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A B S T RA C T Endotoxin treatment of adult rats before
hyperoxic exposure significantly increases their sur-
vival rate in >95% 02 (J Clin. Invest. 61: 269, 1978).
In this study, we wished to determine: (a) whether
endotoxin would protect against 02 toxicity if it were
administered after the animals were already in >95%
02 for 12-48 h; and (b) the relationship between the
endogenous antioxidant enzymes of the lung and the
protective effect of endotoxin treatment.

Our results showed that adult rats given a single 500
,ug/kg dose of endotoxin up to 36 h after the onset
Of 02 exposure had significantly increased survival
rates and decreased lung fluid accumulation compared
to untreated animals in 02 (P < 0.05). (Survival, 16/49
[untreated rats]; 18/20 [endotoxin at 12 h after the start
of 02 exposure]; 25/26 [endotoxin-24 h]; 15/20 [endo-
toxin-36 hi.)

Endotoxin-treated animals in 02 showed increases in
pulmonary superoxide dismutase, catalase, and gluta-
thione peroxidase activities before the usual time of
onset of measurable pulmonary edema in untreated
animals in 02- When diethyldithiocarbamate was used
to block the superoxide dismutase enzyme rise in the
endotoxin-treated rats in 02, the protective action of
endotoxin against pulmonary 02 toxicity was nullified.
In endotoxin-treated, 02-exposed mice, there were no
lung antioxidant enzyme increases, and no protective
effect from 02 toxicity was achieved.

Weconclude that, in the rat, a single dose of endo-
toxin given even 36 h after the onset of hyperoxic
exposure results in marked protection against 02-induced
lung damage; and the increased lung antioxidant
enzyme activity in the endotoxin-treated rats appears to
be an essential component of this protective action.

A part of this study was presented at the Annual Meeting
of the American Federation for Clinical Research, May 1979,
Washington, D. C.
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INTRODUCTION

Small doses of bacterial endotoxin markedly increase
the survival rate of adult rats exposed to normally lethal
periods in hyperoxia, and significantly reduce the usual
manifestations of acute pulmonary 02 toxicity (pulmo-
nary edema, pleural effusion, and lung hemorrhage)
(1-3). Unlike other agents reported to protect the lung
from O2-induced injury, endotoxin requires no pretreat-
ment period of several days before exposure to hyper-
oxia, but is effective even when administered in a
single dose just before the onset of high 02 exposure (2).

We now report that the administration of a single
dose of endotoxin at various intervals after the initiation
of hyperoxic exposure provides protection against 02
toxicity. In addition, we have attempted to define the
role of the endogenous antioxidant enzymes of the luing
in mediating the protective effect against 02 toxicity
in the endotoxin-treated animals. This was done in
studies in which (a) the time-course for pulmonary
fluid accumulation and for changes in pulmonary anti-
oxidant enzyme activities were monitored in endotoxin-
treated and untreated adult rats exposed to hyperoxia;
(b) endotoxin was administered to mice, a species
which does not respond to hyperoxic exposure with
increased antioxidant enzyme activities; and (c) the
superoxide dismutase enzyme inhibitor, diethyldithio-
carbamate (DDC)1 was administered to endotoxin-
treated rats in 02-

METHODS

Animals and exposures. For these studies we uised
Sprague-Dawley albino rats (225-275 g) bred in the Animal
Care Facility of the Veterans Administration Hospital, Miami,
Fla.; and grey BLD2FIJ strain mice (25-30 g), obtained from
Charles River Breeding Laboratories, Inc., Wilmington, Mass.

'Abbreviations used in this paper: CAT, catalase; DDC,
diethyldithiocarbamate; GP, glutathione peroxidase; PBS,
phosphate-buffered saline; SOD, stiperoxide dismutase.
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Exposures to 96-98% 0°2 were conducted in 3.5-cu ft ex-
posure chamiibers constructed from modified clear-plastic
nurserv isolettes (model 86, Air-Shields Inc., Hatboro, Pa.).
Details of the monitored exposure conditions (96-98%
02; <0.5% C02; 22-250C; 60-80% humidity) have been
described (3).

Animal studies. Endotoxin (Salmonella typhimu riun lipo-
polvsaccharide, phenol-wvater extraction, Sigma Chemical Co.,
St. Louis, Mo.) was dissolved in phosphate-buffered saline
(PBS) and administered intraperitoneally in a total volume
of 0.5 ml/100 g body wt. Control animals in 02 received
equivolume injections of PBS. Air control animals received
either similar dosages of endotoxin as the treated test animals
in 02, or equivolunme injections of PBS.

For the delayed-treatment studies, endotoxin was adminis-
stered in a single dose of 500 Ag/kg i.p., at either zero time
(jist before placing the animals in hyperoxia), or at 12, 24,
36, or 48 h after the start of hyperoxic exposure. Survival rate,
luing fluid measuremiients, and antioxidant enzyme activities
were determined on the surviving animals after 72 h in hyper-
oxia.

For the 02 toxicity, time-course studies in which lung fluid
accumulation and antioxidant enzvme activity changes were
monitored at intervals during 72 h exposure period, rats
received a single injection of endotoxin or PBSat 24 h after the
onset of 02 exposure. Groups of four animals each were then
removed at 12-h intervals for lung fluid measurements and for
lung enzyme analyses.

For the superoxide dismutase inhibition studies vith DDC,
rats received a single 500-j.g/kg injection of endotoxin at zero
time; a subgroup of these animals also received DDC
(100 mg/kg i.p., dissolved in PBS) at zero time and after 24 h
Of 02 exposure. For the DDCexperiments, an 02 exposure of
only 48 h was used because of the high mortality rate after
this time.

In the mouse studies, animals received 500-,ug/kg doses of
endotoxin at zero time, and at 24 and 48 h into the 120-h
exposure period. Eight mice each from the treated and
untreated groups were removed after 72 and 96 h of exposure
time for lung analyses.

Analyses. All animals were killed by exsanguination under
pentobarbital anesthesia. Pleural fluid accumulation was
measured by absorbing the fluid in the chest cavities with
preweighed gauze pads, assuming unit density (1 g = 1 ml).
Lung wet weight per body weight measurements were based
on the individual animal's body weight at the start of the
exposure period. Lung drv weight was determined when a
stable lung weight was recorded after drying the lungs for
several days in a 600C oven.

Superoxide dismutase (SOD) (4), catalase (CAT) (5), glu-
tathione peroxidase (GP) (6), protein (7), and DNA(8) were
measured in lungs perfused free of blood with cold isotonic
buffer (0.1 MI potassium phosphate, 0.15 Mpotassium chloride,
pH 7.4) and homogenized in cold hypotonic buffer (0.005 M
potassium phosphate, pH 7.8), 1:10 (wt/vol), in a Brinkman
Polytron (Brinkmann Instruments, WVestbury, N. Y.). CATand
GP enzyme activities were measured on the 15,000 g lung
supernatant fluid stored frozen overnight. SODenzyme activ-
ity (combined cytosolic or Cu-Zn-SOD and mitochondrial or
Mn-SOD, as measured by the cytochrome c assay) was deter-
mined on fresh lung homogenates.

Statistical analyses. The Student's group t test and the
Fisher exact nonparametric test were used for statistical
analyses (9). Typically, the data from two or three experi-
ments (with n = 4 animals per treatment group per experiment
for nearly all the studies) were pooled after the validity
of data-pooling was established by the chi-square test for
homogeneitv. A P value of <0.05 was used for assigning
statistical significance.

RESULTS

Effect of time of adminiistratiotn of encdotoxini on
suirvival and lungfluid accumii lulation1. Administration
of endotoxin at zero time or at 12 or 24 h after the
start of 02 exposure resulted in nearly 100% survival
of the treated animals at the end of the 72 h 02
challenge period (Fig. 1). 75% of the rats receiving a
single dose of endotoxin after 36 h of 02 exposure
survived. All these treatment groups had statistically
significant increases in survival rate compared to the
33% survival rate of the untreated 02 control group
(P < 0.05). No increase in survival resulted with
endotoxin treatment given after 48 h in hyperoxia (35%
survival rate).

All the 02-exposed animals showed evidence of lung
and pleural fluid accumulation compared to the air
control animals (Table I). However, pleural effusion
and lung edema (lung weight per bodv weight and
lung dry weight per wet weight measurements) was
significantly less in the animals that received endotoxin
at 0-36 h of exposure compared to the untreated
02-exposed group (P < 0.05).

Time-course for development of pulmonary edema
and rise in atntioxidant enizymle activity. After 36 h of
exposure to 96-98% 02 there was no evidence of
pleural effusion or edema in either experimental group
(Table II). However, by 48 h of 02 exposure the un-
treated rats show some increase in pleural effusion and
significant pulmonary edema, as reflected in the de-
crease in lung dry:wet weight ratio (P < 0.05). In
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FIGURE 1 Effect of delayed endotoxin treatment on survival
of adult rats exposed to hyperoxia (96-98% 02, 72 h). Animals
were treated with a single 500 ,ug/kg dose of endotoxin, intra-
peritoneallv, either at zero time (just before being placed in
hyperoxia) or at 12, 24, 36, or 48 h after the onset of 02 exposure.
02 control group received equivolume PBS and air-controls
received either endotoxin or equivolume PBS at zero time.
Survival rates for air-control group and endotoxin groups
0, 12, 24, 36 h are all significantly greater than 02-control
group survival rate, P < 0.05.
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TABLE I
Lung Fluid Accumulation in Adult Rats Exposed to Hyperoxia:

Effects of Delayed Treatment with Endotoxin*

Treatment Pleural fluid Lungweightperbodv weight Lungdry weightperwetweight

nd1

Air-control 0.19+0.034 0.505+0.043t 0.202+0.006t
02 saline 10.80+3.03 0.895+0.151 0.170+0.010
02 endotoxin, 0 h 2.59±1.654 0.708±0.0214 0.181±0.010
02 endotoxin, 12 h 1.27±+1.61t 0.700+0.040t 0.181+0.008
02 endotoxin, 24 h 0.27+0.13t 0.708+0.043t 0.186+0.006t
02 endotoxin, 36 h 0.21+0.06t 0.720+0.044t 0.184+0.010t
02 endotoxin, 48 h 1.44± 1.03t 0.973+0.033 0.169+0.010

* Adult rats exposed to 96-98% 02 for 72 h. Animals received a single 500 ,ug/kg dose of endo-
toxin, intraperitoneally, at either zero time (just before being placed in hyperoxia) or at 12, 24,
36, or 48 h after the onset of 02 exposure. Air controls received either endotoxin or equivolume
PBS. Results expressed as mean value ±SEMfor two or three experiments (n = 8-10 animals
per treatment group).
t Significant difference from the 02 saline (untreated) group, P < 0.05.

contrast, the endotoxin-treated animals show no pleural
effusion at 48 h of exposure time and a nonsignificant
change in lung dry per wet weight measurements com-
pared to the air control group. In addition, there is no
further lung fluid accumulation during the remaining
24 h in 96-98%02 in the endotoxin-treated group, in
contrast to the progressive fluid accumulation that
occurs in the untreated animals. Table III shows there
is already an increase in lung antioxidant enzyme activ-
ity at 36 h in the O2-exposed, endotoxin-treated rats.
This increase precedes by 12 h the first evidence of
an increase in pleural fluid or lung water (Table II).
SOD, CAT, and GPenzyme activities are significantly
elevated above control levels at 60 h of exposure. The
untreated O2-exposed rats demonstrate no significant
changes in lung enzyme activity compared to the air

control animals (except for an increase in CATactivity
at the 60-h time point).

Endotoxin treatment in mice. The lung antioxidant
enzyme activities in the endotoxin-treated mice (unlike
in the endotoxin-treated rats) did not increase during
hyperoxic exposure (Table IV). Endotoxin treatment, in
the scheduled dosage, had no effect on the survival
rate of mice exposed to prolonged hyperoxia or on the
accumulation of lung fluid. Enzyme activities meas-
ured at 72 h of exposure time were also unchanged
in the endotoxin-treated and untreated groups, and
lungs from both groups were equally edematous (not
shown).

The effect of SOD inhibitor (DDC) treatment.
Treatment with DDC reversed the protective effect
of endotoxin (48 h survival, 40 vs. 100% with endotoxin

TABLE II
Time-Course Study: Lunig Fluid Accumulation in Adult Rats Exposed to Hyperoxia*

h ............ 36 48 60 72

mrlI
Pleural fluid

Air control 0.13+0.03 0.17±0.05 0. 15+0.044 0. 17+0.044
02 saline 0.14+0.03 0.47+0.57 6.53+3.05 8.65+1.64
02 endotoxin 0.09+0.05 0.15±0.07 0.41+0.62t 0.51±0.53t

Lung dry weight per wet weight
Air control 0.200+0.006 0.200+0.006t 0.199±0.006t 0.200+0.007t
02 saline 0.201+0.004 0.175+0.008 0.162+0.005 0.175+0.006
02 endotoxin 0.198+0.006 0.186+0.006 0.185+0.0044 0.185+0.0044

* Adult rats exposed to 96-98% 02 for 36, 48, 60, or 72 h. Treated animals received a single 500
,ug/kg dose of endotoxin, intraperitoneally, at 24 h after the onset of 02 exposure. Air controls received
either endotoxin or equivolume PBS. Results expressed as mean value+SEM for two experiments
(n = 8 animals per treatment group).
t Significant difference from 02 saline (untreated) group, P < 0.05.
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TABLE III
Time-Course Study: Lung Antioxidant Enzyme Activity

in Adult Rats Exposed to Hyperoxia*

36 h Expostire

Treatment SOD CAT GP

U/lung lU/lung pMf NADPHoxidimin/lung

Air control 691±+104 7,540-- 1,828 42.6±3.2
02 saline 655±+139 6,566+2,455 42.6±8.7
02 endotoxin 786±93 8,104+1,057 51.0+7.0

(+14%) (+7%) (+20%)

60 h Exposure

Air control 631+63 6,190+976 36.9+6.6
02 saline 596+41 7,630+ 1,3324 43.2±8.4
02 endotoxin 958+961 9,490+1,8904 66.3±6.04

(+52%) (+53%) (+80%)

* Adult rats exposed to 96-98% 02 for 36 or 60 h. Treated animals received a
single 500 ,ug/kg dose of endotoxin, intraperitoneally, at 24 h after the onset of 02
exposure. Air controls received either endotoxin or equivolume phosphate-buf-
fered saline. Results expressed as mean + SEMfor two experiments (n = 8 animals
per treatment group). Values in parentheses are the percent increase in enzyme
activity compared to air control values.
t Significant difference from air control enzyme value, P < 0.05.

treatment alone) (Table V). The DDCplus endotoxin- No such findings were evident in animals treated with
treated animals manifested the usual pulmonary signs DDCalone or with endotoxin plus DDCwhile being
of acute experimental 02 toxicity including pulmonary maintained in room air (survival, 17/17) (Table V).
edema, pleural effusion, and areas of lung hemorrhage. Whereas the animals given endotoxin alone did show

TABLE IV
Survival, Pulmonary Edema, and Lung Antioxidant Enzyme Activity

in Adult Mice Exposed to Hyperoxia*

Lung wt per Lungdry wtper
Treatment Survivalt Body wt Lung wt body wt wet wt

% g g %

Air control 24/24 (100) 27.74 0.147 0.532 0.221
02 saline 29/41 (71) 21.975 0.322§ 1.4705 0.145§
°2 endotoxin 29/40 (73) 21.545 0.376§ 1.729§ 0.132§

Treatment SOD CAT GP

U/lung lU/lung uM NADPH
oxid/min/lung

Air control 109±6 1,922+387 5.67+0.67
02 saline 97±9 1,393+410 5.15±+1.16
02 endotoxin 96+11 1,435+380 5.92±0.74

* Adult mice exposed to 96-98% 02 for 96 h. Treated animals received 500 .g/kg of endotoxin,
intraperitoneally, at zero time (just before being placed in hyperoxia) and at 24 and 48 h
after the onset of 02 exposure. Air controls received endotoxin or equivolume PBS. Results
for edema measurements are mean values for a single experiment with n = 4 animals per
treatment group (standard variations omitted to avoid over-cluttering of table). Results for
enzymes are mean values + SDfor a single experiment with n = 4 animals per treatment group.
t Survival at 120 h: 02 saline, 1/29 (3%) and 02 endotoxin, 2/29 (6%).
§ Significant difference from air control value, P < 0.05.
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TABLE V
Survival anid Lung Fluid Accumulation in Adlult Rats Exposed to Hyperoxia:

Effects of Enidotoxini Treatinent ±DDC*

Treatment Survival Pletiral fluidl Lung dry wt per wet wt

%c ndl

Air saline 15/15 (100) 0.20+0.02 0.194+0.002
Air endotoxin + DDC 17/17 (100) 0.13±0.06 0.195±0.004
02 endotoxin 17/17 (100) 0.15±0.07 0.179+0.007
02 enldotoxin + DDC 14/35 (40)t 4.68±2.494 0.161±0.003t

* Adult rats exposed to 96-98% 02 for 48 h. Animals received a sinigle 500 ug/kg
dose of enidotoxini, intraperitoneallv, at zero time (just before being placed in 02)
±DDC, 100 mg/kg i.p., at zero time and at 24 h after the onset of 02 exposure.
Results expressed as meani values±SEM for tvo experimenits (n = 8 animals per
treatment group).
I Significant difference from all other treatmenit groups, P < 0.05.

significantly inereased pulmoniary SODactivity after
48 h il 02 (Table VI), those given endotoxin plus DDC
showed nio increase in lunig SODactivity. CATand GP
activities were increased in both groups of animilals, anid
the changes were greater in the endotoxini-treated
group thani in the group receiving combined drug
treatmiient. (The enzymlle results in Table VI have been
expressedl as per milligramii DNA instead of on a per
lung basis. This is because whole lungs were not used
for enzymlle anialyses in these experimiienits and b)ecause
of the hemiiorrhagic changes in the lungs of endotoxin
plus DDC animials in 02, which would seriously
influence the enzymne valuies expresse(d on a per lung
basis duie to erythrocyte enizymlle contamiiniationi.)

DISCUSSION

Comnparison between endotoxini anid other treatmnent
moodalities tvhich protect against hyperoxia. Agents
such as alpha naphthylthiourea, oleic acid, vitamlini E,

and the "toleranee" to 100% 02 induced by first pre-
exposinig rats to sublethal concentrations of ()2, all
re(luire several days of pretreatmenit to achieve a pro-
tective effect againist 02-induced lung injury andc
lethality (2, 10-12). Also, whereas each of these other
protectanits mlay result in increased survival rates in
hvperoxia, they (1o not prevent substantial lung (lamiiage
fromii ocecurrinig, as assessed by histological examination
after (2 exposures (10-12). In contrast, endotoxini pro-
vi(les protection without requirinig any pretreatmiient
interval before exposure to hyperoxia, and the enldo-
toxin-treated animilals show minimiial lung alterations
after exposure to similar hyperoxic challenge (1-3).

Fturthermore, a single small dose of endotoxin (500
ag/kg, e(juivalenit to -'/4oth of the median lethal dose
for the species), can provide signiificant protectioni to
hyperoxic-exposed animals eveni when it is admiinis-
terecl as late as 24-36 h after the onset of high
02 exposuire (Fig. 1, Table I). Weare unaware of any
other exl)erimiienital agenit that is able to provide stuch

TABLE VI
Ltung Anitioxidlanit Enizy/mle Activity in Adult Rats Exposed to Hiyperoxia:

Effects of Endotoxini Treatment DMDC

T reatimienit SOD CAT GP

U/l1,,, DNA I t /ng I)DNA u, .\NAD)PIH oxid/mina/nig DNA

Air saline 53.5±8.3 504+65 5.21±0.56
Air endotoxin + DDC 53.1±5.7 564±89 5.26±0.69
02 endlotoxini 76.3± 10.84 860± 1244 7.73±0.83t
02 endotoxin + DDC 51.7+5.2 765±764 6.79±0.46t

* Adult rats exposed to 96-98% 02 for 48 hours. Animilals receive(d a single 500 jig/kg
dose of endotoxin, intraperitonieallv, at zero time (just before beinig placecl in 02)
+DDC, 100 mg/kg i.p., at zero time and at 24 h after the oniset of 02 exposure. Results
expresse(d as meani values±SEM for two experimenits (n = 6-8 animilals per treatmlent
group).
I Signiificanit tliffereniee from 1)oth air conitrol grouips, P < 0.05.
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protection when administered after the exposure
period has begun.

Evidence that the protective effect of endotoxin is
dependent upon increased pulmonary antioxidant en-
zyme activity. The mechanism of action of endotoxin
in the hyperoxic setting is not known. In untreated
neonatal animals, protection from 02-induced severe
lung damage, lung fluid accumulation, and lethality
is correlated with the ability of the neonatal animal
to mount a rapid lung antioxidant enzyme response to
02 challenge (13-15). Untreated adult rats exposed
directly to 95- 100% 02 usually succumb within 60-72
h, and no ehange in lulng SOD, CAT, and GPenzyme
activities are found (13, 14). Similar findings have been
reported for adult primates exposed to 95% 02
(16). Aduilt rats preexposed for several days to 85%
02 show increased lung SODactivity, and on subse-
quent exposure to 100% 02 demonstrate prolonged
survival (10, 12, 17). Endotoxin-treated adult rats have
lulng biochemical responses to 02 exposure which are
very similar to the adaptive responses of neonatal
animals, i.e., significant rapid increases in lung SOD,
CAT, and GP have been consistently observed in
response to hyperoxic challenge (1).

Weconsider the following as important evidence that
the endogenous antioxidant enzyme system response
to hyperoxia in the endotoxin-treated animals is
essential to the protective action of this agent: (a)
Increases in lung SOD, CAT, and GP activities occur
in endotoxin-treated animals 12 h before the onset of
progressive pulmonary edema in untreated animals in
02; (b) DDC interferes with the expected increase
in SODenzyme activity in endotoxin-treated rats in
response to hyperoxia and nullifies the usual protective
action of endotoxin; (c) In the dosage regimen we
used, endotoxin treatment concomitantly fails to elicit
an increase in lung antioxidant enzymes in mice and
fails to protect mice against 02-induced lung edema
and lethality.

DDCtreatment alone has not been associated with
evidence of lung toxicity (15, 18; Table V). It should
be kept in mind, however, that DDCis not a specific
inhibitor for SOD, but also inhibits other copper-
containing enzymes such as aldehyde dehydrogenase,
xanthine oxidase, dopamine 8-hydroxylase, and cyto-
chrome c oxidase (15, 19). None of these other enzymes
is believed to be directly inivolved in the 02 toxicity
process, but cytochrome c oxidase is the only one that
has been systematically studied. The activity of this
enzyme in the lunigs appears to be unaffected by hyper-
oxic exposure (15, 20).

It is possible that the endotoxin dosage selected in
the mouse stuidy (comparable to the rat dose of
-1/40-1/5oth of the median lethal dose) was insufficient
to provide protection in this species. There is known
to be a great difference in the sensitivity of different

species to the biological actions of endotoxin, however,
the mouse and the rat sensitivities are reported to be
very similar (21).

Unanswered questions. The mechanism by which
endotoxin treatment results in a rise in antioxidant
enzymes in rats exposed to hyperoxia is unclear. Endo-
toxin is a mitogen for certain cells including reticulo-
endothelial cells, B lymphocytes, and also liver cells
(22, 23). Studies in our laboratory (with Dr. Ming-jen
Chiang) have shown significant increases in lung DNA
content within 24 h of endotoxin treatment. Further-
more, islands of cuboidal alveolar lining cells re-
sembling type II cells have been observed in the lunigs
of endotoxin-treated, 02-exposed rats (1-3). Thus, the
type II cells, which seem to have innate resistance to
hyperoxia, may be stimulated to proliferate by endo-
toxin and may represent the cell source for the
increased antioxidant enzyme activities in treated adult
rats. This notion is suipported by the demonstration that
hyperoxic exposure of isolated type II cells produces
increased SODactivity in these cells (24, 25).

In addition to its apparent mitogenic effect on the
lung, endotoxin treatment of rats exposed to hyperoxia
results in an increase in the ratio of RNAto DNAin
the lung.2 This suggests the possibility that in addition
to acting as a mitogen, endotoxin in some manner
"activates" lung cells and facilitates a biosynthetic
response to the increase in O2 substrate which is pres-
ent uinder hyperoxic conditions and which is reported
to be the direct biological stimulus for SODinduction
(26, 27). Currently, we are investigating this proposed
mechanism of action of endotoxin on the adaptive
response of the lung to 02 challenge.
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