Oxidant-mediated Epithelial Cell Injury in Idiopathic Pulmonary Fibrosis
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Abstract

Lung inflammatory cells of patients with idiopathic pulmonary
fibrosis (IPF) were evaluated for their ability to injure 'Cr-
labeled AKD alveolar epithelial cells in the presence and absence
of IPF alveolar epithelial lining fluid (ELF ). The IPF cells were
spontaneously releasing exaggerated amounts of superoxide
(03) and hydrogen peroxide (H,O,) compared with normal (P
< 0.02). Cytotoxicity of the AKD cells was markedly increased
when the IPF inflammatory cells were incubated with autologous
ELF (P < 0.02). The majority of IPF patients had ELF myelo-
peroxidase levels above normal (P < 0.002). Incubation of IPF
ELF with AKD cells in the presence of H,O, caused increased
cellular injury (P < 0.01 compared with control), which was
suppressed by methionine, a myeloperoxidase system scavenger.
IPF patients with high concentrations of ELF myeloperoxidase
deteriorated more rapidly than those with low ELF myeloper-
oxidase (P < 0.05). Thus, IPF is characterized by an increased
spontaneous production of oxidants by lung inflammatory cells,
the presence of high concentrations of myeloperoxidase in the
ELF of the lower respiratory tract, and a synergistic cytotoxic
effect of alveolar inflammatory cells and ELF on lung epithelial
cells, suggesting oxidants may play a role in causing the epithelial
cell injury of this disorder.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, often fatal
inflammatory interstitial lung disorder characterized by an ac-
cumulation of alveolar macrophages and neutrophils in the lower
respiratory tract, parenchymal cell injury, and fibrosis of the
alveolar walls (1-7). One prominent feature of IPF is the marked
changes to the alveolar epithelial cells, including destruction of
type I alveolar epithelial cells and repopulation of the epithelial
surface by type II alveolar epithelial cells and bronchiolar epi-
thelial cells (8).

Alveolar macrophages and neutrophils dominate the in-
flammatory cell population in the lower respiratory tract of pa-
tients with IPF (9). Because both cell types are capable of inducing
oxidant-mediated lung parenchymal cell cytotoxicity (10, 11),
one mechanism to explain the epithelial cell injury associated
with IPF is the spontaneous release of toxic oxidants by alveolar
macrophages and neutrophils. In addition, when activated, neu-
trophils can also release myeloperoxidase, a 115,000-dalton pro-
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tein which can interact with H,O,, a product of both mono-
nuclear phagocytes and neutrophils, to form the highly toxic
hypohalide anion (12-17).

In this regard, it is reasonable to hypothesize that the alveolar
epithelial cell injury that characterizes IPF may result, at least
in part, from an enhanced oxidant burden that may exist in the
lower respiratory tract of these patients. To evaluate this concept,
inflammatory cells recovered by bronchoalveolar lavage from
the lower respiratory tract of patients with IPF were evaluated
for their ability to spontaneously cause oxidant-mediated alveolar
epithelial cell cytotoxicity in the presence and absence of epi-
thelial lining fluid (ELF) from the same individuals. The results
indicate that inflammatory lung cells and ELF of individuals
with IPF have a synergistic cytotoxic effect on lung epithelial
cells that is mediated through oxidant mechanisms. Furthermore,
not only are the inflammatory lung cells in IPF spontaneously
releasing high levels of toxic oxidants, but the ELF markedly
enhances the cytotoxic potential of the oxidants by providing a
source of myeloperoxidase in the epithelial fluid lining the al-
veolar epithelium.

Methods

Study population
The study population consisted of 44 patients with IPF and 11 normal
subjects.

IPF. Patients were diagnosed as having IPF according to previously
defined clinical and histologic criteria (1). All individuals with IPF (24
men, 20 women) had mild or midcourse disease, the average age was
50+2 yr,% and all were nonsmokers (n = 31) or ex-smokers (n = 13;
defined as having discontinued cigarette smoking for at least 1 yr before
initial evaluation). Of the 44 individuals, 33 were not being treated, 9
were receiving prednisone (30+5 mg daily), and 2 were receiving cyclo-
phosphamide (120+20 mg daily). All had chest roentgenograms that
demonstrated diffuse reticulonodular infiltrates. On the average, the fol-
lowing lung function studies were included: vital capacity 63+4% pre-
dicted, total lung capacity 64+4% predicted, diffusing capacity 55+4%
predicted, and forced expiratory volume (FEV 4) 63+3% predicted.

Normals. 11 normal nonsmoking individuals with an average age of
2342 yr (eight men, three women) were evaluated. All had normal chest
x-rays and normal lung function tests.

Bronchoalveolar lavage

Each subject in this study underwent a bronchoalveolar lavage as pre-
viously described (18). Cells were separated from the supernatant by
centrifugation and enumerated, and differential cell counts were deter-
mined. The total number of cells obtained was 20618 X 10° cells/ml
of lavage fluid from normal subjects and 509+79 X 10* cells/ml from
patients with IPF (P < 0.005). Differential cell counts of normal indi-
viduals revealed 89+2% macrophages, 11+2% lymphocytes, 1+1% neu-
trophils, and 0+0% eosinophils, whereas patients with IPF had 81+3%
macrophages, 7+2% lymphocytes, 10+3% neutrophils, 2+1% eosinophils.

2. All data are presented as meanzstandard error of the mean; all statistical
comparisons are made using the two-tailed Student’s ¢ test unless oth-

erwise noted.
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ELF was obtained by collecting the cell-free supernatant of the lavage
fluid, separating insoluble materials by centrifugation at 25,000 g for 15
min, and concentrating the fluid 100-fold by pressure ultrafiltration on
a YM-10 membrane (Amico Corp., Lexington, MA). All data relating
to the evaluation of molecules in the ELF are expressed relative to the
amount of albumin (radial immunodiffusion, Calbiochem-Behring Corp.,
San Diego, CA) present in the concentrated fluid.

Cytotoxicity assay

The epithelial cell strain AKD (ATCC CCL 150, American Type Culture
Collection, Rockville, MD), derived from cat lung (19), previously frozen
at passage 23, was used in all cytotoxicity assays. Cells were grown to
confluence (0.2+0.02 X 10° per well) on 24-well culture plates (Falcon
Labware, Cockeysville, MD) in Dulbecco’s modified Eagle’s medium
(Gibco Diagnostic Laboratories, Grand Island, NY), 10% calf serum in
an atmosphere of 10% CO;,, 90% air at 37°C. The cells were labeled with
31Cr (sodium chromate, 22 mCi/umol, 1 ml per well of 5 xCi/ml, Amer-
sham Corp., Arlington Heights, IL) for 12 h. The cells were then washed
three times with phosphate-buffered saline (PBS; M. A. Bioproducts,
Walkersville, MD). Serum-free medium composed of 0.5 ml of Earle’s
balanced salt solution (EBSS, Biofluids Inc., Rockville, MD) was added
to each well. Cytotoxicity was then assessed in the presence of media
alone or various test conditions (see below) after incubation in 5% CO,
at 37°C for 8 h. Maximum releasable *'Cr was assessed by incubating
cells with 2% Triton-X (Research Products International Inc., Elk Grove
Village, IL), and background release of *'Cr was evaluated by incubating
cells in media alone. At the end of the incubation period, *'Cr release
in the supernatant was quantitated. Cell injury was defined in terms of
a cytotoxicity index: [(4 — B)/(C — B)] X 100, where A = disintegrations
per minute (dpm) released into the media of the test sample, B = dpm
released from control cells (i.e., background release) and C = dpm released
from cells treated with 2% Triton-X.

Lung inflammatory cell-induced epithelial cell cytotoxicity

To evaluate the ability of lung inflammatory cells spontaneously to injure
lung epithelial cells, cells recovered by lavage of normals or patients with
IPF were incubated with 3'Cr-labeled AKD cells under conditions de-
scribed above. The labeled cells were incubated for 16 h at 37°C (0.2
X 10¢ per well) in 0.5 ml EBSS plus one of the following conditions: (a)
0.1 ml EBSS (control), (b) ELF (0.1 ml of 100-fold concentrated lavage
fluid containing 0.2 ug of albumin), (¢) 10° inflammatory cells suspended
in 0.1 ml RPMI (M. A. Bioproducts), or (d) ELF + inflammatory cells
in a total of 0.1 ml In each of these conditions, parallel plates were
incubated with 1,000 U of catalase (an inhibitor of H,0,) or 300 U of
superoxide dismutase (an inhibitor of O3). After incubation, a cytotoxicity
index was calculated as described above.

Spontaneous release of oxidants by lung inflammatory cells
Spontaneous release of superoxide and hydrogen peroxide by lung in-
flammatory cells was assessed using ferricytochrome c to detect superoxide
and phenol red to detect H,O, (20-22). Alveolar inflammatory cells
obtained by bronchoalveolar lavage were allowed to adhere in 24-well
tissue culture plates (Falcon Labware) at a concentration of 0.5 X 10°
cells per well in Dulbecco’s at 37°C, 5% CO,, for 1 h. The supernatant
was then discarded. For the measurement of superoxide release, 0.5 ml
of Hanks’ balanced salt solution (HBSS; Gibco Diagnostic Laboratories)
containing 80 uM ferricytochrome ¢ (type III, Sigma Chemical Co., St.
Louis, MO) was added, and after incubation for 30 min at 37°C, the
amount of O3 in the supernatant was quantified at 550 nm. For the
measurement of H,0, release, HBSS containing 0.28 mM phenol red,
8.5 U/ml horseradish peroxidase (type II, Sigma Chemical Co.) was added
and after incubation for 30 min at 37°C, the amount of H,O, in the
supernatant was quantified in the phenol red solutions after 10ul of 1 N
NaOH were added to the samples and absorbance was measured spec-
trophotometrically at a wavelength of 610 nm. The concentrations of
hydrogen peroxide were determined according to a standard curve, using
various dilutions of reagent grade 30% H,0,.
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Measurement of myeloperoxidase and catalase in ELF
Myeloperoxidase activity in ELF was quantitated by the O-dianisidine
method (23). 1 U of activity was defined as that amount of enzyme
inducing a change in absorbance of the O-dianisidine solution equal to
0.001 absorbance U/min at a wavelength of 460 nm (15). The values of
myeloperoxidase were expressed as a ratio to albumin content to account
for the concentration of the lavage fluid. Catalase activity in ELF was
quantified using the method described by Abei (24). 1 U of catalase
activity was defined as the rate constant of the first-order reaction, and
the results were expressed as a ratio to albumin content.

Purification of myeloperoxidase from neutrophils

Myeloperoxidase was purified according to a modification of the method
described by Olsen et al. (25). All reagents used were of analytical reagent-
grade purity. Human leukocytes were obtained by leukapheresis of normal
subjects and neutrophil granules were extracted as described by Baugh
and Travis (26). The granules were sonicated (Sonifier, Ultrasonics Inc.,
Plainview, NY) in 0.2 M sodium acetate, 1 M NaCl at pH 4.0, three
times for 20 s. The granule extract was centrifuged at 30,000 g for 60
min and the supernatant was dialyzed against 50 mM Tris-HCl, pH 8.0,
50 mM NaCl. This material was then centrifuged (30,000 g for 60 min)
and the supernatant was applied to an Elastin-Sepharose column (Phar-
macia Fine Chemicals, Piscataway, NJ) equilibrated in 50 mM Tris-
HCI, pH 8.0, 50 mM NaCl. The unbound protein was collected and
applied to a concanavalin A-Sepharose column (Pharmacia Fine Chem-
icals), equilibrated with 0.2 M sodium acetate, 0.5 M CaCl,, 5 mM
MnCl,, 5 mM MgCl,, and 0.05% cetyltrimethylammonium bromide at
pH 5.6. The column was washed thoroughly in the starting buffer until
the optical density of the eluate was < 0.02 absorbance U at 280 nm.
The myeloperoxidase was then eluted from the column with the starting
buffer containing 0.2 M 1-O-methyl a-D-glucopyranoside. The eluted
myeloperoxidase was concentrated by ultrafiltration on an Amicon YM-
10 membrane and applied to a Sephadex G-100 column equilibrated in
starting buffer. The absorbance ratio at 430 nm/280 nm of the purified
myeloperoxidase was 0.82.

In vitro model of oxidant-mediated epithelial cell
cytotoxicity

In order to evaluate the mechanism(s) by which the ELF of patients with
IPF might augment oxidant-mediated cytotoxicity towards lung epithelial
cells, an in vitro oxidant-generating system was developed. EBSS (500
ul), supplemented with 55 mM glucose, was incubated with the cells and
the production of oxidants was initiated by the addition of 0.05 ml of
glucose oxidase (23 mU/ml, Boehringer-Mannheim Biochemicals, In-
dianapolis, IN) to the test media and incubated at 37°C, 5% CO, for 8
h. At the end of the incubation period, the cytotoxicity index was de-
termined as described above. Hydrogen peroxide produced by this system
was quantitated spectrophotometrically at a wavelength of 610 nm by
incubating 0.55 ml of media containing 55 mM glucose, glucose oxidase
at varying concentrations, 0.95 ml of 0.28 mM phenol red, 8.5 U/ml
horseradish peroxidase followed by 10 ul of 1 N NaOH after 60 min at
37°C. Superoxide production was assessed by measuring the reduction
of 0.95 ml of 80 uM ferricytochrome ¢ at 550 nm after 60 min of in-
cubation with 0.55 ml of the glucose, glucose-oxidase solutions. To de-
termine whether myeloperoxidase might have a direct effect on lung
epithelial cells or might augment H,O,-induced cytotoxicity to the lung
epithelial cells, myeloperoxidase (100 ul, 80 U/ml) was incubated with
the cells in the presence of either media alone or media and the oxidant-
generating system (55 mM glucose, 23 mU/ml glucose oxidase) for 8 h
at 37°C, followed by determination of the cytotoxicity index.

Effect of ELF of patients with IPF on augmenting
epithelial cell cytotoxicity

To determine whether ELF of patients with IPF might modulate oxidant-
mediated epithelial cell cytotoxicity, ELF was incubated with the lung
epithelial cells in the presence or absence of the in vitro oxidant-generating
system. EBSS (500 ul), supplemented with 55 mM glucose was incubated



with the 3'Cr-labeled AKD cells. The production of oxidants was initiated
with 23 mU/ml glucose oxidase and incubated for 8 h at 37°C. ELF
(100 ul of concentrated lavage fluid containing 2 mg/ml albumin) from
normal subjects or patients with IPF was then added to the cells in the
presence or absence of the oxidant-generating system, incubated for 8 h
at 37°C, and the cytotoxicity index was determined as described above.
To evaluate the role played by the hypohalide radical as the mechanism
by which IPF ELF augmented oxidant-mediated epithelial cell cytotox-
icity, the cytotoxicity index was determined using cells incubated (8 h
at 37°C) with and without methionine (250 uM), a scavenger of oxidants
derived from the myeloperoxidase-H,0,-halide system (27) in the pres-
ence of (@) the oxidant-generating system alone, (b) the oxidant-generating
system and myeloperoxidase (100 ul, 80 U/ml), or (c) with the oxidant-
generating system and IPF ELF (100 ul). As a control for other oxidants
that may play a role in this process, the cytotoxicity index was determined
after the cells were incubated (8 h at 37°C) in the presence of the oxidant-
generating system and (a) IPF ELF (100 ul) + 1,000 U/ml catalase, (b)
IPF ELF (100 ul) + 1,000 U/ml heated catalase (100°C for 15 min), (c)
IPF ELF (100 ul) + 10 ug/ml superoxide dismutase, (d) IPF ELF (100
ul) + 0.5 mM sodium azide (an inhibitor of myeloperoxidase), or (e)
heated IPF ELF (100 gl; 100°C for 15 min).

Relationship of ELF myeloperoxidase levels

to clinical outcome

To evaluate a possible relationship between ELF myeloperoxidase levels
and the clinical outcome of patients with IPF, the patients were divided
into two groups at their initial evaluation, including (a) those with ELF
myeloperoxidase < 10 U/mg albumin (the highest level seen in normals)
and (b) those with ELF myeloperoxidase > 10 U/mg albumin. The pa-
tients were then reevaluated at intervals (minimum of three) over at least
1 yr or longer after the initial evaluation. The percent absolute value (in
milliliters) of the vital capacity at each interval was then used to determine
the rate of change of vital capacity per year using linear regression analysis.

Statistical analysis of data

All data composed of normally distributed variables was expressed as
the arithmetic meanzthe standard error of the mean. ELF myeloper-
oxidase data were analyzed with the Mann-Whitney test using a two-
tailed 5% significance level.

Results

Cytotoxicity induced by inflammatory lung cells and ELF of
patients with IPF. The ELF, and the alveolar inflammatory cells
obtained from normal subjects, were not toxic to AKD cells. In
contrast, whereas the inflammatory cells of patients with IPF
were only mildly toxic to the AKD cells and the ELF was not
at all toxic, together the inflammatory cells and the ELF of pa-
tients with IPF clearly acted synergistically to injure lung epi-
thelial cells (Fig. 1, P < 0.02 vs. IPF inflammatory cells alone,
IPF ELF alone, or normal inflammatory cells plus normal ELF).
Although superoxide dismutase had no effect on the cytotoxicity
mediated by IPF inflammatory cells + IPF ELF, when the IPF
inflammatory cells in the presence of catalase were incubated
with IPF ELF, the cytotoxicity index was reduced by 50% (P
< 0.05) whereas heat-inactivated catalase (100°C for 15 min)
did not change the cytotoxicity index (P > 0.4). Furthermore,
heat inactivation of IPF ELF (100°C for 15 min) completely
blocked its ability to enhance lung inflammatory cell-mediated
cytotoxicity, and sodium azide, an inhibitor of myeloperoxidase
(23), reduced the cytotoxicity index by 50%, consistent with the
concept that myeloperoxidase in IPF ELF may play a role in
enhancing lung inflammatory cell-mediated epithelial cell injury.

Spontaneous production of oxidants by alveolar inflammatory
cells. The alveolar inflammatory cells obtained from normal
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Figure 1. Alveolar inflammatory cell-induced cytotoxicity to lung epi-
thelial cells in the presence or absence of ELF from normal subjects
and patients with IPF. AKD epithelial cells served as targets. Alveolar
inflammatory cells alone (10° inflammatory cells/0.2 X 10° target
cells), ELF alone, or alveolar inflammatory cells + ELF were incu-
bated with the 3'Cr-labeled AKD cells at 37°C for 16 h, and a cytotox-
icity index was determined. Shown are the results from normals and
patients with IPF.

subjects were spontaneously releasing low levels of superoxide
and hydrogen peroxide. However, alveolar inflammatory cells
from the lower respiratory tract of patients with IPF sponta-
neously released significantly more of both oxidants (Fig. 2—
superoxide, IPF 31.0+4.5 vs. normal 14.5+3.2 nmol/10° cells - h,
P < 0.025; H,0,, IPF 7.30£0.90 vs. normal 1.48+0.26 nmol/
10% cells- h, P < 0.01).

Mpyeloperoxidase in ELF. The ELF of normal individuals
contained little myeloperoxidase, consistent with the knowledge
that neutrophils are present in only small numbers in the normal
lower respiratory tract (Fig. 3). In contrast, many patients with
IPF had markedly increased levels of myeloperoxidase in their
ELF (P < 0.002, IPF vs. normal). Furthermore, serial myelo-
peroxidase concentrations over a minimum period of 6 mo were
obtained from 11 IPF patients. All five patients with initial my-
eloperoxidase levels above the highest concentration seen in

A.O3

B.H,0
40 b 8l 2-2

nmol/10 cells - h
nmol/108 cells - -h

Normal IPF Normal  IPF

Figure 2. Spontaneous release of oxidants by alveolar inflammatory
cells of normals and patients with idiopathic pulmonary fibrosis. (4)
Spontaneous release of O3 over a 30-min period. Superoxide anion
was determined spectrophotometrically by the reduction of 100 uM
ferricytochrome c. (B) Spontaneous release of H,O, over a 30-min pe-
riod. Hydrogen peroxide was quantified by recording the oxidation of
phenol red in the presence of horseradish peroxidase.
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Figure 3. Myeloperoxidase in
ELF obtained from normal
subjects and patients with IPF.
Myeloperoxidase was measured
in concentrated bronchoalveo-
lar lavage fluid by following the
oxidation of O-dianisidine at a
wavelength of 460 nm. Albu-
min in the concentrated sample
was quantified by radial immu-
nodiffusion and the myeloper-
oxidase content of ELF of

the lower respiratory tract was
expressed per milligram of
albumin.
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control subjects (i.e., > 10 U/mg of albumin), continued to have
increased levels of myeloperoxidase upon reevaluation, sug-
gesting that the increase reflected a chronic rather than acute
inflammatory event. Although the assay used for myeloperoxi-
dase cannot distinguish among peroxidases from neutrophils,
mononuclear phagocytes, or eosinophils, there was a good cor-
relation (r = 0.66, P < 0.001) between the level of myeloper-
oxidase recovered in the ELF from IPF patients and the pro-
portion of nieutrophils recovered from the same individuals.
Because neutrophils comprise a significant proportion of
bronchoalveolar lavage cells obtained from the lower respiratory
tract of patients with IPF, neutrophil lysis during bronchoscopy
could conceivably have contributed to the observed increase in
ELF myeloperoxidase concentrations. However, when super-
natants of neutrophil lysates (10° cells/ml) and bronchoalveolar
lavage cell lysates (10° cells/ml) were prepared by sonicating
cells in 1 m] 0.9% NaCl and incubated with the H,O,-generating
system (37°C for 8 h), epithelial cell injury was suppressed rather
than enhanced. This effect is likely explained by the nonspecific
release of all neutrophil products including antioxidant proteins,
such as catalase, during cell lysis and indicates that cell lysis
during bronchoscopy is not sufficient to account for the ability
of IPF ELF to enhance oxidant injury to lung epithelial cells.
Thus, the presence of myeloperoxidase in the lower respiratory
tract of patients with IPF is most likely a consequence of neu-
trophil degranulation in response to an in vivo stimulus.
Model culture system of epithelial cell cytotoxicity. The model
culture system used to evaluate lung epithelial cell cytotoxicity
used an artificial oxidant-generating system that produced H,O,
but not superoxide (Fig. 4 4). Consistent with the knowledge
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Figure 5. Time course of oxidant-mediated cytotoxicity to lung epithe-
lial cells. (4) 'Cr-labeled lung epithelial cells were incubated with glu-
cose (55 mM) and glucose oxidase (23 mU/ml) either alone (solid cir-
cles), or in the presence of myeloperoxidase (120 U/ml, triangles), or
IPF ELF (myeloperoxidase activity = 152 U/mg albumin, empty cir-
cles). (B) Alveolar inflammatory cell (10° inflammatory cells/0.2 X 10°
target cells)-induced cytotoxicity to >'Cr-labeled lung epithelial cells in
the presence of ELF (myeloperoxidase activity = 152 U/mg albumin)
from a patient with IPF.

that H,O, is cytotoxic to most cells in a concentration-dependent
fashion, when increasing amounts of glucose oxidase were added
to the epithelial cell cultures, an increased amount of cytotoxicity
was observed (Fig. 4 B). This cytotoxicity was completely sup-
pressed by the addition of 1000 units/ml catalase. Neither ghicose
nor glucose oxidase by itself was directly toxic to the epithelial
cells. For all subsequent experiments, a concentration of glucose
oxidase of 23 mU/ml was utilized because at this concentration
either a protective or enhancing effect of ELF on oxidant me-
diated cytotoxicity could be detected. The incubation time used
for all experiments involving the use of glucose oxidase was 8 h
because at this time point the cytotoxicity index was greater
than 90% of the maximal index (Fig. 5).

When purified myeloperoxidase was incubated with media
and the cells, there was no increase in the release of 3'Cr above
the background, indicating that in the concentrations used my-
eloperoxidase itself was not toxic to the cells (Fig. 4 C). However,
whereas the H,O,-generating system alone induced a cytotoxicity
index of 31+4%, the addition of purified myeloperoxidase at a
concentration within the range found in the ELF of patients
with IPF (100 ul, 80 U/ml) enhanced the oxidant-mediated tox-
icity to the lung epithelial cells and brought the cytotoxicity

Figure 4. Characterization of a model sys-
tem to evaluate the ability of lower respira-
tory tract ELF to modulate oxidant injury
to lung epithelial cells. (4) The oxidant-gen-
erating system consisted of 55 mM glucose
and increasing concentrations of glucose
oxidase. The amount of H,0, (expressed on

the left ordinate) and superoxide anion (ex-
pressed on the right ordinate) generated in
60 min by increasing amounts of glucose
oxidase. (B) A concentration of 23 mU/ml
glucose oxidase (arrow) caused 30% cyto-
toxicity in 8 h at 37°C in the presence of

Media
+
MPO

Media
+ +
H20, H0,
Generating Generating
System  System

Media

+
MPO

media. (C) The effect of myeloperoxidase (MPO) on the cytotoxicity of AKD cells. Incubations (8 h at 37°C) included MPO (80 U/ml) alone, the
H;0;-generating system (glucose [55 mM], glucose oxidase [23 mU/ml]) alone, or the H,O,-generating system plus MPO (80 U/ml).
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index to 76+4% (P < 0.01 compared with the oxidant-generating
system alone). This cytotoxicity was completely suppressed by
the addition of catalase, suggesting that both hydrogen peroxide
and myeloperoxidase were necessary to produce this degree of
cell injury.

Ability of ELF to modulate oxidant-mediated injury to lung
epithelial cells. ELF from normal subjects and patients with IPF
was not directly toxic to the lung epithelial cells (Fig. 6). When
cells were incubated with the H,O,-generating system alone, a
cytotoxicity index of 30%+4% resulted. When the target cells
were exposed to this H,O,-generating system in the presence of
ELF from normal subjects, there was a significant reduction in
the cytotoxicity index (Fig. 6, P < 0.01). Similarly, small amounts
of IPF ELF containing myeloperoxidase (152+11 U/mg albu-
min) protected the target cells against H,O,-induced lung epi-
thelial cell injury, likely through the action of antioxidant mol-
ecules known to be present in ELF (see Discussion). However,
increasing amounts of IPF ELF markedly enhanced the H,O,-
mediated cytotoxicity of lung epithelial cells (Fig. 7).

Role for myeloperoxidase and the hypohalide anion in IPF
oxidant-mediated lung cell injury. The ability of IPF ELF to
augment H,0,-mediated injury to the lung parenchymal cells
correlated with the concentration of myeloperoxidase in the ELF
(r = 0.68, P < 0.001; Fig. 8). In this regard, for those patients
with IPF in which the ELF did not augment oxidant-mediated
injury to the lung cells, the myeloperoxidase concentration of
the ELF was only slightly increased above the range found in
normal subjects (10.3+2.9 U/mg of albumin). In contrast, for
those IPF patients in which the ELF enhanced oxidant-mediated
injury, the myeloperoxidase concentration in ELF was signifi-
cantly increased (32.6+10.5 U/mg of albumin, P < 0.05).

The ability of IPF ELF to increase the H,O,-mediated lung
epithelial cell injury was not associated with a deficiency in the
anti-H,0, defenses of ELF, because the catalase content was
threefold increased in IPF ELF when compared with normal
ELF (433109 vs. 154+22 U/mg of albumin, P < 0.05).

Further evidence that myeloperoxidase mediated the en-

IN( ™Y
L ]
[
80 ]
g
ﬁ °
2 e )
E
g .
. ;
£ $ . o<
20 °
: <
. ¥ Y m i seoee
'koz"g NE"LF"" g"; -H0,  H0,
System System + System +
Normal ELF IPF ELF

Figure 6. Effects of ELF from normal subjects and patients with IPF
on the cytotoxicity of lung epithelial cells in the absence and presence
of H,0,. The cytotoxicity index of AKD cells was measured by *'Cr
release. Incubations (8 h at 37°C) included the H,O,-generating sys-
tem (55 mM glucose and 23 mU/ml glucose oxidase) alone, normal
ELF alone, IPF ELF alone, and H,O,-generating system + normal
ELF, or the H,O,-generating system + IPF ELF.
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Figure 7. Effect of increasing amounts of IPF ELF on H,0,-mediated
cytotoxicity to lung epithelial cells. *'Cr-labeled lung epithelial cells
were incubated (8 h at 37°C) with glucose (55 mM) and glucose oxi-
dase (23 mU/ml) alone or in the presence of increasing amounts of
ELF (myeloperoxidase activity, 76+6 U/ml ELF) from a patient with
IPF.

hancement of oxidant injury to lung epithelial cells by IPF ELF
was provided by the observations that (@) whereas the oxidant-
generating system plus IPF ELF caused a cytotoxicity index of
72+3%, catalase completely inhibited IPF ELF-mediated cyto-
toxicity (0+1%, P < 0.001) while heat-inactivated catalase had
no effect (64+4%, P < 0.2), (b) superoxide dismutase did not
suppress the IPF ELF-mediated cytotoxicity (72+2%, P < 0.5);
(¢) azide, an inhibitor of myeloperoxidase, was partially protec-
tive (42+2%, P < 0.01); (d) heating the IPF ELF suppressed its
ability to enhance the oxidant-mediated epithelial cell injury
(14%3%, P < 0.001); and (e) when purified human myeloper-
oxidase was added to ELF that did not augment H,0O,-mediated
injury (final concentration 60 U/mg of albumin), the ELF
markedly increased the epithelial cell injury (cytotoxic index
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Figure 8. Correlation between the myeloperoxidase concentration of
ELF from patients with IPF and the capacity of IPF ELF to enhance
oxidant-mediated epithelial cell injury. Myeloperoxidase was deter-
mined by reacting ELF with hydrogen peroxide and O-dianisidine for
15 min and stopping the reaction with sodium azide. Absorbance of
the reaction mixture was measured spectrophotomethically at a wave-
length of 460 nm. The cytotoxicity index was determined after incu-
bating (8 h at 37°C, 10% CO,) *'Cr-labeled lung epithelial cells with
an H,0,-generating system (glucose, glucose-oxidase) and IPF ELF, by
measuring the amount of >'Cr released in the culture supernatant.
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before myeloperoxidase, 0+3%; after myeloperoxidase 70+3%,
P < 0.001).

Because the major mechanism by which myeloperoxidase
effects injury is through its ability to convert (in the presence of
a halide) H,O, to the very toxic hypohalide radical, it is reason-
able to hypothesize that the ability of IPF ELF to augment H,0,-
mediated injury to lung epithelial cells is through the hypohalide
anion. In this context, the cytotoxicity studies were repeated in
the presence or absence of methionine, a scavenger of products
of the myeloperoxidase system (27). Whereas the hydrogen per-
oxide-generating system alone induced a cytotoxicity index of
25+3%, methionine was unable to lower the index. However,
in the presence of either purified myeloperoxidase or ELF from
patients with IPF; where the cytotoxicity of the hydrogen per-
oxide generating system was markedly enhanced, the addition
of methionine completely suppressed the lung cell injury
(Fig. 9).

Correlation of ELF myeloperoxidase concentrations and
functional outcome of patients with IPF. 18 patients with IPF
underwent multiple respiratory physiologic determinations over
an interval of at least 1 yr after ELF myeloperoxidase concen-
trations had been quantitated. Of these patients, eight had my-
eloperoxidase concentrations within the range found in normal
subjects (< 10 U/mg of albumin) and 10 had increased levels
of ELF myeloperoxidase (> 10 U/mg of albumin). Strikingly,
the rate of deterioration of the vital capacity was more rapid in
those patients with increased ELF myeloperoxidase than in those
patients with low levels of ELF myeloperoxidase (—397+100 vs.
—44+50 ml/yr P < 0.05, Fig. 10).

Discussion

IPF is characterized by marked alterations in the normal alveolar
epithelium consisting of d loss of type I epithelial cells and re-
placement by cuboidal, often metaplastic cells (1, 8, 28-33).
Although the mechanisms by which the epithelium attempts to
repair itself are unknown, the intensity of inflammation occur-
ring in the alveolar structures of these patients suggests that in-
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Figure 9. Characterization of the ability of methionine, an inhibitor of
the hypohalide anion, to suppress the cytotoxicity of lung epithelial
cells mediated by H,0, and ELF of patients with IPF. Lung epithelial
cells (AKD) were incubated (8 h at 37°C) in the presence of an H,0»-
generating system (55 mM glucose, 23 mU/ml glucose oxidase) alone
or together with methionine (250 uM), myeloperoxidase (MPO, 80 U/
ml), MPO + methionine, ELF from patients with IPF or ELF from
patients with IPF + methionine. Cells were incubated at 37°C, 5%
CO, for 8 h and the cytotoxicity index was determined.
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+100 — Figure 10. Relationship of

the concentration of myelo-
peroxidase in the ELF of
the lower respiratory tract
of patients with IPF and the
rate of change of the vital
capacity over time. At the
time of initial evaluation,
the concentration of myelo-
peroxidase in the ELF was
quantified (per milligram of
albumin) and the patient
population with IPF was di-
vided into two groups: (@)
ELF myeloperoxidase < 10
U/mg of albumin; and (b)
ELF myeloperoxidase > 10
U/mg of albumin. The vital
capacity was measured at
the time of initial evalua-
tion and again for at least
three determinations over a
minimum time of 1 yr after
the initial measurements. The change in vital capacity per year (milli-
liters per year) is expressed on the ordinate for the two groups. The
separation of the two groups at an ELF myeloperoxidase level of 10
U/mg of albumin was chosen because this level represents the highest
level found in normal subjects (see Fig. 2).
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flammatory cell-mediated oxidant injury may play a role in the
initial injury to the normal alveolar epithelium. Consistent with
this hypothesis, this study demonstrates that the inflammatory
cells that accumulate on the alveolar surface in IPF sponta-
neously release increased amounts of the oxidants O3 and H,0,
and, in the presence of their alveolar ELF, can induce lung ep-
ithelial cell inury likely through a myeloperoxidase-mediated
hypohalide radical related process. Several lines of evidence sug-
gest that the epithelial cell injury induced by IPF lung inflam-
matory cells and ELF was related to oxidants derived from the
H,0,-myeloperoxidase reaction: (g) catalase, but not heat-in-
activated catalase, reduced the cytotoxicity, suggesting that the
effect of catalase was related to H,O, degradation rather than a
nonspecific effect such as alteration of inflammatory cell adher-
ence to the target cells; (b) heat inactivation of IPF ELF blocked
its cytotoxicity enhancing effect, suggesting that the ELF-induced
injury was related to enzymatic activity; (¢) addition of a my-
eloperoxidase inhibitor to IPF ELF markedly reduced its ability
to enhance inflammatory cell-mediated cytotoxicity; and (d) in-
flammatory lung cells from patients with IPF spontaneously re-
leased increased amounts of O3 and H,0,.

Evidence of epithelial cell injury in IPF. A variety of obser-
vations at the optical and electron-microscopic levels have dem-
onstrated that prominent alveolar epithelial cell injury is a char-
acteristic feature of IPF (1, 8, 28-33). First, although type I
pneumocytes comprise 40% of the alveolar epithelial cell pop-
ulation and over 90% of the alveolar surface in normal lung
(34), in IPF they are markedly decreased in areas of severe in-
flammation, suggesting that extensive injury and death of the
type I pneumocyte has occurred (1, 8, 31, 32). Second, hyper-
plasia of the type II pneumocyte, as recognized by increased
numbers of cells and mitotic figures within the cells, is a hallmark
of the histologic features of IPF (1, 8, 28, 29, 31-33). Current
concepts are that this hyperplasia represents a process of regen-
eration of the epithelial surface that has been damaged (8, 29,



32). In addition to hyperplasia, the type II cells show morphologic
signs of injury as evidenced by an attenuated cytoplasm, in-
creased numbers of microvilli, lamellar inclusion bodies (31),
and desquamation into the alveolar space (8, 31, 32). In areas
of most severe damage, the type II cells are replaced by cuboidal
epithelial cells of bronchial origin, indicating death of both type
I and type II pneumocytes (1, 8, 31).

Mechanisms of epithelial cell injury in IPF. Together, the
present investigation and a variety of diverse in vivo and in vitro
studies are consistent with the concept that alveolar epithelial
cell injury in IPF is mediated through inflammatory cell pro-
duced oxidants. First, experimental animal studies with the in-
tratracheal instillation of either oxidant-generating enzyme sys-
tems (35-37) or neutrophil activators, such as phorbol myristate
acetate (36-38), formylated norleu-leu-phe (36, 37), and immune
complexes (39, 40), have demonstrated that an oxidant burden
in the lower respiratory tract results in severe lung parenchymal
cell damage that includes damage to alveolar epithelial cells,
epithelial cell death, and desquamation (35-38). Furthermore,
these changes are followed by the appearance of severe interstitial
fibrosis (35, 38), suggesting that oxidants can initiate lung pa-
renchymal changes similar to the histologic changes characteristic
of IPF.

Second, IPF is characterized by an accumulation of inflam-
matory cells in the lower respiratory tract (1, 9, 28-31, 41), in-
cluding alveolar macrophages, neutrophils, and eosinophils, all
of which are capable of producing oxidants (20, 42-48).

Third, inflammatory cells recovered from the lower respi-
ratory tract of patients with IPF are spontaneously releasing in-
creased amounts of O3 and H,0,. Because these cells are present
in increased numbers in the lower respiratory tract of patients
with IPF (1, 9, 41), it is likely that the oxidant burden at the
alveolar epithelial surface is increased manyfold over normal.
Although the mechanisms responsible for the increased oxidant
release by IPF alveolar inflammatory cells are not known, it has
been documented that immune complexes are present in the
lungs of patients with IPF (49-51). In that immune complexes
are a potent stimulus of oxidant production by macrophages,
neutrophils, and eosinophils (42, 52-54), it is reasonable to con-
clude that immune complexes may contribute to the enhanced
lung inflammatory cell release of oxidants in the lower respiratory
tract of these patients.

Fourth, peroxidase activity was found in increased amounts
in the ELF of the majority of patients with IPF. Although the
source of the peroxidase is unknown, the significant correlation
between the amount of ELF peroxidase activity and the number
of neutrophils recovered from the lower respiratory tract suggests
that most of the peroxidase activity was derived from neutrophils,
cells known to have large amounts of myeloperoxidase (13).
This concept is consistent with the knowledge that immune
complexes (53, 55) and neutrophil chemotactic factors (51), both
present in the lungs of patients with IPF (49-51), are potent
stimuli of neutrophil degranulation, including the release of my-
eloperoxidase (53, 55, 56). Furthermore, other neutrophil granule
products, including collagenase and neutral proteinases, are
present in IPF ELF (57), consistent with the concept that neu-
trophil degranulation occurs in the lower respiratory tract of
these patients and that the peroxidase activity detected in IPF
ELF is likely of neutrophil origin.

Fifth, the knowledge that (@) there is an increased sponta-
neous release of H,O, from lung inflammatory cells of patients
with IPF, (b) there is a high concentration of myeloperoxidase

in their ELF, and (c) myeloperoxidase can convert H,0, in the
presence of a halide to the very toxic hypochloride anion (58-
62) is consistent with the concept that the hypochloride anion
is likely generated at the alveolar epithelial surface in IPF and
contributes to the lung epithelial cell injury. Evidence supporting
such a mechanism is the in vitro demonstration that alveolar
inflammatory cells of patients with IPF act synergistically with
IPF ELF to markedly enhance the cytotoxicity towards lung
epithelial cells (Fig. 7), which is in makred contrast with the
antioxidant protective effect known to be present in the ELF of
normal subjects (63, 64).

The mechanism by which normal ELF protects lung cells
against H,0, is through conversion of H,0, to H,O by catalase
(46). However, the enhanced oxidant injury induced by IPF
ELF was not associated with a deficiency of antioxidants, because
the catalase concentration of IPF ELF was consistently two to
three times the concentration of catalase in normal ELF. No
significant difference in catalase concentration was found be-
tween IPF ELF that decreased H,O, cytotoxicity and IPF ELF
that increased the cytotoxicity. Furthermore, the addition of pu-
rified human myeloperoxidase to IPF ELF that did not spon-
taneously enhance oxidant cytotoxicity provided the ELF with
the capacity to markedly enhance H,0,-mediated cytotoxicity.
These studies suggest that myeloperoxidase can overwhelm the
antioxidant properties of ELF and mediate lung cell damage.

The concept that the hypohalous anion generated at the al-
veolar epithelial surface in IPF may contribute to the lung epi-
thelial cell injury is supported by the knowledge that myeloper-
oxidase is capable of markedly increasing the cytotoxicity of
H,0, for a variety of mammalian cells (15-17, 58-62) including
lung parenchymal cells (35).

Many pieces of evidence suggest that the oxidant-mediated
cytotoxicity enhancing characteristics of IPF ELF are related to
the generation of hypohalous anion. First, the cytotoxicity-en-
hancing properties of IPF ELF were dependent on the presence
of H,0, but not O3, in that superoxide dismutase did not alter
the cytotoxicity. Second, IPF ELF myeloperoxidase levels
showed a significant correlation with the cytotoxic potential of
ELF. Third, heat-inactivating the IPF ELF markedly reduced
its cytotoxic potential, as did sodium azide, a potent myeloper-
oxidase inhibitor, suggesting that myeloperoxidase mediated the
oxidant-enhancing properties of IPF ELF. Fourth, the oxidants
produced by the reaction of HO, and myeloperoxidase include
singlet oxygen and the hypohalous anion, however, at pH 7.4
only the hypohalous anion is produced in detectable amounts
(65). Finally, methionine, a known scavenger of the hypohalous
anion, provided the epithelial cells with complete protection
against the IPF ELF. Together, these data suggest that the mech-
anisms by which IPF ELF increase epithelial cell cytotoxicity
likely relate to the formation of the highly reactive hypohalous
anion. This toxic radical is capable of oxidizing a variety of sites
in molecules, including sulthydryl groups, thioethers such as
methionine, aromatic and nitrogenous compounds, porphyrins,
and nucleotides, resulting in alterations of critical cellular com-
ponents and cell death (27, 66-68). Because IPF ELF is capable
of markedly increasing the cytotoxic potential of H,O, for lung
epithelial cells through mechanisms related to myeloperoxidase,
it is likely that toxic radicals derived from the H,O,-myeloper-
oxidase-halide system contribute, at least in part, to the severe
epithelial cell injury characteristic of IPF. Consistent with this
concept is the observation that patients with high ELF myelo-
peroxidase concentrations have a more rapid rate of functional
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deterioration, as shown by an accelerated annual rate of decline
in their vital capacity, than do patients with low levels of ELF
myeloperoxidase.

In the context of the above, it is reasonable to conclude that
alveolar epithelial cell injury in IPF is likely mediated, at least
in part, by oxidants generated by the H,O,-myeloperoxidase-
halide reaction at the alveolar epithelial surface. In this regard,
strategies to reduce the oxidant burden in IPF may be beneficial
in decreasing alveolar epithelial cell injury and consequently
reduce the progressive deterioration of these patients.
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