ activity in units per
micromole of DPPC.

also observed after liposomes containing SOD were treated with
1% Triton X-100 and sonicated. This showed that for SOD
liposomes, the enzyme was predominantly liposome-entrapped.
The partial catalase activity measured in intact catalase liposomes
suggested either enzyme adsorption to the outer surface of li-
posomes or permeability of liposomes to hydrogen peroxide.
Triton X-100 did not affect the activity of native catalase
or SOD.

Liposome-mediated augmentation of rat lung catalase or
SOD was measured 2 h after injection of rats with liposomes
containing either catalase (1.3 X 105 U/rat) or SOD (4 X 103
U/rat) and 1251I-catalase (0.5 MCi/rat) or SOD (0.5 MCi/rat). In-
jection ofSOD and catalase liposomes increased assayable lung
catalase or SOD activity 3.1- and 1.7-fold, respectively (Table
I), after lungs were homogenized in the presence of 0.2% SDS.
From this, it was calculated that 6.2% of injected catalase and
5.8% of injected SOD was lung associated 2 h after liposome
injection. Intravenous injection of similar activities of free SOD
or catalase did not increase lung-associated catalase or SOD
activity.

Half-life of catalase in circulation and in lung. Rats were
injected with 1 mg free or liposome-entrapped SOD (Fig. 2)
and catalase (Fig. 3), to determine the half-life of these enzymes
in the circulation. As a control, paired rats were also injected
with saline-containing ("empty") liposomes plus free enzyme.
Fig. 2 shows that the circulating half-life of SOD was 8 min
and became 4.2 h when liposome-entrapped. The half-life of
free catalase in the circulation was 20 min and was 2.4 h when
liposome entrapped (Fig. 3). The presence of"empty" liposomes
(40 umol phospholipid/rat) did not affect the circulating half-
life of either free SOD or catalase (Figs. 2 and 3).

Calculations from the experiment reported in Table I and
knowledge of enzyme-specific activities (Methods) showed that
liposomes containing either catalase or SOD delivered similar
quantities of enzyme protein to lungs (75-125 gg protein).

Table I. Lung SOD and Catalase Activity 2 h After Intravenous
Injection ofLiposomes-entrapped SOD and Catalase

Treatment SOD Catalase

U/lung U/lung

Control 317±47 3,588±201
CuZn SOD liposomes 548±51*
Catalase liposomes 1 1,147±254*

Rats were injected with 2 ml liposomes consisting of 1.2 X 105 U catalase
or 4 X 103 U SOD entrapped in -35 Mmol liposome phospholipid. 2
h later, the animals were killed and lungs perfused with saline through
the pulmonary artery. Lungs were homogenized in 5 mM potassium
phosphate buffer, 0.2% SDS, pH 7.4. Values represent the mean±SE of
the enzyme activity of five rat lungs.
* P < 0.05, significantly different from controls using Duncan's multiple
range test.
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Figure 2. Clearance of free and liposome-entrapped CuZn SOD
from the rat circulation. Rats were injected in the tail vein with
enzyme and/or liposomes having a total volume of 1.0 ml, in
0.15 M NaCl, 10 mM potassium phosphate, pH 7.4. Injections
consisted of 4,000 U CuZn SOD (0), 4,000 U CuZn SOD plus
"empty" liposomes containing 40 Amol phospholipid (0), or
4,000 U CuZn SOD entrapped in liposomes containing 40
Mmol phospholipid (A). At selected intervals, IOO-Ml blood
samples for enzyme assay were removed from the inferior vena
cava of pentobarbital-anesthetized rats, centrifuged, hematocrit
determined, and enzyme activity of the serum determined.

3 Activity per milliliter whole blood was then calculated from the
packed cell volume of each sample.

However, the combination of endogenous lung catalase and
SOD activities and the greater specific activity of catalase (6-7
X I04 U/mg protein) compared with SOD (3 X 103 U/mg pro-
tein) resulted in a greater degree of liposome-dependent aug-
mentation ofendogenous lung catalase activity than SOD activity
(Table I). Because a greater increase in catalase activity compared
with controls was obtained following liposome injection, catalase

was chosen for measurement of liposome-augmented enzyme
half-life in lung. SOD delivered via liposomes may have a dif-
ferent half-life in lungs.

Rats were given a single injection of liposomes containing
4.5 X 104 U catalase and 0.2 uCi 1251-catalase for studying the
clearance ofliposome-entrapped enzyme from lungs. A 4.3-fold
increase in rat lung catalase activity was measured 15 min after
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Figure 3. Clearance of free and liposome-entrapped catalase
from the rat circulation. This experiment was performed as in
Fig. 2, except rats were each injected with 60,000 U catalase.
(0) represents rats injected with free catalase; (0) represents free

I catalase plus "empty" liposomes; and (A) represents rats
3 injected with 60,000 U catalase entrapped in liposomes

containing 40 ,mol phospholipid.
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catalase liposome injection (Fig. 4). '251I-Catalase delivered via
liposomes was cleared from lung and obeyed first order kinetics
for 6 h after injection. 24 h after injection of liposomes,
1,800±200 cpm remained in lung tissue. At this time, catalase
activity in lungs was not significantly different from controls,
suggesting that the 1251 was not associated with active enzyme.
Catalase activity decreased in rat lungs according to first order
kinetics for up to 12 h after liposome injection. The half-lives
of liposome-augmented lung catalase activity calculated from
enzyme activity and radiolabel methods were 1.9 and 2.6 h,
respectively (Fig. 4). The first order rate constants for the decrease
in catalase activity and radiolabel were 0.37 and 0.25 h-', re-
spectively. The decrease in liposome-augmented blood catalase
activity also occurred according to first order kinetics and had
a half-life of 2.4 h and a first order rate constant of 0.37 h-'
(Fig. 3).

When the '251I-catalase content per lung was calculated from
data obtained at t = 15 min in Fig. 2 and compared with the
amount of 1251I-catalase injected with liposomes, it was calculated
that 13.3% of injected catalase was associated with lung tissue
at this time point. These observations confirm the findings of
other investigators that circulating liposome uptake by lungs is
rapid and extensive (28).

Liposome-mediated augmentation of lung SOD and catalase
activity was also studied by assaying control and 100% oxygen-
exposed lung enzyme activities 24 h after cessation of liposome
injections (Table II). Rats were injected intravenously with 1
X 105 U catalase and 6 X 103 U SOD in 35 ,umol liposome
phospholipid, immediately before air or 100% oxygen exposure
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Figure 4. Clearance of liposome-delivered catalase activity and '25I-
catalase from lung. Animals were injected with liposomes containing
catalase and killed at different periods of time. The amount of
delivered catalase was calculated as the difference between catalase
content in treated animals and catalase content in control animals at

different times after injection of liposomes. Lungs were perfused and
homogenized before determination of catalase activity (0) and
radioactivity (0).

Table II. Effect of 100% Oxygen Exposure on Lung SOD and
Catalase Activity After Intravenous Injection ofLiposome-
entrapped SOD and Catalase

Treatment SOD Catalase

Ultung Ultung

Air-exposed rats 335±26* 3,449±145*
Air-exposed rats injected with SOD

plus catalase-containing
liposomes 624±35t 3,570+201*

100% oxygen, 60-h-exposed rats 329±22* 3,520±185*
100% oxygen, 60-h-exposed rats

injected with SOD plus catalase-
containing liposomes 544±21 j 3,893±177*

Rats were injected four times with either 2 ml saline or 2 ml liposomes
every 12 h for 36 h. Oxygen-treated rats were injected immediately
before beginning 100% oxygen exposure. Lung enzyme activity was
assayed 60 h after the initial injection ofanimals (24 h after final injection).
*t Values having the same symbol superscript are not significantly dif-
ferent from each other, using Duncan's multiple range test that compares
intergroup differences (P < 0.05, n = 5). Each treated rat received in-
travenous injection of 2 ml liposomes consisting of 1.0 X I05 U catalase
and 6 X 103 U SOD in -60 umol liposome phospholipid and was
corrected for enzyme activity contamination due to blood elements.

(t = 0) and at t = 12, 24, and 36 h. This is the same injection
schedule used for oxygen toxicity studies reported in Table III
and Fig. 5. Table II shows that only SOD was significantly
increased (186%) 24 h after liposome injections were stopped,
in both air- and 100% oxygen-exposed rats. There was no sig-
nificant change in both SOD and catalase activity in noninjected
100% oxygen-exposed rat lungs, agreeing with previous obser-
vations (4). Liposome-injected rats exposed to 100% oxygen did
not have significantly different SOD and catalase activity, com-
pared with liposome-injected rats maintained in room air,
showing that 100% oxygen did not further increase the activity
of these antioxidant enzymes.

Protection of rats against oxygen toxicity. Groups of rats
were exposed to 100% oxygen and injected every 12 h, beginning
at t = 0 with saline, control liposomes, free catalase and SOD,
control liposomes plus free catalase and SOD, liposomes con-
taining SOD alone, liposomes containing catalase alone or both
SOD and catalase-containing liposomes. Rats were kept in 100%
oxygen continuously, even when given injections after beginning
100% oxygen exposure. Lung wet weight and the amount of
pleural effusion present after death were measured upon autopsy
(Table III). Exposed rats injected with catalase plus SOD li-
posomes, catalase liposomes, and control liposomes plus free
catalase and SOD had significantly less fluid in the pleural cavity
after death compared with saline-injected controls (0.5±0.3 ml,
2. 1 + 1.0 ml, and 4.9±1.4 ml, respectively, all P < 0.05,
mean±SEM) (Table III). Only rats injected with catalase plus
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Table III. Survival Time, Lung Wet Weight, and Pleural Effusion Volume ofAnimals
Exposed to 100% Oxygen

Lung wet Pleural
Treatment* n weight n effusion n Survival time

g ml h

Saline 27 2.92±0.16t 24 9.8±0.4f 21 69.5±1.5t
Free catalase plus SOD 8 2.66±0.09t 8 9.2±1.2$ 11 71.4±1.7*
Empty liposomes 8 2.98±0.18f§ 8 9.4±0.7t 10 71.2±1.5$
Catalase liposomes 7 3.57±0.43f§ 6 4.9±1.4 7 74.4±7.3t
SOD liposomes 7 2.80±0.16t 7 9.0±0.5t 7 72.4±1.6$
Empty liposomes with free
SOD, SOD plus catalase 9 3.80±0.25§ 10 2.+±l.0§ 9 83.1±3.lt

Liposomes containing
SOD plus catalase 11 4.83±0.36 11 0.5±0.3§ 12 118.1±9.9

* Rats were injected intravenously with a total volume of 2 ml saline or a suspension of liposomes (60-
90 umol DPPC) containing either saline, catalase (8-9.8 X 104 U), or SOD (2-3 X 103 U) suspended in
saline. Free catalase (5 X 104 U/ml) and SOD (2 X 103 U/ml) were injected in 2 ml saline.
$§ Values having the same symbol superscript are not significantly different from each other (P < 0.05).
All values represent mean±SEM and are compiled from experiments done on three to five separate occasions.

SOD liposomes had significantly greater survival time in 100%
oxygen. The time for 50% survival (LT50) for this group of rats
increased from 69.5±1.5 to 118±9.9 h (P < 0.05, mean±SEM,
Table III and Fig. 5).

Discussion

Intravenous injection ofliposomes containing catalase plus SOD
increased the survival time of rats exposed to 100% oxygen.
The LT30 increased from 70 to 110 h and the volume of pleural
effusion at autopsy decreased from 9.8±0.5 to 0.4±0.3 ml (Table

III, Fig. 5). Protection appears to be due to the antioxidant
activity of both catalase and SOD, since liposomes containing
either catalase or SOD alone and control liposomes plus free
catalase and SOD did not increase LT50. A single injection of
liposomes containing catalase and SOD increased the activity
of these enzymes in rat lungs 3.1- and 1.7-fold, respectively, 2
h after injection (Table I). In a separate experiment, it was
shown that 24 h after cessation of injection ofSOD plus catalase
liposomes (injections given every 12 h for 36 h as for 100%
oxygen exposure), lung SOD activity was significantly greater
than controls, in both air and 100% oxygen-exposed groups

0
Co

0-

CL

Survival Time (h )

Figure S. Effect of liposomal treatment on
survival of rats in 100% oxygen. Animals were

injected intravenously every 12 h as described
in Methods with saline (A), empty liposomes
(equivalent to 85 umol DPPC) plus 3 X 103 U
SOD and 9 X 104 U catalase (0) or liposomes
containing - 3 X 103 U SOD and 9 X I04 U
catalase (0).
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(Table II). Augmentation of catalase activity was not apparent
at this time point, possibly because of a faster rate of clearance
or degradation of this liposome-delivered enzyme in lungs com-
pared with SOD. Figs. 2 and 3 show that the circulating half-
life of catalase liposomes is less than that of SOD liposomes.

The injection ofcontrol liposomes plus free SOD and catalase
or liposomes containing catalase significantly decreased the ap-
pearance of fluid in the pleural cavity, but did not significantly
increase the LT50 of rats exposed to 100% oxygen. The possible
adsorption of catalase onto the surface of liposomes (Fig. 1)
may result in intracellular delivery of this enzyme, when injected
as the free enzyme in the presence of control liposomes, and
may explain the decreased pleural effusion measured in rats
injected with free enzymes plus control liposomes (Table III).

Intravenously injected liposomes will primarily interact with
the first lung cell surface they come in contact with, a likely
candidate being the capillary endothelial cell. Since this cell type
accounts for 14% of the total cell volume of rat lungs (4), it is
possible that liposome-mediated augmentation of enzyme ac-
tivity occurs in this cell type, which cannot be detected by enzyme
assay of whole lung homogenates at extended times after li-
posome injection.

The half-life of intravenously injected native SOD and cat-
alase in the circulation was 8 and 20 min, respectively, in agree-
ment with previous observations (29). The shorter circulating
half-life of the smaller CuZn SOD (31,000 mol wt) may be due
to more rapid renal clearance, compared with catalase (210,000
mol wt). Liposome entrapment significantly extended the cir-
culating half-life of these enzymes up to 5 h, depending on the
enzyme content. This half-life for circulating liposomes is similar
to previous observations, for liposomes having similar com-
position and different contents (28). The clearance ofSOD and
catalase from the circulation and catalase from lungs obeyed
first order kinetics, according to a one-compartment model (Figs.
2-4, [26, 28]). The rate constant of catalase radioactivity clear-
ance from both blood and lung decreased significantly at 6 h
after injection (Fig. 4). This change in the rate constant is prob-
ably due to loss of '251-label from catalase rather than biphasic
kinetics of clearance. Catalase activity assay at various times
after injection supports this conclusion. The lung capillary bed
is the first to come in contact with intravenously injected li-
posomes. 15 min after injection of liposomes, 14% of liposomal
'251-catalase was associated with the lung. After injection of4.44
X 105 cpm liposome-entrapped catalase, 6,200±344 cpm/ml
blood (mean±SD, n = 4) was found in the circulation 15 min
after liposome injection. Since a 270-g rat has - 15 ml blood
(30), it was calculated that 20% of injected liposomes remained
in circulation at this point, either free or blood cell-associated.

The rats injected with liposomes containing catalase and
SOD had the least pleural effusion and the longest survival time
in 100% 02. Liposome-dependent protection against 100% ox-
ygen, measured by survivorship, did not include prevention of
increased lung wet weight resulting from oxygen exposure. The
mechanism explaining the greater lung wet weight in these an-

imals is not clear. It may be that these animals survived for
longer periods of time, permitting a greater degree of interstitial
and intraalveolar edema to occur in portions of the lungs. The
massive pleural effusions present in several of the groups (Table
III) must have significantly contributed to compromise of pul-
monary gas exchange and been an important factor in their
death. Prevention of these pleural effusions may have helped
extend the survival time of the animals treated with liposome-
entrapped enzymes, while the gradual accumulation of intra-
pulmonary fluid indicated another somewhat slower component
of lung injury, which subsequently contributed to death. The
presence ofa small pleural effusion but relatively little extension
of survival time in the animals treated with empty liposomes
and free catalase and SOD indicated that pleural effusion is not
the only factor contributing to the death of the other exposure
groups.

Liposomes are a useful vector for mediating intracellular
delivery of biologically active substances (1 1-13). Several tech-
niques have been developed for liposome entrapment of solutes.
Reverse-phase evaporation provided efficient entrapment of large
amounts of solute and yields liposomes that are predominantly
unilamellar and range from 0.1 to I Am in diameter (13). Treat-
ment with 0.2% SDS was needed to release most liposome-
delivered catalase from lung homogenates, suggesting that a
significant proportion of liposomes remained intact in lung cells
2 h after injection. Transfer of liposome contents to cytosol has
been shown to occur over a period of a few hours (31). A
number of approaches, such as varying liposome size by prep-
aration methodology and altering charge, by using positive and
negative amphiphiles, will alter tissue distribution of intrave-
nously injected liposomes. In addition, mechanisms of liposome
uptake by cells may be altered by changes in liposome physical
characteristics (32). Contradictory liposome size and charge
characteristics for optimal organ and cell uptake have been
reported (20, 33-35).

Since liposomes were administered intravenously, both lung
capillary endothelial cells and phagocytic cells (capable of in-
gesting liposomes and marginating into lung tissue [36-38]) are
potential lung cell types that would interact with liposomes. It
remains to be determined whether the liposomes became as-
sociated with lung cells by adsorption to cell surfaces, fusion
with cell membranes, phagocytosis, or by a combination of
these mechanisms (31). Even though intravenous injection of
rats with liposomes containing SOD or catalase increased whole
lung SOD and catalase activity between 1.7- and threefold (Table
I), the actual concentration of these enzymes in the cellular
milieu of target cells was probably severalfold greater because
of preferential uptake by specific lung cell types. In vitro studies
of cultured porcine aortic endothelial cells have shown that
liposome-mediated SOD delivery can augment endogenous cel-
lular enzyme activity up to sevenfold, and will also render the
cells more resistant to hyperoxic injury (39).

Oxygen toxicity is due in part to increased generation of
superoxide and hydrogen peroxide in lung cells (7-10). The
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experiments described in this report show that augmentation
of lung defenses against superoxide and hydrogen peroxide using
SOD- and catalase-containing liposomes can decrease oxygen
injury. The need for liposome-mediated augmentation of both
enzymes, for extension of survival time, suggests that both su-
peroxide and hydrogen peroxide are important mediators of in
vivo oxygen injury. Following intravenous injection and tissue
uptake, liposome-delivered catalase and SOD could scavenge
either subcellular organelle-derived oxygen species or partially
reduced species of oxygen generated by phagocytic cells infil-
trating into or residing in oxygen-damaged lungs (40, 41). It
may be possible to extend the use of liposomes containing an-
tioxidant enzymes to other situations where tissue damage due
to overproduction of partially reduced oxygen species is prob-
lematic, such as inflammation, toxicity from quinoid antibiotics
and anthracyclic chemotherapeutic agents, paraquat poisoning
(42), or ischemia reperfusion injury (43).
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