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Short communication 

Nitric oxide synthase activity is elevated in inflammatory lung disease in 
humans 
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Abstract 

We have characterised nitric oxide (NO) synthase activity in lung samples from patients with inflammatory lung disease 
compared to that in normal donor lung. NO synthase activity was measured by the ability of tissue homogenates to convert 
L-arginine to L-citrulline. Higher levels of NO synthase activity were found in samples from patients with inflammatory lung 
disease (mild asthma, cystic fibrosis, obliterative bronchiolitis after lung transplantation) compared to samples from healthy 
donors. NO synthase activity in all samples was mainly dependent on the presence of extracellular Ca 2+. The increased NO 
synthase activity in diseased-lung samples suggests a modulatory role for nitric oxide in lung inflammation. 
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1. Introduction 

Nitric oxide (NO) is released by a variety of cells 
following the conversion of L-arginine to NO and L- 
citrulline by the enzyme NO synthase (Moncada et al., 
1991). NO synthase is now known to exist in multiple 
isoforms including constitutive calcium-dependent  iso- 
forms present  in endothelial cells (endothelial NO syn- 
thase) (Pollock et al., 1991) and some peripheral  nerves 
(neuronal NO synthase) (Mitchell et al., 1991). In addi- 
tion, an inducible isoform of NO synthase (inducible 
NO synthase) is expressed in both in v i t r o a n d  in vivo 
models of inflammation. In contrast to constitutive 
isoforms, inducible NO synthase in macrophages  
(Steuher et al., 1991), vessels (Busse and Miilsch, 1990) 
as well as at sites of inflammation (Vane et al., 1994) is 
mainly Ca2+-independent. Nitric oxide released by en- 
dothelial cells or peripheral  nerves acts as a smooth 
muscle relaxant (Moncada et al., 1991) whereas the 
additional effects of NO released at the site of inflam- 
mation are not completely understood. However, there 
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is evidence supporting both an inflammatory (Ialenti et 
al., 1993) a n d / o r  an anti-inflammatory (Whittle et al., 
1990) role for NO. 

In the airways of many species including guinea pig 
and human there is a population of NO-releasing non- 
adrenergic noncholinergic (inhibitory NANC; nitrergic) 
nerves (Barnes and Belvisi, 1993). Indeed in human 
airways the inhibitory N A N C  system represents the 
only neural bronchodilator mechanism. The lung also 
has a higher ratio of endothelial and inflammatory cells 
than other organs in the body. For these reasons the 
lung represents  an organ which is likely to be suscepti- 
ble to changes in NO synthase activity. Indeed, 
bronchial strips from patients with cystic fibrosis have a 
reduced functional 'nitrergic '  innervation (Barnes and 
Belvisi, 1993). Furthermore,  asthmatic patients exhale 
greater  amounts of NO than healthy volunteers 
(Kharitonov et al., 1994) and the epithelial layer of 
biopsies taken from asthmatic patients exhibits an in- 
creased expression of inducible NO synthase suggest- 
ing that inducible N O  synthase is expressed in asthma 
(Hamid et al., 1993). In addition, inducible NO syn- 
thase has been immunolocalised to areas of inflamma- 
tion in biopsies taken from human lung (Kobzik et al., 
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1993) and to alveolar macrophages  in the lung from a 
patient  with bronchiectasis (Tracey et al., 1994). How- 
ever, NO synthase activity in human lung has not been 
characterised. 

Here  we show that human lung contains Ca2+-de- 
pendent  NO synthase activity which is significantly 
increased in different types of  lung inflammation (cys- 
tic fibrosis, as thma and obliterative bronchiolitis fol- 
lowing lung transplantation). 

2. Materials and methods 

Lung parenchymal tissue was obtained from 5 nor- 
mal (1 male, 22-36 years) and 3 mild asthmatic (1 
male,  11-30 years) potential  donors for heart-  
l ung /hea r t  transplantation. Tissues were deemed nor- 
mal on the basis of previous medical histories, macro- 
scopic histological inspection and if the donors were 
non-smokers with no previous history of chronic in- 
f lammatory lung disease. Tissues were also obtained 
from 4 heart-lung transplant recipient patients with 
end stage respiratory failure due to cystic fibrosis (3 
male, 17-29 years) and 4 patients who were undergo- 
ing a second transplant  because of chronic obliterative 
bronchiolitis (2 male, 17-32 years). Tissue was frozen 
in liquid nitrogen and stored at - 8 0 ° C  until NO syn- 
thase activity was measured by the ability of lung 
homogenates  to convert [3H]L-arginine to [3H]L-citrul- 
line in the presence of cofactors as described previ- 
ously (Mitchell et al., 1993). Briefly, tissue was ho- 
mogenised on ice in Tris (50 mM; p H  7.4) containing 
the protease inhibitor phenylmethylsulfonyl fluoride (1 
mM) in a ratio of 1:5  (w/v).  Lung homogenates  were 
incubated at room tempera ture  for 30 min in the 
presence of N A D P H  (1 mM); calmodulin (300 U / m l ) ;  
tetrahydrobiopterin (5/xM); L-valine (50 mM); Ca 2+ (2 
mM); L-arginine (10/xM) and [3H]l.-arginine (0.03/xM; 
180 000 DPM). 

In separate  experiments designed to characterise 
the Ca 2+ dependency of NO synthase present  in hu- 
man lung, activity in each sample was measured in 
parallel under  three different conditions. (i) For total 
(calcium-dependent  and calcium-independent)  NO 
synthase activity, incubations were carried out in the 
presence of NADP H,  calmodulin, tetrahydrobiopterin,  
L-valine, e-arginine, [3H]L-arginine, C a  2+ (2 mM), (ii) 
for calcium-independent  activity, calcium was replaced 
with E G T A  (1 mM), and (iii) any NO synthase-inde- 
pendent  conversion of [3H]e-arginine to [3H]L-citrul- 
line was determined by adding the specific NO syn- 
thase inhibitor L-N°-nitro-L-arginine methyl ester (L- 
NAME; 1 mM); this conversion was subtracted from 
that measured under  conditions (i) and (ii). This con- 
centration of L-NAME has previously been demon- 
strated to completely inhibit constitutive and inducible 

NO synthase activity (Mitchell et al., 1993). Protein 
content of lung homogenates  was determined using a 
modified Bradford assay (Mitchell et al., 1993). Data  
are expressed as mean _+ S.E.M. Values were com- 
pared by Student 's  unpaired t-test. 

3. Results 

Homogenates  of human lung from healthy donors 
contained significant NO synthase activity (38.2 + 7 
pmol L-citrulline mg -1 protein; n = 5; Fig. 1). NO 
synthase activity in diseased human lung from patients 
with cystic fibrosis (88.7 + 18 pmol L-citrulline mg -1 
protein; n = 4) or obliterative bronchiolitis (94 + 21 
pmol L-citrulline mg-1  protein; n --- 4) was significantly 
( P  < 0.05) higher than that seen in healthy donors (Fig. 
1). In addition NO synthase activity in lung samples 
from asthmatic lung (74 ___ 25 pmol L-citrulline mg -1 
protein; n = 3) was higher than the activity in normal 
lung; however, this increase did not reach statistical 
significance. In all cases the conversion of arginine to 
citrulline by lung homogenates  was greatly reduced in 
the presence of L-NAME (% of control remaining in 
the presence of L-NAME; donor, 39.7 + 5; cystic fibro- 
sis, 38.5 + 10; asthma, 28.9 + 4; obliterative bronchioli- 
tis, 23.2 + 8.1; n = 3-4).  The specific NO synthase ac- 
tivity present  in all lung homogenates  was significantly 
reduced when Ca 2÷ was replaced with E G T A  (% of 
control remaining when calcium was replaced with 
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Fig. 1. Comparison of the amounts of nitric oxide (NO) synthase 
activity in samples of healthy human donor (normal, n = 5 patients), 
asthmatic donor (asthma, n = 3 patients), cystic fibrosis recipients 
(cystic fibrosis, n = 4 patients) and obliterative bronchiolitic recipi- 
ents (obliterative bronchiolitis, n = 4 patients). NO synthase activity 
was measured by the ability of tissue homogenates to convert [3H]t.- 
arginine to [3H]L-citrulline in the presence of co-factors (NADPH, 1 
mM; tetrahydrobiopterin, 5/xM and calmodulin, 300 U/ml), calcium 
(2 mM) and a mixture of unlabelled and [3H]L-arginine in a ratio of 
1000:3 (10 /.~M). L-Valine (60 mM)was included in incubations to 
inhibit the conversion of L-arginine to L-citrulline by arginase. NO 
synthase activity is expressed as pmol Cit mg-1 protein 30 min-1 
(mean+S.E.M. of n=3-5 patients). * P<0.05 and ** P<0.01 
compared to the activity in donor lung samples. 
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E G T A ;  donor ,  11.4 + 0.83; cystic f ibrosis,  14.4 + 5.4; 
as thmat ic ,  29.63 + 14.7; ob l i t e ra t ive  bronchio l i t i s ,  17.7 
+ 6.3; n = 3 -5 ) .  

4. Discussion 

O u r  resul ts  show tha t  h u m a n  lung t issue con ta ins  
s ignif icant  amoun t s  o f  C a 2 + - d e p e n d e n t  N O  synthase  
act ivi ty and  tha t  i n f l ammato ry  d i seases  such as cystic 
f ibrosis  and  ob l i t e ra t ive  bronchio l i t i s ,  resu l t  in in- 
c r ea sed  amoun t s  of  N O  synthase  activi ty in lung sam- 
pies.  S imi lar ly  N O  synthase  activity in a s thmat i c  lung 
showed  a t r e n d  to be  h ighe r  than  tha t  in n o r m a l  lung. 
T h e  fact  tha t  the  i nc r ea sed  activi ty in a s thmat i c  lung 
d id  no t  r each  s ignif icance,  when  c o m p a r e d  to n o r m a l  
lung, was p r o b a b l y  due  to the  smal l  s ample  n u m b e r  
avai lab le  to us in this  group.  In  add i t ion ,  this  lung 
t issue was f rom pa t i en t s  wi th  mi ld  a s t h m a  and  the re -  
fore  l ikely to r e p r e s e n t  a m o r e  m o d e r a t e  i n f l ammato ry  
s ta te .  However ,  h igher  levels of  N O  synthase  in asth-  
ma t i c  lung a re  cons i s ten t  with p rev ious  s tudies  showing 
tha t  exha led  ai r  f rom as thmat i c  pa t i en t s  conta ins  h igher  
a m o u n t s  o f  N O  t h a n  f rom h e a l t h y  v o l u n t e e r s  
(Kha r i t onov  et  al., 1994). S imi lar ly  the  r ecen t  observa-  
t ion tha t  N O  synthase  activi ty is i nc reased  in acu te  and  
chron ic  i n f l ammat ion  ( V a n e  et  al., 1994) suppor t s  a 
role  for  N O  in i n f l ammato ry  diseases .  T h e  exact  n a t u r e  
of  the  active i soform of  N O  synthase  p r e sen t  in h u m a n  
lung is unknown;  however ,  severa l  poss ib i l i t ies  exist. 
This  i nc reased  N O  synthase  activity may  be  due  to an 
up - r egu l a t i on  of  a cons t i tu t ive  i soform(s)  o f  N O  syn- 
thase ,  such as e n d o t h e l i a l  N O  synthase  or  neu rona l  
N O  synthase .  This  would  be  subs t an t i a t ed  by ou r  f ind-  
ings tha t  this  act ivi ty was main ly  d e p e n d e n t  on the  
p r e s e n c e  o f  ex t race l lu l a r  calc ium.  However ,  the  cal- 
c ium d e p e n d e n c y  of  induc ib le  N O  synthase  in h u m a n  
hepa tocy t e s  has  r ecen t ly  been  d e m o n s t r a t e d  (G e l l e r  et  
al., 1993). I t  is t h e r e f o r e  poss ib le  tha t  the  high levels of  
N O  synthase  activity in h u m a n  d i seased  lung t issue 
could  be  of  the  ' i n d u c i b l e '  type.  T h e  source  of  this  
i nc reased  N O  synthase  activi ty is as ye t  unknown.  
However ,  posi t ive  immunos t a in ing  for  induc ib le  N O  
synthase  has b e e n  d e m o n s t r a t e d  in ep i the l i a l  cells  f rom 
b iops ies  t aken  f rom pa t i en t s  wi th  a s t h m a  ( H a m i d  et  al., 
1993; Kobz ik  et  al., 1993) and  ra ts  t r e a t e d  with  l ipo-  
po lysaccha r ide  (Kobz ik  et  al., 1993). In  addi t ion ,  in- 
duc ib le  N O  synthase  immunos t a in ing  has  been  d e m o n -  
s t r a t ed  in h u m a n  a lveola r  m a c r o p h a g e s  f rom in f l amed  
a reas  of  r e sec t ion  t issue (Kobz ik  et  al., 1993) and  f rom 
a pa t i en t  wi th  b ronch iec ta s i s  (Tracey  et  al., 1994). 
Al te rna t ive ly ,  the  i nc reased  N O  synthase  activity could  
be  a s soc ia t ed  with inf i l t ra t ing  i n f l ammato ry  ceils.  

T h e  d e m o n s t r a t i o n  tha t  N O  synthase  is e l eva ted  in 
p u l m o n a r y  i n f l ammat ion  prov ides  the  impe tu s  for  con- 
t i nued  s tudy of  the  role of  N O  in lung disease .  I t  is 

p r e sen t ly  imposs ib le  to p r e d i c t  w h e t h e r  i nc reased  N O  
f o r m a t i o n  in p u l m o n a r y  t issue is a s soc ia ted  with t issue 
d a m a g e  or  p ro tec t ion .  However ,  the  fu r the r  b iochemi -  
cal and  mo lecu l a r  cha rac t e r i s a t i on  of  N O  synthase  
activi ty in d i s ea sed  lung t issue will not  only al low for a 
de f in i t ion  of  the  respec t ive  i soform p r e s e n t  bu t  also 
p rov ide  the  tools  necessa ry  to ident i fy  which cells con-  
ta in  it. 
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