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INTRODUCTION ,    ' " 

This work was designed to determine whether indices of lipid peroxidation would 

increase in a dose-dependent way following normobaric and hyperbaric 02 exposure.  Lipid 

peroxidation, perhaps caused by free radicals, is often cited as one of the fundamental 

mechanisms of oxidative damage.  Oxidation of lipids could lead to important changes in 

enzyme (1) or membrane (2) structure and function. 

Free radical induced lipid peroxidation has been demonstrated repeatedly in vitro and 

the resultant cascade of events has been well described (3, 4) and is outlined in Fig. 1. 

Lipid  Peroxidation  Cascade 

■I <^=? H'       Initiation 

Rearrangement 

Conjugated Diene 

o 
o Propagation        ? Fragment to   MDA      ITBAR) 

o  o 
+HNH, -=^- 

Fp(w) 

Fp(l) 

Figure 1.  Lipid peroxidation cascade and chain reaction. A free radical can abstract a 
hydrogen atom from an unsaturated lipid molecule (initiation).  The double bonds will 
rearrange to a more stable conjugated diene.  An additional 02 molecule can react with the 
relocated radical to form a lipid peroxy radical (R-OO«).  Peroxy radicals can abstract a H« 
from another lipid molecule (propagation). If the lipid has > 3 double bonds, it can fragment 
to form malondialdehyde (MDA).  MDA is reactive and can form fluorescent products by 
cross-linking with amines.  These products will be water (Fp(w)) or lipid (Fp(I)) soluble, 
depending on the nature of the amine. 



Briefly, a hydrogen atom is abstracted from an unsaturated lipid molecule by a reactive 

radical.  The double bonds will rearrange to form a more stable conjugated diene and 02 will 

add to the relocated radical to form a lipid peroxy radical.  The lipid peroxy radical can 

propagate the reaction by abstracting a H» from another lipid, or if the lipid species has 3 or 

more double bonds, it can fragment to form malondialdehyde.  Malondialdehyde can react 

with amines (in nucleic acids, proteins, phospholipids etc.,) to form fluorescent chromophores 

(5).  These fluorescent products can be lipid or water soluble, depending on the reactive 

amine.  Each of the products along the lipid peroxidation cascade is unstable to some degree. 

Our goal was to make measurements at several points along this lipid peroxidation 

cascade to determine which, if any, reflect the progression of damage from 02. We began 

with in vitro exposures of isolated tissues and proceeded to whole animal studies in a range 

of 02 levels.   We included brain and lung tissue because these are thought to be primary 

targets of hyperbaric and normobaric 02 toxicity, respectively. We also analyzed plasma to 

determine if changes were reflected in this easily accessible compartment. 

We measured conjugated dienes (CD) both because these represent an early point along 

the lipid peroxidation cascade and these have been suggested to be a sensitive marker in other 

models of free-radical induced lung damage (6, 7).  We also measured thiobarbituric acid 

reactive substances (TBAR), probably the most commonly measured marker of lipid 

peroxidation.  Finally, we measured fluorescent products of both lipid (Fp(l)) and water 

(Fp(w)) soluble nature.  The results show that markers of lipid peroxidation form following a 

range of 02 exposures and that there is a relationship between severity of 02 exposure and 

level of lipid peroxidation.  In tissues, rather long duration or high P02 in vivo exposures 



were required for changes and there was no obvious advantage to the alternatives to TBAR. 

Plasma analysis offered some promise of showing early changes from 02 exposure. 

METHODS 

Animals 

Adult virus-free male Sprague-Dawley rats (250-350 g) were used for all exposures. 

In vitro studies 

Brain, lung, and blood were obtained from rats for in vitro oxidation for initial 

investigation of the P02 dependence of lipid peroxide formation.  Blood was centrifuged at 4 

°C to obtain plasma.  Brain cortex and lung tissue was removed, rinsed, diluted in buffer (50 

Go mM KH2P04, pH 7.4) and homogenized with a Polytron   .  Control samples were taken and 

immediately placed in chloroform and methanol to stop any reactions or assayed immediately 

for TBAR as described below.  Aliquots of tissue or plasma were then oxidized non- 

enzymatically (8) for 1 h by exposure to a final concentration of 10 uM FeS04 and 0.25mM 

1-ascorbate and humidified gases containing 5, 21, or 100% 02 in a shaking water bath at 37 

°C.  Lung was diluted 1:5 and brain 1:45. Desferoxamine (1 mM) was added to all samples 

immediately prior to analysis to prevent further metal catalyzed breakdown of lipid peroxides. 

Samples were then immediately assayed for CD, TBAR, Fp(l), and Fp(w).  Six experiments 

were completed and results were analyzed with a one-way analysis of variance (ANOVA) 

with repeated measures.  Individual comparisons were made using Duncan's test when 

significant (P < 0.05) F values were obtained. 



In vivo exposures 

Rats were exposed to either hyperbaric or normobaric 02 or served as controls as 

outlined in Table 1.  There were at least 6 animals in each group.  Normobaric exposures 

were conducted for 6, 24, 48 or 55+ h.  The 55+ group receiving the longest exposure was 

TABLE 1. Length of rat 02 exposures conducted in vivo. 

Group Pressure 
(ATA) 

Gas Length (SD) 
(n animals) 

Control 1 Air 
(10) 

Normobaric 1 100% o2 6     24     48     55+ 

(7)    (9)    (10)  (12) 

1 85% 02 5 days 
(8) 

Hyperbaric -Short 5 100% 02 47 (±3) min 
(6) 

Long 5 100% 02 83 (±28) min 
(6) 

Short 6 100% 02 20 (±4) min 
(6) 

Long 6 100 02 47 (±8) min 
(6) 

designed to be a nearly terminal exposure and therefore had some variability in its duration 

receiving an average of 56 ± 3.6 (SD) h. Hyperbaric exposures were to 5 or 6 atmospheres 

absolute (ATA) for either a short or a long duration.  The short hyperbaric exposures were 



chosen to be long enough to produce a convulsion,  which is a definite symptom of 

hyperbaric 02 toxicity.  The long exposures were conducted until cessation of breathing.  In 

all these exposures FI02 was maintained at >98% and FL^ at < 0.05%.  An additional group 

of animals was exposed to 85% 02 at 1 ATA (normobaric) for 5 days.  This exposure profile 

results in animals that show enhanced tolerance to a subsequent exposure to 100% 02 (9). 

Results were analyzed using ANOVA and Duncan's test for individual comparisons where 

significant F values were obtained. 

Tissue preparation 

Following 02 exposures, rats were immediately weighed and decapitated.  Blood was 

collected in a heparinized tube, brains and lungs were quickly removed, rinsed with saline, 

and frozen in liquid N2.  Organs were weighed, homogenized in a cold buffer that contained 

ImM desferoxamine, and immediately assayed for CD, TBAR, Fp(I), and Fp(w).  Brains were 

diluted 1:6 (w/vol)).  Lungs were diluted with 5 ml of buffer or were brought up to 7 ml 

total. 

A control study was conducted to determine the need for the quick freezing procedure. 

In 4 control and 4 hyperbaric 02 exposed animals, half of each organ was frozen while the 

other half was immediately homogenized.  Both halves were then assayed.  A paired t-test 

was used to compare results. 

Biochemical assays 

Thiobarbituric acid reactive substances (TBAR) were measured in tissues using a 

modification of a fluorescent assay described by Ohkawa et al. (10) using 1,1,4,4- 

tetramethxyopropane (TMP) as a standard.  In addition to the 1 mM desferoxamine in the 



homogenates, butylated hydroxytoluene was added (3) to a final concentration of 0.05% in the 

assay tubes to protect against further lipid peroxidation during the hot acidic conditions of the 

assay.  The tubes were incubated for 1 h at 95 °C and extracted with n-butanol as described 

(10).  Plasma was assayed according to Takeda et al. (11) where phosphotungstic was 

substituted for acetic acid.  Recoveries of a known amount of TMP were measured in 

triplicate samples of each brain and lung assayed to account for quenching due to blood or 

other components of crude homogenates.  Results corrected for TMP recovery were expressed 

as nmol/g brain wet weight, nmol/lung, and pM in plasma. 

CD, Fp(l), Fp(w) were measured following a lipid extraction by a modification of the 

technique of Bligh and Dyer (12).  Five hundred |LL1 of tissue homogenate were added to 7 ml 

of 2:1 chloroform and methanol.  An additional 500 |il of buffer were added to bring the total 

aqueous phase to 1.0 ml.  Tubes were vortexed for 2 min.  Additional methanol was added 

(2.5 ml) and vortexed for another 2 min.  The same volume of distilled water (acidified to pH 

2.5 with HC1) was added to each tube and each was gently inverted, placed in an ice water 

bath to facilitate phase separation, and then centrifuged for 10 min at 1500 g.  This procedure 

resulted in clear organic/aqueous separations and good recoveries (91%) of known amounts of 

lipid (corn oil).  The water-methanol layer was aspirated for measurement of fluorescence for 

Fp(w).  Three milliliters of the chloroform layer were dried under a steam of N2 that had been 

passed through a gas purifier and redissolved in 3 ml of heptane.  Fp(w) and Fp(l) were 

measured by reading the fluorescence (excitation 360 nm; emission 443 nm) of the aqueous 

and heptane solutions respectively.  CD was measured in the heptane by recording absorbance 

from 210 to 280 nm and reported as the peak absorbance at 233 nm.  CD, Fp(l), and (Fp(w) 



were expressed as absorbance or fluorescence per lung or per gram brain tissue.  Lipid   , 

concentration in the heptane layer was determined by the method of Chiang (13).  Stability of 

the fluorimeter output was monitored daily with distilled H20 or quinine sulfate.  All samples 

were run in triplicate with appropriate blanks.  Results are expressed as means ± 1 SD.  In 

studies analyzed with ANOVA, the SD was obtained from the pooled estimate of the 

population's variance. 

RESULTS 

In vitro exposures 

A 1-hour exposure to an in vitro oxidizing system consisting of iron, ascorbate and 

increasing amounts of 02 raised all measured indices of lipid peroxidation in homogenized 

brain cortex and lung as shown in Figs. 2 and 3.  All 02 exposures increased values over 

unincubated controls, and values obtained after exposure to 100% 02 were higher than after 

21% 02.  Only brain TBAR and Fp(l) increased significantly between 5 and 21% 02.  Per 

gram of tissue, brain produced far more TBAR (80x control) and Fp(I) (lOx control) than 

lung.  In lung, most variables increased to a maximum of 2x control.  In plasma (not shown), 

significant increases over control were found following exposure to 100% 02 in TBAR, CD, 

and Fp(w).  The maximum increases were 8%, 6%, and 100% respectively over control. 
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In vivo exposures 

Effect of freezing 

Brain tissue that was not quickly frozen before assay had significantly lower TBAR 

(-14 ± 10%) and higher Fp(w) (+22 ± 8%).  Other measurements were not significantly 

altered by freezing (with a 95% confidence interval averaging 27% of the mean control 

value).  Although these differences were relatively small, all studies were carried out on 

quickly frozen tissues. 

Physiologic effects of 02 exposures 

Both normobaric and hyperbaric 02 exposures caused lung damage and pulmonary 

edema as judged by increases in lung weights as shown in Table 2.  Forty-eight hours was the 

earliest time a significant increase was noted following 02 at 1 ATA.  Pleural fluid 

accumulation is a characteristic of pulmonary 02 toxicity (in rats) and several milliliters of 

fluid were recovered following 48 and 55+ h and 5-day 85% 02 normobaric exposures.  It is 

interesting that no fluid accumulated following the hyperbaric exposures (despite large 

increases in lung weight).  We have reported previously that longer exposures to 2.8 ATA 

(14) also did not result in fluid accumulation.  To account for this increased lung weight, 

results were expressed per organ.  Brain weight did not change. 

10 



TABLE 2. Lung weight in grams following in vivo 02 exposures. 
Numbers of animals in each group is j »iven in Table 1. 

100% 0, 1 ATA 85% 5 ATA 6 ATA 
(h) (d) (min) (min) 

Control 6      24      48      55+ 5 47          83 20          47 

1.4 1.4    1.5    2.2*    2.2* 2.6* 3.4*          3.4* 4.2*          3.5* 

*P<0.05, (pooled SD of lung weights = 0.66 g) 

Although the fluorescent assay for TBAR is less subject to interference, quenching 

occurred in the TBAR measurements in lung and brain following 02.  For lungs, recovery of 

a known amount of TMP changed from 85% in control lungs to 40% in 02 exposed lungs 

(±9.4%).  Recovery of TMP in brain decreased significantly by about 10%; recovery in 

controls was 100%.  Each TBAR measurement was corrected for quenching by its own 

recovery of added TMP as an internal standard. 

Symptoms of central nervous system 02 toxicity resulted from the hyperbaric exposures. 

The short hyperbaric exposures were conducted until a convulsion developed.  At 5 ATA the 

time required was 47 (±3) min; at 6 ATA, the required time was 16 (±4) min.  The long 

exposures described in Table 1 were terminal; convulsions were observed in those groups 

after 36 (±11) min at 5 ATA and 24 (±3) min at 6 ATA. 

11 



Lipid peroxidation results 

Figures 4 and 5 show the results for the 4 variables measured in lung.  Figure 4 presents 

results of normobaric exposures and shows that increases in CD and TEAR were not evident 

until the very last day of survival (the 55+ h time point).  Animals exposed to 85% 02 for 5 

days showed increased lung TBAR and CD.  Increases were noted following hyperbaric 

exposures as illustrated in Fig. 5.  TBAR, Fp(l), and Fp(w) all increased following long 5 

ATA and short and long 6 ATA exposures.  The high levels achieved following hyperbaric 

exposures were higher than those following normobaric (p < 0.05), although the levels 

obtained at 6 ATA were not higher than those at 5 ATA, and time had no significant 

influence (i.e., the long exposures were not significantly different than short ones). 

Figures 6 and 7 show results for brain tissue.  Figure 6 shows that TBAR and 

Fp(w) increased on the final day of survival with normobaric exposures. Hyperbaric 

exposures (Fig. 7) resulted in increased TBAR after short exposures (higher than the 55+ 

normobaric value (p < 0.05)) and Fp(l) after long ones. 

12 
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duration exposures) or until breathing ceased (longer duration). Results are from at least 6 
animals in each group, mean ± 1 SD.   * Different from control, P < 0.05.  Abbreviations as 
in Fig 2. 
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Figure 8 displays the results for TBAR in plasma obtained from animals exposed to 

normobaric and hyperbaric 02.  (No plasma was obtained from animals given long, terminal 

hyperbaric exposures.)  Increased TBAR appeared after 6 h of normobaric 100% 02 and 

remained elevated until the final day of survival.  The 5-day 85% 02 exposure also resulted in 

increased plasma TBAR.  No significant changes were seen in other variables except for 

decreases in plasma lipid concentration, CD, and Fp(l) (data not shown), following long 

normobaric exposures, which were probably due to the fact that animals refuse food and 

water after about 48 h of 02 exposure. 
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Figure 8. Effect of in vivo normobaric and hyperbaric 02 exposures on TBAR in rat plasma. 
Samples were collected from animals sacrificed after 6, 24, 48, or 55+ h normobaric   100% 
02, 5 days of 85%  02, 5 ATA for 47 min or 6 ATA for 20 min.  * Different from control, P 
< 0.05. Abbreviations as in Fig. 2. 
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DISCUSSION 

This study compared the progression of 4 indices of lipid peroxidation in isolated tissues 

and whole animals exposed to a range of 02 levels.  In vitro, all 4 markers along the cascade 

progressively increased with 02 exposure level in brain and lung homogenates; in vivo, there 

were also indications of a dose-response relationship, e.g. hyperbaric exposures resulted in 

higher values than the longest normobaric ones, but there was no consistently clear 

progression in any of the four indices studied.  With the exception of plasma TBAR, these 

did not show promise as early markers of oxidative damage.  Of particular interest was the 

observation that brain peroxidation occurred following normobaric 02 in the intact animal and 

that plasma TBAR showed an early increase that was sustained.  Each of these points will be 

discussed. 

In vitro vs. in vivo 

The difference between brain and lung TBAR formation following in vitro exposure was 

striking.  Homogenized brain tissue produced over 80x control levels of TBAR, while lung 

produced about 2x control (Figs. 2 and 3).  Plasma produced the smallest increases.  Other 

workers noticing differences in in vitro TBAR production among tissues tried and failed to 

account for the differences by lipid (15, 16), antioxidant (17) or iron (18) content.  It is 

interesting that we did not see differences of this magnitude in the other indices measured: 

Fp(l) increased 5-10x over control and CD and Fp(w) only about doubled in both tissues.  In 

contrast, following whole animal in vivo exposures, smaller increments in lipid peroxidation 

occurred, although these exposures produced clear evidence of pulmonary and central nervous 

system toxicity.  The largest increase in any lipid peroxide variable noted was about 2x 
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control (Figs. 4-7).  Several groups (15, 19, 17), showed that peroxidätion potential increased 

with increasing fractionation procedures (i.e., slices < homogenates < microsomes).  Intact 

animals have abundant and varied antioxidants, and compartmentalization of catalytic metal 

ions (4) that must minimize both initiation and propagation of lipid peroxidätion processes. 

Our results support the notion that intact animals are more resistant to lipid peroxidätion than 

ground up or sliced tissues. 

Dose-response relationship between P02 and lipid peroxidätion 

Although hyperbaric exposures resulted in higher levels of lipid peroxides than the 

longest normobaric ones, we did not see consistent increases as a function of time and depth. 

For example, long hyperbaric exposures did not lead to higher concentrations than short ones 

(e.g., Fig. 5).  Also, with the exception of plasma TBAR (Fig. 8), (and a few other instances 

at the 6-hour time point, which will be discussed below) these variables did not increase until 

after fairly long or high P02 exposures.  This is most clearly shown with the normobaric 

results (Figs. 4 and 6) where lipid peroxidätion did not occur until the nearly terminal 55+ h 

time point.  With hyperbaric conditions, exposures long enough to produce lung damage and 

convulsions did not consistently raise lung (Fig. 5) or brain (Fig. 7) markers of lipid 

peroxidätion. 

Choice of index 

Caution concerning the use of TBAR alone as a marker of lipid peroxidätion has been 

advised (3, 4) for several reasons.  Malondialdehyde, the major component of TBAR, forms 

only from lipids containing > 3 double bonds, only a portion of all unsaturated lipids (3). 

Furthermore, aldehydes are reactive molecules, making them hard to accurately estimate in 
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vivo.  Also, there  are enzymes to metabolize them such as the mitochondrial enzyme, 

aldehyde dehydrogenase (4).  The boiling acidic conditions of the assay itself encourage 

formation of malondialdehyde (3).  We chose to try to minimize the formation during the 

assay by using an iron chelator and a chain breaking antioxidant (3).  This has not been the 

approach taken in all studies (1, 6, 7, 20-22) and higher levels will result without these 

precautions. 

Some studies have claimed an advantage of CD over TBAR (7).  Others advise 

measuring more than one index (3, 4), and this was the approach we chose.  Other in vitro 

studies have shown clear temporal relationships between TBAR and fluorescent products (5, 

23) reflecting the cascade outlined in Fig. 1.  No temporal progression from TBAR to 

fluorescent products was apparent in our in vitro studies, but results obtained in brain (Fig. 7) 

could be explained on this basis.  Following short hyperbaric exposures, TBAR increased but 

this increase was not maintained following long exposures when Fp(I) was elevated.  It is 

possible that the TBAR had cross-linked to form an organic fluorescent product (5) in the 

brain following the longest hyperbaric exposures. 

None of the markers studies appears to be ideal.  It was rare when one of the others 

increased and TBAR did not.  Plasma CD and Fp(l) are affected by lipid concentration, so 

normalization is often required, as has also been pointed out by Demling and coworkers (6). 

We found that plasma lipid concentration decreased during long normobaric exposures, 

probably due to the animals' anorexia.  On the other hand, TBAR is a simple assay that is not 

sensitive to lipid concentration; it is, however, sensitive to hemolysis.  This has been shown 

clearly for the spectrophotometric assay (22).  We also found evidence of blood interference 
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in the fluorescent assay we used.  Recovery of added TMP decreased in 02 exposed organs 

(described in results).  Quenching of TBAR due to blood is a serious concern when working 

with 02-exposed animals.  Blood content of tissues increases with 02 exposure, even when 

organs are perfused (14).  Furthermore, as an animal is exposed to 02, it becomes more 

difficult to obtain non-hemolyzed samples from catheters, probably due to hemoconcentration 

and perhaps increased fragility of red cells. 

Non-pulmonary lipid oxidation with normobaric 02 

We found evidence of oxidative stress in a non-pulmonary organ with normobaric 02 

exposure, namely TBAR formation in brain tissue following long exposures to 85 or 100% 02 

(Fig. 5).  Crapo and Tierney (9) also saw induction of Superoxide dismutase in brain as well 

as lung in rats exposed to 85% 02 in their original description of this tolerance-inducing dose. 

Our results contribute to the accumulating evidence that there are systemic effects, even with 

normobaric 02.  Although there are clear pulmonary effects and terminal decrements in gas 

exchange, it is probably not purely respiratory limitation which kills animals (24). 

Lipid peroxidation as an early marker 

Plasma TBAR increased after 6 h of exposure to normobaric 02 and remained elevated, 

although it did not increase further with time.  The decrease at 55+ h may have been due to 

hemolysis, as addressed above, and furthermore, small amounts of hemolysis may have 

prevented our seeing a progressive rise in plasma levels with time of exposures.  The 

observed early increase in plasma TBAR deserves more careful study.  Sequential samples 

drawn from animals would be more sensitive and accurate than the procedure used here. 

Demling and coworkers (6) have shown with endotoxin-induced lung damage, another model 
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of oxidative damage, that plasma TBAR reflected pulmonary changes. 

In addition to changes in plasma, we also saw transient increases in tissue markers after 

6 h of normobaric 02 (Figs. 4 and 6).  We chose to look at the 6 h time point because of 

some reports (25) that expired pentane, a non-invasive indicator of lipid peroxidation, 

increased in about this time frame.  The significance of this transient increase is not clear. 

The idea that lipid peroxidation is the initiator in many pathophysiological processes has 

been challenged by Halliwell (4), who suggests instead that it is a final pathway.  Newer 

studies of oxidation in vitro also suggest that protein oxidation may precede lipid peroxidation 

(26).  Our results support these notions and careful studies of changes in protein oxidation 

following 02 exposure would be warranted. 

To our knowledge this is the only report in which ranges of 02 exposures, organs, and 

markers have been simultaneously interrogated.  Our work is consistent with evidence 

showing that lung TBAR increases with normobaric exposures (27), with the 85% 5-day 

exposure (21), and in brain tissue after hyperbaric exposures of fixed length (28-30).  More 

recently, a carefully conducted study by Jamieson (22) failed to find TBAR or Fp(I) in lung 

or brain of mice exposed to between 4.5 and  5.9 ATA of 02 for 30 min.  This discrepancy in 

results is unlikely to be due to species difference.  Dirks and Faiman (20) have shown that 

mice brain slices produce significantly more TBAR than rat slices following in vitro 

exposure to a range of hyperbaric 02.  Jamieson's (22) exposures were shorter than ours, but 

they were of sufficient duration to produce clear symptoms of 02 toxicity in the mice. 

Jamieson (22) did not quick freeze the tissues before analysis and our results show that 

omission of this step can lead to changes.  Probably most importantly, however, is the result 
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of our study, which warns against measurement of only one index at one time point.   Our 

study shows that different time points in a hyperbaric exposure can lead to different 

increments in different indices. 

SUMMARY 

Four different indices marking the lipid peroxidation cascade were studied in isolated 

tissues and in whole animals exposed to normobaric and hyperbaric 02.  No matter which 

index was used, in vivo lipid peroxidation is less dramatic than in vitro.   In tissues, fairly long 

duration and/or high P02 exposures were required for changes, lending support to the notion 

that lipid peroxidation may be a consequence of other damage.  Lipid peroxide levels in 

plasma appear to offer promise as an early marker of ongoing changes. 
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