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Abstract

Previous work has shown that the Pseudomonas-derived
protease, pseudomonas elastase (PAE), can modify trans-
ferrin to form iron complexes capable of catalyzing the for-
mation of hydroxyl radical (-\OH) from neutrophil (PMN)-
derived superoxide (O;) and hydrogen peroxide (H,0,).
As the lung is a major site of Pseudomonas infection, the
ability of these iron chelates to augment oxidant-mediated
pulmonary artery endothelial cell injury via release of *'Cr
from prelabeled cells was examined. Diferrictransferrin pre-
viously cleaved with PAE significantly enhanced porcine
pulmonary artery endothelial cell monolayer injury from
2.3-6.3 to 15.8-17.0% of maximum, resulting from expo-
sure to H,O,, products of the xanthine/xanthine oxidase
reaction, or PMA-stimulated PMNs. Iron associated with
transferrin appeared to be responsible for cell injury. Spin
trapping and the formation of thiobarbituric acid-reactive
2-deoxyribose oxidation products demonstrated the produc-
tion of -OH in this system. The addition of catalase, dimethyl
thiourea, and the hydrophobic spin trap, a-phenyl-n-terbu-
tyl-nitrone, offered significant protection from injury (27.8-
58.2% ). Since sites of Pseudomonas infection contain other
proteases, the ability of porcine pancreatic elastase and tryp-
sin to substitute for PAE was examined. Results were similar
to those observed with PAE. We conclude -OH formation
resulting from protease alteration of transferrin may serve
as a mechanism of tissue injury at sites of bacterial infection
and other processes characterized by increased proteolytic
activity. (J. Clin. Invest. 1995. 95:2491-2500.) Key words:
Pseudomonas + spin trap - neutrophil - inflammation - elas-
tase

Introduction

Sites of Pseudomonas aeruginosa infection are notable for an
intense infiltration of neutrophils (PMNs) and can exhibit
marked tissue damage. A variety of PMN- and bacteria-derived
secretory products, particularly proteases, have been suggested
to play a role in tissue injury (1-8). Neutrophil oxidant forma-
tion has also been implicated as an important contributor to
tissue injury at sites of inflammation under a variety of condi-
tions (9-12). However, the role of these PMN-derived products
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in P. aeruginosa—mediated tissue injury has not been as exten-
sively investigated.

Neutrophil-derived superoxide (+O; ) and hydrogen perox-
ide (H,0,) are only moderately reactive oxidants. In the pres-
ence of an exogenous iron catalyst, «O; and H,0O, can react to
form the highly cytotoxic ‘OH via the Haber-Weiss reaction
(13). A number of in vitro and in vivo studies have suggested
that «OH may be one of the reactive oxygen species involved
in tissue injury at sites of inflammation (14). Because PMNs
do not possess an endogenous catalytic iron source for ‘OH
generation, in order for this species to be produced in vivo, an
exogenous catalytic iron complex must be present (3, 15). In
vivo, almost all extracellular iron is tightly bound to host iron-
binding proteins (16—-18).

Transferrin, a 76,000—80,000-D protein, is the principal
iron-binding protein in serum and is present in lower concentra-
tions at mucosal surfaces (18). The iron-binding protein, lacto-
ferrin, provides the majority of the iron-chelating capacity at
mucosal surfaces although transferrin is also present (18).
When bound to either of these proteins, iron cannot act as a
*OH catalyst (19-22). This property may allow transferrin and
lactoferrin to function as inhibitors of oxidant-mediated tissue
injury (23, 24).

A number of PMN- and bacteria-derived proteases cleave
transferrin and/or lactoferrin into smaller protein fragments
(25-30). We have demonstrated previously that a P. aerugi-
nosa—derived elastase (pseudomonas elastase [PAE])" cleaves
diferrictransferrin (Fe-transferrin or FeTF) into smaller protein
fragments able to catalyze OH formation (31). Fe-transferrin
cleaved with human neutrophil elastase (HNE), trypsin, and
pseudomonas alkaline protease did not catalyze detectable
amounts of *OH formation (31). Attesting to the potential clini-
cal relevance of these findings, we consistently detected trans-
ferrin cleavage products in bronchoalveolar lavage (BAL) spec-
imens from P. aeruginosa—infected cystic fibrosis patients but
not in normal individuals (32).

Microvascular endothelial cells are among the cells which
appear to be injured at sites of P. aeruginosa infection such as
the lung (33-36). These cells are also well recognized for their
susceptibility to oxidant-mediated injury (37). Therefore, we
examined the possibility that protease-cleaved Fe-transferrin
could augment oxidant-mediated pulmonary artery endothelial
cell injury via *OH formation. Here we report the results of
these studies and discuss them as a potential mechanism of
inflammatory tissue injury.

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage;
DMTU, dimethyl thiourea; DTPA, diethylenetriaminepentaacetic acid;
EPR, electron paramagnetic resonance; FeTF or Fe-transferrin, diferric-
transferrin; HNE, human neutrophil elastase; PAE, pseudomonas elas-
tase; PBN, a-phenyl-n-terbutyl-nitrone; 4-POBN, 4-pyridyl N-t-butyl-
nitrone; PPE, porcine pancreatic elastase; TBA, thiobarbituric acid.
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Methods

Reagents. PAE (64.7 U/mg protein) was obtained from Nagase Bio-
chemicals (Tokyo, Japan). Porcine pancreatic elastase (PPE) (70 U/
mg solid, 120 U/mg protein), trypsin (12,600 U/mg solid, 13,000 U/
mg protein), apo-transferrin, Fe-transferrin, catalase, CuZn-superoxide
dismutase (SOD), a-phenyl-n-terbutyl-nitrone (PBN), 4-pyridyl N-t-
butyl-nitrone (4-POBN), diethylenetriaminepentaacetic acid (DTPA),
phorbol myristate acetate (PMA), 2-deoxyribose, thiobarbituric acid
(TBA), hypoxanthine, and xanthine were all obtained from Sigma
Chemical Co. (St. Louis, MO). Other agents were purchased as follows:
xanthine oxidase was purchased from Boehringer-Mannheim Biochemi-
cals (Indianapolis, IN); dimethyl sulfoxide (DMSO) from Fisher Scien-
tific Co. (Fairlawn, NJ); dimethyl thiourea (DMTU) from Aldrich
Chemical Co. (Milwaukee, WI); and ethanol from Aaper Chemical Co.
(Shelbeysville, KY).

Protease cleavage of apotransferrin and diferrictransferrin. Apo-
transferrin or diferrictransferrin mixtures (20 mg/ml) suspended in
Hanks’ balanced salt solution without phenol red and with calcium
chloride (0.185 g/liter) and magnesium sulfate (0.098 g/liter) (HBSS,
University of Iowa Cancer Facility, Iowa City, IA) were incubated in
the presence of PAE (20 ug/ml), PPE (200 xg/ml), or trypsin (50 ug/
ml) for 48—72 h at 37°C. These conditions were chosen based on our
previous data (31) indicating that they produced optimal cleavage of
the protein. Control samples containing apo- or diferrictransferrin alone
or each protease alone were incubated in parallel. Extent of protease
cleavage was assessed by SDS-PAGE (see below).

SDS-PAGE. Transferrin preparations of interest were solubilized by
boiling in Laemmli solubilizing buffer (38) containing 2-mercaptoetha-
nol (1%) for 5 min. Samples (4.4-8.7 ug protein/lane) were electro-
phoresed (150 V hours) into a 14% polyacrylamide minigel after which
the proteins were silver stained (Accurate Chemical & Scientific Corp.,
Westbury, NY).

Cell culture. Pulmonary artery endothelial cells were obtained from
porcine pulmonary artery using techniques described by Shasby et al.
(39). For *'Cr release experiments (see below ), endothelial cell mono-
layers from passes 5—9 were plated at a concentration of 3.75 X 10*
cells per well in 48-well tissue culture plates (Costar Corp., Cambridge,
MA) in 0.5 ml medium 199 (University of Iowa Cancer Facility) with
10% serum, basal medium amino acids, basal minimal essential vita-
mins, 2 mM I-glutamine, and 10 U/ml penicillin/streptomycin (Gibco
Laboratories, Grand Island, NY). The plates were then incubated at
37°C, 5% CO, for 4-5 d. For spin trapping experiments, confluent
monolayers of porcine pulmonary artery endothelial cells were generated
on microcarrier beads (Cytodex 3; Pharmacia LKB Biotechnology, Pis-
cataway, NJ) using previously described methods (39, 40). Multiple
cell lines (passages 5—9) were used for these studies and were cultured
for 2—3 d after confluence. Before use, cell coated beads were washed
free of culture media with HBSS three times and resuspended in HBSS
at 25% (vol/vol) microcarrier beads (0.5-1.0 X 107 cells/ml). For all
methods involving endothelial cells, each experiment was performed
with the transferrin cleavage products and the appropriate paired controls
to account for the variability in injury susceptibility of each cell line
due to the length of time it was in passage.

Human PMN isolation. PMNs were separated from whole blood as
previously described (41). Briefly, whole blood was Dextran sedi-
mented, and the leukocyte-rich layer was centrifuged through Ficoll-
Hypaque. Erythrocyte contamination of the PMN-containing fractions
was removed by hypotonic lysis. Final PMN suspensions (> 95% pu-
rity) were maintained at 4°C in HBSS and used within 2 h.

*!Chromium release assay. This assay was performed as described
previously with slight modification (11). For experiments in which
protease cleaved Fe(apo)-transferrin (4 mg/ml) was used, endothelial
cells were allowed to preincubate for 30 min in the presence of these
compounds or controls (media alone) before the addition of oxidant
agents (H,0,, xanthine/xanthine oxidase, or PMA-stimulated PMNs).
Antioxidant compounds and *OH scavengers (500 U/ml catalase, 50
uM DMTU, 300 U/ml SOD, 140 mM DMSO, 10 mM PBN, 10 mM

2492 R A. Miller and B. E. Britigan

4-POBN) were added before the 30-min preincubation in selected exper-
iments. The concentration of oxidant used was titrated to produce no
more than 15% of maximum 5'Cr release alone, generally H,0, (5-10
uM), xanthine (100 xM)/xanthine oxidase (0.1 U/ml), and PMA (100
ng/ml) stimulated PMNs (103-10° cells/ml). Spontaneous release was
measured as the amount of 5'Cr release over 4 h by cells incubated in
HBSS alone and was a mean of 20.7% of maximum release for all
experiments performed. Results of each experiment are expressed as
the mean specific 3'Cr release of triplicate samples where specific *'Cr
release is defined as:

(test well 3'Cr cpm — spontaneous release *'Cr cpm)
(maximum release >'Cr cpm — spontaneous release *'Cr cpm).

Formation of TBA-reactive 2-deoxyribose oxidation products. The
assay was performed using previously described methods (31, 42, 43).
Briefly, 1-ml reaction mixtures were prepared using hypoxanthine (2
mM) and 2-deoxyribose (5 mM), with or without iron chelates such
that the final iron concentration was 25 uM. Xanthine oxidase (15
mU/ml) was added, and the mixture was incubated at 37°C (rotating
incubator) for 15 min. The mixture was then added to 0.5 ml of 1%
TBA and 1.0 ml of 6% tricheoroacetic acid (TCA) and heated to 100°C
for 10 min. The protein was pelleted (1,000 g, 5 min), and the ab-
sorbance at 532 nm of the supernatant was determined spectrophotomet-
rically (model DW-2000; SLM-AMINCO, Urbana, IL).

Spin trapping. Spin trapping was performed using the previously
described methods (11). H,0, (10 uM) or PMA-stimulated PMNs (10°
cells/ml) were added to a solution containing HBSS, DTPA (0.1 mM),
4-POBN (20 mM), ethanol (1%), with or without the protease cleavage
products or controls. The reaction mixture was transferred to a flat quartz
electron paramagnetic resonance (EPR) cell, and the EPR spectrum was
determined with signal averaging at 25°C using an EPR spectrometer
(model ESP 300; Bruker, Karlsruhe, Germany ). EPR spectrometer set-
tings were: microwave power 20 mW, modulation frequency 100 kHz,
modulation amplitude 0.941 Gauss (G), time constant 0.164 s, and the
gain 5.0 X 10°. In this system, detection of the *OH-derived spin adduct,
4-POBN/-CHOHCH; (An = 15.5 G, Ay = 2.6 G) (15), is the expected
result when *OH is formed. Similar experiments were also performed
in the presence of 25% porcine pulmonary artery endothelial cells on
microcarrier beads in HBSS. All buffers were routinely treated with
chelating resin (Sigma Chemical Co.) to reduce the presence of adventi-
tious iron. The EPR spectra shown are representative of experiments
performed a minimum of three times.

Statistical analysis. A paired ANOVA test was performed for all
analyses of data in groups of three or more. A two-tailed 7 test was used
for all groups of two. Results were considered significant at P < 0.05.

Results

Is oxidant-mediated endothelial cell injury augmented by PAE-
cleaved Fe-transferrin? Given the susceptibility of endothelial
cells to oxidant-mediated injury, the ability of PAE-cleaved Fe-
transferrin to augment this injury was examined. Fe-transferrin
cleavage was confirmed by SDS-PAGE demonstrating the ap-
pearance of two or more bands of lower molecular weight than
that of the Fe-transferrin standard, consistent with our previous
results (31). Endothelial cell injury was initially studied in the
presence of sublethal concentrations of H,O, and products of
the xanthine/xanthine oxidase reaction. As quantitated by the
release of *'Cr from prelabeled endothelial cells, 10 uM H;O,
resulted in a 6.3% 3'Cr release of maximum (Fig. 1 A). The
addition of 10 uM H,0, to paired endothelial cell monolayers
which had been preincubated for 30 min in the presence of
PAE-cleaved Fe-transferrin resulted in a 16.4% specific *'Cr
release (Fig. 1 A). This was a statistically significant difference
relative to that seen with H,O, alone (n = 15, P < 0.01). Cells
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Figure 1. (A) Shown is the mean (n = 15, +SEM) of specific >'Cr
release obtained after incubating endothelial cells in the presence of
H,0, (5-10 uM) alone and under conditions in which the cells were
preincubated for 30 min in the presence of PAE-cleaved FeTF (differic-
transferrin ), non—protease-treated FeTF, or PAE alone (* P < 0.01
versus H,0, alone). (B) Shown is the mean (n = 6, *SEM) of specific
*ICr release obtained after incubating endothelial cells in the presence
of xanthine (100 4M)/xanthine oxidase (0.1 U/ml) alone (X/X0) and
under conditions in which the cells were preincubated for 30 min in the
presence of PAE-cleaved FeTF, non—protease-treated FeTF, or PAE
alone (* P < 0.01 versus xanthine/xanthine oxidase alone).

incubated with uncleaved Fe-transferrin or PAE alone followed
by H;O, addition yielded *'Cr release which was not statistically
different from H,0, alone (Fig. 1 A). Using xanthine/xanthine
oxidase as the oxidant source, results were similar to those seen
with H,O, (Fig. 1 B). °'Cr release was 15.8% of maximum
with PAE-cleaved Fe-transferrin as compared with 2.3% with
xanthine/xanthine oxidase alone (n = 6, P < 0.01). Once
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Figure 2. Dose~-response curve representative of three separate 3'Cr
release endothelial cell injury assays resulting from exposure of endothe-
lial cells to 10 uM H,0, in the presence of increasing concentrations
of PAE-cleaved FeTF.

again, control Fe-transferrin and PAE alone did not augment
xanthine/xanthine oxidase-associated cell injury (Fig. 1 B).

Experiments performed with increasing concentrations of
PAE-cleaved Fe-transferrin and Fe-transferrin and PAE controls
in the presence of 10 uM H,O, revealed a dose-dependent in-
crease in *'Cr release with the Fe-transferrin cleavage products
with minimal increases in Fe-transferrin and PAE controls (Fig.
2). Although the higher concentration of the Fe-transferrin
cleavage products yielded the most *'Cr release, the variability
between the triplicate samples also increased. In addition, this
Fe-transferrin concentration is in excess of that expected under
most in vivo conditions, as serum concentrations of Fe-trans-
ferrin range from 2 to 4 mg/ml (44). Therefore, the concentra-
tions of Fe-transferrin and PAE present in all subsequent endo-
thelial cell injury assays were 4 mg/ml and 3 pg/ml, respec-
tively.

As PMNs are present in high concentrations at sites of P.
aeruginosa infection and other forms of inflammation, PMNs
would likely serve as the source of H,0, and *O; in vivo. Thus,
experiments were repeated using PMA-stimulated PMNs as the
oxidant source in place of H,O, and xanthine/xanthine oxidase
in the endothelial cell injury assay. The results were similar in
that 5'Cr release increased from 2.4 to 17% of maximum in the
presence of PAE-cleaved Fe-transferrin (n = 12, P < 0.001)
but not PAE alone (Fig. 3). Non-protease—treated Fe-trans-
ferrin also caused a statistically significant increase in injury
above PMNs alone. However, the magnitude of the increase
was still significantly less than PAE-cleaved Fe-transferrin
(Fig. 3).

To further assess the mechanism whereby PAE-cleaved Fe-
transferrin augments oxidant-mediated endothelial cell injury,
a series of experiments was done to determine which compo-
nents were necessary in mediating the increase in endothelial
cell injury observed with PAE-cleaved Fe-transferrin. Studies
performed with PAE-cleaved apotransferrin yielded no signifi-
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Figure 3. Shown is the mean (n = 12, =SEM) of specific 5'Cr release
obtained after incubating endothelial cells in the presence of PMA-
stimulated PMNs (2.5 X 103-* cells/well) alone and under conditions
in which the endothelial cells were preincubated for 30 min in the
presence of PAE-cleaved FeTF (* P < 0.001 versus PMNs alone),
non-protease-treated FeTF (* P < 0.01 versus PMNs alone), or PAE
alone.

cant increase in endothelial cell injury regardless of the oxidant
used (Fig. 4), establishing the role of iron in mediating injury.
The iron responsible for injury appears to be that associated
with the cleaved Fe-transferrin and not simply iron released
from the protein during cleavage, as the addition of free iron
in the form of FeCl; (100 uM) did not result in a significant
increase in injury when added to each oxidant system (Fig. 4).
Fe-transferrin treated with heat-inactivated PAE (100°C for 10
min) also failed to augment oxidant-mediated endothelial cell
injury (Fig. 4), demonstrating the need for the Fe-transferrin
to be treated with an active enzyme in order for endothelial cell
injury to occur. To determine whether the oxidant source was
necessary to augment endothelial cell injury with the PAE-
cleaved Fe-transferrin, studies were performed assessing 3'Cr
release with and without the presence of H,0,, xanthine/xan-
thine oxidase, or PMA-stimulated PMNs. Regardless of the
oxidant used, the preincubation of endothelial cells with PAE-
cleaved Fe-transferrin caused significant injury only when the
oxidant was added later. These findings suggest that the en-
hancement in endothelial cell injury is iron dependent, oxidant
mediated, and requires exposure of Fe-transferrin to an active
enzyme to observe a maximum effect.

Is the endothelial cell injury mediated by «OH? We have
previously demonstrated the formation of -OH with PAE-
cleaved Fe-transferrin when added to a hypoxanthine/xanthine
oxidase or PMA-stimulated PMN <O, /H,0, generating system
(31). Postulating that the iron-dependent augmentation in endo-
thelial cell injury results from OH formation, studies assessing
the role of ‘OH scavengers and other antioxidant compounds
in inhibiting cell injury were performed. Regardless of whether
H,0, or PMA-stimulated PMNs were used as the oxidant
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Figure 4. Shown are mean specific 5'Cr release data (=SEM) obtained
after incubating endothelial cells in the presence of PMA-stimulated
PMNs (2.5 X 10°~*) under conditions in which the cells were preincu-
bated for 30 min in the presence of PAE-cleaved FeTF (left) or four
control groups (right). Mean 'Cr release for PMA-stimulated PMNs
alone was 2.5% (n = 32, 0.42) for all groups. PAE-cleaved FeTF versus
PAE-cleaved FeTF in the absence of PMA-stimulated PMNs (n = 11).
PAE-cleaved FeTF versus FeTF incubated with heat-inactivated PAE
(n = 6). PAE-cleaved FeTF versus PAE-cleaved apo-TF (n = 8).
PAE-cleaved FeTF versus a similar concentration of FeCl; (n = 7).

* P < 0.01 versus control group and PMNs alone. Although not shown,
results were similar using xanthine/xanthine oxidase (n = 5-7) or H,0,
(n = 6-7) as the oxidant source.

source, the addition of catalase and DMTU to test wells con-
taining PAE-cleaved Fe-transferrin resulted in a statistically sig-
nificant decrease in >'Cr release (Table I). The addition of SOD
and DMSO had no significant protective effects (Table I). The
site of *OH formation is a critical element in determining the
magnitude of resulting cell injury. To further explore the loca-
tion of the iron-dependent oxidant leading to cytotoxicity, the
capacity of two additional *OH scavengers with differing hydro-
phobicity to inhibit cell injury was measured. Spin traps are
nitrones (or nitroso compounds) which readily react with oxi-
dant species (45). The hydrophobic spin trap, PBN, demon-
strated the most protection (58.2%) of all the inhibitors studied,
whereas the hydrophilic spin trap, 4-POBN, showed no signifi-
cant effect (Table I). These results are consistent with the possi-
bility that formation of reactive oxygen intermediates, such as
*OH at hydrophobic sites, contributes to endothelial cell injury
resulting from the presence of PAE-cleaved Fe-transferrin.
Given the above data, spin trapping studies were performed
to provide additional evidence supporting the role of OH in
mediating endothelial cell injury. The highly sensitive and spe-
cific 4-POBN/ethanol system was used for detecting OH. Ex-
posure of porcine pulmonary artery endothelial cells cultured
on microcarrier beads to PAE-cleaved Fe-transferrin in combi-
nation with PMA-stimulated PMNs resulted in significantly
more ‘OH formation than that seen with endothelial cells ex-
posed to PMA-stimulated PMNs alone or in association with



Table I. Effects of Antioxidant Enzymes and - OH Scavengers on Oxidant-mediated Endothelial Cell Injury

Percent decrease in *'Cr release

FeTF + PAE FeTF + PPE FeTF + trypsin
H,0, PMNs PMNs H;0, PMNs
PBN 50.7 (2.4)* 58.2 (1.3)* 59.3 (1.8)* ND 39.2 (3.2)* 51.1 3. 7)*
Catalase 443 (2.4)* 34.1 2.7)* 18.3 (2.5)* 13.8 (1.6)* 42.4 (2.0)* 35.7 (3.0)*
DMTU 27.8 (3.5)* 38.7 (4.3)* 31.7 2.1)* 18.2 (1.8)* 7.5 (6.4) 10.9 (2.5)
SOD 56 3.2 21.2 (3.5) 3.6 (3.8) 6.4 (2.7) 22 (1.3) 11.0 4.9)
4-POBN 11.9 (5.1) 15.4 (2.3) 8.6 (3.8) 14.6 (1.5) 7544 6.9 (2.8)
DMSO -22.7 3.4)* —-47.2 3.7)* -3.6 (3.9) 14 (1.9 -1.5(64) -25@3.1)

These data demonstrate the mean (+SEM) percent decrease in *'Cr release for endothelial cells treated with FeTF cleaved with PAE, PPE, or
trypsin, and H,0, or PMA-stimulated neutrophils (PMNs) in the presence of various antioxidant enzymes and - OH scavengers. * P < 0.05 versus

protease-cleaved FeTF and the oxidant alone, not done (ND).

the presence of noncleaved Fe-transferrin (Fig. 5). The substitu-
tion of PAE-cleaved apotransferrin for cleaved Fe-transferrin
in the endothelial cell and PMA-stimulated PMN system elimi-
nated spin adduct generation, demonstrating the necessity for
iron in the system and providing further evidence for involve-
ment of the Haber-Weiss reaction. When H,0, was used in
place of PMA-stimulated PMNSs, the results were similar (data
not shown).

The presence of -O; generated by the xanthine/xanthine
oxidase reaction or by PMA-stimulated PMNSs systems provides
a means of reducing the Fe** bound to transferrin to Fe*? which
would be required for the formation of OH via the Haber-
Weiss reaction in our cell injury and spin trapping systems. In
contrast, with the use of H,O, as an oxidant source, there is no
source of O to reduce the Fe*? used with transferrin to form
*OH in the classic Haber-Weiss reaction. Nevertheless, as dis-
cussed above, cleaved Fe-transferrin augmented H,0,-mediated
endothelial cell injury and yielded spin trap detectable -OH.
One possible explanation for these observations was that the
endothelial cell was providing the reducing equivalents required
for the formation of Fe*? which then interacted with H,O, to
generate *OH. However, spin trapping studies in which H,0,
was mixed with PAE-cleaved transferrin also in the absence of
endothelial cells also demonstrated significant *OH formation.
This was not observed with noncleaved Fe-transferrin or H,O,
alone (Fig. 6). This suggests that the endothelial cell itself does
not need to serve as a reducing. source in order for ‘OH or an
oxidant with properties analogous to *OH to be generated during
the reaction of H,0, and PAE-cleaved Fe-transferrin.

The ability of Fe-transferrin cleaved with other proteases
to augment oxidant-mediated endothelial cell injury. Sites of
P. aeruginosa infection and other types of inflammation are
characterized by increased proteolytic activity mediated by pro-
teases other than PAE. These proteases are also known to cleave
Fe-transferrin (3, 46—50). In an earlier study, we found that
although trypsin and human PMN elastase cleave Fe-transferrin,
these cleavage products lacked the ability to catalyze OH gen-
eration as assessed using the formation of TBA-reactive 2-de-
oxyribose oxidation products as the OH detection system (31).
As a means of assessing the uniqueness of PAE-cleaved Fe-
transferrin, we examined whether oxidant-mediated endothelial
cell injury was augmented by Fe-transferrin cleaved with trypsin
or PPE, an enzyme similar in function to human PMN elastase

(51). The cost of human PMN elastase was prohibitive for
these studies given the quantity necessary to generate the Fe-
transferrin cleavage products required. SDS-PAGE confirmed

EC + PMNs

EC + PMNs + PAE

EC + PMNs + FeTF

EC + PMNs + FeTF / PAE

i

1 41 1 1 1 1 1 1 1 s
3450 3460 3470 3480 3480
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Figure 5. EPR spectra representative of three separate experiments ob-
tained after the addition of PMA-stimulated PMNs to 4-POBN, ethanol,
endothelial cells, and DPTA as well as the same reaction mixture supple-
mented with FeTF (50 uM Fe, 25 uM TF), PAE (20 ug/ml), or the
same concentration of FeTF previously cleaved with that amount of
PAE. The species detected is that of the 4-POBN/-CHOHCH; spin
adduct, indicating OH production.
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Figure 6. EPR spectra representative of three separate experiments ob-
tained after the addition of H,O, (10 uM) to 4-POBN, ethanol, and
DTPA as well as the same reaction supplemented with FeTF (50 uM
Fe, 25 uM TF) or FeTF previously cleaved with PAE. The species
detected is that of the 4-POBN/-CHOHCH; spin adduct, indicating *OH
formation.

the ability of both PPE and trypsin to cleave Fe-transferrin as
illustrated by the presence of two prominent and several other
lower molecular weight bands as compared with the Fe-trans-
ferrin standard (not shown). Although the cleavage pattern was
different for trypsin, PPE, and PAE, the relative magnitudes of
cleavage were similar, suggesting similar protease activity to-
ward Fe-transferrin under these conditions. Using the same *'Cr
release endothelial cell injury assay employed in the PAE stud-
ies, trypsin- or PPE-cleaved Fe-transferrin significantly in-
creased endothelial cell injury resulting from exposure to H,O,
or PMA-stimulated PMNs (Fig. 7). Parallel experiments per-
formed with trypsin and PPE in the absence of Fe-transferrin
demonstrated no significant increase in >'Cr release. The aug-
mentation of endothelial cell injury with trypsin- and PPE-
cleaved Fe-transferrin was generally less than that observed
with PAE-cleaved Fe-transferrin (Fig. 7). However, this differ-
ence did not reach statistical significance.

Regardless of whether PMA-stimulated PMNs or H,O, was
used as the oxidant source, neither trypsin-nor PPE-cleaved
apotransferrin produced a significant increase in *'Cr release,
establishing the necessity of iron in association with the cleaved
transferrin in mediating endothelial cell injury. Furthermore,
Fe-transferrin treated with heat-inactivated trypsin or PPE
(100°C for 10 min) also showed no augmentation in endothelial
cell injury.

Is the augmentation in endothelial cell injury by trypsin-
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+Tryp +PPE

Figure 7. Shown is the mean (n = 15, £SEM) of specific >'Cr release
obtained after incubating endothelial cells in the presence of H,O, (5-
10 uM) alone or after preincubating for 30 min in the presence of FeTF
cleaved with PAE, PPE, or trypsin (* P < 0.001 versus H,O, alone).

and PPE-cleaved Fe-transferrin mediated by OH? Given the
similar ability of PPE- and trypsin-cleaved Fe-transferrin rela-
tive to PAE-cleaved Fe-transferrin to augment oxidant-mediated
damage to endothelial cells, we examined whether OH forma-
tion is also linked to the effects of trypsin and PPE-cleaved Fe-
transferrin on endothelial cells.

The abilities of antioxidant compounds and OH scavengers
to inhibit cytotoxicity were assessed using the >'Cr release cell
injury assay. Similar to data obtained with PAE-cleaved Fe-
transferrin, DMTU, catalase, and PBN provided significant pro-
tection from injury resulting from the presence of PPE-cleaved
Fe-transferrin and H,0, (Table I). SOD, 4-POBN, and DMSO
had no significant protective effects (Table I). Experiments
substituting PMA-stimulated PMNs in place of H;O, as the
oxidant source yielded similar results. Inhibitor studies per-
formed with trypsin-cleaved Fe-transferrin in the presence of
PMA -stimulated PMNSs or H,0, also revealed a significant pro-
tective effect from catalase and PBN, whereas SOD, DMSO,
and 4-POBN offered no protection. Unique to trypsin-cleaved
Fe-transferrin, DMTU had no protective effect. As with PAE-
cleaved Fe-transferrin, these results suggest that reactive oxygen
intermediates are likely involved in mediating cytotoxicity. In
addition, the location of the generation of these reactive interme-
diates and site of action of the specific inhibitor appear to be
crucial to the process.

To more directly assess the role of *OH formation in mediat-
ing this process, spin trapping studies were performed. Using
the 4-POBN/ethanol system, ‘OH was detected with trypsin-
and PPE-cleaved Fe-transferrin in the presence of H,O, and
PMA-stimulated PMNs (Fig. 8). consistent with the above spin
trapping studies, *OH was detected regardless of the presence
or absence of endothelial cells (data not shown). The quantity
of *OH generated, however, was less than that seen with PAE-
cleaved Fe-transferrin (Fig. 8). This qualitatively correlated
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Figure 8. EPR spectra representative of three separate experiments ob-
tained after the addition of PMA-stimulated PMNs to 4-POBN, ethanol,
endothelial cells, and DTPA as well as the same reaction mixture supple-
mented with FeTF (50 uM Fe, 25 uM TF) or FeTF previously cleaved
with trypsin, PPE, or PAE. The species detected is that of the 4-POBN/
*CHOHCHj; spin adduct, indicating -OH production.

with the amount of cell injury observed for all three protease
cleavage products in the 3'Cr release assay (Fig. 7).

Using a method for detecting the formation of TBA-reactive
2-deoxyribose oxidation products, we reported previously that
*OH formation could be catalyzed by PAE-cleaved Fe-trans-
ferrin, but not with Fe-transferrin cleaved with trypsin and hu-
man PMN elastase (31). This assay, however, is somewhat less
sensitive and specific than spin trapping for detecting *OH. As
the above cell injury and spin trapping studies appeared to
demonstrate a discrepancy with our previous results, ‘OH for-
mation was again assessed using the deoxyribose assay. By

Table II. Confirmation of - OH Formation by the Generation of
TBA-reactive 2-Deoxyribose Oxidation Products

Absorbance (532 nm)
FeTF + PAE 0.0425 (*+0.0087)*
FeTF + PPE 0.0406 (+0.0103)*
FeTF + trypsin 0.0227 (+0.0076)*

Formation of TBA-reactive 2-deoxyribose oxidation products (532 nm
absorbance) reflecting formation of - OH by reaction mixtures composed
of hypoxanthine, xanthine oxidase, and FeTF alone or FeTF previously
cleaved with PAE, PPE, or trypsin. The absorbance expressed represents
the mean (n = 10, =SEM) obtained with the respective protease-cleaved
FeTF less the absorbance obtained with a paired FeTF control. * P

< 0.001, *P < 0.05 versus the FeTF control.

generating more replicates than performed in the earlier study
(31), we were able to show a small but statistically significant
increase in detectable *OH formation with trypsin-cleaved Fe-
transferrin relative to the Fe-transferrin control (Table II). PPE-
cleaved Fe-transferrin also demonstrated a significant increase
in «OH formation compared with the Fe-transferrin control (Ta-
ble II).

Discussion

P. aeruginosa infections are characterized by marked inflam-
mation and subsequent tissue injury which is thought to contrib-
ute to the high morbidity and mortality seen in patients with
pneumonia and cystic fibrosis (1, 34, 52, 53). Bacteria- and
PMN-derived proteases and to a lesser extent PMN oxidant
formation have both been implicated in mediating this tissue
injury (1-7, 54), but the primary mechanism is largely un-
known. Previous data from our laboratory have suggested that
*OH formation may be involved in protease-mediated injury as
PAE, a P. aeruginosa—derived protease, can cleave Fe-trans-
ferrin into smaller iron chelates which in the presence of an
oxidant source are able to catalyze *OH formation (31). Based
on these findings and that acute, and to a lesser extent chronic,
forms of P. aeruginosa infection of the lung have been shown
to result in pulmonary microvasculature damage (33-36), the
ability of the PAE and other protease-cleaved Fe-transferrin
to augment oxidant-mediated endothelial cell injury via ‘OH
formation was examined.

Using a *'Cr release assay, we demonstrated a significant
augmentation in oxidant-mediated porcine pulmonary artery en-
dothelial cell injury with PAE-, trypsin-, and PPE-cleaved Fe-
transferrin, regardless of the oxidant source employed, including
PMA-stimulated PMNSs. Fe-transferrin alone, the proteases
alone, and Fe-transferrin treated with heat-inactivated protease
all failed to demonstrate any augmentation in cell injury, estab-
lishing the need for an active protease in combination with Fe-
transferrin in mediating injury. This process also appears to be
dependent on iron associated with Fe-transferrin, as no augmen-
tation in cell injury was seen with protease-cleaved apotransfer-
rin or FeCl;. Control studies performed with the iron chelates
in the absence of an oxidant source failed to induce cell injury.
This is consistent with the hypothesis that the iron is acting as
a catalyst for the Haber-Weiss reaction rather than through the
direct induction of membrane peroxidation.

Cleaved Iron-Transferrin Augments Endothelial Cell Injury 2497



Further evidence that OH formation contributed to the ob-
served enhancement in endothelial cell injury was provided by
studying the effects of antioxidant compounds and OH scaven-
gers on inhibiting endothelial cell injury. Not unexpectedly,
catalase, an enzyme which removes H,O, from the system,
significantly protected the endothelial cells from injury regard-
less of which protease was used to cleave Fe-transferrin or
which oxidant system was employed. Likewise, DMTU, a H,0,
and ‘OH scavenger, protected from oxidant-mediated injury
with PAE- and PPE-cleaved Fe-transferrin. The fact that it had
only a small protective effect with trypsin-cleaved Fe-transferrin
that was not statistically significant remains unexplained. SOD,
an enzyme which catalyzes the dismutation of *O;, did not
exhibit protection from oxidant-mediated endothelial cell injury
when added with any of the transferrin cleavage products. SOD
may be unable to reach the site of where +O; interacts with the
iron chelate. Alternatively, «O; may not be a critical component
in *OH generation. This is discussed in greater detail later.
Interestingly, DMSO, another ‘OH scavenger, also demon-
strated no protection from injury. This combination actually
augmented endothelial cell injury in the case of PAE-cleaved
Fe-transferrin. A potential explanation may be the formation of
a more stable methyl radical resulting from the reaction of *OH
with the methyl groups of DMSO. This radical in turn could
be cytotoxic, thereby accounting for the absence of a protective
effect or the enhancement of endothelial cell injury seen with
PAE-cleaved Fe-transferrin.

Detection of *'Cr release provides evidence only of cell
injury, but does not allow specific insight into determining the
site of that injury. The two spin traps, PBN and 4-POBN, pro-
vided some insight into this mechanism of enhancement of
oxidant-mediated endothelial cell injury by the various Fe-trans-
ferrin cleavage products. With PBN, a hydrophobic compound,
a 39-59% reduction in injury was observed, the most of any
of the inhibitors studied. In contrast, 4-POBN, a hydrophilic
compound, had no protective effect. Since both compounds
have similar reactivity toward ‘OH (45, 55), these findings
suggest that the site of *OH formation may be crucial in its role
of mediating injury and imply that a hydrophobic locale such
as the plasma membrane may be the critical site of injury.
Additionally, PBN could be acting via a mechanism indepen-
dent of oxidant scavenging such as in modulation in physical
preparations of the cell membrane. Further studies are required
to define the cellular targets whose damage leads to the release
of *ICr, e.g., oxidation of intracellular proteins or membrane
peroxidation.

Spin trapping studies provided more direct evidence for -OH
formation in mediating endothelial cell injury. Using the 4-
POBN/ethanol system when endothelial cells were exposed to
either H,O, or PMA-stimulated PMNs as the oxidant source,
significantly more OH was detected with PAE-, PPE-, or tryp-
sin-cleaved Fe-transferrin than with Fe-transferrin or the oxidant
source alone. The quantity of ‘OH generated with trypsin- and
PPE-cleaved Fe-transferrin was generally less than that ob-
served with PAE-cleaved Fe-transferrin. However, this differ-
ence did not reach statistical significance. It is worth noting
that the relative activity of each of these proteases under the
microenvironmental conditions at sites of P. aeruginosa infec-
tion in vivo could be quite different than those relative activities
we observed in our specific experimental system. Thus, the
relative potency of the three proteases we observed with regard
to transferrin cleavage may not hold in vivo.
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Both -O; and H,0, are products of the xanthine/xanthine
oxidase reaction and are released after PMA stimulation of
PMNs. Superoxide in these systems reduces Fe*? to the catalytic
form, Fe*?, which is now capable of participating in the Haber-
Weiss reaction to generate ‘OH. The studies performed with
H,0, as the oxidant source lack a source of *O; as a means of
reducing Fe*? to Fe*?, however, enhanced cell injury and detect-
able ‘OH was observed. The endothelial cell itself does not
serve as the reducing source via its endogenous production of
«O; or via another cell-associated reductase system (56), as
spin trapping studies performed in which H,O, and protease-
cleaved Fe-transferrin were mixed in the absence of endothelial
cells yielded comparable quantities of -OH. In these H,O, stud-
ies, the species generated is either OH or a ‘OH-like compound
which results from the interaction of H,O, and Fe** and which
is able to cause cell injury in a fashion analogous to -OH. Ferryl
species exhibit many of the properties of *OH and could possibly
be generated under such conditions.

The results of our studies are consistent with the hypothesis
that protease-cleaved Fe-transferrin enhances oxidant-mediated
pulmonary artery endothelial cell injury through the generation
of new iron chelates capable of acting as OH catalysts. A
crucial issue in in vitro studies such as the one reported here is
the applicability of these findings to in vivo conditions. Due to
obvious technical limitations, no data exist as to the concentra-
tion of proteases, transferrin, and transferrin cleavage products
present at or near the pulmonary microvascular surface during
either acute or chronic forms of P. aeruginosa lung infection.
However, the concentrations of proteases and Fe-transferrin
used in this study approximated those reported to be found in
vivo at other nearby sites. In the case of transferrin this includes
serum (44) and BAL fluid (57). It should be recognized though
that wide variations have been reported in the concentration of
enzymatically active PAE present at sites of infection with this
organism (3, 46, 57-60). Reports of PAE activity in airway
fluids from P. aeruginosa—infected cystic fibrosis patients have
varied from nearly 200 ug/ml to none. Unfortunately, none of
these studies address the PAE concentrations present near cell
surfaces to which P. aeruginosa are attached, where levels of
the enzyme could be very high. There are no solid data on
levels of PAE present at sites of human P. aeruginosa infection
in conditions other than cystic fibrosis. PPE was used as a HNE
analogue in the present study as it has been shown to have
similar enzymatic properties and is more economical (51). Lim-
ited data are available measuring in vivo concentrations of HNE
(46, 47, 61). One study found the HNE concentrations in spu-
tum from cystic fibrosis patients to be a mean of 55 ug/ml
(range 16-87 pg/ml) (46) with other reports finding higher
levels (61). Of note, sputum from patients with more advanced
disease exhibited increased elastolytic activity (46). Given the
approximate 100-fold dilution BAL specimens are felt to repre-
sent (62), HNE concentrations found in vivo are in the range
of PPE concentrations used in this study. It is known that trypsin
is released from damaged cells (63, 64), but no data are avail-
able regarding in vivo trypsin concentrations at sites of pulmo-
nary inflammation and injury, thus we can only speculate that
the concentration used in this study is of physiologic impor-
tance.

The goal of this study was to assess the effects of the prote-
ase-cleaved Fe-transferrin on oxidant-mediated injury of the
pulmonary microvasculature. Thus, these findings cannot be



extrapolated to events occurring at the respiratory epithelium,
which is the subject of future investigations. The in vitro experi-
mental model used for these studies also has limitations when
interpreting these results in the context of the in vivo microvas-
culature. Our system contained none of the protease inhibitors,
antioxidants, or iron-binding proteins that could be expected to
be found in vivo. Proteases, in addition to those tested, could
also be expected to be found at inflammatory sites and may
have similar effects. However, recent studies from our own
laboratory have provided additional evidence supporting the
biologic relevance of the in vitro observations reported in this
communication (32). Using a sensitive immunoblot system,
transferrin cleavage products were detected in 21 out of 22
bronchoalveolar lavage samples from P. aeruginosa—infected
cystic fibrosis patients and 5 out of 13 BAL samples from
non-—cystic fibrosis individuals with P. aeruginosa pulmonary
infections. The presence of transferrin degradation products in
airways does not appear to reflect a normal physiologic process
as no such products were detected in healthy controls (n = 8).
The ability of these transferrin cleavage products to catalyze
*OH formation and cause tissue injury was not assessed in this
study, but based on the present in vitro studies it is likely that
these chelates are able to act as *OH catalysts and could poten-
tially contribute to P. aeruginosa—associated tissue injury.

In summary, we have obtained in vitro evidence that prote-
ase-cleaved Fe-transferrin augments oxidant-mediated endothe-
lial cell injury via formation of the OH or another iron-depen-
dent oxidant. This process may contribute to P. aeruginosa—
associated microvascular lung injury. Furthermore, the findings
with PPE-cleaved Fe-transferrin in particular suggest that any
condition which leads to an increase in PMN elastase also has
the capacity to generate these catalytic Fe-transferrin products.
Thus, it seems that *OH generation resulting from the cleavage
of Fe-transferrin may contribute to other types of inflammatory
microvascular injury characterized by increased proteolytic ac-
tivity. Further investigations into the role of transferrin cleavage
as a contribution to inflammatory tissue injury in vivo are indi-
cated.
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