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ABSTRACT: Nitrogen dioxide (NOJ, is a major air pollutant, that causes bron
choconstriction and bronchial hypcrreactivily, and may al'iO lead to damage and inflam
mation of the airway epithelium. We have cultured human bronchial epiU-.eliaJ cel.l5 and 
investigated the effect of exposure to N01, for 20 min on epithelial cell membnme 
int.egrity and function ;, 11iJro. 

Epithelial cell membl'ane damage and permeability were assessed by release of 51Cr 
from prelabelJL'Cl cells, and movement of 14C-Iabelled bovine serum albumin (BSA) 
acroos the bronchial epithelial ceU monolayers. Ciliary beut frequency (CBF) of the cells 
was monitored by the analogue contrast enlumcement technique, and amchjdonic acid 
(AA) metabolism was investigated by analysis of rndiolabeUed AA metabolites g('nernt
ed from cultures prelabeUed by incubation witb PHJ-arscbidonic acid. 

Exposure to 400 and 800 pans per billion (ppb) NOl significantly increased the 
release of 51Cr from 0.9±0.4%, in control cu.ltures expoSt.'<.l to 5% C01 in air, to 
9.7±3.2% and 13.9±3.5%, respectively. Similarily, N01 also significantly increased the 
movement of1"C-BSA ~the epithelial monol.ayers from 1.3±0.2%, in control cultures, 
to 2.7±0.2%, 3.8±0.4% and 5.1±0.5%, respectively, in cultures exposed to 100, 400 and 
800 ppb N01• Although N01 attenuated the CBF of the cells at aU concentrations inves
tigated, this was significant only at the concentration of 2,000 ppb N01• Studies of AA 
metabolLmt demo~1rdted that the epithelium cel.l5 synthesised prostaglandin El (PGEJ, 
leukOOiene C4 (LTC.J and Jl.. and 15-bydroxyeicosatefraenoic acid (HErE), constitutively, 
and that exposure to 400 and 800 ppb N01 led to significant generation of LTC4 (range 
7.0±2.1 to 43.7±6.4 fmoi·~-Lg-1 cellular protein). 

Tbest! studies suggest that acute e:q>oSUI"C of human bronchial epithelial cells to N01 
may lead to detrimental cell membrane and functional changes and, consequently, play 
a role in the aetiology of airways disease. 
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Pollutants, such as nitrogen dioxide, ozone and, to a 
lesser extent, sulphur dioxide, resulting from increased use of 
motor vehicles and increased combustion of fossil fuels, 
may play an important role in the development of airways 
disease. Epidemiological studies in children [1, 2], and 
adults [3], have demonstrated a strong Link between cough 
and infections of the lower respiratory tract. and episodes of 
air pollution resulting from ve!Ucle exhaust emissions and 
burning of liquid petroleum gas or kerosene. 

Studies of nitrogen dioxide (NOJ have suggested that it 
is a major pollutant, capable of inducir1g pulmonary damage. 
AJU1ough this agent does not produce significant alterations 
in airway fwx:tion in heaJthy volunteers at low concentrations 
[4, 5], it induces bronchoconstriction and bronchial hyper
reactivity at IUgher concentrations [6]. Asthmatics, however, 
have increased sensitivity to this agent, leading to bronchial 
constriction and hyperreactivity at concentrations as low as 
400 ppb of N02 [5, 7]. 

The precise mechanism(s) underlying the effects of expo-

sure to N02 have not been elucidated. It is possible, that 
N02-induced airway hyperreactivity may be mediated via 
oxidative free radicals, since hyperresponsiveness to metha
choline in nonnal subjects can be prevented by prelrealment 
of these subjects with antioxidants, such as ascorbic acid 
[8]. Also, it has been proposed that short-term exposure to 
N02 may lead to an increase in bronchial tone as a result of 
release of mediators, such as histamine [9] and leukotriene 
B4 [10). More recently, SANI)S"ffiClM and eo-workers [11, 12] 
have suggested that N02 may induce an inflammatory cell 
response. Studies in animals have demonstrated that expo
sure to N02 affects the lung defence mechanisms, including 
effects on mucociliary clearance, the alveolar macrophage 
and the immune system [13], and that the terminal bron
chioles are the major sites of N02-induced injury [14-16]. 
The effects at the epithelium include ciliary loss, loss of cil
iated cells, hyperplasia, epithelial flattening, damage to sur
face membranes and severe disruption of interepithelial 
tight junctions. 
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In view of the likely occurrence of airway epithelial cell 
damage following inhalation of N02, our aim was to inves
tigate the effect of exposure to NO~ for 20 min, on human 
bronchial epithelial cell membrane integrity and pem1eabil
ity, ciliruy activity and the metabolism of arachidonic acid by 
these cells in vitro. 

Materials and methods 

All chemicals and reagents were of tissue culture grade 
and, unless otherwise stated, were obtained from the Sigma 
Chemical Co. (Poole, UK). 

Bronchial tissue 

Bronchial tissue was obtained from 12 patients (eight 
male and four female, mean age 67 yrs. range 53-80 yrs), 
all of whom were smokers and undergoing lobectomy or 
pneumonectomy for squamous cell carcinoma of the lung, at 
St Bartholomew's Hospital, London. Following resection, 
tissue which appeared macroscopically free of tumour and 
deemed to be "nonnal" by the operating surgeon was col
lected and processed, within 0.5 to 1 h of resection, for tissue 
culture. 

Isolation, culture and identification of bronchial epithelial 
cells 

Bronchial epithelial cells were cultured by an explant 
cell culture technique, developed in our laboratory and des
cribed in detail previously [17). Briefly, 2-3 sections were 
explanted into either untreated 35 mm diameter Falcon® 
"Primaria@ " plastic culture dishes (Becton Dickinson Ltd, 
Oxford, UK) or into 9 mm diameter Falcon® cell culture 
inserts, with 0.45 Jlill pore size microporous membranes 
(Becton Dkkinson Ltd. Oxford, UK) and incubated, at 
37°C in a 5% C02 in air atmosphere, in freshly prepared 
and micropore filter-sterilized culture medium; containing 
2.5 mJ Nu-serum iv {Flow Laboratories, Scotland, UK), 
250 f..lg bovine pancreatic insulin, 250 f..lg human transferrin, 
36 f..lg hydrocortisone, 3 mg L-glutamine and 1 rnl of the 
antibiotics/antimycotic solution, in 100 rnl Medium 199. 
Explants cultured in dishes and cell culture inserts were 
incubated in 2.5 and 0.4 rnl medium, respectively, and ob
served for cell outgrowth over 2-3 weeks, until the cells had 
grown to contluency. 

The purity of the cultures and the identity of the cells was 
confirmed by: I) light microscopy; 2) electron microscopy; 
and 3) indirect immunoperoxidase staining techniques, using 
spcci.fic monoclonal antibodies directed townrds cytoker
atin and specific ciliated epithelial cell antigens L 17]. 

Exposure of epithelial cell cultures to N01 

Exposure of cells to N02 was carried out in an airtight 
polycarbonate chamber, with a capacity of 5.5 I. Gas mix
tures containing different concentrations of N02 were gen
erated by diluting a 20 parts per million (ppm) N02 in air 

"Spectraseal" grade stock ga~ mix (BOC Special Gases, 
London, UK) with a 5% C02 in air gas mix, using a 
Quantitec Model QC 101 gas blender (Quantitec Ltd, Milton 
Keynes, UK). The concentration of N02 in the fmal gas 
mix to be investigated was assessed and confirmed by the 
use of a CEA Instruments Inc. Model TGM 555 N02 mon
itor (Quantitec Ltd, Milton Keynes, UK). The cultures 
were exposed to 0 to 2,000 parts per billion (ppb) N02 for 
20 min at room temperature (23-25°C), at a flow rate of 1.5 
l·min·•. Efficient exposure to the final gas mix was achieved 
by gently tilting the exposure chamber, alternately, at inter
vals of 2.5 s, to an angle of 10° from the horizontal, every 
90° in the horizontal plane on a Luckham 4RT rocking 
table (Luckham Lrd. Burgess Hill, UK) (fig. I), thereby 
momentarily displacing approximately half the medium 
covering the surface of the culture plate during each tilt. 
Following exposure, the cells were incubated further for up 
to 24 h, at 37°C in humidified 5% CO~ in air, and during 
this incubation each culture was assessed for changes in 
either: 1) release of s•cr from cells labelled with sodium 
chromate; 2) movement of radiolabelled bovine serum 
albumin (14C-BSA) across the epithelial cell monolayers; 3) 
ciliary beat frequency (CBf); or 4) generation of arachidonic 
acid metabolites. 

Appropriate controls were also prepared by exposing 
cultures to 5% C02 in air in the exposure chamber for 20 
min, and then treating further as for the test cultures. 

Estimation of nitrogen dioxide solubilized in culture mediwn 

The solubility of N02 in the medium was assessed by 
measurement of the azo.dye formed as a result of tl_le reac
tion between N02 and Lyshkow's reagent [18], at 550 nm. 
At this wavelength, the intensity of the azo-dye fonned is 
direclly proportional to the concentration of the N02 solu
bilized in the medium. 

Culture dishes containing 2.0 ml of phenol red-free 
Medium 199 (Gibco BRL, Paisley, Scotland, UK), con
taining I% SF-I serum free supplement (Northumbria 
Biologicals Ltd, CramJington, UK) and .1.7% Lyshkow 
reagent, were exposed to L00-2,000 ppb N02 for 20 min. in 
the airtight polycarbonate exposure chamber. as above. 
Following exposure, U1e culture dishes were equilibmted 
at 37°C in a 5% col in air for 1 h, and the medium from 
each dish was analysed for pH. osmolarity and absorbance 
at 550 nm. Osmolarity of the medium was monitored by 
use of a Roebling Type 11 automatic micro-osmometer 
(Camlab Ltd. Cambridge, UK). and the absorbance at 550 
nm was measured by injecting l11e medium directly into the 
sample cell of the Model TGM 555 N01 monitor. The 
amount of N02 dissolved in the medium was estimated 
from a standard curve, prepared by derermining the absolute 
absorbance produced by the direct reaction of Lyshkow's 
reagent and gas mixtures of known concentrations of N02, 

in the N02 monitor. 

Estimation of epithelial cell membrane damage 

· Epithelial cell membrane damage was assessed by esti
mating the release of s•cr from cells with mdiolabelled 
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Fig. I. - Schematic diagram of system for exposure of cultures to N02• 

sodium chromate (Amersham International plc, Amersham, 
UK). Prior to exposure to N02, explants were removed 
from 2-3 week old confluent cultures and the cells incubated 
overnight in the presence of 2.0 IJ.Ci ($1Cx'] sodium chromate. 
Following this incubation the culture medium was decanted 
and the cells were washed gently with Medium 199, to 
remove any radiolabel not incorporated into the cells. 
Immediately prior to exposure to N02, 200 IJ.l aliquots of 
culture medium were collected from each culture and stored 
on ice until analysis. The cultures were then exposed to 
N02 for 20 min, as described above, and further incubated 
for I h at 37°C in 5% C02 in air. At the end of incubation, 
the medium was collected and the cells were gently washed 
with 1.0 ml fresh ice-cold medium. The culture medium 
and the wash were pooled and the adherent cells were 
scraped off into 3.0 ml Medium 199. Two hundred micro
litre aliquots of all samples were mixed with 5.0 ml of 
Ready-Solv@ CP scintillation cocktail (Beckman-RllC Ltd, 
High Wycombe, UK) and monitored for radioactivity, in a 
Beckman LS 1800 scintillation counter (Beckman-RllC Ltd, 
High Wycombe, UK). Radioactivity released into the medi
um was calculated as a percentage of total in the culture, 
according to the formula: 

Total CPM in medium 
- ----------- --- xlOO 
Total CPM in medium + Total CPM in cell pellet 

All results were expressed as the percentage radioactivity 
released into the medium, above baseline levels. 

Estimation of epithelial cell permeability 

Bronchial epithelial cell permeability was assessed by 
estimating the movement of 14C-BSA (Amersham Interna
tional plc, Amersham, UK) across epithelial cell monolayers 
established in cell culture inserts. Explants were removed 
from confluent cultures, and the cells in the inserts were then 
allowed to overgrow the area of the culture membrane left 
barren on removal of the explant. Prior to exposure to 
N02, fully confluent cultures were washed gently with fresh 

N0
2 

monitor 

Culture dishes 

culture medium and then incubated in the presence of 0.025 
1J.Ci '4C-BSA. After incubation for 30 min. 200 Ill aliquots 
of medium in each insert well were monitored for radio
activity, as above, and if this wac; found to be less than 0.5% 
of the total added into the insert, the culture was exposed 
to a specific concentration of N02, as described above. In 
this manner, at least six separate cultures each were exposed 
to each concentmtion of N02 for 20 min. and then further 
incubated for I h at 37°C in 5% C02 in air. At the end of 
incubation, the medium in each well was collected and 
again analysed for radioactivity, as above. 

Estimation of epithelial cell ciliary beat frequency (CBF) 

In contrast to cultures used in investigations of the effect 
of N02 on epithelial permeability, 2-3 week old cultures 
established on tissue culture plates were used for these 
studies. CBF of the cells was measured by a modification of 
the analogue contrast enhancement technique, as described 
previously [17]. 

Prior to treatment, each culture was equilibrated for 2 min 
at room temperature, and monitored for the "baseline" CBF 
in at least six randomly chosen areas of ciliated cells, the 
positions of which, in the dish, were accurately noted with 
a horizontal and a vertical Vernier scale on the microscope 
stage. At least six separate cultures were exposed to each 
concentration of N02 or 5% C02 in air for 20 min. and then 
further incubated for 1 h, at 37°C in 5% C02 in air. At the 
end of this incubation, the cultures were equilibrated again 
for 2 min at room temperature, and monitored for CBF in 
the same areas as at the beginning of the experiment. 

The CBF in each culture was calculated a"> the mean over 
six areas within the culture, at baseline and after I h of incu· 
bation, and expressed ac; % attenuation, from baseline, after 
1 h. 

Estimation of arachidonic acid metabolites 

Prior to exposure to N02, cultures established in culture 
dishes were incubated for 24 h in culture medium further 
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supplemented with 1% SF-I serum-free supplement 
(Northumbria Biologicals Ltd, Cramlington, UK), and to 
be referred to as SF-1 medium from now on. Preliminary 
experiments suggested that preincubation of the cells in 
medium containing the SF-1 supplement, which provided a 
free fatty acids pool (linoleic acid, oleic acid and palmitic 
acid), was necessary for the synthesis of any metabolites of 
arachidonic acid, in the absence of any exogenously added 
arachidonic acid. Following this initial incubation, the 
explants were removed and the cells were incubated for a 
further 24 h in SF-1 medium, supplemented additionally 
with 1 J.LCi·ml·1 PHJ-arachidonic acid (Amersham Interna
tional plc, Amersham, UK). Prior to exposure, the cells 
were washed three times with prewarmed and pregassed SF
I medium, and then exposed to either N02 or 5% C02 in 
air for 20 min. Following exposure, the medium was col
lected from each culture plate and the incubation terminated, 
after either 1, 2, 4, 6 or 24 h. The cells were wa.~hed 
with 1.0 ml fresh ice-cold Medium 199, and the wash was 
pooled with the culture medium. The adherent cells were 
scraped off into 1.0 rnl Medium 199. All the samples 
were stored at -70°C until required for analysis of arachi
donic acid metabolites, by reversed phase-high performance 
liquid chromatography (RP-HPLC) and cellular protein, 
according to the method of LoWRY et al [19]. All results 
were expressed as fmol·J.Lg·1 cellular protein. 

Sample processing. Aliquots of 1.5 rnl of methanol were 
added to each sample, and the samples vortexed for 15 
min. Following centrifugation at 3,000xg for 10 min, 
supernatants were collected by aspiration from all samples 
and the cell pellets washed twice, by resuspension in 1.0 ml 
diethyl ether, vortexing and then centrifugation as above. 
Following each wash, the appropriate supernatants were 
pooled, mixed with the original culture medium and then 
blown to dryness under nitrogen. The concentrated medium 
samples were resuspended in 250 Jll aliquots of 70% 
methanol, and fmally analysed by RP-HPLC. The cell 
pellets were resuspended in 1.0 m1 aliquots of 1 M NaOH 
and incubated at 56°C for 2 h, prior to assay for total cel
lular protein. 

Samples of fresh SF-1 medium "spiked" with known 
amounts of PHJ-arachidonic acid and several conunercially 
available PH]-arachidonic acid metabolites (Du Pont (UK) 
Ltd, Stevenage, UK) were also processed, in parallel with the 
test samples, to correct for losses and estimate final recovecy 
of compounds of interest. Radioactivity in these samples 
wa.~ monitored in the Beckman LS1800 scintillation counter 
(Beckman-RllC Ltd, High Wycombe, UK), and expressed as 
a percentage of the total added at the beginning of pro
cessing. 

RP-HPLC of arachidonic acid metabolites. A Gilson Model 
305 master HPLC pump (Anachem Ltd, Luton, UK), reg
ulating a Gilson Model 302 auxiliary HPLC pump 
(Anachem Ltd, Luton, UK) and connected to a Rheodyne 
8125 injection valve (with a 20 Jll injection sample loop) 
via a Gilson Model 811B Dynamic mixer (Anachem Ltd, 
Luton, UK), was tLc;ed as the solvent delivery system Chro
matography was performed on a 5.0 cmx4.6 mm (internal 

diameter) Dynamax-300@ C-18 column (Anachem Ltd. 
Luton, UK), using a mobile phase consisting of 1% glacial 
acetic acid in water (adjusted to pH 5.4 with ammonium 
hydroxide) and methanol, pumped at a constant flow rate of 
I rnl·min·1• The radioactive samples were eluted by use of 
a step-up methanol gradient, according to the method of 
HENKE et al. [20], and detected by a Berthold LB 506 C-1 
HPLC radioactivity monitor (Berthold, St Albans, UK), fit
ted with a 2 ml flow through cell. The radioactivity in 
each sample was evaluated by an integral Motorola 68B09 
CPU microprocessor, and the signals generated were digi
tized by an IDM AT computer, linked to and controlling the 
entire system. 

Standardi<f.ltion. Standardization of the assay was performed 
by the external standardization method, using commercially 
available preparations of lH-arachidonic acid metabolites, 
including prostaglandin E. (PGEJ, leukotrienes B4 and C4 

(LTB4 and LTCJ and 5-, 12- and 15-hydroxyeicosate
traenoic acids (5-HETE, 12-HEIE and 15-HEI'E) (Du Pont 
(UK) Ltd. Stevenage, UK). 

Confimtation of LTC4 generation, by radioimmunoassay. 
On the basis of results obtained by RP-HPLC, the ability of 
N02 to induce significant generation of LTC4 by the epithe
lial cells in vitro was confirmed by radioimmunoassay 
(RIA). Epithelial cultures were treated in all respects as 
described previously, except that these were incubated in the 
absence of radiolabelled or exogenously added arachidonic 
acid. Following exposure to 400 or 800 ppb N02, samples 
were collected 1 h, 6 h and 24 h after treatment, and pro
cessed a.c; described above. All samples were then assessed 
for LTC4, using comercially available radioimmunoassay 
kits (Amersham International plc, Aylesbury, UK), which 
detected L TC4 with high reproduciblity, by means of mon
oclonal antibody recognition, and at concentrations between 
S-500 pg. The samples were also analysed for total protein, 
as described above, and the results were expressed as frnol 
L TC4 ·J.lg-1 cellular protein. 

Statistical analysis 

Individual data from each treatment group were ana
lysed for skewness, and then expressed as mean±sEM. 
Means of all the treatment groups were compared by one 
way analysis of variance (ANOV A) to test for significance 
of any differences, and then followed-up by further analysis 
with Scheffe' s test, to assess differences between individual 
treatment groups. All values of p<0.05 were considered to 
be significant. 

Results 

We have demonstrated that human bronchial epithelial 
cells could be cultured to confluence, as monolayers of 
tightly associated polygonal cells in vitro, and confirmed our 
previous findings [17]. 
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Solubility of N02 

Under these conditions, 40.0±0.8% (range 38.0±2.4% to 
42.5±3.5%) of the total N02 in the gas mix was taken up 
into the culture medium, and this was found to be the case 
for all concentrations between 1~2,00> ppb (2.0 ppm) N02 
sllldied. The pH and osmolarity of the culture mediwn, fol
lowing exposure to N02 for 20 min were not affected. 

Effect of N02 on epithelial cell membrane integrity 

Light microscopic examination of cultures exposed to 
100--SOO ppb N02 for 20 min demonstrated that this agent 
did not lead to any gross cellular damage or detachment of 
the epithelial monolayers, at any concentration studied, 
under these conditions (fig. 2). 

Fig. 2. - Light micrograph of a 2.--3 week old cui lUre of human bronchi.al 
epitheli.al cells exposed to 800 ppb N02 foc 20 min. FoUowing exposure to 
N02 the cells were 1i.u1her incubated for I h at 37"C in 5% C02 in air, and 
then observed by Hoffman Modulation Contrast optics. (Magnification 
x300; bar= I 0 J.Ull). 

Investigations of the effect of N02 exposure on the 
release of s•cr from the bronchial cells, however, demon
strated that this agent induced a small but significant release 
of s•Cr, from cells ''loaded" with ster overnight Exposure 
of cells to 400 and 800 ppb N02, respectively, l~ to 
release of 9.7±3.2% (p<0.05) and 13.9±3.5% (p<0.01) s•er, 
above baseline levels, compared with 0.9±0.4% 5'Cr released 
above baseline, in control cells exposed to 5% C02 in air 
(fig. 3). Although exposure of the cells to 100 ppb N02 

also led to slightly increased release of 1.6±0.2% 51Cr, this 
was not significant when compared to release from control 
cells. 

Similarly, investigations of the effects of N02 on cell 
permeability demonstrated that this was also increased sig
nificantly, as indicated by increased movement of 14C-BSA 
across the epithelial cell monolayers (fig. 4). N02 was 
effective at all concentrations between 100-800 ppb studied, 
and induced migration of between 2.7±0.2% to 5.1±0.5% of 
total 14C-BSA, after 1 h of incubation, as compared to 
migration of 1.3±0.2% of total 14C-BSA, observed in control 
cells exposed to 5% C02 in air. 
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Fig. 3. - The effect of 20 min exposure to 0-800 ppb N02, on the 
release of s•o from 2-3 wedc old human broR:hial epilhel.i.al ceU monolayers. 
after furtber incubation foc 1 h at 3"rC in 5% C02 in air. Results are 
expressed as rnean±se.1 (~at each ti~re point). •: p<.Q.05; ••: p<.Q.OI vs 
0 ppb NO, (oontrol). 
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Fig. 4. - The effect of 20 min exposure to (}...800 ppb N02, on the 
movement of 1'C-BSA across 2-3 weeks old human bronchial epithe
lial cell monolayers, after further incubation for I h at 37°C in 5% 
C02 in air. Results are expressed as mean±sEM (n=8 at each time 
point). O : prior to exposure to N02 (baseline); lE: I h after expo
sure to N01; •: p<0.05; **: p<O.OI vs 0 ppb N02 (control). BSA: 
bovine serum albumin. 

Effect of N02 on CBF 

Measurement of CBF demonstrated that N02 attenuated 
the CBF of the bronchial epithelial cells in vitro (fig. 5). 
Although 100 and 400 ppb N02 decreased the CBF by 
2.3±1.7% and 3.0±2.5%, respectively, this was not found to 
be significantly different from the 1.0±0.5% attenuation in 
CBF noted in the control cultures, exposed to 5% C02 in 
air. Exposure of the cells to 800 ppb N02, however, led to 
a greater attenuation of 6.8±1.7% in the CBF, which when 
compared to control exposures just failed to reach signifi
cance. In contrast, exposure to 2,000 ppb N02 led to sig
nificant attenuation of 14.2±2.5% (p<O.Ol) in the CBF, in 
comparison with control exposures with 5% C02 in air. 
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Fig. 5. - The effect of 20 min exposwe to 0-2,000 ppb N02, on the 
ciliary beating frequency (CBF) of 2-3 week old human bronchial 
epithelial cells, after further incubation for I h at 37°C in 5% C02 in 
air. Results are expressed as mean±si!M (n:6 separate cultwes for each 
treatment group). *: p<O.Oi vs control. 

Effect of N02 on generation of AA metabolites 

RP-HPLC of the radiolabelled metabolites of arachidonic 
acid, demonstrated that this was a highly specific and repro
ducible technique for the simultaneous analysis of several 
metabolites (fig. 6a). Inter- and intra-assay coefficients of 
variation, for commercially available standards, were found 
to be 7% and 5%, with the limits of detection for: i) PG~ 
and LTC4; and ii) 5-HEIE, 12-HETE and 15-HEI'E, respec
tively, being 0.1 and 0.4 pg·20 J.11·1 of injected sample, at a 
signal to noise ratio of 10: l. 

Similar RP-HPLC analysis of the arachidonic acid 
metabolites generated by epithelial cell cultures demon
strated that these cells constitutively synthesized PG~, 12-
HEI'E and 15-HEIE under normal circumstances, and that 
exposure to N02 did not significantly alter the synthesis of 
these metabolites (fig. 6b and 7). 

In comparison with control cells exposed to 5% C02 in 
air, exposure of cells to both 400 and 800 ppb N02 result
ed in a significant time-dependent generation of LTC4 

between 7.6±2.5 to 43.7±6.4 fmol·~g-1 cellular protein, over 
a period of 24 h incubation, as assessed by HPLC (fig. Sa). 
Generation of L TC4 observed in cultures exposed to 400 
ppb, however, was not significantly different from that 
observed in cultures exposed to 800 ppb N02• Analysis of 
elution times from the HPLC column, of the radiolabelled 
LTC4 standard and the LTC4 in the culture samples, follow
ing application onto the column demonstrated that these 
were similar, and ranged between 13.3-13.6 min (fig. 6 a 
and b). In comparison, LTB4 eluted from the column after 
145~14.8 min following application onto the column, and 
was not detected by this method, under these conditions. 

Analysis of L TC4 by RIA confirmed the findings 
by HPLC. In contrast to HPLC, however, RIA demon
strated that control cultures exposed to 5% C02 in air, also 
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fig. 6. - a) Cbromatogram of a mixture of several tritiated eiC05300id stan· 
dards separated on a Dynamax-300@ C-18 colwnn and eluted with a 1% 
glacial acetic acid in water nnd mct.hnnol mobile phase. 1lle aqueous 
phase was adjus~ed to pH 5.4 with nmonium hydroxide and methanol was 
added as a step-up gmdienL {Step A=45% MeOH. 8=50% MeOH, 0=65% 
MeOH and ));lOO% MeOH; Peak l=PGEz, 2=LTC,, 3=LTB,, 4=15-HErn, 
5=12-HErn, 6=5-HEIE and 7=AA). b) A represenlalive chroma1ogram of 
arachidonic acid melllbolites generated by 2-3 week old cultures, exposed for 
20 min to either 5% C02 in air ( - - - ) or 400 ppb NO, (- ), and then 
further incubated for 7A h at 3"rC in 5% C02 in air. (Peak l=PGEz, 
2=LTC,, 4=15-H.ETE. 5=12-HETE and 7=AA). PGEz: prostaglandin Ez; 
LTC, and LTB,: lcukolrieoe C, and B,; 15-, 12- and 5-HETE: 15-, 12- and 
5-hyclroxyeicosatetracnoic acid; AA= arochidonic acid. 

generated LTC4 between 13.3±3.1 and 16.2±1.8 fmol·~g·1 

cellular protein and that, exposure to 400 and 800 ppb 
N02 led to significantly greater synthesis of L TC4, ranging 
between 26.7±4.5 and 44.0±9.9 fmol·~g-1 cellular protein 
(fig. 8b). As demonstrated before, differences in LTC4 

generated in cultures exposed to either 400 or 800 ppb 
N02 were not found to be significant. 
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ther abbreviations see legend to figure 6. 
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Fig. 8. - Generation of LTC4 by 2-3 week old human bronchial 
epithelial cells exposed to N02 for 20 min and then further incubated 
for up to 24 h at 37°C in 5% C02 in air. AU samples were processed as 
described in the text and analysed by: a) RP-HPLC; and b) RIA. Results 
are e11pressed as mean±sEM (n=6 at each time point). •: p<0.05; ••: 
p<(l.Ol vs 0 ppb N02 (control). LTC4: leukotriene C4; RP-HPLC: reverse 
phase high performance liquid chromatography; RIA: radioimmunoassay. 

Discussion 

Our studies have demonstrated that exposure of human 
bronchial epithelial cells to 100-2,000 ppb N02 for 20 
min, leads to an increase in epithelial cell membrane 
damage and epithelial penneability, attenuation of ciliary 
activity and increased synthesis of inflammatory mediators, 
such as LTC4, in vitro. This suggests that short-tenn peak 
exposure to N02, at concentrations often found at the kerb
side in heavy traffic [21, 22] or indoors in households with 
gas cooking stoves [23], may lead to ineversible cellular 
changes, and ultimately cell damage/death in the airway 
epithelium. 

The finding that the N02-induced effects appear to be 
dose-dependent, and that high concentrations (up to 2,000 
ppb) of the agent are required to elicit a significant effect on 
the ciliary activity of the epithel.ial cells, suggests that the 
cilia are less susceptible, and that any adverse effects are 
likely to be a consequence of cytotoxicity, rather than a 
direct effect on the cilia. These findings are consistent 
with the findings from animal studies, which have demon
slrated that N02 leads to severe disruption of the interep
ithelial tight junctions, and have suggested that this disruption 
results in loss of both the barrier properties and ciliary 
function of the epithelium [15, 24]. 

Although the precise mechanism(s) underlying morpho
logical changes in the epithelium, following exposure to 
N02, have not been elucidated, several studies have sug
gested that this agent may potentiate its toxic effects at the 
cell membrane via direct and/or indirect oxidative mecha
nisms, which generate free radicals and lead to biochemical 
and metabolic changes, including lipid peroxidation, sul
phydryl oxidation and decreased enzyme activity [25]. It has 
been suggested that damage to the cell membrane lipids 
results in the activation of phospholipase A and subsequent 
release of arachidonic acid, which may itself be metabolised 
via both the cyclo-oxygenase and lipoxygenase pathways to 
generate potent inflammatory compounds [26]. 

The present studies have also demonstrated that human 
bronchial epithelial cells can metabolize arachidonic acid 
constitutively to 15-HETE, PG~. 12-HETE and LTC4• and 
that exposure to N02 significantly enhances the synthesis of 
LTC4• It is of interest, however, that the L TC4 synthe
sized constitutively by control cultures was detected by 
RIA and not by HPLC. Whilst it is possible that this dis
crepancy may be a consequence of RIA specificity resulting 
from -5% and 0.5% cross reactivity of the LTC4 anti
serum with LTD4 and LTE4 , respectively, it is more likely 
to be a result of major differences, such as the final sample 
size analysed (20 JJ.l in HPLC compared to 100 J1l in RIA), 
and the mode of detection (radiochemical in HPLC versus 
immunocytochemical in RIA), in the assay procedures 
employed for analysis of LTC4• 

Overall, however, our finding that human bronchial 
epithelial cells can metabolize arachidonic acid to PGE:z, 12-
HETE and 15-HETE is in agreement with the findings of 
CmiRCHn.L et al. [27], and HUNTER et al. [28], who, respec
tively, have also demonstrated that cultured human tracheal 
epithelial cells are capable of generating cyclo-oxygenase and 
12(15)-lipoxygenase metabolites of arachidonic acid, in 
vitro. 
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Although neither of these groups have investigated the 
generation of LTC4 in their models, studies with animal 
tracheal epithelial cells have shown that these generate 
LTC~ and LTB4• in addition to prostaglandins Oz.~. F?a and 
6-keto-F10 (PGD1, PG~, PGF2u and PG6-keto-F1u) [29, 
30j. The animal studic.<;, however, suggest that generation of 
such mediators is dependent on the initial stimulus and the 
species of the animal under investigation and, additionally, 
may differ depending on both the concentration and the 
prime source (exogenous or endogenous) of arachidonic 
acid under investigation [29, 31). 

Although our studies have primarily investigated the 
metabolism of exogenously added arachidonic acid, the 
fmal concentration of 2.5 pmoles used was in the order of 
magnitude ten to a hundred fold lower than that used by 
other investigators [28-30], and was, therefore, unlikely to 
influence the metabolic profile of arachidonic acid observed 
in our system. Indeed, our studies have demonstrated that 
the bronchial epithelial cells can generate comparable 
amounts of LTC4• after 6 to 24 h, both in the presence or 
absence of exogenous amchidonic acid, and suggest that the 
small amount of exogenously added rndiolabeUed amchidonic 
acid did not influence its metabolism by these cells. The 
finding, however, thm exposure to N02 increased synthesis 
of L TC4 but not L TB4• suggests that this agent may contri
bute to airway pathogenesis, particularly bronchoconstriction, 
via generation of LTC4 and, possibly, other inflammatory 
mediators. 

Prior to investigating the effect of N02 on these cells, 
however, we evaluated the su.itability of our model for up
take and solubilization of this agent into the culture medium 
covering the epithelial cell monolayers, and consequently 
demonstrating some analogy with the epithelial lining fluid 
covering the epithelium in vivo. Although data of N02 
solubility in vivo are not presently available, we have dem
onstrated that approximately 40% of the N02 in the atmos
pheres generated is solubilized into the culture medium in 
vitro, and that this is independent of the concentration of 
N02 used. These fmdings are similar to the findings of 
PoS'It.E'mWAJT and MuSTAPA [32), who have investigated 
the "fractional uptake" of N02 in an isolated perfused rat 
lung model and have demonstrated that approximately 65% 
of this agent was solubilized in their system. Additionally, 
these authors have also demonstrated that the froc.tional 
uptake of N02 was not altered even at concentrations in the 
range 4,000-20,000 ppb (4.0-20.0 ppm), which are in the 
order of up to tenfold greater than those employed in our 
studies. 

In conclusion, our studies have demonstrated that despite 
kinetic limitations and the lack of naturally occurring defence 
mechanisms, such as the presence of a "protective" epithe
lial lining fluid (ELF) [331, and endogenous "reducing'' 
agents, which may limit the potenti.al oxidant-induced cell 
damaging effect of N02 [25), cultured hunum airway epithe
ljal cells offer a suitable in vitro model to study the effects 
and the mechanism(s) underlying the effects of direct expo
sw-e to this agent. Using this model, we have shown that 
N02, at concentrations found at the kerbside in heavy traf
fic and in confined areas where gas fuels are being used for 
cooking, affects human bronchial epithelial cell membrane 
integrity and function, and suggest that this agent may alter 

the patency of airways of especially susceptible individuals, 
such as asthmatics. 
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