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Neutrophils and eosinophils are involved in the 
pathogenesis of many respiratory diseases. The 
enzymes myeloperoxidase and eosinophil peroxidase 
catalyze the reaction of H 2 0  2 with C1 to produce the 
reactive oxygen species HOC1. 

Normal human bronchial epithelial (NHBE) cells 
were exposed to 0.18-0.90 mM HOC1 for 48 h, and 
studied with immunohistochemical, metabolic and 
morphological studies. 

The ability of the cells to attach to each other 
and/or  to the matrix was altered. Immunohistochemi- 
cal studies showed a decreased amount of desmo- 
somes and focal adhesion sites, although the 
morphology of the cells was not affected. The ability 
of the mitochondria to oxidize glucose was reduced. 
HOCl-exposed cells had an increased production of 
NO, probably by an increased activity of cNOS, due to 
increased intracellular Ca 2+. The antioxidant N-acetyl- 
cysteine inhibited both the NO production and the 
effects of HOC1 on glucose oxidation. The 
cNOS-inhibitor N-propyl-L-arginine inhibited 
HOCl-induced NO production. X-ray microanalysis 
showed an increase in the intracellular Na+/K + ratio, 
which indicates cell damage. 

In conclusion, exposure to HOC1 results in cell 
detachment and metabolic alterations in normal 
human bronchial epithelial cells. Oxygen radicals 
could in part mediate the effects. Oxygen radicals 
could hence contribute to the observed epithelial dam- 
age in respiratory diseases. 

Keywords: no rma l  h u m a n  bronchia l  epithelial  cells; 
hypochlor i te ;  d e s m o s o m e s ;  vinculin;  nitric oxide 

I N T R O D U C T I O N  

Neutrophi ls  are thought  to be involved in the 
pathogenesis  of various inf lammatory  lung 
disorders  1-5. 

The enzyme  myeloperoxidase  (MPO), which 
is present  in the granules of neutrophils ,  pro- 
duces hypochlorous  acid by  the convers ion of 
H 2 0  2 and C1 to HOCI 6. The ability of MPO to 
contribute to cell damage  appears  to be 
increased by  its cationic na ture  7. This allows the 
enzyme  to stick to the cell surfaces, thereby 
increasing the local concentrat ion of hypoha lous  
acid at the cell surface. Eosinophils, commonly  
found  in asthmatic airways, contain lysosomal 
peroxidases e.g., eosinophil  peroxidase  (EPO) 
that can oxidize halides to generate reactive and 
toxic hypoha lous  acids 8, a l though other  oxidants  
such as hypoth iocyana te  m a y  also be p roduced  9. 
HOC1 is an extremely toxic oxidant  that can react 
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with a variety of biological target molecules 10. 
As an oxidant, HOC1 has its primary effect on 
proteins. It reacts strongly with cell membrane 
proteins, but it also affects intracellular activities 
such as ATP synthesis via both enzymatic gluco- 
lysis and oxidative phosphorylation 11'12. 

Damage to and shedding of the airway epithe- 
lium plays an important role in the development 
of airway diseases 13'14. Desmosomes are impor- 
tant structural components that connect adjoin- 
ing epithelial cells to each other. Vinculin is a 
component of the focal adhesion site, which is a 
cell-matrix complex that connects the internal 
actin filaments to the extracellular matrix. If 
HOC1 has its primary effect on proteins, it is con- 
ceivable that HOC1 could affect the number of 
desmosomes and focal adhesion sites, or the 
composition of the proteins forming these 
attachment sites. This could contribute to the 
damage to and the shedding of the epithelium 
observed in various lung disorders. Increased 
concentrations of HOC1 have been shown to 
result in progressive loss in the adhesive proper- 
ties of the extracellular matrix 15. 

HOC1 is known to induce generation of free 
radicals, such as hydroxyl radicals (.OH) and in 
the presence of amines HOC1 produces N-chlo- 
ramines (RNHC1) 16. These agents can cause 
injury to cells, such as DNA damage, rise in 
intracellular Ca 2+, NAD(H) and glutathione 
depletion. 

The current study was undertaken to define 
the effect of HOC1 on normal human bronchial 
epithelial (NHBE) cells. 

MATERIALS AND METHODS 

Preparation of HOCI 

Winterbourn 10 indicated that commercial 
sodium hypochlorite yielded results identical to 
those obtained with HOC1 produced by the 
MPO system. Thus, diluting a stock solution of 
sodium hypochlorite (Sigma, St.Louis, MO, 

USA) and adjusting the pH to 6.85 with H2SO 4 
generated all concentrations of HOC1. The HOC1 
concentration was determined using 100 
M-lcm 1 at 235 nm 17. The HOC1 was diluted in 
the culture medium and the experiments were 
performed in the culture medium. 

Culture of Epithelial Cells 

Normal human bronchial epithelial (NHBE) cells 
(Clonetics, San Diego, CA, USA) were cultured 
in plastic culture flasks (Costar, Corning Costar 
Corporation, Cambridge, MA, USA) in bronchial 
epithelial basal medium (BEGM) (Clonetics) 
supplemented according to the manufacturer's 
instructions with human recombinant epidermal 
growth factor (0.5 ~g/ml), insulin (5mg/mI) ,  
hydrocortisone (0.5 mg/ml) ,  transferrin 
(10mg/ml),  epinephrine (0.5mg/ml),  triio- 
dothyronine (6.5 ~g/ml), bovine pituitary 
extract (13 mg/ml) ,  retinoic acid (0.1 ~tg/ml), 
gentamicin (50mg/ml)  and amphotericin-B 
(50 mg/ml)  at 37°C in a humidified atmosphere 
of 5% CO2/95% air. Although the cells are desig- 
nated as bronchial cells, they may, in fact, 
according to the manufacturer's information, 
come from the trachea. The culture medium was 
exchanged every 48 hrs. Confluent cells were 
cultured on Lab-Tek chamber slides (Nalge 
Nunc International, Rochester, NY, USA) or in 
Petri dishes (Becton Dickinson, Plymouth, UK) 
and to achieve desmosome formation the cells 
were cultured in Dulbecco's Modified Eagle's 
Medium (DMEM):Ham's F12 (1:1) (Gibco 
BRL/LifeTechnologies, Paisley, UK) supple- 
mented with 5% fetal bovine serum (Gibco 
BRL/LifeTechnologies), penicillin (100 U/ml)  
(Sigma), streptomycin (100 ~tg/ml) (Sigma) and 
1% non-essential amino acids (Sigma). 

Glucose Oxidation Rate 

The glucose oxidation rate was determined as 
previously described in detail 18. 
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EFFECTS OF HYPOCHLORITE ON NHBE CELLS 501 

Cell Viability and Attachment Experiments 

The cell viability was determined by the trypan 
blue dye exclusion test (Sigma) and the fraction 
of dead cells (nuclei stained blue) was calculated 
after observation in a light microscope. 

NHBE cells (about 5x106 cells/ml) were plated 
in Petri dishes (Becton Dickinson) and the cells 
were grown for a few days. The total number of 
cells before and after HOC1 exposure was calcu- 
lated using a B~cker chamber (Tambro, G6te- 
borg, Sweden). The difference between these 
numbers is an indication of the release of cells 
from the substrate. 

Nitrite Measurement 

Measurements of NO 2- in NHBE cell culture 
supernatants by the Griess reagent 19 were taken 
as an indicator of NO generation. 

X-ray Microanalysis 

For X-ray microanalysis, cells (about 5x106 
cells/ml) were seeded out on 75 mesh titanium 
grids (Agar Scientific). The grids had been cov- 
ered with a Formvar film (Merck, Darmstadt, 
Germany) and a thin carbon layer. Before use the 
grids were sterilized under ultraviolet light. The 
cells were allowed to grow at 37°C in an incuba- 
tor with 5% CO2/95% air atmosphere 2°. 

After 2-3 days in culture some of the cells 
were exposed to 0.18 mM, 0.45 mM or 0.90 mM 
sodium hypochlorite, and unexposed cells 
served as controls. After 48 hrs of culture the 
experiment was terminated by a quick rinse in 
distilled water (+4°C) and the cells were frozen 
in liquid propane, cooled by liquid nitrogen at 
180°C and then freeze dried at -130°C under 
vacuum overnight. Finally the freeze-dried spec- 
imens were coated with a conductive carbon 
layer before analysis. 

X-ray microanalysis was performed at 100 kV 
in the scanning-transmission electron micros- 
copy (STEM) mode of a Hitachi H7100 with an 

Oxford Instruments (Oxford, UK) ISIS 
energy-dispersive spectrometer system. Quanti- 
tative analysis was carried out based on the 
peak-to-continuum after correction for extrane- 
ous background 21 and by comparing the spectra 
from the cells with those from a standard. Spec- 
tra were acquired for 50 sec and only one spec- 
trum was obtained from each cell. 

Preparation of Cultured Cells for Transmission 
Electron Microscopy (TEM) 

NHBE cells, incubated with or without 0.18 mM, 
0.45 mM or 0.90 mM HOC1 for 48 hrs, grown in 
Petri dishes were fixed in 2.5% glutaraldehyde 
(Sigma) in 0.1 M cacodylate buffer (Agar Scien- 
tific, Stansted, UK) for i day. After being washed 
in 0.1 M cacodylate buffer the cells were post- 
fixed in 1% O s O  4 in cacodylate buffer for 20 rain. 
A second washing in buffer was followed by 
dehydration in graded series of ethanol, and 
finally the cells were embedded in Agar 100 
Resin (Agar Scientific). Sections were cut and 
contrasted with uranyl acetate/lead citrate and 
examined in a Hitachi (Tokyo, Japan) H7100 
transmission electron microscope at 75 kV. 

Immunohistochemistry of Desmosomes 

Confluent NHBE cells grown on glass slides in 
DMEM:F12 medium were fixed in methanol at 
-20°C for 3 min, and rinsed with TBS (Tris-buff- 
ered saline; 0.05 M Tris-HC1, 0.15 M NaC1) pH 
7.6 for 5 min. The cells were blocked with 10% 
normal human serum (NHS) (Sigma) in TBS for 
30 rain. After primary incubation with mono- 
clonal anti-desmosomal cytokeratin (Sigma, cat 
no C-1041) 1:1500 in TBS for I hr at 37°C the cells 
were rinsed twice with TBS. Thereafter, cells 
were blocked in 10% NHS for 30 min and incu- 
bated with a biotinylated secondary antibody 
(Dako, Copenhagen, Denmark) for 1 hr. After 
rinsing with TBS FITC conjugated streptavidin 
(Jackson ImmunoResearch Laboratories Inc, 
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502 C. KAMPF et  al. 

West Grove, PA, USA) was bound to the bioti- 
nylated secondary antibody. The specimens 
were mounted in Vectashield (Vector, Burlin- 
game, CA, USA) mounting medium for fluores- 
cence and examined with a Leica (Rijswijk, 
Netherlands) microscope. Control slides were 
processed identically except that primary anti- 
body was omitted. 

Immunohistochemistry of Vinculin 

NHBE cells grown on glass slides in BEGM 
medium were fixed in 4% paraformaldehyde for 
3 min, and rinsed with TBS for 5 rain. The cells 
were permeabilised in Triton X-100 diluted in 
TBS for 7 min. After a quick rinse in TBS, the 
cells were blocked with 5% normal rabbit serum 
(NRS) (Dako) in TBS for 10 min. After primary 
incubation with monoclonal anti-vinculin 
(Sigma, cat no V9131) 1:800 in TBS for 1 hr the 
cells were rinsed twice with TBS. Thereafter, 
cells were incubated with a FITC-conjugated sec- 
ondary antibody (Dako) 1:40 for 1 hr. After rins- 
ing with TBS the slides were mounted in 
Vectashield (Vector) mounting medium for fluo- 
rescence and examined with a Leica microscope. 
Control slides were processed identically except 
that primary antibody was omitted. 

Nuclear Protein Extraction 

Extraction of nuclear proteins for the electro- 
phoretic mobility shift assay (EMSA) was per- 
formed by the method described by Dignam et 

al. 22 with minor modifications. Briefly, at various 
times after HOC1 exposure, the cells were 
washed in 0.5 ml ice cold PBS and detached from 
the Petri dish. The cells were centrifuged at 
12000 g for 10 sec, decanted and resuspended in 
50 ~tl cold hypotonic buffer A (10 mM Tris pH 
7.5, 1.5 mM MgC12, 10 mM KC1, 2 mM dithothre- 
itol (DTT), 1 mM Pefabloc@SC (Pentapharm AG, 
Basel, Switzerland)), and left on ice for 10 min. 
Then the cells were centrifuged again at 12000 g 

for 10 sec. The supernatants were removed and 
the pellets were resuspended in the hypotonic 
buffer and homogenized. After the third centrif- 
ugation, the supernatant was removed and the 
pellet was resuspended in 50 ~tl of hypertonic 
buffer C (0.42 M KC1, 20 mM Tris pH 7.5, 20% 
(w/v) glycerol, 1.5 mM MgC12, 2 mM DTT, 1 
mM Pefabloc®SC). The suspension was soni- 
cated for 10 sec and left on ice for 30 min. After 
centrifugation, aliquots of the supernatant, con- 
taining nuclear proteins, were frozen in -70°C. 

Elecrophoretic Mobility Shift Assay (EMSA) 

The EMSA method used is that described by 
Baeuerle et a123. Briefly, a double stranded 26 
mer oligonucleotide containing the K~ binding 
site (5'AGCTTCAGAGGGGACTTTCCGA- 
GAGG-3'), was labeled with [(z-32p]d CTP (Meg- 
aprime labeling kit, Amersham International). 
Nuclear proteins were denatured with forma- 
mide (27%) and added to a binding solution (10 
mM Tris pH 7.5, 40 mM NaC1, 1 mM EDTA, 1 
mM [3-mercaptoethanol, 0.2% deoxycholic acid, 
2 mg polydeoxyinosinic acid, 4% glycerol) con- 
taining the oligonucleotide and incubated for 30 
min. As a negative control, a 100-1000 excess 
non-labeled oligonucleotide was used. The 
DNA-protein complexes were then separated on 
a non-denaturating polyacrylamide gel (5%) for 
75 min in 0.5 x TBE (Trisborate EDTA). The gel 
was then dried and autoradiographed on an 
X-ray film (Amersham International) at -70°C. 

Western Blot Analysis 

Cells were rinsed in ice-cold PBS and removed 
from the Petri dish. The cells were sonicated for 
10 seconds in TE buffer (10 mM Tris, 1 mM 
EDTA). The protein content in the samples was 
determined by the method of Bradford 24. Pro- 
teins were percipitated in two volumes of 
ice-cold acetone and pelleted by centrifugation. 
After removal of the supernatant, samples were 
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EFFECTS OF HYPOCHLORITE ON NHBE CELLS 503 

dissolved in SDS-gel sample buffer (2% SDS, 100 
mM Tris pH 6.8, 100 mM f~-mercaptomethanol, 
0.01% bromophenol blue, 10% glycerol) by boil- 
ing for 5 rain. Equal amounts of protein (10-20 
pg) were separated on SDS-polyacrylamide gels 
and transferred onto nitrocellulose filters. The 
filters were pre-blocked for one hour in PBS con- 
taining 5% fat-free milk powder, followed by 
incubation with a monoclonal anti-iNOS anti- 
body (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) diluted 1:400 in PBS +1% bovine 
serum albumin (BSA) +0.1% Tween-20. The fil- 
ters were incubated with a horseradish-peroxi- 
dase conjugated secondary antibody 
(Amersham) and detected using an enhanced 
chemiluminescence system (ECL-kit, Amer- 
sham) according to the manufacturer's instruc- 
tions. 

Measurements of Cytosolic Free Ca 2+ 

Ceils (about 5x106 cells/ml) grown on coverslips 
were loaded with 5 ~tM fura-2/acetoxymethyl 
ester (fura-2/AM) (Molecular Probes) in BEGM 
for 30 rain at 37°C in 5% CO2/95% air. The cells 
were rinsed with Ringer's Standard solution (140 
mM NaC1, 5 mM KC1, 5 mM HEPES, 1 mM 
MgCI 2, and 5 mM glucose) pH 7.4 before meas- 
uring. The excitation wavelengths used were 340 
and 380 nm, respectively. The emission wave- 
length was 510 nm. 

Calibration of [Ca2+]i was performed in 
Ca2+free Ringer's Standard solution by subse- 
quently adding 4 mM EGTA-20 mM Tris and 
30~M of the ionophore ionomycin to obtain the 
limiting ratio for the unbound form (Rmm) of 
fura-2. The limiting ratio (Rma x) for the Ca2+-sat - 
urated form of fura-2 was obtained by adding 
CaC12. Twenty mM MnC12 was finally added to 
obtain the autofluorescence. The ratio was con- 
verted to [Ca2+]i by the method of Grynkiewicz 
et al. 25 using the equation 

[Ca2+]i = (R - Rn~in)/(R ..... - R) • Kd * S 

R was the experimentally determined fura-2 flu- 
orescence ratio and tile dissociation constant 
(Kd) used was 224 nM. S was the ratio of fluores- 
cence at 380 nm in a Ca 2+ free solution to that of 
a Ca 2+ containing solution in the presence of ion- 
omycin. The measuring procedure was carried 
out at room temperature. 

Statistical Analysis 

Data are presented as the mean +_ SEM, and sta- 
tistical analysis was performed using analysis of 
variance (ANOVA) or, for the X-ray microanaly- 
sis experiments and for the Ca2+experiments, 
Student's t-test. Significance was attributed to 
probability values of less than 0.05. When exper- 
iments were performed in triplicate, such as glu- 
cose oxidation rate and nitrite measurements, a 
mean was calculated and considered as one sep- 
arate observation. 

RESULTS 

Glucose Oxidation Rate 

The effects of exposure of NHBE cells to differ- 
ent concentrations of HOC1 on the glucose oxi- 
dation rate were investigated. 0.18 mM HOC1 
decreased the glucose oxidation with 18%, 0.45 
mM HOC1 decreased the oxidation significant 
with 38%, and when the cells were exposed to 
0.90 mM the decrease was almost 100% (not 
shown). Treatment with the antioxidant N-ace- 
tylcysteine (NAC) significantly decreased the 
toxic effect of 0.45 mM HOC1. 

Cell Viability and Cell Attachment 

The effects of exposure of NHBE cells to differ- 
ent concentrations of HOC1 on cell viability were 
investigated. 0.18 mM HOC1 reduced the viabil- 
ity with 5%, 0.45 mM HOC1 reduced the viability 
significant with 24%, and 78% of the 0.90 mM 
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% 

100 

75 

50 

control 12 hrs 24 hrs 48 hrs 
FIGURE 1 Time-course of cell viability and attachment experiments for NHBE cells exposed to 0.45 mM HOC1. Values are 
means + SEM for 5-11 experiments. : p< 0.05; : p< 0.001, compared to the control. Squares indicate % dead cells and triangles 
indicate % attached cells 

exposed  cells were  dead.  1.0 m M  N A C  reduced  
the effects of 0.45 m M  HOC1 on cell viability. 

Time course exper iments  show that  0.45 m M  
HOC1 starts to affect the cell viabil i ty after 24 

hrs. However ,  the cell viabil i ty was  even more  
extensively al tered after 48 hrs  (Fig. 1). A signifi- 

cant reduct ion of the ability of the cells to at tach 
to the matr ix  was  obse rved  after 48 hrs  (Fig. 1). 

Nitrite Measurements 

Nitri te accumula t ion  in the m e d i u m  was  
increased w h e n  the cells were  exposed  to 0.18 
m M  HOC1 and 0.45 m M  HOC1, wi th  the latter 
concentrat ion increasing the nitrite accumula-  

t ion ten-fold c o m p a r e d  to the control (Fig.2). 
Due  to low glucose oxidat ion rate and  h igh  cell 
dea th  the effect of 0.90 m M  HOC1 was  not  ana- 
lyzed.  When  cells were  t reated wi th  0.45 m M  
HOC1 in the presence  of 1.0 m M  NAC, the 

increase in nitrite accumula t ion  was  m a r k e d l y  
reduced  (Fig.2). W h e n  the cells were  t reated wi th  
0.45 m M  HOC1 in the presence  of 100 btM N-pro-  
pyl-L-arginine,  a cNOS inhibitor,  the increase in 

nitrite accumula t ion  was  also reduced  (Fig.2). 

X-ray Microanalysis 

In cells exposed  to 0.18 m M  and  0.45 m M  HOC1 
the Na  +, S 2- and C1- contents were  increased 
c o m p a r e d  to the control ceils (Fig.3). The concen- 
t ra t ion of the other  e lements  m e a s u r e d  did  not  

change significantly. The (total) Ca concentra-  
t ion in the cells was  general ly  be low the detec- 

t ion limit of the ins t rument .  Howeve r ,  in cells 
exposed  to 0.90 raM, calc ium was  detectable.  
Moreover ,  the Na  + content  in cells exposed  to 
this concentra t ion of HOC1 had  also increased 
whereas  the Mg 2+, S 2-, C1- and  the K + content  

had  decreased  (Fig.3). 
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10q 
r-- 

.2 

E ~ 750- 

a 8  
-" 5oo- " ~  

¢" o 

~5 250- 
~D 

0.18 mM 0.45 mM 0.45 mM 

+ lmM NAc 

0.45 mM 

+ 100 p.M N-propyt-L-arginine 

HOCI 

FIGURE 2 Nitrite accumulation in the med ium of NHBE cells exposed to 0.18 mM HOC1, 0.45 mM HOC1, 0.45 mM HOCI + ] 
mM NAC and 0.45 mM HOCI + 100 MM,N-propyl-L-arginine. The data are expressed as percentage of the control value. Values 
are means _+ SEM for 6--10 experiments. : p< 0.01, compared to the control 

300- , 

200 * *  * *  * *  

0 
Na Mg P S CI K 

i-.-H,-a 0.18 mM HOCI 

i 10.45 mM HOC! 

1 0.90 mM HOC! 

FIGURE 3 Effects of 0.18 mM, 0.45 mM, and 0.90 mM HOC1 on the cellular elemental content in NHBE cells. The data are 
expressed as percentage of the control value. Values are means  +_ SEM. The data are based on four experiments.  In each experi- 
ment, about 20 cells were analyzed. : p< 0.05; : p< 0.001, compared to the control 
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TEM 

Cells exposed to 0.18 mM and the 0.45 mM 
HOC1 showed a similar morphology as control 
cells. However, the morphology of the cells 
exposed to 0.90 mM HOC1 was severely affected. 
The cell membrane was not intact and the cyto- 
plasmic matrix had been lost from the cell (not 
shown). Moreover, hardly any organelles, such 
as mitochondria, could be detected. 

Immunohistochemistry of Desmosomes 

In the control cells many desmosomes lined the 
cell borders (Fig.4a). There were difficulties in 
investigating the desmosome formation of the 
cells exposed to HOC1 for 48 hrs. The cell vol- 
ume seemed to change and the cells detached 
from each other. Even though there was no cell 
contact, spot-like immunoreactivity was 
observed on the cell membrane (Fig.4b). These 
spots were not as numerous as when the cells 
were in contact. Cells exposed to 0.45 mM HOC1 
for 24 hrs did not show any differences com- 
pared to the control, 

Immunohistochemistry of Vinculin 

Vinculin was distributed around the control cells 
(Fig.5a). The ability of the cells to attach to the 
matrix was altered when the cells were exposed 
to HOC1 for 48 hrs and there was a decrease in 
the amount of vinculin observed. Some of the 
cells lacked vinculin completely, whereas other 
cells showed a marked decrease in the amount of 
this protein (Fig.5b). Cells exposed to 0.45 mM 
HOC1 for 24 hrs did not show any differences 
compared to the control. 

EMSA and Western Blot Analysis 

EMSA did not show any induction of NF-•B, 
and Western blot analysis did not show any 
induction of iNOS in NHBE cells after treatment 
with 0.45 mM HOCI (data not shown). 

Measurements of Cytosolic Free Ca 2+ 

HOC1 caused a significant increase of the 
[Ca2+]iin NHBE cells from 90 nM to 120 nM (not 
shown). 

DISCUSSION 

HOC1 produced by myeloperoxidase is likely to 
be the major oxidant from neutrophils and may 
be an important contributor to inflammatory tis- 
sue damage. Likewise, HOC1 can be produced 
by eosinophils. In this study we have shown that 
the ability of the cells to attach to each other or to 
the matrix is decreased by HOC1. HOC1 induces 
nitrite formation, reduces the glucose oxidation 
rate and the cell viability. Exposure to HOC1 
results in an increased Na +/K + ratio, which indi- 
cates cell damage. TEM did not show any mor- 
phological changes, except when the highest 
concentration of HOC1 was used. The HOCI con- 
centrations present in the airways of cystic fibro- 
sis patients have been estimated to be in the 
range of 3-8 mM 26, which is considerably higher 
than the concentrations used in the present 
study. 

Because the cells had to be exposed to HOC1 
under a long period, exposure had to be per- 
formed in culture medium. Under these condi- 
tions, HOC1 may react with amino groups in the 
medium to form chloramines and other chlorina- 
tion/oxidation products. Hence, the observed 
effects may be due in part to chloramines rather 
than directly to HOC1. However, also in tissue 
HOC1 is in the presence of organic substances 
and can form chloramines. 

Although the type of adhesion plaques in the 
NHBE cells in vitro may not be identical to the 
adhesive cell contacts in bronchial epithelial cells 
in vivo, the observed changes in vinculin point 
to a realistic possibility of cytoskeletal/adhesive 
cell contact modifications also in vivo. It is 
unclear if detachment is due only to modulation 
of the adhesive proteins of the extracellular 
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EFFECTS OF HYPOCHLORITE ON NHBE CELLS 507 

FIGURE 4 Desmosome formation in NHBE cells grown in DMEM:F12 medium, a) Control cells with many desmosomes. 
b) HOCl-exposed cells show a decrease in the number of desmosomes and attachment sites. A light staining is present through- 
out the cells, presumably to immunoreaction with precursor molecules. For this experiment, the cells were first grown to con- 
fluence, and then HOC1 was added. Bar 80 p.m 
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FIGURE 5 Vincul in  format ion  in NHBE cells g r o w n  in BEGM. a) Control  cells w i th  vincul in  a round  the cells, b) HOCl -exposed  
cells s h o w  a decrease in the a m o u n t  of v incul in  and  focal adhes ion  sites. The cells g r o w n  in the  se rum-f ree  BEGM m e d i u m  h av e  
a more  r o u n d e d  shape,  compared  to the cells g r o w n  in the DMEM:F12 m e d i u m  (Fig. 4). Bar 60 gin  
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matrix, or also due to cell damage. Guo et al. 26 

reported that a non-cytotoxic dose of HOC1 did 
not change the number of tight junctions or cell 
morphology in rabbit tracheal epithelium, even 
though the electrical resistance was altered. The 
experiment of Fig. 1 shows that the decrease in 
attachment of the cells caused by HOC1 is more 
extensive than the cell death caused under the 
same conditions. Therefore, the decreased 
attachment can not purely be explained by cell 
death. Also, X-ray microanalysis shows an 
increase in S after treatment with up to 0.45 mM 
HOC1. Since the S content of the cells is repre- 
sentative for proteins, the decrease in desmo- 
somal and adhesive proteins is not simply due to 
a general affect on protein synthesis. 

Schraufst~tter et al. 11 reported that HOC1 
caused a disturbance of various plasma mem- 
brane functions resulting in loss of cellular K + 
and an increase in cell volume. The perturbation 
of the plasma membrane integrity explains the 
reduced cell viability observed by the trypan 
blue exclusion test, which indicate necrosis. 
Apoptosis was not studied due to the observed 
morphological effects of 0.9 mM HOC1. The cells 
were lysed and there was almost no cytoplasmic 
material present. Like Schraufst~itter et al. 11 we 
have observed changes in Na +, K ÷ and Ca 2+. 
However, we only observed changes in K ÷ and 
Ca 2+ when the cells were exposed to such a high 
concentration of HOC1 that the cells more or less 
collapsed and the diffusible ions leaked out of 
the cell. At lower concentrations of HOC1 the K ÷ 
and Ca 2+ content of the cells was unaffected. 
Although there was no significant change in the 
morphology of the mitochondria at 0.45 mM 
HOC1, there was a decrease in the glucose oxida- 
tion rate. This could be explained by perturba- 
tion of the respiratory chain by the free radicals 
produced by HOCI, and could result in a 
decrease in the production of ATP. To investi- 
gate by which mechanism HOC1 induces dam- 
age to the NHBE cells, we used NAC 16, which is 
generally regarded as an antioxidant. It has been 
proposed that NAC protects the cells from the 

effects of HOC1 by several mechanisms, among 
which is scavenging of HOC1 and free radicals 
such as .OH (hydroxyl radicals) 16, although its 
effect in this system may be more complicated. 
In addition to oxidant scavenger functions of 
NAC, there is evidence showing that NAC pro- 
motes cellular glutathione production, and in 
this way NAC could reduce or even prevent oxi- 
dant mediated damage to cell culture or 
animals 16. However, NAC may also directly 
react with HOC1 or its products and in this way 
protect the cell. N-propyl-L-arginine reduces the 
NO production induced by HOC1, which could 
be explained by an inhibition of one or more of 
the three isoforms of endothelial, inducible and 
neuronal nitric oxide synthase (eNOS, iNOS or 
nNOS). Two of the three NOSs are constitutively 
(cNOS) expressed whereas one is inducible 
(iNOS). 

The nitrite accumulation and the generation of 
NO could be induced by two different mecha- 
nisms. First, HOC1 induces free radicals, which 
in turn activate nuclear factor-~cB (NF-KB). 
NF-KB is an essential transcription factor that 
controls the gene expression of cytokines, chem- 
okines, growth factors, and cell adhesion 
molecules 27. Inappropriate activation of NF-KB 
has been linked to inflammatory events associ- 
ated with asthma and lung fibrosis 27. Second, 
the membrane permeability and the cellular 
metabolism are affected by HOC1, which results 
in an increased level of intracellular Ca 2+, which 
in turn gives rise to an increased activity of 
cNOS. Western blot analysis and EMSA did not 
show any induction of iNOS or NF-KB, respec- 
tivly. N-propyl-L-arginine is a rather specific 
inhibitor of cNOS 28, and inhibits the 
HOCl-induced NO production. Taken together, 
these experiments imply that the increased NO 
production by the NHBE cells is caused mainly 
by an increased activity of cNOS, due to an 
increased level of intracellular Ca 2+. Although 
HOC1 increases the production of NO by airway 
epithelial cells, this does not necessarily imply 
that an inflammation process in which neu- 
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trophils or eosinophils dominate results in 
increased levels of NO in the airways. There can 
be numerous explanations to the absence of ele- 
vated levels of NO in the exhaled air of patients 
with inflammatory respiratory diseases e.g., a 
decrease in the diffusion of NO across the mem- 
brane due to mucus and oedema and also failure 
of upregulation of iNOS 29'30. Individual varia- 
tions and experimental differences may have an 
impact on the mean result in studies on small 
groups of patients, 

Curran et al. 31 report an increased NO level in 
the exhaled air of asthmatics and also in vitro 
evidence for NO production in the airways. In 
CF, on the other hand, there is no observed 
increase in exhaled NO 29. In COPD, recent 
reports 32'33 provide conflicting data. 

In summary, our results suggests that HOC1 
can react with membrane proteins, such as 
desmosomal and vinculin proteins, which 
results in cell detachment and shedding of the 
respiratory epithelial cells. This could be a con- 
tributing factor to observed epithelial losses in 
respiratory diseases. 
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