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Although a number of bacterium- and host-derived factors have been suggested to contribute to the
pathogenesis of Pseudomonas aeruginosa-associated tissue injury, the mechanism remains unclear. We have
previously shown that protease modification of iron (Fe)-transferrin generates new iron chelates capable of
catalyzing hydroxyl radical (˙OH) formation from superoxide and hydrogen peroxide. The latter two oxidants
are generated during redox cycling of another P. aeruginosa secretory product, pyocyanin. The lung is a major
site of P. aeruginosa infection, with damage to local endothelial cells contributing to the pathogenesis of such
infections. Endothelial cells are highly susceptible to oxidant-mediated injury. Therefore, we examined whether
pseudomonas elastase-cleaved Fe-transferrin and pyocyanin synergistically enhance pulmonary artery endo-
thelial cell injury via ˙OH formation. By measuring 51Cr release from cultured endothelial cell monolayers,
pseudomonas elastase-cleaved Fe-transferrin significantly augmented cell injury resulting from cellular expo-
sure to sublethal concentrations of pyocyanin. This enhancement in injury was not protease specific, as similar
results were obtained with pyocyanin in combination with trypsin- or porcine pancreatic elastase-cleaved
Fe-transferrin. The association of iron with the transferrin appeared to be necessary in this process. Support-
ing the involvement of ˙OH generation via the Haber-Weiss reaction in augmenting cell injury, catalase,
dimethyl thiourea, superoxide dismutase, deferoxamine, and dimethyl sulfoxide significantly inhibited cell
injury resulting from exposure to pyocyanin and protease-cleaved Fe-transferrin. Furthermore, spin trapping
demonstrated the production of ˙OH in this cellular system. We conclude that ˙OH formation resulting from
the interaction of protease-cleaved Fe-transferrin and endothelial cell redox cycling of pyocyanin may con-
tribute to P. aeruginosa-associated tissue injury via endothelial cell injury.

Pseudomonas aeruginosa is a major cause of nosocomial
pneumonia and septicemia (48). The organism also plays a role
in the chronic progressive pulmonary dysfunction observed
with cystic fibrosis (28, 56). Both bacterial and host factors
likely contribute to the marked tissue damage observed with
these infections. A variety of neutrophil- and bacterium-de-
rived secretory products, particularly proteases, have been im-
plicated in this process (25, 28, 37, 39, 46, 49, 59, 67). Oxidants,
largely generated by local neutrophils, have also been sug-
gested as important contributors to tissue injury at sites of
inflammation under a variety of conditions (11, 21, 55, 61).
Products of P. aeruginosa may also lead to oxidant-mediated

tissue injury. Pyocyanin, a blue pigment produced by many
strains of P. aeruginosa, is known to have numerous deleterious
effects on host defense mechanisms, most notably leukocytes
and mucociliary transport (47, 54, 64, 65). It is also cytotoxic in
vitro to a number of eukaryotic and prokaryotic cells (2, 31,
34). In each case, these deleterious effects likely occur via
pyocyanin’s ability to undergo cellular redox cycling in the
presence of various reducing agents and oxygen to form super-
oxide (˙O2

2) and hydrogen peroxide (H2O2) (34).
Superoxide and H2O2 are only moderately cytotoxic but can

react in the presence of an iron catalyst to form the highly
cytotoxic hydroxyl radical (˙OH) via the Haber-Weiss reaction

(13). Hydroxyl radical is one of the most potent oxidizing
agents described and has received considerable interest as a
cause of oxidative cell injury at sites of inflammation (63). In
vivo, free extracellular iron is essentially nonexistent (16, 41,
43). Transferrin serves as the primary iron-binding protein in
serum and is also present at mucosal surfaces (43). When
bound to this 76- to 80-kDa protein, iron cannot act as an ˙OH
catalyst (3, 4, 15, 66). This property may allow transferrin to
function as an antioxidant in vivo (33, 62).
A number of neutrophil- and bacterium-derived proteases

cleave transferrin into smaller protein fragments (6, 8, 24, 26,
27, 42). We have previously demonstrated that the P. aerugi-
nosa-derived protease, pseudomonas elastase (PAE), in addi-
tion to trypsin and porcine pancreatic elastase (PPE), cleaves
diferric transferrin (Fe-transferrin) into smaller protein frag-
ments able to catalyze ˙OH formation (9) and augment endo-
thelial cell injury in the presence of polymorphonuclear leuko-
cyte-derived oxidants (45). Evidence supporting the potential
clinical relevance of these findings has been provided by the
detection of transferrin cleavage products in bronchoalveolar
lavage (BAL) specimens from P. aeruginosa-infected cystic fi-
brosis patients but not from healthy individuals (10).
P. aeruginosa-associated lung infection involves injury to mi-

crovascular endothelial cells (5, 7, 19, 29). These cells are also
well known for their susceptibility to oxidant-mediated injury
(36). We have previously shown that pyocyanin interacts syn-
ergistically with iron bound to another P. aeruginosa secretory
product, the siderophore pyochelin, to damage pulmonary en-
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dothelial cells through the production of ˙OH (11). Therefore,
we examined the possibility that the synergistic action of pyo-
cyanin and protease-cleaved Fe-transferrin could result in ox-
idant-mediated pulmonary artery endothelial cell injury via
˙OH formation. Here we report the results of these studies
and discuss them as indicating a potential mechanism of mi-
crovascular injury at sites of P. aeruginosa infection.

MATERIALS AND METHODS

Protease cleavage of apotransferrin and diferric transferrin. Apotransferrin
and diferric transferrin (20 mg/ml, Sigma Chemical Co., St. Louis, Mo.) were
suspended in Hanks’ balanced salt solution without phenol red and with calcium
chloride (1.67 mM) and magnesium sulfate (0.82 mM) (HBSS) (University of
Iowa Cancer Facility, Iowa City, Iowa). They were incubated in the presence of
20 mg of PAE (64.7 U/mg of protein; Nagase Biochemicals, Tokyo, Japan) per
ml, 200 mg of PPE (70 U/mg of solid, 120 U/mg of protein; Sigma) per ml, or 50
mg of trypsin (12,600 U/mg of solid, 13,000 U/mg of protein; Sigma) per ml for
48 to 72 h at 378C. Previous work has shown this incubation period to be optimal
for generating redox active transferrin cleavage products (9). Solutions com-
posed of apo- or diferric transferrin or each protease alone were incubated in
parallel as controls. Cleavage of transferrin by each protease was assessed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), with
transferrin preparations solubilized in Laemmli solubilizing buffer (10) contain-
ing 1% 2-mercaptoethanol for 5 min at 1008C. A 4.4- to 8.7-mg amount of
solubilized transferrin (with or without protease) was electrophoresed (150 V z h)
into a 14% polyacrylamide minigel, following which the gel was stained with
silver (Accurate Chemical & Scientific Corporation, Westbury, N.Y.).
Purification of pyocyanin. As previously described (20), pyocyanin was ex-

tracted from culture supernatant of P. aeruginosa PA01 (ATCC 15692; American
Type Culture Collection, Rockville, Md.) by consecutive chloroform extractions
followed by alternating extractions with acidified and neutralized water layers to
allow separation of the red, acid, and blue forms of pyocyanin. The pyocyanin
was then crystallized, washed with water, and dried under a vacuum. It was
dissolved in water before being used in cell injury and spin-trapping assays.
Cell culture. Pulmonary artery endothelial cells were obtained from porcine

pulmonary artery by techniques described by Britigan et al. (12). For cell injury
assays (see below), porcine pulmonary artery endothelial cells at passages 5 to 9
were plated at a concentration of 3.75 3 104 cells per well in 48-well tissue
culture plates (Costar, Cambridge, Mass.) in 0.5 ml of medium 199 (University
of Iowa Cancer Facility) with 10% serum, basal medium amino acids, basal
minimal essential vitamins, 2 mM L-glutamine, and 10 U of penicillin-strepto-
mycin (Gibco Laboratories, Grand Island, N.Y.) per ml. The plates were then
incubated at 378C, 5% CO2 for 4 to 5 days to obtain confluent monolayers. For
spin-trapping experiments, confluent monolayers of porcine pulmonary artery
endothelial cells were generated on Cytodex 3 microcarrier beads (Pharmacia,
Piscataway, N.J.) as previously described (12, 17).
51Chromium release assay. The 51Cr release assay was performed as previ-

ously described (11), with a slight modification. Endothelial cell monolayers were
placed in HBSS and then preincubated for 30 min (378C) in the presence of
protease-cleaved Fe (apo)-transferrin (4 mg/ml) or corresponding controls, fol-
lowing which pyocyanin was added. The experimental result was not altered if the
30-min preincubation step was omitted. The pyocyanin concentration was ad-
justed such that it caused no more than 10% of the maximum 51Cr release,
generally 80 to 160 mM. These varying pyocyanin concentrations were used as
endothelial cell susceptibility to pyocyanin-mediated injury varies depending on
the number of times the cells are passaged in culture and among individual
animals from which the cells originated. Data are expressed as the mean specific
51Cr release for triplicate samples, where specific 51Cr release is defined as
follows: 51Cr release 5 (test well 51Cr cpm 2 spontaneous-release 51Cr cpm)/
(maximum-release 51Cr cpm 2 spontaneous-release 51Cr cpm), where cpm is
counts per minute.
Spontaneous 51Cr release from the monolayers by cells incubated in HBSS

over 4 h only was a mean of 23.0% (range, 14.8 to 29.9%) of the maximum
release for all experiments performed. In some experiments, the ability of ˙OH
scavengers and antioxidant enzymes to prevent cell injury was determined by
adding catalase (500 U/ml; Sigma), CuZn superoxide dismutase (SOD) (300
U/ml; Sigma), dimethyl sulfoxide (DMSO) (1% [vol/vol]; Fisher Scientific Co.,
Fairlawn, N.J.), or dimethyl thiourea (DMTU) (50 mM; Aldrich Chemical Co.,
Milwaukee, Wis.) along with the transferrin cleavage products to the endothelial
cell monolayer and allowing them to remain throughout the subsequent exposure
to pyocyanin. Similar experiments were performed with the iron chelator de-
feroxamine (0.1 or 0.5 mM; Sigma).
Spin trapping. Endothelial cell monolayers on Cytodex 3 beads were washed

with HBSS three times and resuspended in HBSS with 25% (vol/vol) microcar-
rier beads (0.5 3 107 to 1.0 3 107 cells per ml) containing diethylenetriamine-
pentaacetic acid (DTPA) (0.1 mM; Sigma), a-(4-pyridyl-1-oxide)-N-t-butylni-
trone (4-POBN) (20 mM; Sigma), and 1% ethanol (Aaper Chemical Co.,
Shelbyville, Ky.), with or without the protease cleavage products or controls.
Pyocyanin (40 mM) was added the reaction mixture, which was then transferred

to a flat quartz electron paramagnetic resonance (EPR) cell. The EPR spectrum
was determined with signal at an average temperature of 258C by using an EPR
spectrometer (model ESP 300; Bruker, Karlsruhe, Germany) at the following
settings: microwave power, 20 mW; modulation frequency, 100 kHz; modulation
amplitude, 0.941 G; time constant, 0.164 s; and gain, 5.0 3 105. In this system,
˙OH formation is reflected by detection of the ˙OH-derived spin adduct,
4-POBN–˙CHOHCH3 (AN 5 15.5 G; AH 5 2.6 G [AN and AH are the splitting
constants for nitrogen and hydrogen, respectively]) (50). All buffers were rou-
tinely treated with chelating resin (Sigma) to reduce the presence of adventitious
iron. The EPR spectra shown are representative of experiments performed a
minimum of three times.
Statistical analysis. Statistical comparisons among three or more groups were

made with a repeated-measure analysis of variance by using the Bonferroni or
Tukey post-hoc multiple-comparison method when significant differences were
seen. A two-tailed paired t test was used for two-group comparisons. The P
values reported throughout are derived from the results of the post-hoc multiple-
comparison tests unless otherwise noted. Differences were considered significant
at P , 0.05. Statistical calculations were performed by using the Graph Pad
Instat program (version 2.00, copyright 1990 to 1993) from Graph Pad Software.

RESULTS

(i) Does the interaction of pyocyanin and PAE-cleaved Fe-
transferrin synergistically augment endothelial cell injury? As
endothelial cells are susceptible to oxidant-mediated injury,
the ability of PAE-cleaved Fe-transferrin and pyocyanin to
interact and augment this injury was examined. Consistent with
our previous results (9), SDS-PAGE of PAE-exposed Fe-
transferrin confirmed Fe-transferrin cleavage by showing the
appearance of two or more bands with molecular weights lower
than that of the Fe-transferrin standard. Endothelial cell injury
was studied in the presence of sublethal concentrations of
pyocyanin. As quantitated by the release of 51Cr from prela-
belled endothelial cells, 80 to 160 mM pyocyanin resulted in a
release of 51Cr which was 1.9% of the maximum (Fig. 1). The
addition of the same concentration of pyocyanin to paired
endothelial cell monolayers which had been preincubated for
30 min in the presence of PAE-cleaved Fe-transferrin resulted
in a 20.4% specific 51Cr release (Fig. 1). This was a statistically
significant difference relative to the result seen with pyocyanin
alone (n 5 13; P , 0.001). Cells incubated with uncleaved

FIG. 1. Mean (n 5 13, 6 standard error of the mean [error bars]) specific
51Cr release obtained with porcine pulmonary artery endothelial cell monolayers
incubated in the presence of pyocyanin (PCYN) (80 to 160 mM) alone and with
cells preincubated for 30 min in the presence of PCYN and PAE-cleaved iron-
transferrin (FeTF 1 PAE), where p indicates a P value of , 0.001 versus the
result for PCYN alone. Paired samples containing PCYN plus either uncleaved
FeTF or PAE alone are shown for comparison.
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Fe-transferrin or PAE alone followed by pyocyanin addition
yielded 51Cr release which was not statistically different from
that obtained with pyocyanin alone (Fig. 1). Likewise, the
addition of FeCl3 to the pyocyanin-PAE test group did not
elicit a significant increase in 51Cr release.
Experiments performed with increasing concentrations of

PAE-cleaved Fe-transferrin and Fe-transferrin and PAE con-
trols in the presence of 80 or 160 mM pyocyanin revealed a
concentration-dependent increase in 51Cr release with the Fe-
transferrin cleavage products (Fig. 2), in comparison with the
minimal increases observed with Fe-transferrin and PAE con-
trols. Although use of the higher concentration of the Fe-
transferrin cleavage products yielded the most 51Cr release, the
variability among the triplicates samples also increased. In
addition, this Fe-transferrin concentration is in excess of that
expected under most in vivo conditions (2 to 4 mg/ml) (53).
Therefore, the concentrations of Fe-transferrin and PAE used
in all subsequent endothelial cell injury assays were 4 mg/ml
and 3 mg/ml, respectively.
To further assess the mechanism whereby PAE-cleaved Fe-

transferrin and pyocyanin augment oxidant-mediated endothe-
lial cell injury, a series of experiments were done to determine
which components of the system were necessary in mediating
the increase in endothelial cell injury. Studies performed with
pyocyanin and PAE-cleaved apotransferrin yielded no signifi-
cant increase in endothelial cell injury above the level obtained
with pyocyanin alone (Fig. 3). The role of iron in mediating
injury was further established by the addition of deferoxamine,
an iron chelator, to the reaction mixture. The presence of 100
or 500 mM deferoxamine produced 54.7 and 52.9% inhibitions
of endothelial cell injury, respectively, resulting from endothe-
lial cell exposure to pyocyanin and PAE-cleaved Fe-transferrin
(n 5 5, P , 0.001). The iron critical for injury appears to be
associated with the cleaved Fe-transferrin rather than released
from the protein, as the combination of pyocyanin and free
iron in the form of FeCl3 (100 mM) did not result in a signif-
icant increase in injury (Fig. 3). The combination of pyocyanin
and Fe-transferrin treated with heat-inactivated (1008C for 10
min) PAE also failed to augment oxidant-mediated endothelial
cell injury (Fig. 3), demonstrating that Fe-transferrin first in-

teracts with an active enzyme to bring about endothelial cell
injury. To determine whether pyocyanin was necessary for en-
dothelial cell injury with the PAE-cleaved Fe-transferrin, stud-
ies assessing 51Cr release with and without pyocyanin were
performed. The preincubation of endothelial cells with PAE-
cleaved Fe-transferrin caused significant injury only when pyo-
cyanin was later added (n 5 11; P , 0.001). These findings
suggest that the synergistic interaction of PAE-cleaved Fe-
transferrin and pyocyanin enhances endothelial cell injury via
an iron-dependent, oxidant-mediated mechanism which re-
quires Fe-transferrin cleavage.
(ii) Is the ability of cleaved Fe-transferrin and pyocyanin to

synergistically augment endothelial cell injury protease spe-
cific? Proteases other than PAE are responsible for much of
the increased proteolytic activity detectable at sites of P. aerugi-
nosa infection (1, 22, 23, 58–60). Several of these proteases can
also cleave Fe-transferrin (6, 8, 9, 24, 26, 27, 42), yielding redox
active iron (9). Therefore, we assessed if oxidant-mediated
endothelial cell injury was augmented in the presence of these
iron chelates. Cleavage of Fe-transferrin by proteases other
than PAE (trypsin or PPE) also augmented pyocyanin-medi-
ated endothelial cell injury. PPE, an enzyme similar in function
to human neutrophil elastase (HNE) (57), was used as a model
of HNE as the cost of HNE precluded its use in these studies
given the quantity necessary to generate the Fe-transferrin
cleavage products required. Cleavage of Fe-transferrin by PPE
and trypsin was illustrated by SDS-PAGE, demonstrating the
presence of two prominent and several other, lower-molecular-
weight bands which were not seen with the Fe-transferrin stan-
dard (data not shown). These banding patterns were consistent
with those seen previously (9). Although trypsin, PPE, and
PAE induced different patterns of transferrin cleavage, the
relative magnitudes of cleavage were similar. As shown in Fig.
4, the inclusion of trypsin- or PPE-cleaved Fe-transferrin sig-
nificantly increased endothelial cell injury (51Cr release) result-
ing from exposure to pyocyanin. The proteases alone failed to

FIG. 2. Dose-response curve representative of four experiments demonstrat-
ing a concentration-dependent increase in 51Cr release with PAE-cleaved iron-
transferrin (FeTF 1 PAE) at a constant pyocyanin concentration (160 mM). The
pyocyanin concentration used in the three studies whose results are not shown
was either 80 or 160 mM.

FIG. 3. Mean (n5 5,6 standard error of the mean [error bars]) specific 51Cr
release obtained with porcine pulmonary artery endothelial cell monolayers
incubated in the presence of pyocyanin (PCYN) (80 to 160 mM) alone and with
cells preincubated for 30 min in the presence of PCYN plus PAE-cleaved iron-
transferrin (FeTF1 PAE), where p indicates a P value of,0.01 versus the result
for PCYN alone; PAE-cleaved apotransferrin (ApoTF1 PAE); FeTF previously
treated with heat-inactivated PAE [FeTF 1 PAE(I)]; and iron chloride (FeCl3).
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augment cell injury. Trypsin-cleaved Fe-transferrin and PPE-
cleaved Fe-transferrin were generally less potent than PAE-
cleaved Fe-transferrin in increasing endothelial cell injury
resulting from pyocyanin exposure (Fig. 4). However, this dif-
ference did not reach statistical significance.
As seen with the PAE system (Fig. 3), trypsin- and PPE-

cleaved apotransferrin did not significantly increase pyocyanin-
induced 51Cr release, establishing the necessity of the presence
of iron in association with the cleaved transferrin in mediating
endothelial cell injury. Furthermore, Fe-transferrin treated
with heat-inactivated trypsin or PPE (1008C for 10 min) also
showed no augmentation in endothelial cell injury, demon-
strating the necessity of protease cleavage of Fe-transferrin in
mediating cell injury.
(iii) Is the endothelial cell injury mediated by ˙OH? We

have previously demonstrated that ˙OH is formed when pro-
tease-cleaved Fe-transferrin is added to human neutrophil-
derived ˙O2

2 and H2O2 (9). Hypothesizing that the iron-de-
pendent augmentation in pyocyanin-associated endothelial cell
injury is mediated via ˙OH formation, we performed studies
assessing the role of ˙OH scavengers and antioxidant enzymes
in inhibiting cell injury. The addition of catalase or DMTU to
test wells containing PAE-cleaved Fe-transferrin and pyocya-
nin resulted in a 40% decrease in 51Cr release (Fig. 5). The
addition of SOD and DMSO produced 27 and 21% decreases
in 51Cr release, respectively (Fig. 5). The simultaneous addi-
tion of SOD, catalase, and DMTU resulted in a 99% decrease
in 51Cr release. The percent decreases in 51Cr release observed
with each individual inhibitor and the combination were sta-
tistically significant by a two-tailed paired t test, consistent with
involvement of reactive oxygen intermediates such as ˙OH in
contributing to endothelial cell injury resulting from the syn-
ergistic action of pyocyanin and PAE-cleaved Fe-transferrin.
Further evidence supporting the role of ˙OH in mediating

endothelial cell injury was obtained via spin-trapping studies
using the highly sensitive and specific 4-POBN–ethanol ˙OH

spin-trapping detection system. Exposure of porcine pulmo-
nary artery endothelial cells cultured on microcarrier beads to
PAE-cleaved Fe-transferrin and pyocyanin resulted in signifi-
cantly more ˙OH formation than seen with endothelial cells
exposed to pyocyanin alone or in association with noncleaved
Fe-transferrin (Fig. 6). ˙OH was also detected when endothe-
lial cells were exposed to pyocyanin and trypsin- or PPE-
cleaved Fe-transferrin (Fig. 7). The magnitude of ˙OH gener-
ated, however, was less than that seen with PAE-cleaved Fe-
transferrin (Fig. 7). This correlated with the extent to which
pyocyanin-mediated cell injury was increased by the three pro-
tease cleavage products (Fig. 4). The substitution of protease-
cleaved apotransferrin for cleaved Fe-transferrin in the pres-
ence of pyocyanin and endothelial cells generated no
detectable spin adduct (data not shown), illustrating the ne-
cessity for iron in the system and providing further evidence for
involvement of the Haber-Weiss reaction.

DISCUSSION

The intense inflammatory response characterizing P. aerugi-
nosa lung infections in patients with pneumonia and cystic
fibrosis often leads to marked tissue damage. This likely con-
tributes to the high rates of morbidity and mortality associated
with these infections (28, 43, 48, 56). A variety of neutrophil
and P. aeruginosa secretory products have been implicated in
mediating this process (18, 25, 28, 39, 46, 49, 59, 67). Among
these agents, the P. aeruginosa secretory product pyocyanin has
been shown to be cytotoxic for a number of cell types because
of its ability to induce cellular formation of ˙O2

2 and H2O2
(34). We have shown that PAE and other proteases can cleave
Fe-transferrin into smaller iron chelates which in the presence
of phorbol myristate acetate-stimulated neutrophils or other
sources of ˙O2

2 and H2O2 are able to catalyze ˙OH formation
(9) and augment endothelial cell injury (45). Previous data
from our laboratory have also demonstrated ˙OH formation
and endothelial cell injury as a result of the synergistic inter-

FIG. 4. Mean (n 5 18, 6 standard error of the mean [error bars]) specific
51Cr release obtained with porcine pulmonary artery endothelial cell monolayers
incubated in the presence of pyocyanin (PCYN) (80 to 160 mM) alone and with
cells preincubated for 30 min in the presence of PCYN plus iron-transferrin
(FeTF) previously cleaved with PAE, PPE, or trypsin (Tryp), where p and #
indicate P values of ,0.001 and ,0.05, respectively, versus results for PCYN
alone.

FIG. 5. Mean (n 5 12, 6 standard error of the mean [error bars]) specific
51Cr release obtained with porcine pulmonary artery endothelial cell monolayers
incubated in the presence of pyocyanin (80 to 160 mM) and PAE-cleaved iron-
transferrin (FeTF 1 PAE), with or without antioxidant enzymes and ˙OH
scavengers. The data represent the mean percent 51Cr release from endothelial
cells treated with pyocyanin and FeTF 1 PAE (expressed as 100%) in the
presence of DMSO, SOD, DMTU, or catalase (Cat), where p indicates a P value
of ,0.01 versus the result for FeTF 1 PAE by a two-tailed paired t test.
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action of pyocyanin and iron bound to the P. aeruginosa sid-
erophore, pyochelin (11). On the basis of these findings, the
ability of PAE-cleaved Fe-transferrin and pyocyanin to aug-
ment pyocyanin-mediated endothelial cell injury via ˙OH for-
mation was examined.
Using a 51Cr release assay, we demonstrated that Fe-trans-

ferrin previously cleaved by PAE as well as two other proteases
(PPE and trypsin) significantly augmented pyocyanin-medi-
ated porcine pulmonary artery endothelial cell injury. Addi-
tional experiments established the need for pyocyanin and
Fe-transferrin which had been previously exposed to an active
protease in order for cell injury to occur.
The above findings are consistent with the hypothesis that

the iron is acting as a catalyst for the generation of ˙OH via the
Haber-Weiss reaction, resulting in an increase in oxidant-me-
diated endothelial cell injury. Consistent with these findings,
when pyocyanin and endothelial cells were combined with
PAE-, PPE-, or trypsin-cleaved Fe-transferrin, significantly
more ˙OH was spin trapped than with pyocyanin and endo-
thelial cells alone or in combination with uncleaved Fe-trans-
ferrin. The quantity of ˙OH generated with trypsin- and PPE-
cleaved Fe-transferrin was generally less than that observed
with PAE-cleaved Fe-transferrin; however, this difference did
not reach statistical significance. Also supporting the role of
˙OH in cell injury, catalase, DMTU, SOD, DMSO, and de-
feroxamine each inhibited the magnitude of cell injury result-
ing from exposure to pyocyanin and PAE-cleaved Fe-trans-
ferrin. SOD and DMSO were not as effective as catalase
and DMTU in preventing cell injury. This may be due to the
inability of these compounds to reach the site where ˙O2

2

and H2O2 interact with the iron chelate. Alternatively, with
DMSO, methyl radical or formaldehyde from the reaction of
˙OH with the methyl groups of DMSO may also be cytotoxic.
The above data support the hypothesis that endothelial cell

injury resulting from exposure to pyocyanin is enhanced by
Fe-transferrin previously cleaved by PAE and other proteases
via the ability of this iron to convert pyocyanin-derived ˙O2

2

and H2O2 to the more cytotoxic ˙OH. We are not aware of
articles in which the concentrations of pyocyanin or PAE at
tissue sites of acute P. aeruginosa pneumonia have been re-
ported. The concentrations of proteases and Fe-transferrin
used in this study approximated those reported to be found in
vivo by some investigators in the airways of cystic fibrosis
patients. Wide variations in these concentrations have been
reported, however, with PAE activity in airway fluids from P.
aeruginosa-infected cystic fibrosis patients being found to vary
from nearly 200 mg/ml to 0 (14, 30, 32, 38, 59, 60). PPE was
used as an HNE analog in the present study as it has been
shown to have similar enzymatic properties and is more eco-
nomical (57). In vivo concentrations of HNE in sputum sam-
ples from cystic fibrosis patients have been in the range of 55
mg/ml (60) or, in some cases, higher (44). Although trypsin is
released from damaged cells (35, 51), no data regarding in vivo
trypsin concentrations at sites of pulmonary inflammation and
injury are available. Thus, we can only presume that the con-
centration used in this study was that of physiologic impor-
tance. Unfortunately, none of these studies address the enzyme
concentrations present near a cell surface to which P. aerugi-
nosa is attached, where levels of PAE could be very high. In
serum, concentrations of transferrin range from 2 to 4 mg/ml
(53), and transferrin concentrations in BAL specimens from

FIG. 6. EPR spectra representative of three separate experiments demon-
strating the ˙OH-derived spin adduct, 4-POBN–CHOHCH3, resulting from the
combination of DTPA, 4-POBN, ethanol, pyocyanin (PCYN) (40 mM), and
porcine pulmonary artery endothelial cells on microcarrier beads (EC) (25%
[vol/vol]) and the same reaction mixture supplemented with iron-transferrin
(FeTF) (50 mM Fe, 25 mM TF), PAE, or PAE-cleaved FeTF (FeTF/PAE).

FIG. 7. EPR spectra representative of three separate experiments demon-
strating the ˙OH-derived spin adduct, 4-POBN–CHOHCH3, resulting from the
combination of DTPA, 4-POBN, ethanol, pyocyanin (PCYN) (40 mM), and
porcine pulmonary artery endothelial cells on microcarrier beads (EC) (25%
[vol/vol]) and the same reaction mixture supplemented with iron-transferrin
(FeTF) (50 mM Fe, 25 mM TF) or FeTF previously cleaved with trypsin, PPE, or
PAE.
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cystic fibrosis patients are measured to be approximately 0.03
mg/ml (30). Considering the reported 100-fold dilution BAL
specimens are felt to represent (52), the transferrin concentra-
tion used in this study approximates that found in the lung in
vivo, as well as in serum. The concentration of pyocyanin used
in the cell injury assays described in this report was somewhat
higher than that detected in sputum sol obtained from P.
aeruginosa-colonized individuals with cystic fibrosis or bronchi-
ectasis (65). The in vivo pyocyanin concentration in the small
airways and alveoli of these individuals is not known but is
likely much higher than that detected in sputum sol.
We have recently reported additional evidence suggesting

the biologic relevance of the data reported in this communi-
cation (10). Protease-cleaved transferrin was detected in nearly
all BAL samples from P. aeruginosa-infected cystic fibrosis
patients and 40% of BAL samples from individuals with P.
aeruginosa pulmonary infections in the setting of idiopathic
bronchiectasis. No such products were detected in samples
from eight healthy controls. The ability of the transferrin cleav-
age products detected in these BAL samples to catalyze ˙OH
formation was not assessed. However, our in vitro data strongly
suggest that these chelates are capable of acting as ˙OH cat-
alysts and could potentially contribute to tissue injury resulting
from exposure of airway cells to pyocyanin. Further evaluation
of the impact of these P. aeruginosa products on airway epi-
thelial cells which are also damaged in such infections is cur-
rently under way.
In summary, we have obtained in vitro evidence that pyocy-

anin and protease-cleaved Fe-transferrin interact in a syner-
gistic manner to enhance oxidant-mediated endothelial cell
injury via formation of ˙OH. The findings with PPE-cleaved
Fe-transferrin, in particular, suggest that the recruitment of
neutrophils to sites of P. aeruginosa infection may potentiate
this injury through an increase in neutrophil elastase which
would further enhance the formation of these catalytic Fe-
transferrin products. The results of the in vitro studies re-
ported in this communication provide justification for future
studies of the role of Fe-transferrin cleavage in P. aeruginosa
tissue injury.
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