
Free Rad. Res. Comms.. Vol. 15. No. 3, pp. 167-176 
Reprints available directly from the publisher 
Photocopying permitted by license only 

(' 1991 Harwood Academic Publishers GmbH 
Printed in the United Kingdom 

DIRECT DETECTION OF FREE RADICAL 
GENERATION IN AN IN VZVO MODEL OF ACUTE 

LUNG INJURY 

PAUL G. MURPHY, DAVID S. MYERS, NIGEL R. WEBSTER and 

Department of Anaesthesia, 

Department of Chemistry, 

J.  GARETH JONES 

University of Leeds, 24 Hyde Terrace, Leeds LS2 9LN, 
U .  K .  

MICHAEL J. DAVIESf 

University of York, Heslington, York YO1 5DD, U.K.  

(Received May 7, 1991; in final form June 24, 1991) 

Electron spin resonance (ESR) spectroscopy has been used to provide direct evidence that free radical 
production occurs in an in vivo model of acute lung injury. Two experimental groups of rabbits were given 
the spin trap a-phenyl N-terr.-butyl nitrone (PBN), together with endotoxin in the test group, and saline 
in the control group. Both groups were subsequently briefly ventilated with air containing cigarette smoke. 
Plasma samples from the endotoxin pretreated group showed a sudden burst of radical formation, detected 
as PBN spin adduct, which peaked in the first ten minutes after smoke exposure. No signals were detected 
in the control group. Permeability of the alveolar capillary barrier of the lung, measured by the clearance 
of OPmTc-DTPA, demonstrated significantly greater damage following smoke in the endotoxin primed 
animals than in the controls. Temporal studies suggest that this increase in permeability occurred after a 
burst of radical production. These studies provide supportive evidence for the hypothesis that endotoxin 
promotes the accumulation of a population of primed white cells within the lung, which when triggered by 
cigarette smoke, are able to generate a burst of free radicals which produce tissue damage and acute lung 
injury. 
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INTRODUCTION 

Acute lung injury is characterised by damage to the pulmonary structures across 
which gas exchange takes place, namely the alveolar-capillary barrier (ACB).' The 
most severe form of this condition, the Adult Respiratory Distress Syndrome 
(ARDS), requires artificial ventilation with high inspired oxygen fractions and pro- 
duces a mortality rate of greater than 50%.* Sepsis is a major cause of acute lung 
i n j ~ r y , ~  and it hypothesised that the ACB may be particularly vulnerable to damage 
mediated by the subsequent inflammatory/immune response.* 

A myriad of cellular and humoral mediators of such tissue injury have been 
proposed, included in which are oxygen derived free radicals (ODFRs). 

There are several reasons why ODFRs might be generated during acute lung 
i n j ~ r y . ~  There is abundant evidence that neutrophils and other white cells play an 

1 To whom correspondence should be addressed. 
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important role in the initial pulmonary damage in patients who develop acute lung 
injury,' and that these activated white cells are able to generate ODFRs. Artificial 
ventilation with high inspired fractions of oxygen, and reperfusion of ischaemic 
pulmonary tissue6 are other potential mechanisms by which radicals might be generated 
within lung tissue in the critically ill patient. 

The extent of damage to the ACB can be assessed experimentally by measuring the 
solute permeability of this barrier.' Whilst the integrity of the barrier normally keeps 
the alveolus dry, acute lung injury is associated with an increase in the permeability 
of the ACB and progressive fluid accumulation within the pulmonary interstitium and 
alveolae. Experimental work suggests that the barrier is vulnerable to oxidant mediated 
damage,8 although a recent major review has highlighted the lack of direct evidence 
that radicals are generated during the evolution of such injury.' 

Electron spin resonance (ESR) spectroscopy is a valuable technique for detecting 
and identifying radical production both in vitro and in vivo.'o.'' We have therefore 
applied this technique, using the spin trapping agent a-phenyl N-tert.-butyl nitrone 
(PBN), to examine radical generation in an in vivo model of acute lung injury. In this 
model, acute lung injury is induced with a combination of bacterial endotoxin and 
smoke inhalation, and assessed according to changes in the permeability of the 
alveolar epithelium to an aerosol of w"T~-DTPA. We have previously shown that 
endotoxin alone has no effect on the integrity of the alveolar epithelium, but signifi- 
cantly amplifies smoke induced increases in lung 

MATERIALS AND METHODS 

This study was carried out under a Home Office Project Licence, Licence No PPL SO/ 
00467. 

Animal Preparation 

Male New Zealand White rabbits (3 to 3.5 kg) were sedated with 0.6ml Hypnorm 
(fentanyl 0.3 15 mg/ml, fluanisole 10 mg/ml, Janssen) and an intravenous and intra- 
arterial cannula sited in one ear. Anaesthesia was induced intravenously with 0.1 ml 
aliquots of Hypnorm. A tracheostomy was performed under aseptic conditions 
and the animals ventilated with oxygen enriched air to normocapnia. The animals 
were kept on a heated operating table and the core temperature continuously 
monitored. Anaesthesia was maintained with an intravenous infusion of Hypnorm 
(0.1 ml kg-' hr-I). At the end of the experiments the animals were sacrificed with an 
overdose of pentobarbitone. 

Experimental Design 

Two experimental groups of animals were defined (Figure 1; n = 6 in both cases). 
The test (endotoxin/smoke) group received 3 pg kg-' bacterial endotoxin (E. coli 
serotype 026 : B6, Sigma) dissolved in lOml sterile 0.9% NaCl, which was substituted 
by saline alone in the control (saline/smoke ) group. One hour after endotoxin the 
animals were given 300 mg kg- ' PBN (Aldrich) dissolved in 40 mlO.9% sterile NaCl, 
which was infused over 45 min. Two hours after endotoxin the animals were briefly 
ventilated with cigarette smoke. This was delivered in 20 20ml breaths of smoke 
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Endotoxin/saline 99m TC-DTPA Smoke End 
PBN b 

0 60 75 120 150 minutes 

FIGURE 1 Experimental design. 

drawn from a lit cigarette (University of Kentucky Research Cigarettes, 1R1) over 5 s 
directly into a syringe, which was then connected to the tracheostomy tube and the 
lungs inflated over a 4s period. In order to prevent hypoxaemia during smoke 
exposure, each breath was interspersed with 5-6 ventilator breaths of oxygen enriched 
air. 

It is essential to include a spin trap because of the short half lives of most radicals 
generated in in vivo systems, which would preclude direct detection. PBN was chosen 
as it is known to form relatively long-lived radical adducts with certain types of 
radicalI4 (X'; reaction 1) and has been shown to be compatible 

P h - C H = k - t B u  + X - P ~ - C H - N - ~ J  I /  (1 )  
0- x 0. 

PBN radical adduct 

with normal physiological functions at low  concentration^.'^.'^.'^ Experiments have 
shown that PBN can enter hepatocytes, brain, spleen and heart cells, and that spin 
adducts of PBN can cross cell rnembrane~;'~.'~-'' it ' has therefore been assumed that 
both PBN and its spin adducts can readily equilibrate between any cells involved and 
plasma. 

ESR Analysis 

Blood samples for ESR analysis were taken from the indwelling arterial cannula 
5min. before smoke (in triplicate), and 1, 2, 5, 10, 15 and 30min. after smoke 
administration. Samples were taken using ice-cold heparinised syringes and 
immediately decanted into ice-cold plastic tubes. The plasma was separated within 
5 min. of sampling by centrifugation at 3000 rpm for 10 min. at - 4OC, and the plasma 
specimens then stored in liquid nitrogen until ESR analysis. Analysis of the samples 
for spin adducts was carried out within 2 weeks of the experiment on unmodified 
thawed plasma at room temperature using a standard aqueous cell and a Bruker 
ESP 300 ESR spectrometer equipped with 100 kHz modulation and a Bruker 
ER035M gaussmeter for field calibration. Hyperfine coupling constants were measured 
directly from the field scan. Relative radical concentrations were measured as peak to 
peak line heights (in cm) on spectra recorded with identical spectrometer settings. 
Background spectrometer noise has not been subtracted from these measurements. 

Measurement of Lung Permeability 

The technique for assessing the permeability of the alveolar epithelium by measuring 
the clearance from the lungs of %Tc-DTPA deposited upon the alveolar surface has 
been described in detail el~ewhere. '~. '~ The aerosol of radiotracer was given one hour 
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after endotoxin, and the permeability of the lung measured before and after smoke 
administration. Permeability is expressed in terms of a clearance half-time, t,12, which 
is calculated from the equation 

In 2 
t l l 2  = - k 

where k is the slope of the curve derived from a plot of log radioactivity against time 
and calculated using a commercially available computer graphics package by least- 
squares linear regression analysis. As previously described," correction was made for 
the accumulation of radioactivity within the interstitial spaces of the lung. Count rates 
were also corrected for (i) physical background activity, and (ii) decay of the isotope 
e9"'Tc has a half life of approximately 6 h). 

Statistical Analysis 
ESR signal heights are reported as mean k SEM, and differences between the two 
experimental groups analysed using an unpaired two-tailed Student's t test. Due to 
variation in the permeability data, clearance half times are expressed as median values 
together with upper and lower quartiles, and differences between groups analysed 
using the Mann-Whitney U test. Statistical significance was accepted at p < 0.05. 

RESULTS 

Lung Permeability 
The changes in the permeability of the alveolar epithelium seen during this experiment 
are shown in Table I. There is no difference in the median clearance half-times 
between the endotoxin treated and saline treated groups in the period before smoke 
exposure (endotoxin alone tIlr = 136min., saline alone tIl2 = 140min., p = 0.95). 
Cigarette smoke leads to an increase in permeability within minutes of exposure, 
which is significantly greater in endotoxin-primed animals than in controls (saline/ 
smoke fl12 = 54min., endotoxin/smoke t1/2 = 24min., p = 0.0027). 

ESR Spectroscopy 
Analysis of the plasma samples from the six saline/smoke experiments either before 
or after smoke exposure did not demonstrate the presence of any spin adducts to the 

TABLE I 
Clearance half times of %Tc-DTPA from the 
lungs (minutes, median with 25-75% interquartile 
range). 

Clearance half times 

Saline 140 (102-220) 
Endotoxin 136 (133-145) 
Saline/smoke 54 (35-62) 
Endotoxin/smoke 25 (20-28)t 

t Endotoxin/smoke half time significantly smaller 
than salinelsmoke, p = 0.0027, Mann-Whitney 
U test. 
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FIGURE 2 Electron spin resonance spectrum of a plasma sample obtained from an endotoxin-primed 
rabbit 1 minute after initiation of smoke inhalation. Spectrum assigned to a mixture of the signals from 
the ascorbyl radical (0) and a PBN spin adduct (x). Under high resolution conditions both the ascorbyl 
radical signal and the spin adduct signal show further doublet splittings (see inset for PBN adduct signal). 
ESR hyperfine coupling constants for spin adduct are approximately aN 1.60, aH 0.14 mT. 

spin trap, though in all cases a relatively strong signal from the well characterised 
ascorbyl (vitamin C) radical was observed. 

These results are in contrast with those obtained from the endotoxin/smoke series, 
in which although no signal was detected (apart from that due to the ascorbyl radical) 
before smoke administration, a signal assignable to an adduct to the spin trap was 
seen immediately after smoke inhalation (Figure 2). The spectrum shown in Figure 2 
is typical of that due to a mixture of the spin adduct and the ascorbyl radical, in which 
a central broad line results from the overlapping of the spectral lines of the ascorbyl 
and spin adduct radicals. This line can be resolved, under high resolution conditions, 
into the well characterised doublet splitting from the ascorbyl radical and a further 
broad doublet. The outermost lines from the spin adduct can also be shown to consist 
of poorly resolved doublets under high resolution conditions. The parameters of the 
spin adduct signal of approximately uN 1.60, uH 0.14mT are c~ns is ten t '~  with the spin 
trapping by PBN of either a heteroatom-centred (possibly oxygen-derived) radical or 
a carbon-centred radical species which is highly electron deficient, although further 
speculation as to the exact nature of this adduct is not warranted at the present time 
on the basis of these results. 

This adduct species was, in general, only observed during the first few minutes after 
smoke inhalation and no further species were observed at longer time points. As the 
intensity of the ESR signal is directly proportional to the free radical concentration, 
a time course of spin adduct formation can be constructed (Figure 3) for each animal. 
In all six experiments a peak in radical concentration (as measured by signal heights) 
is seen within the first ten minutes following smoke exposure, although the exact 
timing of the peak varied. In five out of the six cases the appearance of the adduct 
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FIGURE 3 Smoke induced radical production in endotoxin primed rabbits. The spin trap adduct signal 
is expressed in terms of the peak to peak signal amplitude, and is uncorrected for baseline signal noise. Data 
from consecutive measurements in each animal. 

signal was temporary; in the other case the signal persisted throughout the 30min. 
over which the samples were taken. The results from all animals are collected in 
Figure 4, which demonstrates that this burst of radical production is statistically 
significant when compared to the control samples over the first ten minutes after 
smoke inhalation. These results suggest that immediately preceding the observation of 

smoke 

minutes after smoke 

FIGURE 4 The time course of smoke induced radical generation in saline and endotoxin pretreated 
rabbits. The plasma spin trap adduct signal is expressed in terms of the mean peak to peak ESR signal 
amplitude for a given time, f standard error of the mean (SEM), and is not corrected for the height of 
the baseline signal noise. The mean signal height in the endotoxin group is significantly greater than the 
(baseline noise) signal in the saline/smoke group at  1, 2, 5 ,  and 10 minutes after smoke. 
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FIGURE 5 The temporal relationship between smoke induced increase in lung permeability and free 
radical production in an endotoxin pretreated rabbit. Radioactivity from %Tc-DTPA, after aerosol 
delivery to the lungs, is recorded from the chest and expressed as counts per minute (cpm); lung permeabil- 
ity to this radiotracer is described in terms of the clearance half time, t , , 2  (in minutes). The spin trap adduct 
signal is expressed as in Figure 2. Data from a single experiment. 

the spin adducts in the plasma, there must have been a burst of radical formation in 
the lung tissue. 

Figure 5 demonstrates the temporal relationship between observation of the spin 
adducts and changes in alveolar epithelial permeability from a single endotoxin/ 
smoke experiment. Exposure to smoke results in a burst of radical generation which 
subsides over the course of the next ten minutes, and is followed by a marked increase 
in lung permeability. These results suggest that the radical species trapped in these 
experiments are not merely a consequence of cellular damage by some other injurious 
process, but may be a causative factor. 

DISCUSSION 

There is considerable experimental evidence to suggest that the lungs are susceptible 
to radical mediated injury. Superoxide generating systems have been shown to cause 
acute lung injury in both isolated organ2' and in vivo models,2' although derivatives 
of superoxide such as the hydroxyl radical may be the harmful ~pec ies .~  The principal 
source of these radicals appears to be activated cellular elements of the inflammatory 

although in the clinical setting the importance of hyperoxic lung 
injury cannot be ignored. Phorbol myristate acetate (PMA) is a potent white cell 
activator, and in vivo has been shown to cause damage to both the e n d ~ t h e l i a l ~ ~  and 
epithelial25 components of the alveolar capillary barrier, the former at least being 
white cell dependent.24 Since free radical scavengers protect the lungs against 
such injury26 there is some reason to believe that white cells are in some way 
involved in the generation of radicals responsible for the lung injury seen in these 
preparations. 
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Endotoxaemia appears to be a particularly important event in the development of 
acute lung injury, and in humans severe sepsis is a major cause of ARDS.3 Endotoxin 
infusions in sheep generate acute lung injury which is associated with increased tissue 
malondialdehyde content” and which is attenuated with antioxidant therapy.2B The 
effect of endotoxin on the inflammatory response may therefore be of considerable 
consequence. Thus, endotoxin promotes the accumulation of neutrophils within the 
pulmonary microcirculation,29 and in addition primes these cells, so that in response 
to a second stimulus (such as cigarette smoke) they become highly metabolically 
active and cytotoxic as they generate oxygen-derived free radicals (via the respiratory 
burst) and liberate potent proteolytic enzymes. Although acute lung injury may also 
develop through neutrophil independent mechanisms, an important experimental and 
clinical mechanism of lung injury would appear to be through the generation of 
oxygen-derived free radicals from endotoxin primed/activated neutrophils. 

In this study we have confirmed the observation that pretreatment with endotoxin 
amplifies smoke induced damage to the alveolar epithelium, and have associated this 
enhanced effect with clear evidence for the generation of radicals immediately preced- 
ing and during the evolution of this damage. Thus we have demonstrated that while 
neither endotoxin nor smoke alone are able to generate sufficient plasma adduct signal 
to be detectable in our system, the combination of the two generates a burst of radical 
production that is associated with an immediate increase in the permeability of the 
alveolar epithelium. 

The findings in the saline/smoke group require some discussion. Brief smoke 
exposure leads to an increase in permeability of the alveolar epithelium to 99mTc- 
DTPA, although it is not known whether the oxidant burden which smoke inhalation 
imposes on the lungs3’ is responsible for this injury. We were unable to detect systemic 
evidence of adduct formation in this experimental group, although the inherent 
sensitivity and operating conditions of the ESR spectrometer were such that low 
concentrations would not have been observed. Similarly, although endotoxin alone 
was not sufficient to generate any significant adduct signal, the generation of low 
concentrations could not be excluded. 

It is tempting to hypothesise that this endotoxin/smoke model of lung injury 
demonstrates the effect of initial endotoxin priming on the subsequent response of 
white cells to an appropriate stimulus. Within the limits imposed by the sensitivity of 
the analysis, the results of this study are in support of the hypothesis that endotoxin 
promotes the accumulation of a population of primed white cells within the lung 
which then triggered, in this system by cigarette smoke, are able to generate a burst 
of radicals which result in tissue damage. Further work is required to confirm this 
attractive hypothesis. 
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