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Abstract

Several common pulmonary disorders characterized by mucus
hypersecretion and airway obstruction may relate to increased
levels of inhaled or endogenously generated oxidants (02 me-
tabolites) in the respiratory tract. Wefound that 02 metabo-
lites stimulated release of high-molecular-weight glycoconju-
gates (HMG) by respiratory epithelial cells in vitro through a
mechanism involving cyclooxygenase metabolism of arachi-
donic acid. Noncytolytic concentrations of chemically gener-
ated 02 metabolites (purine + xanthine oxidase) stimulated
HMGrelease by cell and explant cultures of rodent airway
epithelium, an effect which is inhibitable by coaddition of spe-
cific 02 metabolite scavengers or inhibitors of arachidonic acid
metabolism. Addition of 02 metabolites to epithelial cells pro-
voked production of PGF2,, an effect also inhibitable by coad-
dition of 02 metabolite scavengers or inhibitors of arachidonic
acid metabolism. Finally, addition of exogenous PGF2, to cell
cultures stimulated HMGrelease. Weconclude that 02 me-
tabolites increase release of respiratory HMGthrough a
mechanism involving cyclooxygenase metabolism of arachi-
donic acid with production mainly of PGF2. This mechanism
may be fundamental to the pathogenesis of a variety of lung
diseases associated with hypersecretion of mucus and/or other
epithelial fluids, as well as a basic cellular response to in-
creased oxidants. (J. Clin. Invest. 1990. 85:75-85.) airway.
mucin * oxidants

Introduction

Mucus hypersecretion characterizes a number of common
pulmonary disorders associated with exposure to inhaled or
endogenously generated oxidants. Inhalation of cigarette
smoke (1), particulate (2) and gaseous (3) air pollutants, and
hyperoxia (4) cause mucus hypersecretion and have been sus-
pected to increase the oxidant load on respiratory epithelium.
In addition, locally increased levels of chemotaxins and media-
tors of inflammation (5) may provoke release of excess 02
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metabolites from recruited neutrophils and mononuclear
phagocytes. Toxic 02 metabolites can induce a spectrum of
lesions in the respiratory tract, as well as pulmonary vascula-
ture and parenchyma, and have been associated with acute
lung injury, permeability edema, airways hyperreactivity,
small airways disease, endothelial injury, vasoconstriction,
adult respiratory distress syndrome, and fibrosis (6-8).

Hypersecretion of respiratory mucus also occurs after in-
halation of noxious gaseous (9) and particulate (10) material,
as well as in response to endogenous mediators of inflamma-
tion (1 1). A key to modulating an association between oxidant
stress and mucus hypersecretion could be activation of arachi-
donic acid metabolism within airway epithelium. Reactive ox-
ygen species can provoke release of arachidonic acid from
membrane phospholipids and activate both the cyclooxygen-
ase and lipoxygenase metabolic pathways (12). Thus, exposure
to 02 metabolites could lead to increased synthesis of several
bioactive eicosanoids which, in turn, could stimulate secretion
of airway mucus (13). Conversely, a "by-product" of both
cyclooxygenase and lipoxygenase metabolism of arachidonic
acid could be production of toxic oxygen species intracellu-
larly (14). These suggested interactions led us to postulate that
02 metabolites could stimulate release of mucinlike glycopro-
teins from respiratory epithelium through a mechanism in-
volving metabolism of arachidonic acid.

The purpose of our studies was to determine if and how
oxidant exposure stimulates release of mucinlike glycoproteins
by airway epithelium. To address these questions, the effects of
chemically (enzymatically)-generated 02 metabolites on secre-
tion/release of high-molecular-weight glycoconjugates
(HMG)' was examined in organotypic primary cultures of
guinea pig tracheal epithelial cells (15, 16) and in organ cul-
tures (explants) of guinea pig and rabbit trachea (1 1).

Methods

Sources of reagents. Healthy, infection-free guinea pigs (200-250 g
VAF/+ Hartley males) or rabbits (2 kg New Zealand White males)
were purchased from Charles River Breeding Laboratories, Inc., Wil-
mington, MA. Waymouth's MB752/1 medium, gentamycin, nystatin
and Hanks' balanced salts solution (HBSS) were obtained from Gibco
Laboratories, Grand Island, NY. Dazoxiben was a generous gift from
Hoffmann La Roche, Inc., Nutley, NJ. Xanthine oxidase isolated from
bovine milk without use of proteases (17) was kindly donated by Dr.
Joe M. McCord, University of South Alabama, Mobile, AL. PC-1

1. Abbreviations used in this paper: CAT, catalase; DMTU, dimeth-
ylthiourea; GO, glucose oxidase; HETE, hydroxyeicosatetraenoic acid;
HMG,high-molecular-weight glycoconjugates; LDH, lactate dehydro-
genase; NDGA, nordihydroguiaretic acid; XO, xanthine oxidase.
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medium was bought from Ventrex Corp., Portland, ME. Cell culture
chambers were constructed as described previously (16) or purchased
from either Millipore Corp., Bedford, MA, or Costar Data Packaging
Corp., Cambridge, MA. Matrigel was purchased from Collaborative
Research, Inc., Boston MA; vitrogen from Collagen Corp., Palo Alto,
CA; H202 from J. T. Baker Chemical Co., Phillipsburg, NJ; Agarose
CL-4b from Pharmacia Fine Chemicals, Piscataway, NJ; and Optifluor
scintillation fluid from Packard Instrument Co., Inc., Downers Grove,
IL. Glucosamine HCl[D-6-3H(N)], sp act 30 Ci/mmol, and arachi-
donic acid [5,6,8,9,1 l,12,14,15-3H(N)], sp act 60-100 Ci/mmol, were
purchased from NewEngland Nuclear, Boston, MA. All other chemi-
cals, including purine, xanthine, xanthine oxidase (XO), fl-D-glucose,
glucose oxidase (GO), indomethacin, nordihydroguiaretic acid
(NDGA), superoxide dismutase (SOD), catalase (CAT), polyethylene
glycol (PEG) and PEG-conjugated catalase (PEG-CAT), mannitol, di-
methylthiourea (DMTU), ovine testicular hyaluronidase (type VI-S),
cytochrome c, sodium azide, ammonium sulfate, and potassium thio-
cyanate, were purchased from Sigma Chemical Co., St. Louis, MO.

Organotypic culture of respiratory epithelial cells. Primary airway
epithelial cells were cultured utilizing an organotypic culture system
developed in this laboratory (15, 16). Briefly, tracheal epithelial cells
were dissociated enzymatically from excised guinea pig airways,
washed, and placed on a collagen gel atop a microporous membrane.
Cells were cultured with PC-l medium (without serum, containing
gentamycin (50 ,ug/ml] and nystatin [20 U/ml]; changed every 2 d)
beneath the cells only, with a humidified atmosphere of 95% air/5%
CO2maintained above the cells.

Organ culture of tracheal explants. Organ cultures of guinea pig and
rabbit tracheal explants were conducted as described (1 1). Explants
were rocked at 5 cycles/min at 100% humidity in 95% air/5% CO2at
37°C in 0.5 ml of serumless Wayhiouth's MB752/1 medium contain-
ing 100 gg/ml gentamycin and 25 U/ml nystatin.

Collection and measurement of released HMG. 8-d cultures were
incubated for 18 h in glucose-free PC-l medium containing 15 tCi/ml
tritiated glucosamine-HCl. Subsequently, radiolabeled medium was
replaced with fresh unlabeled medium. After incubation for 2 h (base-
line period), apical surfaces of the cultures were rinsed with HBSS, and
collected for analysis of secreted HMG.Subsequently, cells were incu-
bated with specific test substances (e.g., purine and XO; see below) or
paired controls consisting of medium (plus solubilization vehicle,
when used) without test substance for a 1-h (experimental) period, at
which time the apical washings were collected.

Baseline and experimental period media + washings were assayed
for released glycoconjugates using chromatography on Sepharose
CL-4B columns (16, 18, 19). Briefly, samples were adjusted to pH 5.0
using 0.1 Mcitric acid and then treated with 100 U/ml ovine testicular
hyaluronidase at 37°C for 18 h. Subsequently, the mixture was ad-
justed to neutral pH (7.4) with 0.2 MNaOH, placed in a boiling water
bath for 5 min, and centrifuged at low speed. Supernatants were col-
lected and applied to i X 50-cm columns of Sepharose CL-4B equili-
brated with PBS containing 0.1% (wt/vol) sodium dodecyl sulfate
(SDS). Columns then were eluted with this buffer at a constant flow
rate of 1 ml/min and fractions of 1.5 ml collected and mixed with 6 ml
of Optifluor. Disintegrations per minute were counted by liquid scin-
tillation. The sum of radioactivity in the five peak fractions of the
excluded void volume was defined as the amount of HMGin the
sample (20). Released glycoconjugates for each experiment were mea-
sured as the ratio of experimental to baseline values and expressed as
percentage of control (control = experimental/baseline for medium
alone or medium plus vehicle) as described (2 1).

In another study reported elsewhere, we analyzed the void volume
material eluting from these columns to investigate its composition
(22). The results of these studies indicated that hyaluronidase-resistant
HMGreleased by epithelial cell and organ cultures and recovered in
the void volume fractions of Sepharose CL-4B or 6B columns were
mucinlike glycoproteins. Bearing in mind that this type of analysis was
not carried out on every sample recovered in this report, we refer to the

HMGreleased by cell and organ cultures here as hyaluronidase-resis-
tant HMG,as reported elsewhere (23).

For organ cultures, explants from several animals (of a single spe-
cies) were pooled together in a 60-mm plastic petri dish and incubated
for 18 h in tritiated glucosamine. After incubation, explants were
washed extensively in HBSSto remove unincorporated label, and then
placed four at a time, randomly, into new 35-mm plastic petri dishes.
Released HMGwere measured using methods described above for cell
cultures, except that baseline and experimental time periods were 5
and 2 h, respectively.

Assessment ofcytotoxicity. After exposure to test agents or controls,
organ or cell cultures were selected at random and fixed immediately
in their dishes in 2.5% cacodylate-buffered glutaraldehyde for 24 h
before processing for scanning and transmission electron microscopy
as described (1 1, 21).

In addition, the cells were assayed for release of cytoplasmic lactate
dehydrogenase (LDH) as a marker of cytotoxicity after exposure of six
separate cultures to 02 metabolites (purine [0.02 M] + XO [0.02
U/ml]) or control medium without 02 metabolites. Since oxidants
may inhibit LDH (24), total LDH (media and cellular content) was
measured, and the percentage release of LDH calculated after a 1-h
exposure. Media and cells were separated by centrifugation at 400 g for
15 min. The cells were lysed by incubation with 0.1% Triton X-100
detergent in medium for 30 min, and the lysates recentrifuged as de-
scribed above. The supernatants from the cell lysates, and the original
medium containing released LDH, were assayed separately for LDH
content. The LDHreleased into the medium was expressed as percent-
age of cellular LDH content (24). LDHwas measured spectrophoto-
metrically at 525 nm using a commercially purchased kit (Sigma kit
no 500).

Generation of 02 metabolites. Superoxide anion (°2) was generated
extracellularly by addition of XOto purine over a range of concentra-
tions (7). Hydrogen peroxide (H202) was generated by addition of GO
to ,-D-glucose (1%) (7, 8). H202 at 0.1 and 1.0 mMalso was added
directly to the cultures. Cell or organ cultures were exposed for 1 or 2 h,
respectively.

Treatment with 02 metabolite scavengers or inhibitors of arachi-
donic acid metabolism. SOD, CAT, mannitol, DMTU, or PEG-CAT
were added immediately before addition of purine and XO. Indo-
methacin or NDGAwere added 5 min before addition of purine
+ XO. Dazoxiben was added 5 min before addition of purine + XO
(cell cultures only).

Assessment of 02 metabolite scavenging activity of inhibitors of
arachidonic acid metabolism. Xanthine and XO-mediated reduction
of cytochrome c, as described previously (25), was used to evaluate the
ability of indomethacin and NDGAto scavenge O° in vitro. The
ability of these compounds to scavenge H202 also was assessed by
measuring H202 spectrophotometrically at 480 nm as the ferrithio-
cyanate complex formed in the presence of H202, as described by
Thurman et al. (26).

Assay of arachidonic acid metabolites by high performance liquid
chromatography (HPLC). Cell cultures were incubated for 2 h at 37°C
with S ,uCi/ml tritiated arachidonic acid together with 10-9 Munla-
beled arachidonic acid (27). After incubation, cultures were washed
extensively with HBSSand placed into fresh, unlabeled control me-

dium or unlabeled medium containing purine (0.2 mM) + XO(0.02
U/ml). Cultures then were incubated for 2 h at 37°C, at which time
media from eight separate cultures were pooled. After centrifugation at
2000 rpm for 10 min at 4°C, supernatants were placed in 50-ml tubes
to which 16 ml of 100% ethanol (-20°C) was added before recentrifu-
gation at 2,500 rpm for 20 min at 4°C. Supernatants then were evapo-
rated to dryness, and resuspended in 30% methanol at -20°C for
reverse-phase HPLCusing Waters-Millipore instruments (Waters Mil-
lipore Corp., Bedford, MA) and an Ultrasphere ODS-5g column
(Beckman Instruments, Inc., Palo Alto, CA) (4.6 X 250 mm). Two
pumps (Waters model 510) were connected to a U6K injector pre-
viously fitted with a 2-ml loading loop. Pumps were driven by an
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automated gradient controller (Waters model 680). A Waters-Milli-
pore precolumn (RCSS-C18) was used to protect the Beckman col-
umn. Absorbance of the eluant was detected with a variable wave-
length detector (Waters model 481 LC spectrophotometer).

Absorbance was monitored at 280 nm for the first 55 min of each
run, at which time the wavelength monitor was switched to 229 nm for
the last 35 min. Chromatographs were recorded on a Waters Data
Module 740. The solvent system was contained in two reservoirs, each
supplying a single pump. One reservoir was filled with 100% methanol,
the other with 10% methanol and 0.8% acetic acid, maintained at pH
6.2. The concentration of methanol in the mobile phase was 50.5% for
the initial 24 min of each run, 59.5% for 24-55 min, 73% for 55-75
minutes, and 100% for the final 15 min. The flow rate was adjusted to I
ml/min, and the eluant was collected in 1 -ml fractions. At the end of
the procedure, 100 Ml of each fraction was mixed with 5 ml of scintil-
lation fluid (Optifluor) and the radioactivity counted as disintegrations
per minute in a counter (Pharmacia/LKB Corp., Piscataway, NJ). The
remainder of the collected fractions was used for RIA (see below).
Radioactive standards for each metabolite were tested regularly to
check the separation efficiency of the column and retention times of
the different metabolites. A total of four replicate experiments were
conducted.

Measurement of arachidonic acid metabolites by RIA. RIA was
performed on HPLC fractions using kits purchased from Amersham
Corp. (Arlington Heights, IL). To avoid interference with RIA by
HPLCsolvents present in the collected fractions, samples were evapo-
rated under N2 and resuspended in 100 ,ul of the respective assay
buffers. For peptidyl leukotrienes (LTs) RIA sensitivity was 5 pg per
tube, and RIA cross-reactivity was 100% for LTC4, 64% for LTD4 or
LTE4, and < 0.00 1%with LTB4. For LTB4, RIA sensitivity was 1.5 pg

per tube, and RIA cross-reactivity was < 0.05% with peptidyl LTs,
hydroxyeicosatetraenoic acids (HETEs), or cyclooxygenase products.
For PGF2., RIA cross-reactivity was 1.5% with PGFI., 0.01% with
PGE2, 0.07% with PGEI, 2.74% with PGD2, 0.7% with thromboxane
B2, and < 0.01% with arachidonic acid. Each RIA was conducted on
duplicate samples from four replicate experiments.

Evaluation of statistical significance. Results were evaluated using
either Student's t test or the Scheffe procedure for multiple analysis of
variance with differing sample size (28, 29). A P value of < 0.05 was
considered significant.

Results

Effects of 02 metabolites on release of HMG. Addition of in-
creasing concentrations of XOto purine progressively in-
creased release of HMGby cultured respiratory epithelial cells
(Fig. 1) and tracheal explants (Fig. 2). f3-D-glucose + GO, while
generating H202, did not stimulate HMGrelease by cell cul-
tures or tracheal explants. Direct addition of H202 at 0.1 and
1.0 mMto the cell cultures also did not affect HMGrelease.
Addition of purine + XO isolated without use of proteases
stimulated HMGrelease by cell cultures (data not shown), but
purine + heated (90'C for 30 min) XO did not stimulate
release of HMGin either system. Scanning and transmission
electron microscopic examination of cell and organ cultures
did not reveal morphological signs of toxicity: cell sloughing,
membrane alterations (such as blebbing), mitochondrial
swelling, and vacuolization were not observed in purine
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Figure 1. Effect of exposure to oxygen metabolites on HMGrelease by guinea pig tracheal epithelial cells in culture. Addition of increasing con-
centrations of xanthine oxidase with 0.2 mMpurine elicited a concentration-dependent increase in HMGrelease. Addition of xanthine oxidase
also enhanced secretion significantly even without addition of purine. Heating xanthine oxidase to 90°C for 30 min (m) abolished the stimula-
tory response. Glucose + glucose oxidase did not increase HMGrelease. All values are means± 1 SEM, expressed as percentage of control for
8-16 determinations. Each asterisk indicates values that are significantly different (P < 0.05) from control values based on the Scheffe proce-
dure for multiple analysis of variance (28, 29).
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HMGrelease. All values are means±l SEMfor 8-16 replicate experiments. Each asterisk indicates a significantly different (P < 0.05) value
from control value based on the Scheffe procedure for multiple analysis of variance (28, 29).

+ XO-treated samples (Fig. 3). In addition, release of LDHby
purine + XO-exposed cells was similar to control cells: control
cultures released 5.37±1.1% of total (cell + medium) LDH
compared with 7.44±2.3% of total for 02 metabolite-exposed
cells (Total LDH in control and 02 metabolite-exposed cells
per milligram of protein were nearly identical.) Thus, 02 me-
tabolites appeared to stimulate release of HMGwithout caus-
ing overt cellular damage or lysis.

Effects of scavengers on 02 metabolite-stimulated HMG
release. Addition of SOD, PEG-CAT, or DMTUinhibited the
stimulatory effects of purine + XOon HMGrelease in both
cell (Fig. 4) and organ cultures (Fig. 5). In contrast, addition of
CAT, mannitol, or PEGwithout CATdid not alter the stimu-
latory effect of purine + XOon HMGrelease by cell or organ
cultures. Neither PEGalone, CAT alone, nor PEG-CAT sig-
nificantly affected constitutive (nonstimulated control) levels
of HMGrelease.

Effects of arachidonic acid metabolism inhibitors on 02
metabolite-stimulated HMGrelease. Addition of either indo-
methacin or NDGAinhibited HMGrelease from cells (Fig. 6)
or explants (Fig. 7) treated with purine + XO. However, addi-
tion of dazoxiben, a thromboxane synthetase inhibitor, did not
alter purine + XO-stimulated HMGrelease by cell cultures
(Fig. 6). Indomethacin and NDGA(except at lo-5 M) did not
scavenge superoxide anion or H202 in vitro (data not shown)
suggesting that 02 metabolites provoked release of HMGvia
stimulation of arachidonic acid metabolism.

Assay of cell culture medium for arachidonate metabolites.
As illustrated in Fig. 8, HPLCfractionation of culture medium
revealed certain prominent peaks in supernatants from 02 me-
tabolite-exposed cells compared to untreated control cells. Me-
dium from control cells showed major peaks which corre-
sponded in retention times to PGE2, PGD2, PGF2., LTC4,
and 5-, 12-, and 15-HETE standards. After exposure to purine
+ XO for 1 h, enhanced peaks were observed at retention
times corresponding to PGFu, 5-HETE, and 15-HETE. Fur-
thermore, sensitive RIA quantification of HPLCpeaks for the

appropriate metabolites corresponding to retention times of
standards revealed that only PGFU, 15-HETE, and 5-HETE
were increased significantly in the medium of cell cultures
exposed to purine + XO(Table I).

Effects of arachidonate metabolites on HMGrelease. Based
on results of HPLCand RIA experiments, a range of concen-
trations of PGF2. and 5- and 15-HETE were added to cell
cultures to determine their effects on HMGrelease. As illus-
trated in Fig. 9, only PGFu increased HMGrelease signifi-
cantly.

Effects of 02 metabolite scavengers or arachidonic acid me-
tabolism inhibitors on PGF2a production. As illustrated in
Table II, addition of purine + XO increased production of
PGFu by cell cultures. Purine + XO-induced increases in
PGF2a were inhibited by coaddition of PEG-CAT, DMTU,
NDGA,or indomethacin. In contrast, addition of mannitol or
CATnot bound to PEGdid not inhibit 02 metabolite-stimu-
lated increases in production of PGF2a, a finding which corre-
sponded to the lack of effect of these agents on 02 metabolite-
stimulated HMGrelease (Fig. 4).

Discussion

We found that 02 metabolites generated extracellularly by
purine + XOprovoked a concentration-dependent stimula-
tion of HMGrelease by cell cultures and explants of rodent
respiratory epithelium. Since 02 metabolites stimulated re-
lease of HMGby epithelial cells in monolayer culture as well
as in explants, secondary interactions of 02 metabolites with
other cell types (such as connective tissue cells, mast cells,
leukocytes, or platelets) are effectively precluded, and a direct
action of 02 metabolites upon epithelial cells is indicated.
Moreover, it also is unlikely that proteases contaminating the
XOare responsible for provoking mucin secretion, since XO
isolated from bovine milk without use of proteases (as opposed
to the purification procedures used with most commercial
preparations) gave similar results.
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Figure 3. Ultrastructural appearance of epithelium from cultured cells and explants after exposure to a stimulatory concentration of purine (0.2
mM)+ XO(0.02 U/ml) for 2 h: (A) scanning and (B) transmission microscopic appearance of cells within an 8-d-old culture of guinea pig tra-
cheal epithelium (C) Scanning and (D) transmission microscopic appearance of cells within an explant of guinea pig trachea. Surface epithelial
cells appear intact and viable, with no signs of cell sloughing, membrane alterations, cytoplasmic or mitochondrial swelling, or disrupted cell-
cell junctions or interfaces. (A) X1,700; (B) X4,350; (C) X1,900; (D) X3,325. a, air interface; col, collagen substrate; L, luminal aspect.
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Enhanced release of HMGdid not appear related to a non-
specific toxic response to the 02 metabolites. Ultrastructural
examination of explants and cell cultures after exposure to
stimulatory concentrations of purine + XO did not reveal
morphological signs of toxicity, such as membrane blebbing,
cell swelling, and/or vacuolization in the epithelial cells. In
addition, release of LDH, a marker of cytotoxicity, was not
increased after incubation with 02 metabolites for 1 h. Thus,
02 metabolite-mediated HMGrelease appeared to be an active
phenomenon, and not merely a passive leakage of cellular
contents due to nonspecific cellular lysis.

The cellular source(s) of the released HMGcould not be
determined from these experiments. It has been reported that
macromolecular secretions in the airway lumen can originate
from several cellular locations, such as the glycocalyx of sur-
face-ciliated and secretory cells, and/or intracellular granules
(20). Material from intracellular origins and cell surfaces both
can be released upon appropriate stimulation, including exo-
cytosis, cell surface shedding, and exposure to external stimuli,
such as proteases (20). Accordingly, 02 metabolites could have
stimulated release of both cell surface-associated and intracel-
lular HMG.

Although the results clearly indicate that 02 metabolites
stimulate HMGrelease, identification of the specific 02 me-
tabolite(s) responsible for this effect is not simple since the
various species are quite reactive, often reacting with each
other. For example, O2 formed by the action of XOupon

purine is rapidly dismutated to H202, which in turn is con-
verted, in the presence of Fe2 , to hydroxyl radical ( * OH) (30).
Q2 also can contribute to formation of - OHby converting
Fe3+ to Fe2 . Wefound that addition of the 02 scavenger SOD
inhibited partially the stimulatory response to purine + XO,
implicating °2 (at least in part) in stimulation of HMGre-
lease. Surprisingly, H202 per se did not appear to be involved
in stimulated release. This was indicated by the results of sev-
eral experiments. Addition of CAT, a scavenger of H202, did
not alter purine + XO-induced HMGrelease. Since neither
enzymatically generated H202 (addition of glucose + GO) nor
H202 added directly to the cells enhanced HMGrelease, a
direct role for extracellularly added H202 in the stimulatory
response to purine + XO was not indicated. However, the
stimulatory response to purine + XOwas inhibited in both cell
and organ cultures by addition of CAT coupled to PEG, a
procedure which facilitates entry of CAT into cells (31). Since
PEG-CAT has both H202- and - OH-scavenging properties,
one possible interpretation is that exposure of respiratory epi-
thelial cells to extracellularly generated 02 metabolites may
stimulate production of oxygen free radicals intracellularly,
and it is these intracellularly generated active oxygen species
which act to provoke HMGrelease. In support of this concept,
HMGrelease also was inhibited after addition of the permeant
H202 and * OHscavenger, DMTU, but not by addition of the
relatively weak and impermeable * OHscavenger, mannitol
(32). Thus, it would appear that intracellular production or
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Figure 6. Effect of addition of inhibitors of arachidonic acid metabo-
lism on release of HMGfrom guinea pig tracheal epithelial cell cul-
tures stimulated by purine + XO. Addition of either indomethacin
or NDGAinhibited HMGrelease stimulated by purine + XO. By
comparison, addition of the thromboxane synthetase inhibitor dazox-
iben did not alter purine + XO-stimulated HMGrelease. All values
are means± 1 SEM, expressed as percentage of control for eight deter-
minations at each point. Each asterisk indicates values that are sig-
nificantly different (P < 0.05) from control values as assessed by the
Scheffe procedure for multiple analysis of variance (28, 29).

intracellular activity of 02 metabolites is involved integrally in
the stimulatory effect of purine + XO in tracheal epithelial
cells.

The stimulatory effect of 02 metabolites on HMGrelease
appeared to be mediated by PGFu. First, inhibition of cy-
clooxygenase metabolism of arachidonic acid inhibited purine
+ XO-induced HMGrelease. Secondly, analysis by HPLCof
culture media from cells exposed to purine + XO showed
increased peak heights corresponding to PGFu, 5-HETE, and
1 5-HETE. However, only addition of exogenous PGFu to cell
cultures provoked HMGrelease, whereas addition of 15-
HETE (previously reported to be stimulatory to secretion of
mucin in canine airways [33]) and 5-HETE did not affect
HMGrelease (Fig. 8). Moreover, when separate HPLC frac-
tions corresponding to PGFu (or other possibly stimulatory
metabolites: PGD2, PGE, LTC4, LTD4, LTE4, and LTB4)
were analyzed by RIA, the only significant change after expo-
sure to purine + XOwas in the amount of PGFu. Thirdly,
addition of 02 metabolite scavengers which inhibited purine
+ XO-stimulated HMGrelease (SOD, PEG-CAT, DMTU)
also inhibited synthesis of PGF2a by the epithelial cells,
whereas addition of scavengers that did not inhibit HMGre-
lease (mannitol, free CAT) did not inhibit production of
PGFu,. Fourthly, addition of indomethacin or NDGAde-
creased both PGFu production and mucin secretion, but in-
domethacin (and NDGAat concentrations above 10-' M) did
not scavenge °2 or H202 in a cell-free system.

The effect of NDGAin inhibiting stimulated HMGrelease
is somewhat puzzling, inasmuch as NDGAtreatment mim-
icked the effects of indomethacin and inhibited increased
HMGrelease after 02 metabolite exposure (Figs. 6 and 7).
Moreover, unlike indomethacin, NDGAdid not decrease
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constitutive production of PGFu, but did inhibit 02 metabo-
lite-stimulated PGFu production (Table II). Although NDGA
can inhibit both cyclooxygenase and lipoxygenase, its effects
on cyclooxygenase metabolism are usually manifest at a higher
concentration than those used here. A possible explanation is
that NDGAat 10-6 Mmay have acted as a scavenger of 02
metabolites in these in vitro systems, although not appearing
to do so in a cell-free system at concentrations lower than IO-'
M. Conversely, NDGAmay have partially affected cyclooxy-
genase metabolism. While the exact mechanism of NDGA

Table I. Effects of Oxygen Metabolites on Production
of Arachidonate Metabolites by Guinea Pig Respiratory
Epithelial Cell Cultures

Arachidonate
metabolite Untreated control cultures* Purine + XO-treated cultures*#

pg/1i 00 gd per 10' cells pg/1 00 ul per 105 cells

Ir PGFua 9.4±2.6 38.0±1.9"
Ir 15-HETE 7.8±2.2 21.2±5.6"
Ir 5-HETE 5.7±1.3 9.9±1.0"
Ir PGE2 1.3±1.1 1.7±0.91
Ir PGD2 9.8±1.8 11.9±2.1'
Ir LTB4 2.0±0.4 2.4±0.2'
Ir LTC4 16.9±1.7 17.8±2.8'
Ir LTD4 11.9±0.8 11.1±1.2'
Ir LTE4 10.7±1.4 15.5±3.6'

Ir, immunoreactive.
* Values are means± 1 SEMfor four replicate experiments.
t Values are derived from radioimmunoassay of HPLCpeaks corre-
sponding to retention times for each metabolite. See Methods.
8Cultures exposed to purine (0.2 mM)+ XO(0.02 U/ml) for I h.
1Value significantly different (P < 0.05) from untreated control
values as assessed by Student's t test (28).
'Value not significantly different (P > 0.05) from untreated control
values as assessed by Student's t test (28).

J Figure 7. Effect of addition of inhibitors of arachidonic acid
metabolism on release of HMGby rodent tracheal explants
stimulated by purine + XO. Addition of either indometha-

H cin or NDGAto guinea pig (o) or rabbit (a) explants inhib-
ited HMGrelease stimulated by purine + XO. All values
are means± I SEM, expressed as percentage of control for 12
determinations at each point. Each asterisk indicates values
which are significantly different (P < 0.05) from control
values as assessed by the Scheffe procedure for multiple
analysis of variance (28, 29).

inhibition of 02 metabolite-stimulated HMGrelease and
PGF2, production remains to be resolved, thromboxane does
not appear to be involved in this response since the thrombox-
ane synthetase inhibitor, dazoxiben, did not decrease oxidant-
stimulated HMGrelease. The latter finding indicates that the
arachidonic acid response to purine + XOof respiratory epi-
thelium is different from that of isolated perfused lung (7).

Exposure of rodent airway epithelium to 02 metabolites
appeared to provoke HMGrelease via a PGF2a-dependent
mechanism, possibly involving an autocrine or paracrine type
of stimulation. Obviously, other eicosanoids or their numer-
ous metabolites which were not assayed nor tested for their
effects on HMGrelease also could be involved in mediating 02
metabolite-induced HMGrelease. Many of these compounds
can be quite potent, even at very low concentrations. In addi-
tion, many of these lipid mediators, including HETESand
LTs, can act synergistically in modulating various cell func-
tions. A further complicating factor is the ability of arachi-
donic acid itself to stimulate HMGrelease at 10-5 to 10-8 M
(data not shown). Complex bidirectional interactions between
intracellular free radicals and arachidonic acid metabolism
have been reported: oxygen free radicals are generated during
the course of arachidonic acid metabolism (14), and, con-
versely, intracellular 02 metabolites stimulate arachidonic acid
release and metabolism (34). However, these theoretical con-
siderations do not alter the findings reported here that indicate
epithelial-derived PGFAis a major contributor to respiratory
HMGrelease after exposure to 02 metabolites. PGF2. is a
major cyclooxygenase product of respiratory epithelium in
several species (27) and, accordingly, may play an important
role in modulating airway secretion under normal (constitu-
tive) conditions and in response to a number of exogenous and
endogenous stimuli.

In concordance with our findings, 02 metabolites have
been linked to stimulation of arachidonic acid metabolism in a
variety of cell types. Oxygen radicals (34), ozone (35), hyper-
oxia (36), and lipid oxidants (37) enhance both cyclo- and
lipoxygenase metabolism of arachidonic acid, probably
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Figure 8. Profile of [3H] eicosanoid production by radiolabeled
guinea pig epithelial cells in culture, as determined by reverse-phase
HPLCseparation of the culture medium. (A) Radiolabeled metabo-
lites produced by cultures exposed to purine (0.2 mM)and XO0.02
U/ml) for I h. Elution times of cyclooxygenase and lipoxygenase
standards, as measured by ultraviolet absorbance, are indicated
above this profile. (B) Radiolabeled metabolites produced by control
cultures exposed only to medium with no additions for 1 h. Expo-
sure to purine + XOappeared to stimulate production of arachidon-
ate metabolites at approximate retention times of 26, 77, and 84
min, corresponding to standards of PGF2,, 15-HETE, and 5-HETE,
respectively. Each point is the mean for assays done on four separate
samples.

through activation of cellular phospholipase A2, an enzyme

that catalyzes release of arachidonic acid from membrane
lipids (38). In particular, explants of guinea pig gallbladder
exposed to exogenously generated 02 metabolites showed en-

hanced mucin secretion which was inhibitable by addition of
indomethacin or scavengers of H202 and OH(39). Relatedly,
bovine bronchial epithelial cells produce (and release) H202 in
response to a variety of inflammatory stimuli, including plate-
let-activating factor, phorbol myristate acetate (PMA), LTB4,
ionomycin, and neutrophil-derived elastase (40). It is of inter-
est that many of these same inflammatory mediators: platelet-
activating factor (11), PMA(41), and elastase (20, 21) also
stimulate secretion/release of mucinlike glycoproteins by air-
way epithelium.

Generation of active 02 metabolites, metabolism of ara-

chidonic acid, and secretion/release of various macromole-
cules may be interdependent processes in many epithelial tis-
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Figure 9. Effect of addition of arachidonate metabolites on HMGre-
lease by guinea pig epithelial cell cultures. Addition of PGF2. (-)
over a range of concentrations stimulated HMGrelease, whereas 15-
and 5-HETE (A and ., respectively) did not alter HMGrelease. All
values are means± 1 SEM, expressed as percentage of control for
eight determinations at each point. Each asterisk indicates values
which are significantly different (P < 0.05) from control values as as-
sessed by Student's t test analysis (28).

sues. In the respiratory airways, these interconnected mecha-
nisms could be central to pathological secretion of respiratory
mucus and resultant airway obstruction after inhalation of a
variety of xenobiotic compounds, as well as following expo-
sure to increased local levels of endogenously generated in-
flammatory and immune mediators which can recruit 02 me-
tabolite-releasing neutrophils and mononuclear cells to the im-

Table II. Effects of Oxygen Metabolites on Production of PGF2a
by Guinea Pig Respiratory Epithelial Cell Cultures

I, PGF2h
accumulation in

Addition medium**

pg/1 00 id per IO' cells

None 12.3±2.6 (8)
Purine (0.2 mM)+ XO(0.02 U/ml) 51.9±6.7§ (8)
Purine (0.02 mM)+ XO(0.02 U/ml)

+ "Unbound" Catalase (200 ,g/ml) 39.9±5. If (3)
Mannitol (40 mM) 43.7±2.1§ (3)
SOD(200 Ag/ml) 21.1±6.91 (3)
PEG-CAT(2,500 U/ml) 15.8±3.31 (3)
DMTU(40 mM) 18.7±4.111 (3)
Indomethacin (1l -5 M) 1. I ± 1.0§ (3)
NDGA(10-6) 11.4±3.7"1(3)

* All values are means± 1 SEM. Values in parentheses are numbers
of replicate experiments.

Values are derived from radioimmunoassay of HPLCpeaks corre-
sponding to retention time for PGFu. See Methods.
§ Value significantly different (P < 0.05) from untreated control
values as assessed by Scheffe procedure (28, 29).
11 Value not significantly different (P > 0.05) from untreated control
values as assessed by Scheffe procedure (28, 29).
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mediate vicinity of airway epithelium. Indeed, over 60%of the
cells at the air-surface interface of human upper airways con-
sist of neutrophils and macrophages (42). Regardless of their
origin, toxic 02 metabolites can have a variety of deleterious
effects within the lung and airways, and may mediate several
pathological processes. Our studies extend these findings by
demonstrating that an additional effect of 02 metabolites may
include PGF2a-dependent stimulation of HMGrelease by tra-
cheobronchial epithelium. This pathogenetic mechanism
could relate oxidant injury to hypersecretion of mucus and/or
other macromolecules, and the resultant compromised pulmo-
nary defense mechanisms may thereby increase susceptibility
to acute and chronic obstructive disease (43).
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