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Abstract

Reactive oxygen species are a major cause of damage occurring
in ischemic tissue after reperfusion. During reperfusion transi-
tional metals such as iron are required for reactive oxygen

species to mediate their major toxic effects. Xanthine oxidase
is an important source of reactive oxygen species during isch-
emia-reperfusion injury, but not in all organs or species. Be-
cause cytochrome P450 enzymes are an important pulmonary
source of superoxide anion (02) generation under basal condi-
tions and during hyperoxia, and provide iron catalysts neces-

sary for hydroxyl radical COH) formation and propagation of
lipid peroxidation, we postulated that cytochrome P450 might
have a potential role in mediating ischemia-reperfusion injury.
In this report, we explored the role of cytochrome P450 en-

zymes in a rabbit model of reperfusion lung injury. The P450
inhibitors 8-methoxypsoralen, piperonyl butoxide, and cimeti-
dine markedly decreased lung edema from transvascular fluid
flux. Cimetidine prevented the reperfusion-related increase in
lung microvascular permeability, as measured by movement of
'25I-albumin from the vascular space into lung water and al-
veolar fluid. P450 inhibitors also prevented the increase in
lung tissue levels of thiobarbituric acid reactive products in the
model. P450 inhibitors did not block enhanced 0° generation
by ischemic reperfused lungs, measured by in vivo reduction of
succinylated ferricytochrome c in lung perfusate, but did pre-

vent the increase in non-protein-bound low molecular weight
chelates of iron after reperfusion. Thus, cytochrome P450
enzymes are not likely a major source of enhanced 05 genera-
tion, but serve as an important source of iron in mediating
oxidant injury to the rabbit lung during reperfusion. These
results suggest an important role of cytochrome P450 in re-

perfusion injury to the lung and suggest potential new thera-
pies for the disorder. (J. Clin. Invest. 1990. 86:1434-1441.)
Key words: reperfusion lung injury * cytochrome P450 * ci-
metidine * reactive oxygen species

Introduction

Oxidant damage from generation of superoxide anions (05)'
and hydrogen peroxide (H202) during reperfusion of ischemic
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1. Abbreviations used in this paper: C, cimetidine; Cd",,, dynamic lung
compliance; MDA, malondialdehyde; 8-MP, 8-methoxypsoralen; 02,

tissue is now a well documented mechanism of injury (1). One
important source of O° and H202 during reperfusion is xan-
thine oxidase (1). However, recent studies indicate that xan-
thine oxidase is not the major source of 0° and H202 produc-
tion in all organs or species (2-5).

Another cellular site for generation of reactive oxygen spe-
cies is microsomal electron transport, which produces 02 dur-
ing oxidative metabolism at the cytochrome P-450 complex
(6, 7) and/or during the oxidation of NADPHby cytochrome c
(P-450) reductase (8, 9). Lung, like liver, is richly endowed
with cytochrome P-450 (10). These microsomal enzymes are a
major source of the O° and H202 generated by lung under
basal conditions (11) and during hyperoxia (12, 13). Cy-
tochrome P-450 enzymes may also participate in reperfusion
injury by providing an intracellular source of iron. In reperfu-
sion injury iron appears to promote tissue damage by catalyz-
ing hydroxyl radical ('OH) generation via the Fenton reaction
and by propagating lipid peroxidation. Recently, the iron che-
lator deferoxamine has been shown to prevent reperfusion in-
jury in the heart (14), intestine (15), skin (16), brain (17), and
lung (18). While much activity has been directed toward de-
fining the source of O° and H202 in reperfusion injury, little
attention has been paid to locating the intracellular sources of
iron, although ferritin has been implicated (19, 20). To explore
the role of cytochrome P-450 enzymes in reperfusion injury,
we investigated the effect of three inhibitors of cytochrome
P-450 activity on edema formation, microvascular permeabil-
ity, and lipid peroxidation in a rabbit model of reperfusion
lung injury. Wealso sought to define the basis for the protec-
tive effect of these inhibitors by examining their effects on
reperfusion-related 02 generation and iron mobilization.

Methods

Lung perfusion technique. Lungs were perfused in a manner similar to
that previously reported (18). Male NewZealand white rabbits (Myrtle
Farms, Nashville, TN) weighing 2.5-3 kg were maintained on Carna-
tion Rabbit Formula 18 (Carnation Co., Los Angeles, CA) and water
ad lib. On the day of the experiment, the rabbits were given 3,000 U of
heparin by ear vein and anesthetized with 25 mg/kg sodium pentobar-
bital. The chest was opened and the animal killed by rapid exsanguina-
tion from the left ventricle. Right and left parasternal incisions were
made along the costal cartilages to remove the sternum and open the
chest widely. Stainless steel cannulae were secured in the left atrium
and pulmonary artery with umbilical tape. The ligature around the
pulmonary artery was also passed around the aorta, preventing loss of
perfusate into the systemic circulation. The pulmonary circulation was
washed free of blood with - 500 ml of perfusate before recirculating

superoxide anion; 'OH, hydroxyl radical; PB, piperonyl butoxide; Pp.,
pulmonary artery pressure; PVR, pulmonary vascular resistance; R,
ranitidine; TBA, thiobarbituric acid; W, lung weight gain from cumu-

lative transvascular fluid flux.
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flow was established. The perfusate medium was Krebs-Henseleit
buffer (21) prepared with deionized water, with 3% dextran (mol wt
70,000) added as an oncotic agent. Perfusate was maintained at a
temperature of 37-380C and pH of 7.35-7.40.

The perfusion circuit included a perfusate reservoir, roller perfu-
sion pump (Sarns, Inc., Ann Arbor, MI), blood transfusion filter (Cobe
Laboratories, Lakewood, CO), and heat exchanger, connected by
Tygon tubing. Lung weight changes were continuously recorded as the
converse of the weight change of the perfusate reservoir, which was
freely suspended from an FT1ODforce displacement transducer (Grass
Instrument Co., Quincy, MA). The perfusate reservoir was placed
below the lowermost portion of the lungs to keep left atrial pressure at
zero. The volume of the perfusion system was 250 ml.

The lungs were ventilated with 5%CO2 in air through a tracheos-
tomy using an animal respirator (Harvard Apparatus Co., Inc., The
Ealing Corp., S. Natick, MA) delivering a tidal volume of 7 ml/kg at 18
breaths per min with 2 cm H20-positive end-expiratory pressure. Pul-
monary arterial, left atrial, and maximal inspiratory tracheal (refer-
enced from functional residual capacity) pressures were monitored
using pressure transducers (P23ID; Gould Statham Instruments, Inc.,
Hato Rey, PR) connected to the inflow circulation, outflow circula-
tion, and tracheal cannula. Pressure and force transducer measure-
ments were recorded on a four-channel recorder (model 2400S; Gould
Statham Instruments, Inc.). Successful preparations with initial pul-
monary artery pressures between 8 and 15 mmHgand weight gains at
rates of < 0.2 g/min were achieved in > 90%of the rabbit lungs. Lungs
can be perfused in this manner for up to 60 min.

Lung perfusion protocols. After surgery, lungs were perfused at 50
ml/min for 5 min to insure integrity of the preparation, as measured by
normal pressures and negligible weight gain. Ventilation and perfusion
were then stopped and the lungs were covered with moist gauze
sponges to prevent desiccation. After a 3-h interval of ischemia, during
which the preparation was allowed to equilibrate to room temperature
(25°C), ventilation was reinstated, initially at a tidal volume of 14
ml/kg for 30 s to open atelectatic lung, then at the original tidal volume
of 7 ml/kg. Perfusion was then reinstated at 10 ml/min with increases
of 5 ml/min every 15 s until a pulmonary arterial pressure of 15 mmHg
was achieved. Thereafter, the rate of perfusion was adjusted to main-
tain pulmonary arterial pressure constant at 15 mmHg.Perfusion was
continued in this manner for 60 min to determine the effect of reven-
tilation and reperfusion on lung edema formation monitored by cu-
mulative lung weight gain. Following perfusion, the lungs were quickly
dissected free from the thorax. One lung was snap frozen in liquid N2
for measurement of malondialdehyde (MDA) and low molecular
weight chelates of iron. The weight of the remaining lung was mea-
sured before and after drying for 72 h at 60°C for determination of
wet/dry weight ratio.

Pharmacologic interventions. Five normal nonreperfused lung
preparations were not subjected to ischemia, but were perfused at
constant pressure (15 mmHg)for an additional 60 min after the 5-min
baseline period. Five control reperfused lungs were subjected to isch-
emia, but were reperfused without treatment. Additional groups of
lungs were perfused with one of the following inhibitors of cytochrome
P-450 mixed function oxidase activity: five lungs with the suicide
substrate 8-methyoxypsoralen (22, 23); five lungs with the classic
P-450 inhibitor piperonyl butoxide (23, 24); and five lungs with the
H2-receptor blocker cimetidine (25, 26). As a control for cimetidine we
reperfused four lungs with ranitidine. Ranitidine has three times the
H2-receptor blocking activity as cimetidine, but it does not inhibit
cytochrome P450 (25). Methyoxypsoralen (50 mg/kg i.p.) and piper-
onyl butoxide (400 mg/kg i.p.) were injected I h prior to lung perfu-
sion. Cimetidine (5 mM)and ranitidine (1.5 mM)were added to per-
fusate at the beginning of the baseline perfusion.

Measurement of transvascular flux of '25I-albumin. In separate ex-
periments, we assessed transvascular flux of macromolecules during
reperfusion, and the response to cytochrome P450 inhibition. Lungs
were subjected to ischemia and reperfused at constant pressure as
described above. After 10 min of reperfusion at a left atrial pressure of

zero, 1.5 GCi of '25I-human serum albumin ('25I-HSA', 8.3 mCi/g
albumin) was added to the reservoir, and left atrial pressure was in-
creased to 10 mmHg. 10 min later, 1.0 ml of pulmonary venous ef-
fluent was obtained, weighed, and counted for 1 min in a gamma
counter to determine the number of I25I-HSA counts in 1.0 g of circu-
lating perfusate. The reservoir supplying perfusate to the lung was then
changed to contain buffer without radioactivity. After lungs were per-
fused in a nonrecirculating manner for an additional 5 min, 1.0 ml of
pulmonary venous effluent was obtained and assessed for radioactivity
to confirm that minimal '251-HSA counts remained in the vascular
space. Perfusion was stopped, and lungs were lavaged by instilling and
withdrawing 30 ml of normal saline into the tracheal cannula three
times. The lavage fluid was thoroughly mixed, and 1.0 ml was weighed
and counted to assess '25I-HSA accumulation in the alveolar space.
Lungs were then dissected free from the thorax, and a portion of lung
from the dorsal surface was weighed and counted to measure '251-HSA
accumulation in lung tissue. Lavage and lung leak indexes were calcu-
lated using the following formulae:

'25I-HSA counts/g of lavage fluid
Lavage leak index= 125I-HSA counts/g of perfusate

'25I-HSA counts/g of lung
Lung leak index = '251-HSA counts/g of perfusate

Three groups were studied: three normal nonreperfused lungs; three
untreated reperfused lungs; and three reperfused lungs treated with
cimeditine.

Measurement in vivo °2 production in ventilated and perfused
lungs. In another group of experiments, O2 release into lung perfusate
was measured by superoxide dismutase (SOD)-inhibitable reduction of
succinylated ferricytochrome c (18). Type VI horse heart ferricy-
tochrome c was partially succinylated by the method of Kuthan et al.
(27). O° was measured in the perfusate by adding 60 JAM succinylated
ferricytochrome c to the reservoir just before reventilation and reper-
fusion. Flow was restored to 50 ml/min and maintained at this rate
while 2-ml samples of perfusate were withdrawn from the outflow
cannula at timed intervals of 1, 2.5, 5, 7.5, and 10 min of perfusion.
Samples were centrifuged at 1,000 g for 10 min to remove debris, and
perfusate absorbance was determined at 550 nm. The change in absor-
bance between each timed sample and that of 60 AMsuccinylated
ferricytochrome c in Krebs-Henseleit buffer was used with an extinc-
tion coefficient of 2.1 X 104 M-'cm-' (27) to determine ferricy-
tochrome c reduction. Six groups were studied: four normal nonreper-
fused lungs; five normal nonreperfused lungs with SOD(25,000 U)
injected into the pulmonary artery before adding ferricytochrome c to
perfusate; six untreated reperfused lungs; four reperfused lungs treated
with SOD(25,000 U) injected into the pulmonary artery before reper-
fusion; four reperfused lungs treated with 8-methoxypsoralen; and four
reperfused lungs treated with piperonyl butoxide.

Measurement of cytochrome-P450 activity in ventilated and per-
fused lungs. The activity of cytochrome P450-mediated O-demethyl-
ation of p-nitroanisole to form p-nitrophenol (28-30) was monitored
in normal nonischemic ventilated and perfused rabbit lungs as pre-
viously reported (30) by adding 350 MMp-nitroanisole to perfusate.
Lungs were then perfused for 60 min at 50 ml/min. At 10-min inter-
vals 5-ml samples of effluent lung perfusate were obtained and centri-
fuged at 1,000 g to remove debris. 1.5 ml of 20% trichloroacetic acid
was added to 3 ml of the supernatant, and the mixture was centrifuged
to remove any traces of protein. The supernatant was alkalinized to pH
12.5 with 10 N sodium hydroxide. The developed yellow color was
read spectrophotometrically at 436 nmagainst a blank drawn from the
perfusate immediately before addition of p-nitroanisole. The concen-
tration of p-nitrophenol in timed samples of perfusate was determined
by comparing absorbance of samples to a standard curve constructed
in Krebs-Henseleit buffer. The rate of change in perfusate concentra-
tion of p-nitrophenol and lung wet/dry weight ratios were used to
calculate the rate of p-nitrophenol generation per gram of dry lung
during perfusion. Two groups were studied: four normal nonreper-
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fused lungs and four normal nonreperfused lungs treated with 5 mM
cimetidine added to perfusate.

Effect of cimetidine on xanthine oxidase activity. The effect of S
mMcimetidine on xanthine oxidase activity was studied at 250C in 50
mMpotassium phosphate (pH 7.8) containing 0.1 mMEDTAand 30
mU/ml xanthine oxidase. The reaction was initiated by adding 50 AiM
xanthine and monitored spectrophotometrically by following conver-
sion of xanthine to urate. Rate of urate formation was calculated from
the change in absorbance at 295 nm using a molar extinction coeffi-
cient of 1. 1 X I04 M- l cm-'.

Measurement of lung malondialdehyde. MDAwas determined by
the method of Buege and Aust (32). Weighed 250-mg portions of
defrosted lungs were homogenized on ice with 2 ml of 1.15% KC1 and
mixed with 4 ml of TBA reagent (0.375% thiobarbituric acid and 15%
trichloroacetic acid in 0.25 NHCl, to which 0.0 1%butylated hydroxy-
toluene was added just before use). After incubation at 100°C for 20
min, the absorbance of the supernatant was measured at 532 nm. An
extinction coefficient of 1.56 X 105 M-' cm-' (32) and lung wet/dry
weight ratios were used to determine micromoles of MDAper gram of
dry lung.

Measurement of low molecular weight chelates of iron. Lung tissue
concentration of iron as low molecular weight chelates was measured
using ferene-S as a detector chelator (33, 34). Weighed 250-mg por-
tions of defrosted lungs were homogenized in 2 ml of 0.9% NaCI
prepared from deionized water and batch-treated with Chelex-100
resin to remove any trace iron contamination. The homogenate was
centrifuged at 10,000 g for 10 min, and the supernatant was filtered
through a 0.22-AM filter (Millipore/Continental Water Systems, Bed-
ford, MA). An aliquot of 300-Al filtrate was mixed with 150 ,ul deion-
ized, Chelex-treated water and 150 jil of a solution of 4.4% thiourea
and 2.7% ascorbate. To this was added 150 jl of 40% trichloroacetic
acid. The mixture was vortexed, and then microfuged for 30 s. A
500-jil aliquot was mixed with 125 jl of ferene solution (35 mgsodium
ferene in 10 ml of 50% ammonium acetate in water, wt/vol). After 10
min, absorbance at 594 was compared to that of a blank containing
reagents but not tissue sample. Concentration of iron in the sample was
determined using a standard curve constructed with FeSO4 and wet to
dry weight ratios to express nanomoles of iron per gram of dry lung.

Reagents and pharmaceuticals. 125I-HSA was purchased from Syn-
cor Corp. (Memphis, TN). Measurement of radioactivity in superna-
tants after treatment with 10% trichloroacetic acid and centrifugation
at 2,000 g for 10 min demonstrated < 2% of counts to be unbound.
Cimetidine was obtained from Smith, Kline, & French Laboratories,
Smith Kline Corp. (Philadelphia, PA), ranitidine was from Glaxo, Inc.
(Research Triangle Park, NC) and 4-nitroanisole was from Aldrich
Chemical Co. (Milwaukee, WI). SOD3,200 U/mg from bovine eryth-
rocytes, xanthine oxidase from buttermilk, and all other reagents were
purchased from Sigma Chemical Co. (St. Louis, MO).

Statistical analysis. Pulmonary arterial pressure (Ppa), dynamic
lung compliance (Cdyn, calculated as tidal volume divided by the dif-
ference between maximal inspiratory tracheal pressure and positive
end-expiratory tracheal pressure), and cumulative lung weight gain
from transvascular fluid flux (W) were analyzed by two-way analysis of
variance with randomized split block design (35). Rate of p-nitro-
phenol generation was compared in untreated and cimetidine treated
lungs using the unpaired Student's t test (35). Measurements of total
pulmonary vascular resistance (calculated as pulmonary arterial pres-
sure in mmHgX 80 dyn-'* s-' * cm-5 divided by liters/min pump flow)
and all other parameters were analyzed by one-way analysis of variance
(35). Comparisons among groups were performed with Duncan's mul-
tiple range test (36). Significance was assumed when P < 0.05. Values
are reported as mean±SEM.

Results

Normal nonischemic lungs perfused for 60 min demonstrated
little evidence of injury. Transvascular fluid flux was negligible

(Fig. 1), and 1251-HSA lung and lavage leak indexes were low
(Fig. 2, A and B). At the end of perfusion, dynamic lung com-
pliance (Cdyn) was 2.4±0.2 ml/cm H20, pulmonary arterial
pressure (Pp.) was 15.0±0 mmHg,and total pulmonary vascu-
lar resistance (PVR) was 25.1±2.9 X I03 dyn-1 s-' -cm-'. In
contrast, untreated lungs reperfused after 3 h of ischemia de-
veloped visible pulmonary edema, with perfusate filling the
tracheal cannulae. Cumulative transvascular fluid flux was
markedly increased (Fig. 1). '251I-HSA lung and lavage leak
indexes were substantially elevated, indicating that vascular
permeability to albumin was increased (Fig. 2, A and B). Cdyn
was significantly lower than in untreated nonreperfused lungs
(1.2±0.1 ml/cm H20, P < 0.01), but Pp. (15.1±0.1 mmHg)
and PVR(20.3±3.0 X I03 dyn-' * s-' - cm-5) were not different
than in nonreperfused lungs.

Cytochrome P-450 inhibitors strikingly protected from re-
perfusion injury. 8-methoxypsoralen (8-MP), piperonyl bu-
toxide (PB), or cimetidine (C) markedly decreased cumulative
transvascular fluid flux in reperfused ischemic lungs (Fig. 1)
and prevented development of visible pulmonary edema. Ci-
metidine also prevented the reperfusion-related increase in
vascular permeability for '25I-HSA (Fig. 2, A and B). P-450
inhibitors significantly improved lung compliance compared
to untreated reperfused lungs (1.7±0.1 for 8-MP and 1.7±0.1
for PB, 1.6+0.1 for C vs. 1.2±0.1 ml/cm H20 for untreated
reperfused lungs; all P < 0.05 compared to untreated reper-
fused lungs). Ppa in lungs treated with 8-methoxypsoralen or
piperonyl butoxide was not different from Ppa in untreated
reperfused lungs (14.2±0.9 mmHgfor 8-MP; 15. 1+0 for PB).
However, Ppa in cimetidine-treated reperfused lungs was lower
(12±0.5 mmHg, P, 0.06) because cimetidine decreased PVR
during reperfusion (8.6±1.4 X 103 dyn. s. cm-5 for cimetidine
vs. 20.3±3 for untreated reperfused lungs, P < 0.05). Flow

W(g)

I, ~~~~~~~~~~~--- -3t

I, -JE- ~~- - - I -

---- a '-'t

10 2'0 3'0 40 5'0 6'0
Baseline Reperfusion -

Time (minutes)
Figure 1. Cytochrome P-450 inhibitors prevent transvascular fluid
flux (W) from reperfusion lung injury. Compared to nonreperfused
normal lungs, untreated reperfused lungs develop profound lung
edema from transvascular fluid flux. Treatment with the cytochrome
P-450 inhibitors 8-methoxypsoralen (8-MP), piperonyl butoxide
(PB), or cimetidine (C) markedly reduce transvascular fluid flux dur-
ing reperfusion. In contrast, ranitidine (R), an H2-receptor blocker
which does not inhibit P-450, fails to attenuate reperfusion injury. *P
< 0.001 compared to nonreperfused; tP < 0.001 compared to reper-
fused; §p < 0.001 compared to reperfused + C.
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Figure 2. Cimetidine prevents the increase in microvascular perme-
ability caused by reperfusion. Reperfusion of ischemic lung markedly
increases microvascular permeability measured by I'25-HSA lung (A)
and lavage (B) leak indexes. Inhibition of cytochrome P450 with ci-
metidine (C) prevents increased permeability from reperfusion. *P
< 0.001 compared to nonreperfused; tp < 0.001 compared to reper-
fused.

during reperfusion was at maximum for our pump (140 ml/
min) in 4 of 5 cimetidine-treated lungs, and mean pump flow
after 60 min was significantly higher in cimetidine treated than
in untreated reperfused lungs (126±15 vs. 71±18 ml/min, P
< 0.05). PVRin reperfused lungs treated with 8-methoxypsor-
alen (15.3±4.5 X 103 dyn-f . s-i . cm-5) or piperonyl butoxide
(22.4±2.2 dyn-1- s-. . cm-5) was not significantly different
from that in untreated reperfused lungs.

To confirm that cytochrome P-450 was being inhibited in
this model, we studied the effect of cimetidine on P-450-me-
diated O-demethylation of p-nitroanisole to p-nitrophenol.
Whereas untreated nonreperfused rabbit lungs produced 41±7
pmol of p-nitrophenol/g of dry lung/min, lungs perfused with
5 mMcimetidine generated only 16±4 pmol/g dry lung/min
(P < 0.01).

In contrast to the protection provided by cimetidine, rani-
tidine (R) failed to prevent pulmonary edema during reperfu-
sion. Transvascular fluid flux in ranitidine-treated reperfused

lungs (Fig. 1) was even higher than in untreated reperfused
controls (P < 0.05). Cdyn (1.4±0 ml/cm H20), Pp. (14.8±0.1
mmHg), and PVR(17.2±3.3 X I03 dyn-'* s-'. cm-5) were not
different from untreated reperfused lungs.

Biochemical evidence of a protective effect of cytochrome
P-450 inhibition was obtained by measuring lung MDAas a
marker of membrane lipid peroxidation. Lung content of
MDAwas increased over 60% in untreated reperfused lungs
(Fig. 3). Treatment with 8-methoxypsoralen, piperonyl butox-
ide, or cimetidine prevented the increase in lung MDAcaused
by reperfusion. In fact, the MDAcontent in these treated lungs
was the same as in normal nonreperfused lungs. Ranitidine,
however, did not prevent the increase in MDAcaused by re-
perfusion. This suggests that cytochrome P-450 inhibitors
protect the lung from reperfusion by decreasing oxidant in-
jury.

The mechanism by which cytochrome P-450 inhibitors
decrease oxidant injury was investigated by measuring the in
vivo O° release into lung perfusate and the content of low
molecular weight iron chelates in lung tissue. Because xan-
thine oxidase is likely responsible for a portion of the enhanced
°2 generation during reperfusion (18, 37) and has recently
been demonstrated to be present in ischemic reperfused rabbit
lung (37), we initially studied the effect of cimetidine on
xanthine oxidase activity in vitro. Xanthine oxidase generated
0.6 ,gmol of urate per min without cimetidine and 0.5 ,mol per
min in the presence of 5 mMcimetidine. Thus, cimetidine
does not appear to substantially decrease the activity of xan-
thine oxidase in vitro.

Fig. 4 shows the results of in vivo °2 generation measured
by reduction of succinylated ferricytochrome c in perfusate
over 10 min. Reduction occurred in uninjured nonreperfused
lungs, but did not increase substantially over time and was
inhibited only slightly by SOD. In contrast, reduction of suc-
cinylated ferricytochrome c was significantly higher in un-
treated reperfused lungs and was inhibited by SOD. Treatment

50 -

40-

30-
Micromoles

MDA/g Dry Lung
20-

10-

0
wHlES~~

CLC+42 ++
* O, 4,+ 0 4 4,

Figure 3. Cytochrome P450 inhibitors prevent the increase in lung
lipid peroxidation caused by reperfusion. Reperfusion of ischemic
lung causes a marked increase in lung content of malondialdehyde
(MDA). Treatment with the cytochrome P450 inhibitors 8-methoxy-
psoralen (8-MP), piperonyl butoxide (PB), or cimetidine (C) pre-
vents accumulation of MDAduring reperfusion. In contrast, raniti-
dine (R), an H2-receptor blocker which does not inhibit P-450, fails
to prevent MDAaccumulation. *P < 0.001 compared to nonreper-
fused; tp < 0.001 compared to reperfused.
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Figure 4. Cytochrome P-450 inhibitors do not prevent lung genera-
tion of O- during reperfusion. Reperfusion of ischemic lung mark-
edly increases reduction of succinylated ferricytochrome c in lung
perfusate. Injection of 25,000 U SODinto the pulmonary artery be-
fore reperfusion prevents the increase in cytochrome c reduction. In
contrast, the P-450 inhibitors 8-methoxypsoralen (8-MP) and piper-
onyl butoxide (PB) have no effect on enhanced cytochrome c reduc-
tion during reperfusion. *P < 0.001 compared to nonreperfused; tp
< 0.01 compared to reperfused; §P < 0.0 1 compared to reperfused
+ SOD.

with 8-methoxysporalen or piperonyl butoxide failed to reduce
cytochrome c reduction during reperfusion. The effect of ci-
metidine on reduction of succinylated ferricytochrome c re-
duction could not be studied in perfused lungs because 5 mM
cimetidine was found to cause a slow progressive decrease in
cytochrome c absorbance in vitro.

Because iron plays an important role in the initiation (38,
39) and progression (38-40) of lipid peroxidation, we deter-
mined lung tissue levels of non-protein-bound iron, measured
as low molecular weight chelates. Reperfused ischemic lungs
contained over 80% more low molecular weight iron chelates
than did control groups (Fig. 5). Treatment with 8-methoxy-
sporalen, piperonyl butoxide, or cimetidine prevented the in-
crease in tissue levels of low molecular weight iron chelates in
ischemic reperfused lung but ranitidine did not (Fig. 5).

Discussion

In this study, inhibitors of cytochrome P-450 provided striking
protection against reperfusion lung injury. In our model, the
restoration of ventilation and perfusion to lungs after ischemia
resulted in acute lung injury characterized by increased lung
weight gain, albumin permeability, and thiobarbituric acid
reactive products. The cytochrome P-450 inhibitors 8-meth-
oxypsoralen, piperonyl butoxide, or cimetidine markedly at-
tenuated these reperfusion-related pathophysiological and bio-
chemical changes. To our knowledge, this is the first study to
demonstrate a central role of cytochrome P-450 enzymes in
reperfusion injury.

Because we perfused at a constant pressure, it is unlikely
that the decrease in transvascular fluid flux observed in reper-
fused lungs treated with 8-methoxypsoralen or piperonyl bu-
toxide (Fig. 1) can be explained by differences in microvascu-
lar pressure. PVRin lungs treated with 8-methoxypsoralen or
piperonyl butoxide was not different from that in untreated
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Figure 5. Cytochrome P450 inhibitors prevent the increase in lung
low molecular weight iron chelates that occur during reperfusion.
Reperfusion of ischemic lung results in an increase in tissue levels of
low molecular weight iron chelates. Treatment with the cytochrome
P450 inhibitors 8-methoxypsoralen (8-MO), piperonyl butoxide
(PB), or cimetidine (C) prevents the increase. In contrast, ranitidine
(R), an H2-receptor blocker which does not inhibit P450, fails to
block the rise in iron chelates during reperfusion. *P < 0.0 1 com-
pared to nonreperfused; tp < 0.0 1 compared to reperfused.

reperfused lungs. PVR in cimetidine-treated lungs was lower
than in untreated reperfused lungs and pump flow was signifi-
cantly higher, suggesting that substantially more of the micro-
vascular bed was perfused in cimetidine-treated than in un-
treated reperfused lungs. Despite reperfusion of a much greater
vascular surface area, cumulative weight gain in cimetidine-
treated reperfused lungs was only 40% of that observed in
untreated reperfused lungs. In addition, cimetidine prevented
the dramatic increase in I251-albumin flux, suggesting that its
protective effects, similar to 8-methoxypsoralen and piperonyl
butoxide, were due to prevention of the increased microvascu-
lar permeability during reperfusion.

Weused three different inhibitors of cytochrome P-450 in
these studies to increase the specificity of our observations.
8-methoxypsoralen functions as a suicide substrate. It forms a
reactive metabolite that binds to microsomal protein and in-
activates cytochrome P450 enzymes (22, 23). Piperonyl bu-
toxide is metabolized to a reactive intermediate that binds to
cytochrome P-450 and inhibits further microsomal metabo-
lism (23, 24). The H2-receptor blocker cimetidine disrupts mi-
crosomal metabolism by binding to cytochrome P-450 with
high affinity (25, 26). Both the imidazole ring and cyano group
of cimetidine interact with the P-450 hemin iron (26). This
effect of cimetidine is specific for P-450 as it does not interact
with other heme enzymes (41). In contrast, the H2-receptor
blocker ranitidine inhibits cytochrome P-450 either weakly or
not at all (25, 26). Because 8-methoxypsoralen, piperonyl bu-
toxide, and cimetidine are structurally dissimilar and inhibit
cytochrome P-450 by different mechanisms, the protection
which these inhibitors have against reperfusion injury is most
likely to be explained by P-450 inhibition. However, we can-
not rule out that these inhibitors might protect through other
biochemical actions that have not yet been described.
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Reperfusion lung injury is oxidant mediated (18). Since
cytochrome P-450 inhibitors prevented the increase of thio-
barbituric acid-reactive products in ischemic lung following
reperfusion, it is likely that they protect by interfering with
biochemical events that lead to oxidant injury. Cytochrome
P-450 may participate in these biochemical events by generat-
ing reactive oxygen species during microsomal electron trans-
port or by providing an intracellular source of iron. Cy-
tochrome P-450 has been hypothesized as a major source of
enhanced O2 generation by lungs exposed to hyperoxia and
other forms of oxidant stress (12, 13, 42). As the availability of
NADPHis rate limiting for cytochrome P-450 activity in vivo
(43), a buildup of reducing equivalents in ischemic tissue (44,
45) followed by the sudden availability of O° during reventila-
tion and reperfusion might create favorable conditions for
auto-oxidation of P-450 enzyme complexes leading to the gen-
eration of O-. If so, cytochrome P-450 inhibition might de-
crease reperfusion injury by blocking generation of O°, the
initial reactive oxygen species necessary for the generation of
OHvia the Fenton reaction to occur or for the initiation of

lipid peroxidation. We were able to demonstrate enhanced
reduction of succinylated ferricytochrome c in the perfusate of
ischemic lungs during reperfusion (Fig. 4). This increased re-
duction of cytochrome c could be inhibited by SODindicating
O° generation. Despite protecting from injury, the cytochrome
P-450 inhibitors 8-methoxypsoralen and piperonyl butoxide
failed to decrease cytochrome c reduction during reperfusion.
Thus, cytochrome P-450 enzymes are unlikely to be major
sources of O° generation during reperfusion of ischemic lung.

A second role for cytochrome P450 in reperfusion injury
of the lung is to provide a biologic source of iron. The iron
chelator deferoxamine, but not iron-saturated deferoxamine,
protects from reperfusion in our model, suggesting that iron is
necessary for injury to occur (18). We speculate that P-450
inhibitors bind near the active site of the enzyme, rendering
the heme iron unavailable. The inhibitors do not affect other
heme-containing enzymes (41). Gutteridge has recently dem-
onstrated that H202 and organic hydroperoxides can oxida-
tively degrade hemoglobin and promote the release of iron
from the heme chelate (46). Likewise, if the heme chelate of
cytochrome P-450 was altered or destroyed, heme iron in
P-450 enzymes might potentially serve as another iron source
in addition to ferritin (47, 48) for the enhanced formation of
low molecular weight iron chelates during ischemia and reper-
fusion (49, 50). As shown in Fig. 5, tissue levels of low molecu-
lar weight iron chelates are increased in ischemic reperfused
lung in a similar magnitude as reported in ischemic reperfused
brain (17) and heart (49). Furthermore, the increase iron is
prevented by 8-methoxypsoralen, piperonyl butoxide, or ci-
metidine. Thus, cytochrome P-450 inhibitors completely pre-
vent the increase in non-protein-bound low molecular weight
iron chelates. One possible mechanism is that the inhibitors
may stabilize and protect the enzyme from assault by perox-
ides generated during reperfusion, thereby decreasing destruc-
tion of the heme chelate and release of its iron.

What role may the iron released from cytochrome P450
play in reperfusion injury? First, cytochrome P-450 iron can
generate OHby functioning as a Fenton catalyst (7). Genera-
tion of OHcan in turn oxidatively injure proteins, carbohy-
drates, purines, and other water-soluble biological molecules
(50, 51). It has been thought that iron is made catalytically

active in biological systems by forming chelates with low mo-
lecular weight substances such as ATP, ADP, citrate, or malate
(51), which leave at least one coordination site open and thus
enhance iron reactivity (52). However, recently it has been
proposed that iron binds directly to a multitude of biological
molecules, generating OHnot in free solution but directly at
the target molecule, causing "site-specific" oxidative modifica-
tion (51, 53). The protective effect of dimethylthiourea, an
'OH scavenger, in our model supports a role for-OH in reper-
fusion injury.

Second, cytochrome P-450 iron may play a role in propa-
gation of lipid peroxidation by mechanisms which do not in-
volve OH(54, 55). Propagation reactions account for > 90%
of the products formed during lipid peroxidation (56). Iron
from cytochrome P-450 is an excellent propagating agent
which is actually superior to EDTA-Fe+2 on a per-mole basis
(56). In this investigation, the observation that P450 inhibi-
tors block lipid peroxidation provides support for a role of
cytochrome P-450 iron in mediating lipid peroxidation.

The exact biochemical mechanisms by which cytochrome
P-450 mediates reperfusion injury remain to be determined.
Nevertheless, our results suggest that cytochrome P-450 en-
zymes play an important role in reperfusion injury to the lung.
This mechanism may also be relevant to reperfusion injury in
other organs with abundant cytochrome P-450 enzymes, such
as the liver and kidney (10). The possibility that cimetidine, as
a P-450 inhibitor, can prevent reperfusion injury has potential
clinical implications.
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