


E L EFFE S I s I E 

The Health Effects Institute, established in 1980, is an independent and unbiased 
source of information on the health effects of motor vehicle emissions. HEI studies 
all major pollutants, including regulated pollutants (such as carbon monoxide, 
ozone, nitrogen and particulate materials), and unregulated ~-',_,..._..._ .... ,~._.j,..._~"' 

as diesel engine exhaust, methanol, and aldehydes). To date, HEI has sup
more than 120 projects at institutions in North America and Europe. 

HEI receives half its funds from the Environmental Protection Agency and half 
from 28 manufacturers and marketers of motor vehicles and engines in the U.S. 

n~A,'O'"'""' the Institute exercises in its research 
ties and in its funds. An Board of Directors governs the 
Institute. The Research Committee and the Review Committee serve L><IUJlf-YJlvJLJLJL~;iJLJL-

scientific purposes and draw scientists as """''"'j"·""-''-""'-'· The results 
of HEI-funded studies are made available as Research lhl'o-."""'"t'<C' 

and the Review Committee's evaluation of the work's scien-
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Ozone and nitrogen dioxide are outdoor and indoor air that can cause Both are 
termed oxidant gases because the oxygen atoms contain react with a variety of components and pn)d11ce 
injury. Depending on gas concentration and exercise intensity, can experience altered patterns after 
short periods of inhalation. Whether long-term inhalation causes or contributes to chronic disease is not 
known. Based on their reported adverse health effects, the Environmental Protection Agency has classified both 
gases as criteria air pollutants and has established National Ambient Air Standards for them. 

Cells lining the gas exchange region of the lungs (alveolar epithelial are targets for caused 
oxidant gases. These gases cause damage because they react with the cells and reactive oxygen molecules are gener
ated. These molecules can produce an oxidant stress that overwhelms the cells' normal ""'"'"+"'•~"'+''"" laiHH)XIaa.ntJ 
mechanisms. This study, sponsored the Health Effects Institute, examined oxidant 
cells and tested whether supplementing the levels of antioxidants would 

Dr. Bruce Freeman and colleagues exposed cultures of rabbit alveolar epithelial cells to air or to 95% oxygen 
(hyperoxia) to study how these exposures affected the levels of antioxidants. was used as a model of ex
posure to environmental oxidant gases because it also generates reactive oxygen molecules that pr,oauce 
To test whether supplementing levels of antioxidants in the alveolar cells would protect 
the investigators packaged antioxidant enzymes and the antioxidant vitamin E in microscopic 
called liposomes, and added them to the cells. They also instilled into rabbits' 
to air or 100% oxygen, and then evaluated changes in the levels of antioxidant enzymes in the 

RESULTS 

The investigators successfully prepared liposomes that could deliver antioxidants to rabbits' and to rabbit alve
olar epithelial cells in culture; both procedures increased antioxidant levels. that, instilled 
liposomes were distributed to all rabbit lung lobes, antioxidant enzyme levels varied among lobes and with duration 
of exposure to air or hyperoxia. Using cultures of rat alveolar epithelial cells, the investigators mimicked an oxidant 
gas exposure adding to the media specific enzymes that produced reactive oxygen molecules. Liposome sup
plementation increased the cells' resistance to this oxidant exposure. 

Early in their study, the investigators observed that untreated rabbit alveolar cells in culture exhibited 
decreases in levels of antioxidant enzymes when exposed to air or hyperoxia. Because enzyme levels were not main-
tained, the investigators decided that the responses of cultured cells to oxidant gases with or without 
some supplementation would not accurately reflect the responses of alveolar cells in animals to similar exposures. 
Therefore, they curtailed many proposed experiments with and ozone to test the effects of antiox
idant supplementation. Instead, they studied xanthine oxidase, an enzyme whose activity is as an intracel-
lular source of reactive oxygen molecules, and determined that its activity decreased with time in culture. 

In summary, the investigators presented new observations concerning the responses of alveolar cells to 
oxidant stress and the potential benefits of supplementing the cellular levels of antioxidants with By im-
proving our understanding of how oxidant gases damage lung cells and contribute to disease, such 
experiments provide information necessary for setting relevant air standards for these toxic air Jt-''-'Uu.ccu~=· 

This Statement is a summary, prepared by the Health Effects Institute (HEI) and approved by the Board of Directors, of a research project sponsored by HEI from 
1985 to 1989. This study was conducted by Dr. Bruce A. Freeman and associates at the University of Alabama at Birmingham. The following Research Report contains 
both the detailed Investigators' Report and a Commentary on the study prepared by the Institute's Health Review Committee. 
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This multifaceted study involved a combined biochemi
cal and cellular analysis of oxidant metabolism by a lung 
cell at risk from injury endogenous and environmental 
oxidants, the pulmonary alveolar type II epithelial celL 
Within the framework of this study, a method was devel
oped for effectively delivering antioxidant enzymes and 
a-tocopherol to the intracellular compartment of alveolar 
epithelial cells. 

Alveolar type II cells are key sources of pulmonary sur
factant phospholipids and apoproteins and serve as progen
itors of type I alveolar epithelium, thus playing an impor
tant role in there-epithelialization of the lung alveolus after 
exposure to pulmonary oxidants. The type I and II pulmo
nary epithelium also play an essential collaborative role in 
maintaining the integrity of the air-blood barrier of the 
lung. Because ofthese critical properties ofthe alveolar epi
thelium and their recognized sensitivity to oxidant stress 
derived from diverse sources, such as activated inflamma
tory cells, hyperoxia, the environmental oxidants and nitro
gen dioxide, and surgical procedures, such as cardiopul
monary bypass and lung transplantation, we endeavored to 
understand more about the oxidant metabolism and antiox
idant pharmacology of these cells. 

In our experiments, we made the observation that loss of 
differentiated oxidant generation and antioxidant proper
ties of type II cells occurs very rapidly in vitro. For example, 
we observed a 50% to 75% reduction in the specific activi
ties of type II cell superoxide dismutase, catalase, and 
glutathione peroxidase, all critical scavengers of cell su-
peroxide and peroxide and key enzymes in the at-
tenuation of radical formation. Although the dif-
ferentiated characteristics of the type II cell antioxidant 
defenses changed in vitro, they may have become more 
reflective of type I alveolar epithelial cells. The type I cell 
is the most vulnerable for oxidant damage in the alveolus 
because of its large surface area and the possibility of a re-

This Investigators' Report is one part of the Health Effects Institute Research 
Report Number 54, which also includes a Commentary by the Health Review 
Committee, and an HEI Statement about the research project. Correspon
dence concerning the Investigators' Report may be addressed to Dr. Bruce A. 
Freeman, Department of Anesthesiology, 956 Tinsley Harrison Tower, Uni
versity Station, University of Alabama, Birmingham, AL 35294. 

Health Effects Institute Research Report Number 54 © 1993 
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duced antioxidant capacity,...,..,......,,~...,,,"" to 

ithelium. 
II alveolar ep-

In spite of this limitation, we were able to culture type II 
cells and study their adaptive and toxic responses to ex
ogenously administered oxidant stress. We also observed 
that a significant source of self-generated oxidants in type 
II cells was the enzyme xanthine oxidase. Normal rates of 
oxidant production by this enzyme had an inhibitory effect 
on incorporation of biosynthetic precursors into surfactant 
phospholipids; these effects were eliminated the xan
thine oxidase inhibitor, allopurinol. 

The ability of small (200 to 800 nm diameter) phospho
lipid membranes, termed liposomes, to deliver normally 
membrane-impermeable antioxidant enzymes or water
insoluble a-tocopherol to alveolar epithelial cells in vitro 
and in vivo was also investigated. The cell content of antiox
idants could be specifically and rapidly increased, render
ing cells and animals more resistant to oxidant stress. Alve
olar epithelial cells were able to scavenge more effectively 
both intracellular and extracellularly derived oxidants. In 
summary, these experiments have developed a greater un
derstanding of type II cell oxidant metabolism in vitro and 
in vivo and have yielded important new appri:Ja(::hE~s 

preventing lung injury during oxidant stress and for 
ing mechanisms of oxidant lung damage. 

Alterations in pulmonary anatomical and 
parameters secondary to exposure to various gaseous ox
idants are the focus of extensive toxicological m've~;U~~atiolr.L 
Pulmonary damage induced gaseous oxidants is, in 
due to the extensive surface area available to react with such 
gases. These oxidants are of diverse sources, such 
as combustion engine emissions and oxygen used for 
therapeutic purposes. Most previous pulmonary oxidant 
studies have focused on the biochemical mechanisms of 
toxicity of three of these gaseous oxidants: ozone (03), 

and nitrogen dioxide Although exposure to each of 
these agents can result in dose-dependent alterations in 

* A list of abbreviations appears at the end of this report for your reference. 
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acid bases. 

acids, 
, ascor

other 
r>-n'rnncv'n cofactors and nucleic 

Mice 
hours became 
exposure two 

.,,.,,.,_.,,~+i"'' 1yy Further reactions 

via redox of transition metals re-
sults in "'OH formation, Antioxidant enzymes enzvmc:ttic;all'V 
reduce to less reactive states. dismutase 

cells in both mitochondrial 

The above information demonstrates that reduc-
tion of oxygen results in direct PROS formation. The molec-
ular nature of and is different from with 

a radical and a zwitterion. Both 
with olefins and with the n-rr'""'"h" 

tions different 1976; Mudd and Freeman 
These gases appear to attack both alkene bonds 

olefins and intramolecular aromatic side 
The reactions result in 

and Freeman 1977; Prutz 
-n"''"'+"'i"'"' and olefins with 

also results in the formation 
n.<t::;a.c.v.< 1976; Prutz et aL 

nitro-adduct derivatives 
At present, the direct reac

~~·~-~-~;~n has not been demon

strated to generate 
cies, such as or 
shown react with 

reduced oxygen spe
olefins have been 
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which is not to be confused with 
pro·dm:::tlo'n of 

a role in pulmonary damage 
Finally, the above investigations never 
that H20 2 was the direct product of reacting with ole
fins and amines. The 0 2® may have been the direct '"'"'"',-h,,.-.t 

of the 0 3 reaction, and the H20 2 detected may have repre-
sented a dismutation of 

RESPONSE OF PULMONARY ANTIOXIDANT 
DEFENSES TO OXIDANT STRESS 

The involvement of PROS in pulmonary damage induced 
by oxidants may, in part, be inferred examining changes 
in pulmonary antioxidant enzyme (AOE) levels in oxidant
tolerant animals. Rats that were made tolerant and cross 
tolerant to normally lethal levels of and seven-day 
preexposure to sublethal concentrations of these same 
gases had enhanced pulmonary CuZn SOD, Mn SOD, cata
lase, and GSH Px activities and Frank 1984; Free
man et al. 1986). Furthermore, it was demonstrated that 
augmentation of rat pulmonary SOD and resistance 
to a lethal100% 0 2 exposure both required at least three to 
five days of sublethal85% exposure (Crapo and Tierney 
1974). In contrast, rabbits that were exposed to 100% for 
64 hours and then returned to normoxia for eight days were 
tolerant to 100% upon reexposure et al. 1989). 
These rabbits had no augmented pulmonary SOD or cata
lase activities and had no augmented pulmonary SOD, cata
lase, and GSH Px activities before and throughout a lethal 
72-hour exposure 100% 
to three hours of sublethal were tolerant of 
normally lethal but not of normally lethal 
two days later (Douglas et al. 
SOD activities were not evident in these mice at the 
ning of the lethal oxidant exposures. Catalase and GSH Px 
activities were not determined in these mice. The above in
vestigations do not demonstrate a single unique AGE
dependent mechanism of tolerance to the various gaseous 
oxidants examined. Both the lack of augmented pulm,oni:lry 
AOE activities in and the lack of 
cross tolerance and SOD in 
mice to for a short term may be due to mecha-

lULICi.Hl!HL>v, such as shifts in cell 
are not a.e·peJGO.i:mt on antioxidant enzymes. 

TISSUE SOURCES 
REDUCED OXYGEN SPECIES 

Observations activities are 
not sufficient to demonstrate the .,....,...,..+;,,....,r,,..+·•~...-. of PROS in 
ulrnoJnm~y aarr1ag;e due to elevated concentrations of 

a.,.,,.,~,,.,"'"~"'" '-'H•u..LJI.1.,.._,." may be due to cellular 
to diffuse in·-

lmlelJeiiO.E~nr of biochemical mechanisms of toler
ance in these animals. Measurement of elevated rates of 
PROS production in tissues exposure to these ox
idants would further demonstrate the involvement of PROS 
in Possible loci of 
monary PROS exposure include resi-
dent macrophages and as well as nonleuko-

sources. Determinations of the loci of intracellular 
PROS and mechanisms of tissue damage from PROS have 
been reviewed elsewhere (Freeman and Crapo 1982; Pan us 
et al. These loci include electron transport systems, 
flavoproteins, and hemc1protE)ins. 

Recent investigations of oxidant-induced 
u.uuu.'~">"" have suggested a possibly locus of intra-
cellular, partially reduced oxygen the oxidase 
form of xanthine oxidase 

Xanthine oxidase exists in 
two forms, both a wide of and 
pteridine substrates. The XDH form reduces nicotinamide 
adenine dinucleotide +) to reduced nicotinamide 
adenine dinucleotide and the XO form reduces 
molecular oxygen both uu_,, ... .,.,uu 

and 

form occurs as a result of 
homeostasis various mechanisms. Intramolecular su)f-. 

.,..,,.,. .. -t-.orl XDH converts the enzyme to 
and 

and Kamg:onalan 
conversion of XDH to XO has been demonstrated 
in both the presence and absence of .., ..... ,tfhv~il"''-""",_,rl ..... • ..... , .... .u,,14 

agents (Engerson et al. Whether limited proteolysis of 
XDH to XO follows oxidation of XDH in sHu has 
not been determined, Conversion of XDH to XO and subse-
quent and 
roles in the seen upon reoxy-

et al. 1986; Parks et 
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aL Until 

other toxic agents, 

Recent show that exposure of adult rats to 
for 24 hours resulted in a loss of 

The cellu-

nisms were not 
established. Possible mechanisms include XDH to XO con-
version and autoinactivation 
PROS and Fridovich extracellular release of 
XDH/XO into the 

with a diet high in tungsten. These rats then were exposed 
to 100% for 48 hours. When from these animals 
were excised and demon-
strated less edema than their and 0 2-ex-

counterparts et al. The lungs from the 
tm1gs:te11-tl~eated animals were also less susceptible to en-
hanced edema due with neutrophil elastase. 
Other have demonstrated that oxidized pro-

unumrgo accelerated degradation (Davies 
reduced oxygen formation may ex

acerbate induced tissue The above 
,n ... ,u. ... ...,", in aggregate, suggest that XDH/XO may be an im
portant mediator of oxidant-induced 

LIPOSOMEwMEDIATED DELIVERY 
OF ANTIOXIDANT ENZYMES 

If PROS are mediators of 
pa1:holog:y and then of pulmonary 
AOE activities in animals should protect against these ox-
idant exposures. of native dismutase 
and catalase to rats intravenous or intratracheal routes 
did not protect the animals from exposure 
and et al. 1984; Padmanabhan et al. 

of AOEs di-
exposure. Liposome entrap

a transmembrane vector for the intracellular 

In contrast, similar 
intratracheal of 

responses are discussed elsewhere et 
al. 1984; Padmanabhan et aL These results suggest 
that intracellular PROS and may be a 

and sub
Hposc>m<'l.l r~a'''"0"~"'" of AOE also 

U1-UH1llC8~d. puliUOJO.ary t-r-.v-'"'t-n is 
su:r:>plE~mlmt<'l.ticm of 

...,,, .... u,,.,o pnJtection against 

sue was an experimental goal of the original design 
but was outside the scope of final endeavors. Because 
somes are considered incapable of crossing the pulmonary 
basement membrane, the above investigations demonstrate 
differences in the AOE requirements of cells on opposite 
sides of the air-blood barrier. Thus, when developing an an
tioxidant pharmacologic regimen, specific AOE require
ments of target cells on the intravascular and alveolar sides 
of the air-blood barrier must be clarified. 

OXIDANT STRESS AND TYPE II 
CELL RESPONSES 

A common anatomic change in the lung after chronic 
exposure to is the proliferation and hyper-

of type II cells et al. 1984; Evans 1984). Type 
II cell functions include surfactant metabolism, electrolyte 
transport, andre-epithelialization of the alveolar basement 
membrane transformation into type I epithelium. As 
such, changes in type II cell number, function, or morphol
ogy could result in overall changes in pulmonary metabo
lism and function. Investigations have been conducted into 
whether oxidant exposure augments individual type II cell 
AOE activities, and whether subsequent tolerance is due in 
part to hypertrophy and hyperplasia of these cells. Isolated 
type II cells from rats, made tolerant preexposure to 85% 

for seven days, showed augmented protein to DNA ratios 
and augmented cellular AOE activities when normalized 
for cell number or DNA (Freeman et al. Activities of 
CuZn and Mn SOD, catalase, and glutathione peroxidase in
creased in cells isolated from tolerant animals. Cellular 
hVlDer'trctn.l:ltv was also assessed to determine whether in
creased cellular volume alone accounted for the augmented 
cellular AOE activities. When normalized for protein or cell 
vo.Lurne, isolated oxygen-adapted type II cells showed 
elevated CuZn and Mn SOD activities. Furthermore, type II 
cells in oxygen-tolerant rats contributed a greater nAJrcent-
age to the total AOE content than did type II cells in 
control rats. elevated AOE activities in 
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and 
~'-''-'J' P~'-'-"''-._. and to an increase in SOD concentration per 

unit of cell volume. 

Alterations in type II cell AOE activities were also exam-
ined after exposure of rats to 80% for seven 
man et al. In type II cells isolated these oxygen-
'-'-'-'-''-'-'"''"'"''-'- rats, Mn SOD was with no 

in CuZn SOD, catalase, or GSH Px activities. In this 
unlike the et al. 

antioxidant enzyme activities were normalized 
DNA. Ratios of cellular to DNA were not ex<nnini:Jd. 
and no determinations were made as to whether the 
in Mn SOD was due to cell Differences 
in results between these two type II cell studies from 

may be due to variations in type II 
cell isolation methods utilized the different investi-
gators. 

II cells isolated from rats to 0.8 ppm for 
four also have been examined for in cellular 
AOE activities Isolated type II cells 
had enhanced GSH Px even after for 
'-':~-.u.•u..._,.._."'u cellular in cellular SOD 
and catalase activities and calculation of the fraction that 
type II cells contributed toward of whole 
AOE activities in these animals was not determined. In 
summary, changes in type II cell AOE activities can be due 
to enhanced intracellular cell and cell 

ulrnoJD.ai'V AOE activities and 
and 

exposure. 

PRODUCTION OF REACTIVE OXYGEN 
SPECIES IN TYPE CELLS 

Antioxidant enzyme activities in type II cells isolated 
from and animals elevated rates of 
intracellular of PROS in these cells. Several in-
tramitochondrial and sources and 

normoxic conditions and at enhanced rates in 
and exposure to 

and the XDH/XO locus may also be an ;"".'"'"''+rn,<-

site of PROS in type II cells. Ozone exposure of 
whole animals or isolated type II cells inhibits 
ph1Jsp1nate a1:Vltransl:en1se and choline 

dehyldTC)gEmatse necessary for matinitaillintg 
lular reduced nicotinamide adenine dinucleotide 

and levels et 1972; 

H.a<Igsman et al. 

eniCl.O!~erlOtls antioxidant enzyme-spe
in vitro culture and after an oxidant 

co:ns1.sting of 95% or after exposure to PROS gen-
erated in tissue culture type 
II cell responses to oxidant stresses were studied after 
some-mediated of antioxidant defense. 

examined the of contain-
alter antioxidant defenses of the alveolar 

the response of these cells to ox-

our Dr«JD(JSed 
was that oxidant stress increases the intracellular rate of 
pn)dttct]lon of PROS. The efficient of ""'"'-nnn"'" 

antioxidant defenses to the rontr->c•" li 

or reactive 
sue culture medium. 

CELL CULTURE 

to sur
oxidant 

'100% 
in tis-

Alveolar type II cells were isolated and cultured from 



was greater than 85%, as deter
exclusion. Cells were allowed 

to adhere for 36 to 39 hours under normoxic conditions 
air, 5% After the 36-hour adherence 

the cells were rinsed twice with fresh culture media and 
2 mL of media was added. For biochemical ad-

mM dithiothreitoL Cellular homc)gEmates then were fro-
860C and stored at 86°C until 

For com1JaJ~ative purposes, and when cell numbers 
for alveolar type II cells also 

standard .,......,.,,.,..,.,,.-h,,.,,", 

This was followed 

selenous acid 
onto Costar 9.6-cm2 dishes -.-.-.-.,~+"~~ 1-~r-~ 

of cells was 1.01 ± 057 x 

which 83% ± 3% ± were type II cells. Cells were 
allowed to adhere for 36 to 39 hours before and addi
tion of fresh culture medium. 

LIPOSOMAL PREPARATION AND ANAIXSIS 

6 

ear 
vein and maintained with 1.5% halothane 

Rabbits were table which rotated 
of 

LllonsoJme:s were instilled 
2-inch catheter inserted percutane

the 

phosoh.at€~-b~uttered saline was 
The instilled volume was ~~~~.~v'•~~-~-~ 

"""""''"'''"hT with all rabbits 
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CJH,nJW'U'-Lo ""'-'""-~-'-V~-'.o and re-
h.-.,C'r>lh0l'CL~'"\HiCT01~0rl saline until a total 

volume of 400 mL was delivered. The resultant bronchoal
veolar fluid was 200 x g for 6 minutes 
to remove cells and cellular debris. 
and each lobe ser)arate 

tissue, cold 50 mM potassn1m !Ji.L'UL>~YHClc\G, 
EDTA, 7.8, and cex1tritw~ed at 200 x g for 10 minutes to 
remove cellular debris. were stored at -70°C 
for of SOD and catalase "'"'.""'"~'" 

TYPE H CELL ENZYME ASSAYS 

Cell-associated catalase and GSH Px activities were deter-
mined 1975; Freeman et al. 
1983). Superoxide dismutase was determined a 
"burst" assay that utilized inhibition of xanthine- and XO
generated via assessment of c reduction at 
pH 10.2. We found this assay to be more sensitive than the 
standard 7.8 c reduction SOD assay 
and Fridovich Cell-associated levels were de-
termined the Bradford 

(reagent from Pierce, bovine se-
rum albumin as a standard. Cellular XDH/XO activ-

was determined via a sp13CtrotlwJrc~ml3trlc 
followed the oxidation of 
uct isoxanthopterin (A-excitation 345 nm, Aemission 390 
nm) (Beckman et al. blue was substituted 
for NAD + as an electron acceptor when total 
XDH/XO was utilized to dem
onstrate that increases in fluorescence were due to XDH/XO 
"'"1'n''"~'" Individual was for 

lSo,xa:nttlOt:ltei·in. The percentage 
the XO 

minute. 

CYTafOXICITY ASSESSMENT 

CvtotoxJlcit:v was evaluated a number of as 
we learned about the strong for artifacts inherent 
in standard assays the course of our 
ve~iti~~atilon.s. The release of intracellular contents from cell 
.unJ.L.HJ.!.a._v"''l"' into culture medium was the basis for cytotox-

assays. The release of type II cell DNA, 

assessed 
age of radiolabel release fron1 cell HUJ.!.HJJLa.ycJ'"' 

the measurement of total radiolabel contEmt 
induced 30 of LH'-.>U.LOUU.UU 

0.1% Triton-X-100 in culture medium. 
cultured type II cells to hn'-"'""·"'v·· 
cellular and -.nn-,.,+·•,.-,rl 

whether the enzyme was inactivated when ex!Jm;ed 
PROS. Inactivation studies 

7.4, with added 5 ... '-'-'·""·'u .... av, and 
red 

Utes to maintain an ar-irnrlTU 

At no time was the xanthine rate ...... u .... , ... u.5 . 

idase ""-l·nr·•hr 

the 
in absorbance at 295 nm 
When XO fell below the an 
from a stock XO solution was added to the LDH reaction 
ropi·in·ihr was redetermined. A final COI1Centration of 

xo 

was added to reactions at 0, 2, and 
4 hours. At times were removed and LDH 
rord';n·•hr was determined in the method described above. 

OXIDANT EXPOSURE 

After isolated cells for 36 39 
nonadherent cells were removed from culture 
!JU.U.HH.L1,, and fresh culture medium (2 was 

h~"""'""'v·ir exposure, dishes were incubated at 37oC for 
'--'"' ...... '-'"'"' of time and flushed at 

determined the culture medium and "'""""'~"hhr-
the amount of dissolved 

x g, 10 minutes, 
to remove nonadherent cells and cellular 

the supernatant was stored ( for further 
herent cells were rinsed twice with Hank's balanced salt so
lution. For exposure 
cells were maintained in serum-free uum.1un1, 
mU/mL XO 100 xanthine was added to the cul-
ture medium to generate and To gm1eroate 

0 tO 200 mU/mL ;;,-'-u.uvc>'-' 

cose was added to the culture mEJdlUn:l. 



CELL SURFACfANT METABOLISM AS 
INDICATED BY INCORPORATION OF 
AND INTO PHOSPHATIDYLCHOLINE 

of 

X 

in minimum essential medium. Palmitic acid was 
complexed to bovine it in 
0.1 N neutraliza-

Y'-'-J''-''-•U.LU.u ..... acid. Choline chloride 
was added to increase the substrate for choline. 

The cells were incubated in 
37°C in a gas mixture of 95% air and 5% 

were allowed to equilibrate for 60 minutes before the 
first sample collection. After this of time (t = 0) and 
two subsequent 30-minute intervals (t = 30 and t = 60), 
precursor incorporation was stopped the addition of 
2 mL of 4°C phosphate-buffered saline. Cells were centri
fuged at 200 x g at 4°C for 60 minutes, and lipids were ex
tracted from the cell pellets using chloroform and methanol 
(1:2). The organic layer was collected and dried. The lipids 
were resuspended in chloroform and separated by thin
layer chromatography using a solvent system composed of 
chloroform:methanol:2-propanol:water:triethylamine (3:9: 
25:7:25). The lipids were made visual with rhodamine-6B 
(Sigma), a fluorescent lipophilic stain. A trace amount of 
dipalmitoylphosphatidylcholine (Avanti Polar Lipids), was 
dissolved in chloroform and to the TLC plate as a 
standard. Each total phosphatidylcholine spot was scraped 

from the 

STATISTICAL METHODS 

All values are shown as the mean ± SEM, unless other-
wise stated. Significance was determined 

analysis of variance, followed 
~ZrcmiJW:isP- coml_:Jariso~n on the variable. Statisti
cal analyses were done "SAS System under PC DOS". 

TYPE H CELL PHENOTYPIC CHARACfERISTICS AND 
ANTIOXIDANT ENZYME ACfiVITIES DURING IN 
VITRO CULTURE IN AIR OR HYPEROXIA 

In order to understand the responses to oxidant stress of 
control type II cells and type II cells having liposome
mediated increases in antioxidant capacity, we studied key 
properties of these cells when maintained in primary cul
ture in either normoxia or 95% 0 2 . In this series of experi
ments, which required large numbers of cells for biochemi
cal analyses, type II cells were isolated from rabbits. Plating 
efficiency of type II cells on dishes pretreated with 
fibronectin (2.1 Jlg/cm2 ) was approximately 20%, as deter
mined by culture-associated DNA (Table 1). During the 39-

Table 1. Alterations in Cellular Characteristics of Freshly Isolated and Adherent Rabbit Type II Cellsa 

Measurement 

Cellula:r 
Protein 
DNA 
Protein/DNA 

SOD 
Catalase 
LDH 

Catalase 
LDH 

Freshly 
Isolated Cells 

52 ± 6 
6.7 ± 0.1 
7.8 ± 1.0 

28 ± 4 
20 ± 11 

0.11 ± 0.0002 

213 ± 4 
166 ± 105 

0.87 ± 0.10 

Adherent 
n Cells n 

2 4.8 ± 0.9 4 
2 1.3 ± 0.10 4 
2 3.8 ± 0.6 4 

2 195 ± 47 4 
2 57 ± 10 4 
2 0.54 ± 0.23 4 

2 667 ± 83 4 
2 202 ± 20 4 
2 1.7 ± 0.37 4 

a Type II cell protein, DNA, and cellular enzymatic activities were measured in freshly isolated cells (plating at t = 0 hours) and cells adhered for 39 hours 
on 9.6-cm2 fibronectin pretreated dishes, as described in the Methods section. The 39-hour adherence period was a component of the cell isolation and 
purification procedure. Cellular enzymatic activities, SOD, catalase, and LDH were normalized for both cellular protein and DNA due to the differential 
effects of culture on each of these denominators. The table represents the average of two separate experiments with initial values done with single dishes, 
and the 39-hour adherent cell values done with duplicate dishes. Each value represents the mean ± SEM. The values for freshly isolated cells represent 
what was originally plated on culture dishes. 
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hour adherence period, there was a greater loss of mono
layer-associated than of DNA. The loss 
in protein was evident from the decreased ratio of cell pro
tein to DNA. 

Viability and of type II cells after 24 hours in cui-
exclusion blue and lamellar 

staining, With these methods, more than 
90% of the cells were found to exclude trypan blue and 
more than 85% of the cells were observed to contain lamel
lar bodies. Cell morphology, examined electron micros
copy, demonstrated the presence of numerous lamellar bod
ies, apical microvilli, and intercellular tight junctions in 
cells cultured for up to four 

Comparison of cellular SOD, catalase, and LDH activities 
in freshly isolated and adherent cells demonstrated an ap
parent increase in enzyme activities in the adhered cells 
(Table 1). Increased cell-associated enzyme activities dur
ing the initial culture may reflect cellular responses to cul
ture conditions. Alternatively, measurements of protein or 
DNA in freshly isolated cell suspensions may include non
viable cells that have lost cellular contents, thus artifactu
ally reducing apparent enzyme-specific activities in freshly 
isolated cells. 

After cell isolation and plating, the cultures were sub
jected to 0 to 96 hours of either normoxia or hyperoxia. Ex
posure of cells to normoxia for 96 hours resulted in a five
fold increase in protein content (Figure 1), whereas DNA 
only doubled (data not shown). The increased cell protein 
accounted for the augmented ratios of protein to DNA (Fig
ure 1). During this same interval of normoxia, the activities 
of several different cellular antioxidant enzymes (catalase, 
GSH Px, and SOD) decreased (Figure 2}. No distinction be
tween Mn and CuZn SOD was made, due to limitations of 
cell mass and the assay system employed. In contrast to an
tioxidant enzymes, cellular LDH activity increased during 
the same time period (Figure 2). 

Hyperoxic exposure of type II cells resulted in several 
phenotypic changes not observed in normoxic controls. 
The protein and DNA content of type II cell cultures ex
posed to hyperoxia for 96 hours was 32% (Figure 1) and 
69% (data not respectively, for similarly eXl)DE>ed. 
normoxic controls. Hyperoxic exposure seemed to have 
different effects on cellular protein and DNA, resulting in 
a 53% decrease in the protein to DNA ratio when compared 
with results from normoxic controls (Figure 1). Trends for 
the loss of cellular antioxidant enzymes during hyperoxia 
paralleled normoxic controls (Figure 2). During 96 hours 
of hyperoxia, the loss of cell-associated catalase and GSH 
Px activities enzyme decreases in normoxia-ex
posed cultures. The loss of cellular SOD activity during 

was less than that for normoxic con-

10 

15 

10 

5 

o~~~~~------~--------------~~ 

0 12 24 48 96 

Time 
1. Protein content and pmtein:DNA ratios in cultured rabbit type 

cells after 96 hours under normoxic (95% air, 5% C02) (@Ill) and hyper
mdc (95% 0 2 , 5% C02) (A) conditions. Cells were allowed to adhere for 39 
hours before initiation of the experiment. The top figure shows culture
associated protein (!-Lg) normalized for culture dish surface area (cm2). The 
bottom figure demonstrates the change in cellular protein to DNA ratios 
(1-Lg/IJ.g). Each time point represents the mean and SEM of at least two sepa
rate measurements. Each graph is the sum of two separate experiments. At 
several time points, the increment of variation was so small that it was not 
demonstrably separable from the mean. 

trols (Figure Decreased cellular LDH in 
oxic cultures may have been due to inhibition of 
synthesis, enhanced rates of protein degradation, enhanced 
release of LDH into the supernatant, in
activation of LDH, or a combination of these factors. Due to 
the different effects of hyperoxia on cellular and 
DNA content, cellular antioxidant enzyme-specific activi
ties for oxygen and air-exposed cultures were also normal
ized for cellular DNA (Figure 3). Antioxidant enzyme ac
tivities in both exposure groups decreased in a fashion 
similar to that shown in Figure 2. However, the mean activi
ties of cellular catalase and GSH Px in the cells 

co:mr>area with air controls. J:<urtntermc)re 
the auj~menited cellular SOD in the hvtJer,oxi~-fl'X-
posed group was not apparent. Finally, normalization of 
cellular LDH activity for DNA resulted in a further decrease 
in enzyme-specific activity in the hyperoxic-exposed cul
tures than in normoxic controls (Figure 
to type H cell cultures was demonstrated the increased 
release of cellular LDH, DNA, and preincorporated 
adenine (Figure Extracellular release of all three mark-
ers also occurred normoxia, but to a lesser extent. 

9 
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1. The demonstrates changes 

LDH during exposure. Enzyme activities were nor-
for culture-associated content. Time and graphs 

presented in this are as for 1, except that Px activity after 
48 hours of was a single measurement. 

II cells underwent ex-
posure to normoxia and as well. Phase contrast 

'"'""'""'''~..-"' demonstrated that cells to normoxia 
lost their cuboidal appearance and to flatten out 
and increase their cell surface area. Cells also lost their 
lamellar as demonstrated decreased fluores-
cence when stained with Cells to 
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cell-associated antioxidant en· 
activi.ltie~• dt1rirag rm:r:moxic (•) (A) conditions, as stated 

in 1. The figure demonstrates changes in cellular SOD, catalase, GSH 
Px, and LDH activities during exposure. Enzyme activities were normalized 
for cell DNA content. Time points and graphs presented in this figure are 
as for Figure 1, except that GSH Px activity after 48 hours of normoxia was 
a single measurement. 

m(Jrf=lhCllOgic changes. In 
eXlJOE;ed to demonstrated cyto-

within 48 hours of exposure, and within 
96 hours of exposure cell detachment was au·om~entt. 

Our data show that exposure of type II cultures to 
for 48 hours was toxic, whereas the exposure 

with normoxic controls was not. another series 
of was conducted to determine the maLgnJtulde 

The results of these 
eXlJer'im.ents as 

cell-

"'"1'"'''~-n was greater when normalized for cellu
DNA. The data in Table 2 also confirm the data in 

2 and 3, that with 
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normoxia, did not sir-;mticantly alter the rate of loss of cellu--
lar catalase or Px activities. Cellular SOD "'"''-,n-.-tu 

h~,,...,...~.-nf''' cultures, when nornmlized for l--'~'JLUH~, 

vated above the 48-hour normoxic counterparts 
ble DNA 

..... ---.,-v-,··nrl with increases for normoxic con
contrast, cell-asso-

exTJOE>ed to 95% for 48 
that for nor

ae]pre:ssion in cellular 
nvoermuc-e:x:pcJsea cultures was greater when 

'-L<JLLL'''-'-A"'-"-'U'--'- for cellular DNA rather than 

MARKERS AND 

eXlPeJl'lnleilts, we learned more 
-,-.r""'"'''h""' of standard markers of cell 

type II cell and oxidant-oriented imrestigations. 
release of intracellular markers such as 

or LDH are 
as~;es,sm,g in vitro cell 
LDH release from type II cells showed differences in 

the basal rate of release of these markers into 
culture medium In control cells incubated for 

up to three hours in Hank's balanced salt the frac-
tion oftotal release from 5% to 10%, 
and from 30% to 40% of the total mono-

label. The release of increased s1g;mncant1y 
after a 3-hour whereas LDH release did 

not occur this 

Because the type II cell is a rate 
of release observed may have been related associated 
processes. To test this cells were treated with 
20 r.tM Previous in 
vitro studies of type II cells have demonstrated stimulation 
of surfactant release these isCJPI~OtiBrtmc)l 

and Mason 19'79; Brown and Longmc)re 
with 20 t-tM exhibited a slg.nulc<.:mtJlY 

greater release of after two hours of incubation than 
control with no effect on LDH release 
cause the release of 10% LDH was consistent with 
determinations of appr,oximatE;ly 90%, based on the assess

amJeared to be 

resulted in 
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Oxidant Injury to the Alveolar Ep:HheHum: Biochemical 

Culture of Rabbit II Cells for 48 Air or 95% 

Treatment Duncan 
Test 

Protein 
Protein: DNA 

Adenine 
DNA 

Catalase 
GSH Px 
LDH 

Catalase 
GSH Px 
LDH 

Normoxia 

1A ± 0.2 
15 3 
10 ± 2 

22 ± 4 
53 ± 8 
17 ± 3 

57 ± 18 
23 ± 3 

0.11 ± 0.04 
0.75 ± 0.21 

670 ± 232 
220 ± 41 

1.29 ± 0.32 
8.4 ± 2.6 

1.2 
9 
8 

43 
67 
41 

137 
23 

0.10 
0.55 

1,040 
204 

0.97 
4.5 

± 0.2 
± 2 
± 1 

± 10 
± 
± 2 

± 20 
± 6 
± 0.03 
± 0.15 

± 167 
± 66 
± 0.33 
± 0.37 

Performed 

Yes 
Yes 
No 

Yes 
Yes 
Yes 

Yes 
No 
No 
Yes 

No 
No 
No 
Yes 

* 

n 

7 
7 

7 

7 

7 

7 
7 

7 

a The data represent quantitative analyses of type II cell monolayer protein, DNA content, and cellular antioxidant enzyme activities after 48 hours of nor
moxia or hyperoxia. Cells were allowed to adhere for 39 hours to 9.6-cm2 dishes, as described in Table 1, before initiation of the experiment. The data 
represent the sum of three experiments: two conducted in duplicate and the third conducted in triplicate. Data were analyzed via a two-way ANOVA, 
utilizing a block to account for experiment-to-experiment differences within a treatment. If in the ANOV A the treatment variable accounted for 
significant variation a dependent response, a Duncan post hoc, groupwise comparison was performed to determine significant differences (p < 
0.05) between treatments. value represents the mean ± SEM. 

b ** = for normoxia n 3, and for hyperoxia n 5. 

inactivation of A total of 248 
nal concentration, was added to LDH in solution in 
amounts at zero, two, and 4 hours. In a separate incubation 
of XO was maintained under substrate-sat-

conditions at 3.1 mU/mL. The addition of xanthine 
and XO resulted in a threefold greater loss of ac-

Treatment with 

%Total 
Release 

LDH 

0 
20 

0 

1 

31.3 ± 
32.9 ± 
9.8 ± 
9.3 ± 

1.2 
1.4 
1.9 
1.4 

than a similar incubation with The 
difference in the rate of loss of LDH two 
groups may be due to the combined presence of and 

in the XO exposure. the xanthine and 
XO system, 100% dismutation of to 
pr1oaucea a maximum of 744 !J,M 

Cultured Rabbit II Cells after 

Incubation Timea 

2 3 

31.3 ± 0.7 39A ± 
39.4 ± 1.9c 42.2 ± 1.8 

9.2 ± 6.0 ± 0.9 
7.9 ± 1.9 7.9 ± 1.9 

a Values are means ± SEM for 5 wells containing cells that were incubated with and without 20 1-!M isoproterenol. 

b Values are significantly different from cells incubated in the absence of isoproterenol for 1 hour (p < 0.05). 

c Values are significantly different from cells incubated in the absence of isoproterenol for 2 hours (p < 0.05). Data were analyzed by ANOVA followed by 
a Duncan post hoc groupwise comparison procedure. 
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0 
0 1 2 3 4 

Figure 5. Oxidant inactivation of LDH. Inactivation of purified LDH was 
initiated by hydrogen peroxide (A) at a final concentration of 82.5 !J,M added 
at 0, 2, and 4 hours, or by 500 !J,M xanthine plus xanthine oxidase (Ill), main
tained at 3.1:1.3 mU/ml, and was compared to control LDH (~) activity. The 
open circle (0) on the y axis is the LDH activity at t = 0. All groups were 
incubated at 25°C, and each point represents the average of at least two sepa
rate measurements. Slopes of the regression lines from the experimental 
groups were significantly different from controls (p<0.01). Regressions for 
~.A, and Ill were ( -0.006)X + 1.19, ( -0.084)X + 1.12, and ( -0.225)X + 
1.15, respectively. 

iment, which was 2 .7-fold greater 
added The loss of LDH was not at-

tributed to dilution of LDH addition of xanthine and XO 
At the end of four the loss of LDH "'"tiuil·n 

or xanthine and XO could 
account for 0. 28% or 3. 24% of the loss respec-

seen in these groups. From we assumed type II 
inactivated in oxidant-stressed 

cells. which is not nnJteln-
associated upon cell and not 
ing surfactant secretory processes, was then selected as our 
marker of cell 

TYPE H CELL UPTAKE OF LIPOSOMAL 
ANTIOXIDANT ENZYMES 

Cationic phospholipids or have been re-
ported to be the most effective components for in 
vivo pulmonary of antioxidant enzymes et 
al. 1988). In vitro, cationic Hp1osorr1es 
efficiently with 4) 
than similar anionic or neutral lii=lm;ornes. 
vitro and in vivo results suggest that maximal tyu.u.u.•uJ..H:J!.J. 

delivery and cellular of macromolecules oc-
curs using cationic II cell-associated cata-
lase and SOD activities are increased after in vitro incuba-

Table 4. Role of Liposomal Charge in Liposomal Interactions with Rabbit II Cells and the Culture Dish Surfacea 

Cationic 
Adherent type II cells 
Culture dishes pretreated with fibronectin 
Untreated culture dishes 

Anionic 
Adherent type II cells 
Culture dishes pretreated with fibronectin 
Untreated culture dishes 

Neutral 
Adherent type II cells 
Culture dishes pretreated with fibronectin 
Untreated culture dishes 

n 

8 
4 
4 

8 
4 
4 

7 
4 
4 

Added 
% Association of 

3.0 ± 
0.94 ± 
1.20 ± 

1.70 ± 
0.53 ± 
1.30 ± 0.05 

0.53 ± 
0.10 ± 
0.35 ± 0.05 

a Cells were plated on Costar 9.6-cm2 dishes for 36 hours (37°C) at a concentration of 4.34 x 105 cells/cm2
. Dishes were pretreated with fibronectin to en

hance type II cell adherence and to compare the noncellular interaction of liposomes with fibronectin-pretreated culture dishes and untreated culture dishes. 
Each value represents the mean ± SEM. 

b Values are significantly different from adherent type II cells within each liposomal charge species. 

c Values are significantly different from cationic liposomal uptake by adherent type II cells; p < 0.05 by ANOVA followed by Duncan post hoc groupwise 
comparison procedure. 
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Table 

SOD 
Untreated 
Control liposclm!:JS 
SOD lipcJsmnes 

Catalase 
Untreated 
Control liposc>mi:JS 
Catalase Hposc>mi:JS 

n 

4 
4 
4 

2 
3 
3 

of Antioxidant 

14 
7 

294 

143 
104 

1,710 

± 
± 4 
± 

± 10 
± 25 
± 459b 

% Cell Association of 
Added Ln:•os!Jmial 

12 ± 
18 ± 3 

20 ± 2 
21 ± 2 

a The untreated group consisted of control cells not receiving liposomes, whereas the other groups received liposomes, as described in Table 4. Catalase 
and SOD liposomes were prepared by the method described in Table 4, except that the appropriate enzyme (::::::10 mg/mL) was added prior to liposomal 
formation. Cells were incubated with liposomes ( 4 hours, 37°C) at initial concentrations of 55 and 52 nmolliposomal phospholipid/cm2 for controls and 
enzyme-containing liposomes in the SOD experiment, and 32 and 29 nmol liposomal phospholipid/cm2 for controls and enzyme-containing liposomes 
in the catalase experiment. At the termination of the experiment, plates were washed twice in Hank's balanced salt solution, sonicated, and DNA analysis 
and enzyme analysis were performed. Each value represents the mean ± SEM. 

b p < 0.05 by ANOVA followed by a Duncan post hoc groupwise comparison procedure. 

tion with cationic containing the appropriate 
enzyme The increased antioxidant enzyme activ-

of cell after incubation of type II cells with 
liposomes, is not due to cellular binding and 
uptake of liposomes, since some liposome association with 
the cell growth surface also occurs (Table 4). Thus, binding 
of liposomes to noncellular sources must be considered as 
well when cellular metabolic properties after 

of macromolecules to subconfluent cells. 
For toxic effects of extracellular oxidants on cul
tured cells may be attenuated the oxidant scavenging of 
liposomally antioxidant enzymes attached to 
cell culture dish surfaces, as well as scavenging from 
similar intracellular enzymes. Appropriate controls, such 
as extracellular levels of antioxidant enzymes, 
should be conducted when examining liposome-mediated 
pnJtection of cells from extracellular oxidants. 

our studies, we noticed that catalase was capable 
of absorbing to the exofacial surface of cationic liposomes 

preparation and washing because of favorable elec
trostatic interactions. Bovine CuZn SOD did not associate 
with liposomal surfaces and was only accessible for assay 
after of liposomes. Because of the ob
servation of catalase-membrane association, cells that bound 
liposomes with catalase adsorbed to the exofacial surface 
may have exhibited augmented catalase activity in both plas
ma membrane-associated and intracellular compartments. 
To better characterize the uptake of liposomal catalase 
type II trypsin-resistant cellular catalase activity was 

14 

and with total cell-associated cata-
A 

trv·psln··re!eatsame and trypsin-resis
lipos,orrtes bn1d1ng to type II cells represent surface-

associated and intracellular pools, respectively. Catalase ac
tivities of cells that were harvested by either scraping or 
trypsinization in the present study are reported for control 
cells and cells incubated for two hours with catalase lipo
somes at a concentration of 400 nmol phospholipid/9 cm2 

(Table 6). Incubation of cells with catalase liposomes in
creased total cellular catalase-specific activity to 568% of 
that of controls, and trypsin-resistant catalase activity to 
213% that of controls. Trypsin-resistant catalase activity 
represented more than 80% of total catalase activity in con
trol cells and 30% of the total in catalase liposome-treated 
cells. These data suggest that, in addition to significant in
ternalization of liposomal catalase, much of the liposomal 
catalase remained associated with the cell surface after a 
two-hour incubation period. 

Table 6. Total and Trypsin-Resistant Rat Type II Cell 
Catalase Activitiesa 

Catalase 
Treatment Cell Protein) 

Control 
Scraped 89 ± 3 
Trypsinized 72 ± 2 

Catalase 
Scraped 505 ± 38b 
Trypsinized 153 ± 17b 

a Liposome-treated cells were incubated with 400 nmol phospholipid/9 
cm2 for 2 hours. Liposomes contained 2,008 U catalase/JJ.mol phospholip
ids or 9,833 U catalase/mg liposome-entrapped protein. Cells were har
vested by scraping or trypsinization for determination of total and trypsin
resistant activity, respectively. Each value represents the mean ± SEM for 
5 to 6 dishes of cells. 

b p < 0.05, compared with similarly harvested control cells. 
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demonstrated 

contents the 
able free association of FITC-SOD with cells occurred. Cells 
treated with empty or nonfluorescent SOD 
showed no fluorescence not 
ments, cells treated with up to 1 

lipid/cm2 exhibited no due to the vehicle and in
corporated up to 10% of the added a 
two-hour incubation. 

cells 23 
and plated 

was 
after it 

'i. The col!'respmu:Hn_g phase contrast mi.tcrogm.ph of Figu.re 6. Mag
nifica1:ion is x 1,475. 
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Table 7. 

Measured 
mol Ratio of 

DPPC Cholesterol 

1 7 1 2 0 0 
2 7 1 2 0.5 0.4 
3 7 1 2 1 0.9 
4 7 1 2 2 1.3 
5 7 1 2 3 2.0 

a Liposomes were prepared by reverse-phase evaporation as described in the Methods section, with increasing mol ratios of a-tocopherol. Direct fluorometric 
analysis of liposomal a-tocopherol content shows the actual mol ratio of a-tocopherol incorporated into liposomal membranes. 

Table 8. The Influence of Liposomal a~ Tocopherol Content on Cultured Rabbit Type II Cell a-Tocopherol Uptakea 

DPPC:CHOL:SA:a-Tocb 
J.tg a-Tocopherol a-Tocopherol % Liposomal 

per Uptake Uptake 
Preparation (mol: mol) mg Cell Protein (%) (%) 

1 38 
2 7:1:z:o 29 27 
3 7:1:2:0.4 66 29 22 
4 7:1:2:0.9 107 23 20 
5 7:1:2:1.3 199 20 18 
6 7:1:2:2.0 201 12 14 

a Increasing mol ratios of a-tocopherol were incorporated into liposomal membranes. Then, type II cell monolayers were similarly treated with 100 nmol 
liposomal phospholipid/cm2 cells for 4 hours. Cell monolayers were then assayed for extent of a-tocopherol and liposomal uptake. 

b Dipalmitoylphosphatidy lcholine: cholesterol: steary lamine: a-tocopherol. 

of cellular a-tocopherol content. In a 4-hour incubation of 
type II cells with a medium containing a-tocopherol-sup
plemented serum, there was no detectable increase in cell 
a-tocopherol content. In contrast, addition of liposomes 
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Figure 8. Time course ofHposomal a-tocopherol uptake by cultured rabbit 
type H cells. Cells were treated with liposomal a-tocopherol, in the method 
described for Table 9. 
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containing a-tocopherol to the culture medium resulted 
in a significantly greater enrichment in cell a-tocopherol 
(Table 9). 

PROTECTION OF OXIDANT~STRESSED TYPE II CELLS 
WITH LIPOSOME~DELIVERED ANTIOXIDANTS 

After a six-hour exposure to oxidants generated by XO or 
glucose oxidase added to culture medium, LDH release 
was significantly less in catalase liposome-pretreated and 
washed cells than in controls. Partial protection against ox
idant injury induced by XO (Figure 9) and complete protec
tion against glucose oxidase injury (Figure 10) were observed 
after pretreatment with catalase liposomes, as indicated by 
attenuated cell LDH release. Catalase liposome-pretreated 
cells also were protected from detachment from monolayers 
induced by oxidant exposure. Oxidant-mediated injury was 
not decreased by pretreating cells with empty liposomes. In 
the absence of glucose oxidase, up to 400 nmol phospho
lipid/9 cm2 of empty or catalase liposomes was not asso
ciated with increased cytotoxicity (Figure The addi
tion of native catalase to the culture medium prevented the 
glucose oxidase-mediated cytotoxicity and the presumably 
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Table 9. Serum Versus Liposomes as a Vector for 

Condition a 

Medium + a-tocopherol 
Medium + a-tocopherol np,osonles 

per 
mL Medium 

9.1 
22.1 

per 
Protein 

Not detectable 
440 

a Fetal calf serum, which had undetectable a-tocopherol, was supplemented with an ethanolic solution of a-tocopherol. Cells were incubated for 4 hours 
with a-tocopherol-supplemented medium containing 10% fetal calf serum or with unsupplemented medium plus liposomes containing a-tocopherol 
(dipalmitoylphosphatidycholine:cholesterol:stearylamine:a-tocopherol; 7:1:2:2, mol:mol). Then, cell monolayer lipids were assayed fluorometrically for 
a-tocopherol content. Endogenous cell a-tocopherol content was 28 !lg/mg cell protein. 

Hz02-dependent component of XO-mediated cytotoxicity. 
The effectiveness of native catalase was probably due to its 
immediate scavenging of enzyme-derived H20 2 in the cul
ture medium before it reacted with type II cells to induce 
LDH release. 

Pretreatment of cells with 50, 100, and 200 nmol lipo
somal phospholipid/9 cm2 resulted in augmentation of cel
lular catalase activities to levels 182%, 252%, and 569% 
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Figure 9. Catalase liposome-mediated protection ofrat type II cells against 
XO injury, as measured by LDH release. Cells were pretreated for 2 hours 
with 0 or 50 nmol phospholipid/cm2 catalase liposomes, containing 3,622 
U catalase/mol phospholipid or 9,183 U catalase/rug liposome-entrapped 
protein, and washed. A six-hour incubation of cells in HBSS containing 0.1 
mM xanthine and 50 mU/ml XO followed. Extracellular catalase (670 U cata
lase/mL) was present in one treatment group during a six-hour incubation 
with XO. Results are means ± SEM for 5 dishes containing cells incubated 
under each condition. An * indicates values significantly different from con
trol values for cells incubated with XO (p < 0.05) by ANOVA followed by the 
Duncan multiple comparison procedure. 

greater than that of controls, respectively (Figure After 
a six-hour exposure of cells to a mixture of glucose and glu
cose oxidase, type II cell LDH release into culture medium 
was studied in these catalase liposome-treated cells. Con
trol cells released 70% of total intracellular LDH, whereas 
cells pretreated with catalase liposomes with 50, 100, and 
200 nmol phospholipid/9 cm2 released 58%, 37%, and 
13% of the total LDH, respectively. A plot of type II cell 
catalase-specific activity against the percentage of LDH re
lease for control cells and catalase liposome-treated cells 
demonstrates a correlation coefficient of 0.95 for this rela
tionship. 

Confirmation that catalase liposome-treated cells were 
scavenging H20 2 , thereby preventing cell injury, was de
rived from measurements of media H20 2 concentrations 
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Figure 10. Catalase liposome-mediated protection of :rat type II cells from 
glucose oxidase injury, as measured by LDH release. Cells were pretreated 
for 2 hours with 0 or 50 nmolliposome phospholipid/cm2 of empty or cata
lase liposomes, and washed. Catalase liposomes contained 2,598 U cata
lase/1-!mol phospholipid or 7,094 U catalase/rug liposome-entrapped protein. 
A 6-hour incubation of cells in HBSS containing 11.2 mM glucose, and treat
ment with 0 or 200 mU/ml glucose oxidase was performed. Extracellular 
catalase (CAT) (750 U/mL) was present in one treatment group during 6-hour 
incubation with glucose oxidase. Results are means ± SEM for 4 to 5 dishes 
of cells incubated under each condition. An * indicates values significantly 
different from control values for cells incubated with glucose oxidase 
(p < 0.05) by AN OVA followed by Duncan multiple comparison procedure. 
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0 
0 

of catalase Hposome-mediated pmtection of rat 
oxidase injury. Cellular catalase specific activity 

against percentage of LDH release. Cells were pretreated with 
0, 5, 10, and 20 nmol phospholipid/cm2 for 2 hours and washed. Catalase 
liposomes contained 2,598 U catalase/~mol phospholipid or 15,422 U cata-
lase/mg protein. A 6-hour incubation of cells in HBSS 
containing 11.2 mM and treatment with 0 or 200 mU/mL glucose 
oxidase followed. are means ± SEM for 2 parallel sets of 4 dishes con-
taining cells incubated under each condition. 

exposure of cells to the mixture of and 
cose oxidase 

PULMONARY DELIVERY OF LIPOSOME~ENTRAPPED 
SUPEROXIDE DISMUTASE AND CATALASE 

A intratracheal instillation of Hp1osonies contain-
both CuZn SOD and catalase increased the spE~Cltlc 

tivities of these enzymes in both 
ures 13 and and isolated type II cells (Figure from 
treated rabbit CuZn SOD and cata-

llDOSIDII1le instilla-
.,.,..,,-nr>hr reached four 

whereas catalase 
four hours after llPIOSOIIle ... , __ .. ,,._u ... uu.u 

cific was not different from that of cmltn)lS, 
,,~-iu·it~, was still 170% elevated. As eX]Jm~tel1, 

sig,ni1:ie<:mt \JUOCUAf~'-''-' in Mn SOD Q,.-,-tnnirn 

There were differences in tissue enzyme aug-
mentation of and catalase activities in each 
with respect to time, for both CuZn SOD 

0 

0 2 4 6 

Time After Glucose Oxidase Addition (hr) 

sC<!.venging by glucose oxidase-challenged controls and 
H cells. Controls are designated by filled 

and circles (~) in presence and absence of glucose oxidase, 
reEmectivelv. Cells challenged with glucose oxidase were pretreated with 5 

and 20 (D) nmol phospholipid/cm2 catalase liposomes in the 
ue:scrlbe,u in legend of Figure 11. Results represent concentrations 

of H20 2 measured in medium of type II cells incubated in HBSS containing 
11.2 mM glucose and 0 or 200 mU/ml glucose oxidase. 
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of SOD in rabbit after a 
tJra·tra!:heal iiDtstil!lation of SOD and 
Rabbits were exposed to room air(~) or 100% 0 2 (0) immediately af-
ter liposome instillation. An * indicates significantly greater than time = 
0; a ** indicates significantly less than the corresponding room air value 
[p < 0.005). CuZn SOD activity peaked 4 hours after treatment with lipo
somes and returned to control levels after 24 hours. Exposure to 100% 0 2 
significantly decreased augmentation of CuZn SOD activity in the lungs 
both 4 and 24 hours after liposome treatment. There were no significant 
changes in Mn SOD activity after liposome instillation and exposure to ei
ther air (A.) or 100% 0 2 (v). All values are means ± SEM; n ;:?; 15. 
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Figure 14. of cataJase in rabbH after a single in-
tratracheal of SOD ami. catalase. 
Rabbits were exposed to room air (0) or 100% 0 2 (0) immediately af-
ter liposome instillation. Catalase activity was significantly less than that for 
controls for 24 hours after instillation. Exposure to 100% oxygen had no ef-
fect on catalase augmentation liposome instillation into the lungs. All 
values are means ± SEM; n ~ 15. * indicates values significantly greater 
than time = 0; a ** indicates values significantly less than corresponding 
room air value (p < 0.005). 

and catalase with similar uU.O.LJL}",C'C> 

"'~"' 1""'"~"" with respect to 
18 shows an 

distribution of in-
tracellular fluorescence. 

D CuZnSOD I Air 
-

- CuZnSOD/02 
~Cat/Air 

&33l Cat/02 

* ** -r 

0 
Control 4 24 

Hours After Liposome Instillation 

Figure 15. SOD and catalase activity in II cell!; isolated 4 or 24 
hours after liposome instillation. Type II cell SOD activity increased 
4 hours after liposome instillation and returned to control levels within 24 
hours, as was seen in lung homogenates. However, exposure to 100% 0 2 did 
not decrease CuZn SOD augmentation in type II cells. Catalase activity in 
type II cells was significantly greater than control levels both 4 and 24 hours 
after liposome instillation. As in lung homogenates, 100% did not affect 
catalase uptake. Results are expressed as means ± SEM, n An * indi-
cates values significantly greater than time 0 (p < 0.005). 
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Lipm;ome-mediated of rabbit hmg CuZn SOD ac-
resped till time and There are significant 

differen<:es in augmentation in activity with time (Figure 14). There 
are no significant differences (p > 0.34) of catalase augmentation between 
lobes. Values expressed are means; n ;:, 4. Data were analyzed by ANOVA, 
followed by Duncan multiple comparison RUL: right upper 
RML: right middle lobe; RLL: right lower LUL: left upper lobe; 
LLL: left lower lobe. 

TYPE XANTHINE OXIDASE A 
SIGNIFICANT SOURCE OF TISSUE-REACfiVE 
OXYGEN SPECIES 

In the course of our it was revealed in the literature 
source of PROS in vascular 
In our efforts to understand 

oxidant metabolism in type II cells we 
from our aims to the pv,e>e>.Lr.,;.u . .Lcy 

that this enzyme serves as a locus of PROS in type II cells 
as which could be amenable to 
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figure 17. of rabbit lung catalase activ-
Hy with to time hmg distribution. There are significant 
differences augmentation of catalase activity with time (Figure 14). There 
are no significant differences (p > 0.34) in catalase augmentation between 
lobes. Values expressed are means; n ? 4. Data were analyzed by ANOVA, 
followed by Duncan RUL: right 
RML: right middle lobe; LUL: left upper 
LLL: left lower lobe. 
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Figu.:re 18. ~lu.~:res~ence images of frozen rabbit hmg sections (1 ~m) 4 
hou.:rs after mstillation of empty Hposomes or liposomes containing FITC
SOD ami. catalase (CAT). Enzyme-associated fluorescence intensity was 
mu.ch ~reater for FITC-SOD than corresponding autofluorescence. Magnifi
catwn 1s x 1,000. 

manipulation. Knowing how the dehydrogenase form can 
be converted to the oxidase by intramolecular thiol oxida
tion, it is possible that inhaled oxidants can induce forma
tion of the PROS-producing form of the enzyme. Both rat 
and rabbit lung type II cells had XO activity, with rat type 
II cells having an eight- to nine-fold greater specific activity 
than rabbit type II cells (Table 10). It was also observed that 
rat type II cell XO was unstable during in vitro culture of 
cells (Figure 19), which was similar to characteristics of the 
antioxidant enzymes reported in Figures 2 and 3. During 
the initial 36 hours of culture, loss of XDH/XO activity was 
78% and 36%, when normalized for cell protein and DNA, 
respectively. Loss of cellular XDH/XO activity was not en
tirely due to an increase in cell protein, because enzymatic 
activity decreased even when normalized for DNA. The rate 
of loss of total XDH/XO activity in the cultured type II cells 
was logarithmic with respect to time when normalized for 
protein (activity = 324[J..LU/mg] - 67[J..LU/mg per hour] " 
loge X) or DNA (activity = 1120[J..LU/mg] - 136[J..LU/mg per 
hour] loge In freshly isolated rat type II cells, the 

Table 10. Detection of Xanthine Dehydrogenase and 
Xanthine Oxidase in Freshly Isolated Type II 
Cells a 

Rabbit 
Rat 

n 

5 
5 

XDH + XO Activity 
(J..LU/mg protein) 

33 ± 24 
270 ± 199 

xo 
XO + XDH 

(%) 

25 ± 10 
32 ± 12 

a Type II cells were isolated and assayed for XDH/XO activity, as described 
m the Methods section. Data represent means ± SEM. 
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Figu.re 19. Effects of cu.ltu.:re on :rat type II cell total XDH and XO activity. 
Total cellular XDH and XO activity was normalized for protein (A.) and DNA 
(1!11111). Values normalized for protein and DNA represent the means ± SEM of 
a minimum of six separate measurements, except at 132 hours, where n 5. 

percentage of total cellular XDH/XO activity in the oxi
dase form (percentage of XO) was 31%. During culture, the 
percentage of type II cell XDH/XO in the oxidase form in
creased. After 132 hours of culture, the percentage of total 
enzyme in the XO was 67%. The increase in the percentage 
of XO during culture demonstrated no clear trend, as deter
mined by an insignificant correlation (r = 0.734). Although 
there was a significant increase in the percentage of XO for 
type II cells after 132 hours of culture, when compared with 
changes for freshly isolated cells or cells 36 hours after plat
ing, there was a decrease in total XDH/XO activity (Figure 
19). Thus, the net and H20 2-generating potential of 
cell XO decreased relative to the amount of time in culture. 

Cellular XDH/XO activity was also detected in the cell 
pellet (200 x g, 5 minutes, 4°C) from bronchoalveolar la
vage. The total lavage cell XDH/XO activity was 240 ± 92 
mU/mg protein, with 37% ± 7% of the total XDH/XO activ
ity in the oxidase form. In our experiments, type II cell pu
rity determined by phosphine-3R staining was 84%. Thus, 
total XDH/XO activity from non-type II cell sources (i.e., 
bronchoalveolar cells) in the final type II cell preparation 
was a maximum of 38 J..LU/mg protein, or 12% of the total 
XDH/XO activity in the final preparation. 

Previous investigations have shown that precursors cho
line and palmitate, when incorporated into the surfactant, 
are sensitive to oxidant inhibition (Gilder and McSherry 
1974; Haagsman et al. 1985; Crim and Simon 1988). We ob
served that incubation of rabbit type II cells with the XO 
substrate xanthine significantly decreased choline and 
palmitate incorporation into phosphatidylcholine 
(p < 0.05, using the one-tailed t test) and 17% 
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Figure 20. [Methyl-3H]ch.oline and [1-14C]palmitic add incorporation (% 
control) into total PC in freshly isolated rabbit type II cells incubated with 
500 J.LM xanthine or 500 J.LM xanthine plus 10 J.LM allopurinol. In cells ex
posed to xanthine alone, both choline (D) and palmitate (Ill) incorporation 
were significantly decreased compared with control values. Addition of al
lopurinol returned precursor incorporation to control values. Data are 
means ± SEM; n;;:. 6. An* indicates a value significantly different from cor
responding control value, using a one-tailed t test p ~ 0.05. A ** indicates a 
value significantly different from corresponding control value using a two
tailed t test, p ~ 0.05. 

controls, respectively (Figure 20). Addition of the XO in
hibitor allopurinol to the cell suspensions completely in
hibited XDH and XO activity and mitigated the decrease in 
precursor incorporation (Figure 20). This proves a signifi
cant modulatory effect of oxidants produced by endogenous 
type II cell XO on basal rates of surfactant metabolism. 

DISCUSSION 

A number of important observations were derived from 
this investigation and can be briefly summarized: 

1. We observed a rapid dedifferentiation of endogenous an
tioxidant defenses of type II cells maintained in vitro. 
This suggests that these cells do not serve as an appropri
ate in vitro model for pulmonary type II epithelial cell 
responses to subacute or chronic oxidant stress. 

2. We have demonstrated that liposomes serve as an effec
tive vector for enhancing the antioxidant capacity of pul
monary epithelium in vitro and in vivo. 

3. We have observed that XO plays a contributory role in en
dogenous rates of type II cell production of PROS, which 
attenuates basal rates of oxidant-sensitive surfactant syn
thesis in vitro. This shows that PROS affect type II cell 
differentiated function, reveals a new site of type II cell 
oxidant production, and represents a possible target for 
pharmacologic intervention in oxidant lung injury. 

The final accomplishments of this investigation differ 
from the original specific aims. First, we proposed much 
more than could be realistically studied in a detailed and 
insightful fashion during the project period. in the 

course of this work, we discovered that type II cells in vitro 
would not reflect type II cell differentiated oxidant 
and antioxidant functions because of drastic in vitro 
changes in levels of both sources and scavengers of PROS. 
Thus, it became clear that our observations 
and in vitro would be informative as 

r.nmr1Rr·P.n with common but in 
control and experimental responses 

would not be predictive of in vivo In of 
this insight, we emphasized in vitro oxidant response 
studies less and investigated the role of XO in the type II cell 
oxidant generation. This endeavor yielded productive and 
important data that affects our understanding of the bio
chemical responses of lung cells to environmental oxidant 
stress. Each of our areas of investigation into type II cell re
sponses to oxidant stress is discussed in detail in the fol
lowing text. 

PHENOTYPIC AND ANTIOXIDANT ENZYME 
CHANGES IN TYPE II CELLS IN VITRO 

The purpose of this series of experiments was to define 
baseline characteristics of type II cells and their antioxidant 
defenses in vitro and to reveal responses of these cells to ox
idant stress. Thus, type II cells were exposed either to nor
moxia, a mixture of 95% air and 5% C02, or to hyperoxia, 
a mixture of 95% Oz and 5% C02 . In vivo, type II cells 
maintain constant specific activities of antioxidant defenses 
in normoxia and respond to hyperoxia with elevated SOD, 
GSH Px, and catalase activities when normalized for cellu
lar DNA (Freeman et al. 1986). In this study, type II cells 
exposed to hyperoxia had increased cellular volumes and 
ratios of protein to DNA. When cell antioxidant enzyme 
activities were normalized for protein, only CuZn and Mn 
SOD activities were elevated. In another investigation (For
man and Fisher 1981), adult rats were exposed to 80% 

for seven days. Isolated type II cells from these animals 
demonstrated only increased Mn SOD activity when nor
malized for DNA and no apparent change in cellular cata
lase activity. Exposure of rabbits to 64 hours of 100% 

followed by seven days in room air resulted in tolerance to 
subsequent normally lethal hyperoxia exposure et 
al. 1989). Type II cells, isolated from these oxygen-tolerant 
animals, had increased cell volume but no enhanced cellu
lar SOD and catalase activities when normalized for either 
cellular DNA or protein. Different changes in antioxidant 
enzyme activities in type II cells isolated from exposed rats 
and rabbits may be dependent on experimental variations 
in the hyperoxic exposure or unique biochemical character
istics of the species being examined. Augmentation of type 
II cell antioxidant enzyme activities may also be influenced 
by factors released from other cell types. Herein, we deter-
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mined cellular responses type II cells to nor
moxia and sublethal levels of without the pres
ence of such factors. 

Antioxidant enzyme activities catalase, and 
GSH decreased 96 hours of exposure to normoxia 

H-'"'"-''·'cL6 .u.u.uu•"' have demonstrated 
reduced oxygen inactivate 

the enzymes mentioned above 
1975; Kono and Fridovich 1982; 

and Fridovich 

inactivates both catalase and GSH 
and Fridovieh 1982; Blum and Fridovieh 

whereas inactivates SOD and Fridovich 
the present no definitive 

mechanism the loss of antioxidant enzyme activi
ties in cultured type cells. normoxic cultures, the de
crease in cellular antioxidant enzymes seems to rc...-r-ro.cnnnrt 

to the increase in cellular 1 and 
if initial GSH Px, and SOD activities 
moxie cultures were normalized for in cell-asso-
ciated values could fall within 57% 

pn~sente-d in 2. The rate of decrease in cell 
enzyme activities determined the how-

const:antly underestimated the actual '-'.U'"-HF~"'"' 
the 

in the normoxic group after 12 hours of exposure. As seen 
in increase in cell 

hypermcic·-ex:pc1sed group. However, 2 demon-
strates that the activities of catalase and GSH Px decreased 
at rates similar to those of normoxic controls. These results 
show that the decrease in antioxidant enzyme activities in 
these cultures was not due to dilution. Fur-

SOD in 
greater than normoxic activities, was less than that of pre
dicted values From the values, the ac
tivities of all three enzymes should have been greater than 
those for controls. However, 2 and Table 2 show that 

SOD was greater than normoxie If 
decreases in activities of the antioxidant enzymes in nor-
moxie cultures were influenced increased culture-asso-
ciated then were to an-
tioxidant enzymes, because this same time cellular 
LDH increased in both normoxic and ex
posures. The reason for the increase in cellular LDH activ-

in both exposure groups is undetermined at present, but 
this may be due to culture-induced in the type II 
cells. when SOD, catalase, and GSH activities were 
normalized for cell number, as cellular DNA, 
the decrease in 

and normoxia control 
LntnLo'"""' GSH Px, and SOD activities. 
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However, culture-induced in the ex
f-1'-"'"""-uu of both groups of cells would seem to be at least 

n..-.rto." 1'".,.,,..., cause. The increase in cellular SOD ""1-'"·'+" 

hn·"".""'"" group, when to normoxie con-
response to increased 

posure. 

This series of demonstrated the ef-
fects on cultured type II cells and suggests that 
PROS mediated these effects. The intracellular loci..,....,.., .... "'" 

PROS are diverse and at present are 
Au.gmlented cellular SOD in 

hype:rm~1c·-expo1sed. cells was insufficient to protect the 
cells from the toxic effects of oxygen. The results do not 
ne1:::es:saJntv suggest that selective of cellular 
antioxidant enzymes would not be but that in 
these rates of cellular PROS pro
duction may have overcome cellular antioxidant defenses. 
The drastic decreases in type II cell antioxidant enzyme ac-

in vitro of both control and cells 
suggest: 

1. Baseline antioxidant characteristics of these cells in 
vitro differ from those in vivo. 

2. II cells -.-.-.c . .,..,,,..,-,rl 

than in vivo. 

3. II cells in vitro may not serve as models for 
in vivo alveolar 
idant stress or antioxidant enzyme pn_armo:tCCilOgy. 

4. Dedifferentiated type II cell antioxidant characteristics 
may resemble type I cell orcmE~rtl es. 

LACI'ATE DEHYDROGENASE, AND 
RELEASE AS INDICATORS OF 
OXIDANT 

We first observed in our type II cell studies that the re-
lease of a known to bind to 

of more than 10,000 had a threefold greater en-
ao~gmlmls rate of release than LDH. The 51Cr release was 
stimulated 
cretion, whereas LDH release was unaffected 
this, we assume that was associated with an ovt-.f',rtntlf' 

event not linked with cell and that LDH release was 
Thus, LDH 

release served as a marker for cell 
re'j:Jor1ted in 

II cell responses to in vitro culture 
DNA, and ,...,.,,,..,,~nrnnl'!'ltto•rl 

nine release were all utilized sunultane,Jw~ly 
cell Even a sig;mltlC<lnt 
adenine release was detected 
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extracellular release of LDH .-...-d-inthr was less than 
would have been eX!=lected when cmnnare~d to the other 
markers. We then determined that LDH was inactivated 
systems that and 4). The strong 
f.JU""'L.UU.LlY exists that increased oxidant levels metaboli

stressed or free radical-stressed cultures resulted in 
and 1981a; Turrens et al. 

r~a,~ .... """'"inn the accuracy of this enzyme as 
oxidant stress. The mech-

anism of inactivation of LDH was not but may be 
due to oxidation of critical active site 0'-'"''"'--'--'-YU.-'-

(Buchanan and In 
as 

the most reliable and sensitive marker of in vitro oxidant 
cell This molecule, which is not or -.--. .... ,.Toln-

associated upon cell is not subject to artifact 
surfactant secretory processes or oxidative inactivation. 

LIPOSOME DELIVERY OF ANTIOXIDANTS 
TO THE ALVEOLAR EPITHELIUM 

Whole lung 
cells (Geiger et al. take up intratJrache<ill) 
exogenous phospholipids in vivo and reutilize 
phospholipids for surfactant lipid synthesis 
1983). In vitro, type II alveolar epithelial cells 
somal phospholipids or fusion and ae1gralae 
internalized lipids From these stud-
ies, it was unclear whether an enzyme 
aqueous compartment of could be inr,n-n'·nncrai'orl 

into active type II cells in a ac-
tive form. In this we observed that an active enzyme 
could be delivered to type II because catalase- and 
SOD-specific activity increased up to 20-fold (Table 5) after 
cell incubation with liposome-entrapped enzymes. 

Anionic of onosunauu 
phosphatidylglycerol impart the anionic charge), 

have been shown to be efficiently taken up type II cells 
et al. 1983). We used cationic liposomes con-

sisting of and 
stearylamine because the of macromolecule cap-
ture or entrapment was more favorable using this com
~--''-'"'-'-L-'-'-'-'-'-· Also, stearylamine was found to enhance the up-

type II cells. When was 
omitted from liposome type II cellliposome 
uptake was reduced, and enzyme capture entrapment effi-
ciency decreased. net efficiency of enzyme 
to the isolated cells was reduced without the 
addition of a cationic amphiphile. 

...---_y ______ characteristics of catalase are pr~Db<lbly 
re~mc)m;ible for the of catalase activ-

exi:raJlipiDSC)m<al surface. AI-

surface-associated Loa!_au:•"u' 

of enzyme a,--,-1-nr-.-tu 

ble mechanisms of lip;osorrte 
fusion involve initial cell-surface association of Hpos1Dmes. 
The observations in 8, 9, and 10 suggest that type 
II cells and other alveolar surface-associated 

after treatment with cat:al<lSE~-c~Jnltalnnlg nposo1mes, 
ex-

tracellular sources, such as ozone macro-
m~:m~eni:atilon of intracellular cata

expel:::ted to enhance resistance of the 
derived from increased pro

from subcellular sites as 
exposure to or xenobi-

otics such as paraquat. We conclude it is beneficial that 
of antioxidant occurs to both 

intracellular and cell surface compartments, because cyto
solic and membrane components both serve as target sites 
for oxidant 

present cells treated with no~os,orrte-lan-

tranJJied catalase were more resistant to oxidant-mediated 
than controls. It should be noted that XO generates 

and 

lase liposomes were exJDm;ect 
oxidase, which 

reactive oxygen species 
be to test the prc>tec~tnre 

noos<Dmes, because the substrate of SOD 

anisms 
catalase liposomes were Dflete~reJntiaH 
Protection oxidant 
some treatment was found to be 
of cellular catalase This was demonstrated 

'ULU-UVU"'''-'-AP between LDH release and type II 
When catalase-

SDI8CIIlC <>r'i-in·i-hr was aujgm.en·ted THinn--.•n 

tection was obtained in cells 
idase added to the culture medium. '----''--'-'-H•_,.._.__,L.__, 

reCIUlll'ed at least a fourfold auJgmenltation 

Based on results of in vitro L>L'-"--'-A'"''"'' 

antioxidants to the 
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epnnenun1. This "'""'"'"'v:u-· h 

to the survival of rats in nulr.At•r.vl<=~ 
1984; Padmanabhan et aL 
thelial surface for lip10S0n1al r~.-. 11 '"'"'"'H 

other routes of 

concentrations of np.osonms 
antioxidant enzymes. These concentrations can result 
in tissues other than 

llpiOSOIT1e-m~:~di.atE~d nal,·m:n··n of antioxidant enzymes to 
thl~r8nP.nt:Lr: benefit in 
oxidants. 

LIPOSOME DELIVERY OF THE LIPOPHILIC 
awTOCOPHEROL 

The antioxidant, was 
readily incorporated into liposome membranes and was de
livered to type II cells much more efficiently in a lip1oson1e
associated form than when bound to the serum albumin 
and lipoproteins of culture medium (Tables 7, 8, and Our 
experiments showed that could be de-
livered to alveolar as vectors, 
with maximal cell uptake occurring in vitro within six 
hours (Figure Separate studies showed that no apparent 
toxicity was induced in type II cells liposomal a-toco-
pherol combinations. These data show that can 
serve as efficient vectors for low 
molecular weight antioxidants, as well as aqueous-soluble 
macromolecular antioxidant enzymes to target cells at risk 
for oxidant 

IN VIVO DELIVERY OF LIPOSOME-ENTRAPPED 
SOD AND CATALASE 

Our data in Figures 13 through 18 show that ~--' LCUH'-'LA'U..L 

SOD and catalase can be increased significantly in 
the lungs of animals receiving a single intratracheal instil-
lation of 20 liposome phospholipid in 10 

mL saline. Peak SOD activities in lung were 
observed approximately four hours after liposome instilla
tion and returned to control levels within 24 hours after in
stillation. In contrast, catalase activities were significantly 
higher than those of controls 24 hours after instil
lation. Analysis of the pulmonary spatial distribution of 
liposome-instilled fluorescent SOD and catalase showed 
that there were no differences in distribution or 
antioxidant enzyme uptake among lung lobes. Fluores
cence of SOD and catalase showed treated 
tissues to have fluorescence intensities greater than the au
tofluorescence observed with both controls and empty 

24 

~u·•~~·~"·~ and was not limited to alve
with fluorescence observed in <-'U..LUL•uu•:u. 

unn .......... !J.HU.J"-'"'"' and alveolar type II cells. These observations 
show that it is !JUi:>.:HIULO 

tion to the 
somal antioxidant or can be 

both intratracheal instillation or aerosol 
administration. Future studies are to determine 
which is for a diffuse and uni-
form distribution of the delivered dose, with ... ,""" .. u;:;.u .... uu•u 

that the percentage of a aerosolized dose that reaches 
the will be much less than that from in
tratracheal instillation. 

PULMONARY TYPE II CELL OXIDANT GENERATION: 
ROLE OF XDH/XO AND EFFECTS ON SURFACTANT 
BIOSYNTHESIS 

The XDH/XO isolated rabbit type II 
cells inhibits en1Cl.01serwtLs surfactant phospholipid 
thesis decreasing the of palmitate and 
choline into This modu-

influence of the XO-derived reactive oxygen species 
may affect other type II cell functions as well. It has been 
established that maintenance of type II cells in culture re
sults in enhanced oxidant-induced loss of cell 
antioxidant enzymes, impaired surfactant synthesis, and 
decreased of polyamines (Figure et al. 1987; 

Aerts et al. 1988; Kawada et al. 1988; Kameji et al. 
Cellular antioxidant enzymes (i.e., su1oer·oxide 
catalase, and various uermadasE~s 

reducing PROS to culture, an im-
balance between cellular antioxidant enzyme-specific ac
tivities and PROS formation may account for some of the in 
vitro dedifferentiation of type II cells. 

Protection of cultured type II cells from the detrimental 
effects of extracellular XO-derived PROS is best afforded 
extracellular catalase rather than other antioxidant en-
zymes and 1980; Freeman et al. 
1983; Tanswell and Freeman Similar of 
these cells from intracellular XO-derived reactive oxygen 

intracellular catalase may also occur. Therefore, 
an between type II cell XO cata-
lase and culture-induced changes in these enzyme 
activities exists. Freshly isolated rat type II cell XDH and XO 

cells. We have shown that XDH/XO 
"'~-''"'-' ... J.J·'-' ""'"'.'"···hr for xanthine as sub-

strate et al. Thus, 
type II cell cells if 
xanthine were the substrate. If type II cell XDH/XO is 

converted to the oxidase XO has the ~JU<.ouo.H:u 
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to generate intracellular 
132 per 
a of 20% 

80% 

16% contaminant in the 
were calculated to contribute a of 12% of the total 
XDH/XO in isolated type II cells. We believe 
that many of these cells did not adhere to culture dishes af-
ter the initial36-hour thus less 
to the type II cell XDH/XO activities to 132 

,-------·-co· Previous have also de-
,......,,.,n·ihr associated with UU<L<.LVjJ.UU.15'-'L> 

and isolated from humans 
1nn·nrn•t.<>YH'P of XO-derived PROS 

cells is controversial and 

'---''-'-"Lu .... u .... 6 rat type II cells resulted in a SPI8ClHC 

""'1·,u·•hrwhen normalized for either cell 
DNA. Loss of cellular XDH/XO occurred 

determined 
stant, and ceH content was lnc;re;:J.srng. 
type ceU XDH/XO also occurred when cell 
was stable. the decrease 

these 
et al. 

a loss of cell enzyme and content or a reduc-
tion in These data are consistent with 
other observations of culture-induced alterations in type II 
cell activities et aL 1987; Kawada et aL 

Purified XDH can be Irn~versi!Jl 
ous enzymes. Reversible conversion of nuntted 
XDH to XO can also occur 
XDH after the addition of uUlU .. U.VU.L 

re<1w:::m.g agents. In our the buffer in-
hibited artifactual reversible and irreversible XO formation 

the addition of a and various 
anitiprot1aas:es. Reversible XO in the type II cell was 
converted to XDH the dithiothreitol in the 

culture, the percentage of type II cell XO increased 
from 31% isolated cells to 67% in cells cultured 
for 132 hours. These results suggest increased cellular 
XO culture did not occur via oxidation of 

to disulfides. Other for XO forma-

L>U.JL.LH.U\Jj and sulfonic acid rlol~in•--.fil:rno 

sis of XDH. 

Possible cellular mechanisms loss 
cultured type II cell XDH/XO and antioxidant enzyme 

• ..-n·~n.,.,,.,~" to oxidant inactivation, or an 
me~ch<a.rnsm vA-f-JHH.LHJlip;, the loss of XDH/XO and 

decreased en
due to normal turnover mechanisms 

of enzymes without An organ culture of chick 
liver resulted in a loss of XDH/XO because an ina-· 

to a functional form of the enzyme 
The for the loss of chick XDH/XO activ-

~--'cua.uvu:;u the loss of type II cell 
our Loss of ceB XDH/XO 

and catalase may also other altera-
tions that occur after type II cell isolation and culture. 
creased rates of of precursors for surfactant 

uu.~."'"'-'-"'' loss of antioxidant enzymes as well 
as the occurrence of other cellular and HL, ..... ~""H'-'-'-'-'1"-·'-'" , ......... "' ...... <'>""' 

have been observed in cultured type II cells. 
cells may result in a loss of cell 

necessary maintain antioxidant enzymes, 
other differentiated cell processes. 

Recent observations have demonstrated that certain sub
strata alone or in combination with other modifications to 
the culture media or serum, may type II cell 
dedifferentiation et aL 1985; Cott et al. 1987; Kawada 
et aL 1988; Rannels et al. Modifications of cell sub
strate include maintenance of type II cells on JLJ.u.r;u:ou.~. 
Holm-Swan mouse sarcoma matrix, human anionic base
ment membrane, and fibroblast feeder 

adenosine mt)n(JpJtlo:::;pJJate 
bination with substrata modifications, further 
dedifferentiation of cultured type II cells. However, these 
culture modifications still do not maintain stable type II 
cell and biochemical characteristics. 

Whether these culture modifications will also decrease 
the rate of loss of cell XDH/XO and antioxidant enzyme ac-

cultured cells is unknown. In 
type II cells were cultured on disks 
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Oxidant to the Alveolar Epithelium: Biochemical and 

We have demonstrated 
thelial cell antioxidant defenses 
culture conditions for type 
detrimental effects of oxidants and the pnJtecnon 
cells that can be afforded antioxidants will be difficult 
to assess in vitro, due to culture-induced c-u<=<H>S"'" in the 
nhonnhrni;,-, O'VnY'OC<C'inn of these cells. 

metabolism may be best studied vitro U.CLUL"-'HB 

isolated type II cells, which may not 

exist and antiox
idant characteristics to reveal whether our observed type II 
cell culture are reflective of type cells. 
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tors' 

The US. Environmental Protection 
dards 

emission of any 
air from any class or classes of new motor vehicles 

new motor vehicle which in his cause, 
be an-

cases, 
those rec~uirerneJnts. 

addition, Section 109 of the Clean Air Act 
the establishment of National Ambient Air Stan
dards the health. The current 

average concentrations 
less than one. Section 181 

* A of abbreviations appears the end of the Investigators' Report for 
reference. 

exceed the NAAQS and a 
attainment date for each classification. 

standards for emissions of ox-
idants and their precursors '--''-'ULHU·""· in part, on an assess-
ment of the health risks present. research 
on health effects of ozone studies like this one is es-
sential to the informed re-

the Clean Air Act. 

.aLLLUF'"'u oxides are contributors to 
phohJdleini«~al smog that exists in many areas of the 

Environmental Protection 
Humans who exercise and inhale these gases for short 

alterations 
Li1Jm11ann 1989; Samet and Utell 

man health effects caused 
gases over the course of a lifetime are not known. However, 
structural alterations observed in the of animals after 

inhalation exposures indicate that oxidant gases 
may cause or contribute to the of chronic 
disease et al. 1986; ~~,- ...... "~~~· 

Ozone and oxides are termed oxidant gases be-
cause act as agents that attract electrons from 
other molecules within cells and tissues. When -'-Hl.J.cucu, 

these gases can react with a of 
ponents in ways that alter these components and uu'"'" "' 

u.a.H.._,,,c;; the Precursors for these gases are emitted 
the ambient air motor vehicles and 

sources because of fuel combustion. These 
n--nrin,-.ncr chemical reactions in the 

and as a 
generate ozone and dioxide. Because of the 

adverse health effects associated with 
these oxidant gases, the EPA has established 
NAAQS levels for both ozone dioxide. Al-

the NAAQS for oxides has been 

levels '-'-""'~"''"u'LH)'; 
""u .. cuJu.al Research Council 

that in 1990 .---.~-.---.-.-..-" ... ;,~~-~-~ 

United States lived in areas 
was exceeded. 

a 

Environmental Protection 

which the ozone standard 

ASA 
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type II 
the interface between air 
type I cells 

serve as the pnJgim]tm~s 
normal cell turnover and after epltttelwl 

.L.Ja.ulc1)';t:i to alveolar epiutelH:H 
oxidant gases has been attributed to genera-

oxidant gases interact 
acids in cell membranes and other cell components to pro
duce chemical reactions that lead to the of these 
reactive oxygen molecules. These molecules then can 
ate chemical chain reactions that more reactive ox
ygen molecules. Reactive oxygen molecules have the poten
tial to of cellular components, H'-'~.!.UCU.J • .u5 

and structural 
and, 

Normal cellular metabolism oxygen and con-
.,. ..... ,-,,,,,.<,., reactive oxygen molecules small quan-

tities. However, cells have antioxidant defenses that protect 
them the effects of these molecules. These 
defenses include antioxidant enzymes, such as 
di~;m1uta.se, I.JUl.CU<:<C:>Cij and )",H.'-LUUl.JcV.LLG !JL-LlY./UUUO'-'' 

an antioxidant located in cell membranes, 
Antioxidants protect the cells 

reactive oxygen molecules less reactive or nontoxic com
pounds. For a more extensive review of reactive oxygen mol-
ecules and antioxidant the reader is directed to 
the excellent discussion the the 
Introduction section of their reporL 

Environmental exposures to oxidant gases, 
ozone, present a health risk to segments of the United 
States may increase oxidant 

The extent of this 

also can 
.,-...,.._,,,,"" excessive levels of reactive oxygen molecules. As 
a result, exposures can serve as a useful model 
for oxidant environmental oxidant 
gases. Such exposures often are used ..... .u.uu~a'-L v 

oxygen who have comJJrO,mJlsed 

age is evidenced 
nents into the alveolar 

cells 

and human clinical 
the acute dam

of blood campo-

en'"'"''~""' oxidant gas, its concentration, the 
exposure, and the level of exercise combina-

tion of which be a similar 
pattern of ceil cell influx 
results. The .!.UJLLu.uuuucu;. 

<JJ'"'''~"'-HF. oxidant burden caused the gas exposure because 
these cells reactive oxygen molecules as part of 
their own defensive armament. One outcome of this cumu
lative oxidant be altered structure and func
tion to fibrotic areas, or scars, formed tissue 

An human health issue is whether the in-
and inflammation caused exposure to ox-

idant gases the ambient air contributes to the '-'-"'""-'uc,-

ment 
mechanisms of oxidant 
anisms that protect 
de:rst<Inc1mLg the role of oxidant 

One strategy for expo-
sures to oxidant gases and for mechanisms 

oxidant tissue is to increase the levels of antiox-
idants in the As stated without au."''-1 ''-'"'-'·"-' 

or~otE~ct:iml, an oxidant stress can overwhelm the 

that animals fed diets deficient in antioxidants, 
exhibit more oxidant-induced in

auJLHH:u_.,, the benefits of SU]JpJerrtenT
exc:eeldlrLg those that nY'rnn ' 1 "" 

aaeq1um:e pro1tection have not yet been demonstrated 
Efforts to protect rats 

direct of antioxidant enzymes either aerosol in-
HLI'Ci'-'LlUH into the blood have met with little 

or no success 
failures are the result of inefficient or ,....,,H_,,,,""'"-""' 

of antioxidants to the sites of +"""'"''11-n 

concept of the 
protect 



Health Review Committee 

as a 
and 

"'-'-'---'-'-''"''-'-• no,osonles are very small membranes made up of 
These membranes can be in the latmratc>rv 

so that contain or 
wishes to deliver to cells. 
available for ._,...,"'--'-AU.,.. llpos«)mes, one common prepara

film that has been 
dried onto the inner surface of a container. To prepare 
somes, the container lined with the dried film is filled 
with the desired and then sonicated. 
sonication, sections of the lift off from the wall 
of the container and encapsulate the desired co:mr>miml. 
forming liposomes. Both the composition and final 
size of the liposomes can be modified 
so that the best combination for facilitating liposomal up-
take the target cells can be determined. 

Liposomes deliver their contents to targeted cells either 
by direct fusion with the cell membrane or by phagocytosis 
of entire liposomes the cells and subsequent breakdown 
of the lipid layer. For studies with cells in culture, lipo
somes can be delivered easily simply adding them to the 
cell media. For studies with whole animals, several routes 
of delivery are available. Liposomes can be delivered to 
many organs of the body injecting them into the blood 
stream. For studies with lungs, can be delivered 
directly through inhalation of an aerosol or instilling 
them into the trachea. Direct delivery to the lungs either 
of these routes is preferable to blood injection because the 
efficiency of liposome delivery can be reduced when the 
blood filters through the liver and spleen (Turrens et al. 
1984). In addition, inhalation and instillation deliver lipo
somes directly to the epithelial cells, rather than 
them to pass through the capillaries. 

Determining the molecular mechanisms of oxidant 
in lung tissues is important for understanding their poten
tial role in human disease. As noted, the extent to which 
lung caused by repeated exposures to environmental 
oxidant gases initiates or enhances the pathogenesis of lung 
disease remains unknown. Studies antiox
idants can contribute to our knowledge of oxidant injury 
and the advantages provided these protective mecha
nisms. 

JUSTIFICATION 

Through RFA 84-3, HEI wanted to support studies to un-
derstand the between induced 
the inhalation of oxidants and the of chronic 
lung disease. Two main listed in this RFA were: 

to 
tissue 
hide emissions; and 
for critical 

more sensitive methods 
of oxidant exposure and the as-

DlCHOj~lC effects. 

in the alveolar '-'t-J-'-'-H''-'L'-''u 

'--''--'J'-'-L'-'--'-AU.u5 selected antioxidants. 
whether this antioxidant SU1PPL8Ilflel1tanon 

or ozone. to use pnyslOlC)gliCal 
biochemical assays to evaluate the effectiveness of antiox
idant protect in vitro and in vivo 
oxidant exposures. 

The HEI Research Committee was enthusiastic about the 
high caliber of the principle investigator and his collabora
tors. The Committee suggested that Dr. Freeman include in 
vivo exposures to low concentrations of ozone for t-''"'-'--'-'-'''-'-" 

up to one week. The Committee recommended 
funding for a revised proposal in March 1985. 

Dr. Freeman and his colleagues three specific 
aims for their study. The first was to devise preparations of 
HPIOSOIIles cmrrtaining the antioxidant enzymes su]Jeroxilcte 
dismutase and catalase. They would also prepare liposomes 
with and without incorporated into the 
some walls. The lipid composition of the would 
be varied and then tested to determine the combination that 
prc)m,mea the most efficient Hpiosonml 
lar epithelial cells in vitro and in vivo. 

the alveo-

The investigators' second specific aim was to "'"""-u•:uc;, 

both in vitro and in vivo, the effectiveness of delivering an
tioxidants to type II epithelial cells using their liposomal 
preparations. For the in vitro studies, the investigators 
would isolate type II epithelial cells from the lungs of nor
mal rats. They would place these cells in culture and add 
nptosorrles prE3pfl.red with labeled with fluorescein 

co1rrtaining the selected antioxidant enzymes. 
somal binding the cells and of 
somal contents would be evaluated for the pres-
ence of the fluorescein marker in the cultured cells. For the 
in vivo studies, superoxide dismutase or catalase would be 
delivered to rats them inhale an aerosol of 
somes these enzymes. As in the in vitro '-'<'-''-'-A'-""' 

identification of fluorescein-labeled in the 
somes would be used to evaluate the 
ized in the Antibodies to su1oeroxJtde 
mutase and liDlmlunoc'vtolcb,enllc:al 
used to detect this enzyme in the tissue with electron 
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II ._, iJ.HL.!.'-'.U.<LU cells also would be isolated 

eXpiOSEldto the llpiJSOIHe 

The 
fectiveness of antioxidant SUlPPleno.elJtatlon 
the responses to exposure to h~nrun·nvi<> 
in vitro studies, isolated type II 
been treated with would be 8X1Jm;ed either to 
0%, 5%, 20%, 60%, 85%, or more than 95% oxygen at nor
mobaric pressures, or to 0.05, 0.1, 0.5, or 1.0 ppm ozone. For 
the in vivo studies, rats that had been treated with an aero
sol of would be to 100% oxygen or to 0.1 

or 0.25 ppm ozone for up to seven Biochemical and 
physJlol,ogtc indices would be used to evaluate the extent of 

components from cells. 

ATTAINMENT 

The 
cific aim. 
idant enzymes to type II cells in vitro and to the 
alveolar of rat 

'--'V-'Hf.Hvuuu of the second and third aims was 
results from the in vitro studies 

VUA.u.a.uu.p, baseline levels of antioxidant enzyme levels in 
type II cells. The observed that the 
isolated type II epithelial cells lost their to produce 
antioxidant enzymes after in culture from several 
hours to a few Based on these 
reasoned that the responses of cells in vitro to ox
idant gases would not reflect the responses of 
type II cells in intact animals to similar oxidant 

"--'U.l.UULP,H results from in vitro with 
plElm1eni:ati.on could be with their 

sence in vitro and in vivo models was the ba
sis for the decision to curtail many of the in vivo 
h~nnA>·nviK"' studies for testing the effects of antioxidant sup
plE3men1:au.on with and to the ..-. .... , ......... ,.,""'rl 
ozone studies. 

vo.:>ur-;cn<JJ." chose to alter the focus of their 
"'"'r"r'"'"'' of the enzyme xanthine oxidase as a 

potmitHll intracellular source of reactive oxygen molecules. 
Due to this shift in the results in 
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this report differ sutJstcmtiaH 
aims 

results do, however, add to our understan1dir1g 
nisms of oxidant 
tracellular sources of reactive oxygen molecules in these 
cells. 

utilized a of biochemical and cellular 
<=lnn"''""'h""' to the mechanisms of dam-
age in alveolar type II cells. The lmres:tig<Itors 

evaluated how exposure affected these 
cells and their constitutive levels of antioxidant enzymes. 
The also determined the effectiveness of in-
creasing these constitutive levels 

antioxidants with llPOSiJmes. 
administer-

The did not anticipate that the loss of char-
acteristic functions alveolar type II epithelial cells in cul
ture, termed dedifferentiation, would affect the outcome of 
their in vitro studies. This dedifferentiation phenomenon, 
...... '-'''"'-''''"'-'-· has been reported for these cells as 
well as other types of cells in culture (Mason and Dobbs 
1980; Dobbs et al. 1985; Whitsett et al. A pilot study 
to establish baseline levels of antioxidant enzymes for the 
duration of the proposed in vitro oxidant exposures might 
have altered the investigators' experimental design at the 
outset of their study. Several investigators have reported 
recently that special culture conditions can support the 
continued expression of alveolar type II epithelial cell char
acteristics (Shannon et al. 1992). Although it is pure specu
lation at this in time, such conditions might 
have allowed continuation of the investigators' proposed in 
vitro studies with alveolar type II epithelial cells. However, 
such experiments are and could in-
terfere with the assessment of cell-related of or 
reactions with reactive oxygen molecules. 

ln1:erpn~tation of the data was seriously '-''-'JLU.f-''-'--'-'"''-'-~'--·'-" 

changing the animal model used as a source 
for the in vitro studies. In the rats were 
'-'-'"''"_..5 .._........, • .,_,u. as the animal model for all of the in vitro 
and in vivo studies. However, due to low of 
bers II cells isolated from rat lungs, the investigators 
switched to rabbits as a source of these cells for the in vitro 
studies, This factor uU.U-'-1~-'--'-'~U.L.VU- "" lhc<:>£111 

between data from the in vitro studies using rabbit cells and 
data from the in vivo studies rats. As noted the 
authors in their ln"tvonr11H"'"i"l 

exposures. 
pn~sente:d a more extensive discussion of the similarities 
and differences between type II cells in culture for these 
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in these However, 
when the groups have a factorial structure, Duncan's proce
dure can be awkward and difficult to in-1-o-.-.,,--,-,-.,,t 

16 presents data for smJeroxilde 
from five lobes at seven time 
35 test groups. In this case, inferences 

in terms of the 

this report were pr1esEmted 
with standard errors. This 

re~~ression lines 
without standard 

rrulthodolc;gl~ca! detail to support the 
signu:Ic<mt differences among the re~{ression 

lmlesn~:att)rs· choices of statistical tests were 
appnmriate. One notable was the use of 
tailed test in 20. The authors did 

ternative hYlPOt:hesls 
be two-tailed like the other tests in 
test in the report. 

AND 

number of new nt---.<:CoT''I'O.

conCICJfiHng the responses of alveolar 
also demonstrated the _._.__,c_._,,,_._uuaJ 

these cells with 

penrne:nts were to serve as cn-•t---.ll"nrlurrY!'Ir 

evaluate the of antioxidant 
~Hrnorn--..rH""' and ozone exposures. 

1--'-H-Hvl . .u::u_ cells in culture 
n"!'rHillff"'O antioxidant enzymes 

hVt)enJXiia. As 

veolar type II cells in vitro are 
I'""''--'-'"'-'-''-'H"--''--'-literature on alveolar type II cells indi-
cates that, once culture under standard vitro 

these cells stop many of their char-
differentiated features and Dobbs 1980; 

Dobbs et 1985; Whitsett et aL 
absence of usual interactions with other cells and 

the and 

the antiox· 
epttnenal cells could be 

The 



or with reactive oxygen molecules 
gm1erate'd in vitro. The catalase retained its ""1"nrn-u 

Pf!JC(~d1lre reaiUii'ed to or .. ~<:>rH!ll 

tions but was observed in vivo 
ments demonstrated that .. .,.,,...,.,.,~,..., 

could augment the cellular levels of this antioxidant 
up to 20-fold. 

The imresitig;:~.tors also coJm}:Hel:ea a series of experiments 
to examine the nY.,~ta.~ti,:ro effects of antioxidant 

tation against oxidant stress in vitro. 
type II cells with catalase 
and then added the enzyme xanthine oxidase or glucose ox
idase to the media. After addition of the appropriate sub
strates, these enzymes produced an oxidant stress to the 
cells generating reactive oxygen molecules in the culture 
media. The investigators then the media for lactate 
dehydrogenase, an enzyme that is used as a marker of cell 

and and found that the antioxidant sup-
plementation reduced the release of this 
marker into the media. 

The investigators several experiments to evalu-
ate the distribution of liposomes containing superoxide dis
mutase and catalase in the lungs of intact rabbits. Rather 
than the liposomes via an aerosol, as originally 

they chose to instill the liposomes via the tra
chea. They showed that a single instillation of liposomes 
resulted in the distribution of the enzymes to all lung lobes. 
Subsequent measurements of enzyme activities in the lung 
lobes indicated variations in superoxide dismutase and cata
lase levels over a three-day observation period. Exposure of 
these liposome-instilled rats to 100% oxygen produced de
creases in the activities of both enzymes compared with 
rats exposed to room air. These results provided useful sup-

data for the feasibility of this delivery route for hu
mans. The potential for extending these findings to clinical 
studies with human subjects will depend on the results 
from further extensive testing with cell and animal models. 

The investigators also reported findings from several in
teresting experiments that were not included in the original 
proposal. They found that hyperoxic exposure reduced the 
activity of lactate dehydrogenase, and, therefore, caused in
accurate measurement of this enzyme in cytotoxicity assays. 
This finding is for other investigators who may 
also use lactate dehydrogenase as an indicator of oxidant in-

As a result of this the investigators performed 
'"'-"'-t-"'-'LUU . ....,ULL> to determine a more reliable indicator of cyto
+rnriroitn and selected radiolabeled adenine. 
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Commentary 

''--'-U'H-''-'-'"'-H the inactivation of lactate deJ!1yc1rogeJaas;e 
the LHV'<Ji:>U}':\OlU.>JLi:> 1 

xanthine an enzyme within alveolar type II 
lial cells, may be a source of reactive oxygen molecules. The 
ln\'eS1tlg<nors n"'""'"''"'rl that levels of this enzyme could 

thiol oxidation or 
an oxidant exposure because of 

-,--,,.,,+o.n 1'"'"" of xanthine aenv~arcJ-
genase and its conversion to xanthine oxidase. In vitro ex
periments indicated that the combined of 
xanthine dehydrogenase and xanthine oxidase decreased 
in alveolar type II cells during culture in air, the percentage 
of activity resulting from xanthine oxidase increased. This 
reaction could increase intracellular levels of reactive oxy
gen molecules and account for some oxidative to the 
cells. 

The investigators also reported a potential inhibitory ef
fect of oxidants on the production of surfactant. This lipid
protein product of alveolar type II cells lowers surface ten
sion in the alveoli and stabilizes these small air spaces so 
that they do not collapse. The investigators showed that the 
addition of xanthine oxidase to the media of cultured alveo
lar type II cells and the resulting increase in extracellular 
reactive oxygen molecules decreased the incorporation of 
precursors needed for surfactant production. Additional ex
periments demonstrated that the addition of allopurinol, an 
inhibitor of xanthine oxidase, to these cultures reversed the 
inhibition of precursor uptake. This finding illustrates the 
importance of determining the effects of oxidant exposures 
on the normal metabolic functions of alveolar epithelial 
cells. It remains unclear whether surfactant synthesis is 
modified in humans therapeutic treatment with xan
thine oxidase inhibitors, such as the use of for 
gout. However, no clinical effects of this drug on bnmt11inlg 
have been reported. 

This presented interesting findings on the effects of 
hyperoxia on alveolar type II epithelial cells. With to 
the specific aims proposed originally, many questions re
lated to the effects of ozone exposure on these cells have 
been left unanswered. comparisons have 
been drawn between the responses of isolated alveolar type 
II epithelial cells and the responses of whole animals to 
ozone and Other unanswered include 
how ozone exposure may have altered the antioxidant en-
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zyme levels and how these effects could have been modified 
with 

""!l.lv"L.LU'.U" also remain .l<:i]";CH ... U .. Ll~ 

exposure on the cells co.mrJared 
oxic exposure, and 
mentation would have pnJdliCE:id CIDITLPEtrable 

The considered the dedifferentiation of 
their isolated alveolar type II cells in vitro as a 
significant drawback for with al-
veolar type II cells in vivo. However, this drawback may yet 
have a positive application. Previous have re
ported that the dedifferentiation observed in alveolar type 
II epithelial cells is followed the expression of many or 
all of the known markers for alveolar type I cells, 
which are the normal progeny of alveolar type II cells in the 
lungs (Dobbs et al. 1988; Donato et al. 1992). One hn-.-~ntiha __ _ 

sis is that alveolar type I cells are exceptionally vulnerable 
to oxidants because they lose their ability to express the 
genetic message for antioxidants; synthesis of these impor
tant enzymes is, therefore, lost. This hypothesis has not 
been tested directly because good methods for isolating 
pure and viable populations of alveolar type I cells are un
available. The in vitro model of these investigators might 
provide a system that could be used to test this hypothesis. 

The same in vitro system could also be used as a model 
for studying the mechanisms that regulate transcription 
and translation of genetic messages for antioxidant en
zymes in alveolar epithelial cells. Because inhalation of the 
oxidant gases in polluted air, such as ozone and nitrogen di
oxide, can place an oxidant stress on the lungs, the regula
tion of genes for antioxidant enzymes is an important area 
for future research. As shown Shannon and colleagues 
(1992), many gene products of isolated alveolar type II cells 
can be reexpressed in culture if the cells are placed on a 
complex culture substratum. Such a culture system could 
provide an interesting venue for exploring molecular mech
anisms for regulating key antioxidant genes in alveolar type 
II epithelial cells. 

The results of these studies present other questions re
garding the feasibility of antioxidant supplementation for 
modifying antioxidant defenses in the alveolar epithelial 
cells. Questions remain regarding the longevity of the an
tioxidant supplementation to protect against oxidant 
and the maximal amounts of enzyme that can be delivered 
to the cells. Also unknown is how the cell disposes of the 
exogenous enzyme and what effects this exogenous sup
plementation may have on the synthesis and turnover of the 
cells' own antioxidant enzymes. These are perti
nent to the use of such protective therapy in animal models 
of oxidative injury, as well as its protective potential for hu-: 
mans exposed to oxidants. Much more infor-

1!"orollilrorl tO determine the l0IlQ-railQ8 USeful
neSS of this ooterlti<ll treatment for humans. 

air 
presents new and innovative .uuuu-'-r;"' 

of exposures on alveolar 

These experiments were ae:s1gnea 
the antioxidant defenses of alveolar '"'1-'''LU''--'-'--'-'''--'-

supplemented antioxidant enzymes and 
to the cells with liposomes. Another .--.h-in.-.-1-i"-" 

was to evaluate whether this supplementation would pro
tect the alveolar cells against oxidant damage caused ex
posure to hyperoxia or ozone. As discuss in their re
port, the investigators did not have a cell culture system 
available that supported steady-state of antiox-
idant enzymes in isolated alveolar type II cells. 
Because the cells lost many of their differentiated fea-
tures, including the ability to antioxidant en-
zymes, the investigators decided to curtail their nY'tYn<--.<'C>rl 

experiments and addressed the effects 
ozone exposures were performed. 

These studies did, demonstrate the feasi-
bility of modulating the extent ofhyperoxic injury in the al-
veolar epithelium supplementing the antiox-
idant mechanisms. The investigators that alveolar 
type II epithelial cells in vitro will take up the Hp,os,orrLes 
and their contents. They also showed that intratracheal in
stillation of the liposomes into healthy rats resulted in the 
distribution of superoxide dismutase and catalase to all 
lung lobes. 

The investigators reported several additional interesting 
observations during the course of their ex1peJ~inler1ts. 
determined that a key enzyme for their cytotoxicity assays, 
lactate dehydrogenase, was inactivated and ox-
idant exposure reduced the detectable levels 
of this enzyme. As a altered their 
assay marker and used radiolabeled adenine. In another se
ries of the investigators examined the ,. .... ~-;":'+u 

of xanthine oxidase and its as an intracellular 
source of reactive oxygen molecules. Results from other 
studies indicated that oxidant exposures may affect surfac-
tant synthesis alveolar type II cells. 

In summary, the a number of new 
observations about the ~"--'""-"'-'-'--'U-'-•_y UJ-'~-'-<>~H.OHU~Jlp;thean-

tioxidant of with 
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