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Abstract The purpose of this study was to determine whether angiotensin I-converting enzyme (ACE) is present 
in cultured bovine bronchial epithelial cells (BBECs) and whether its activity can be modulated. We found that extracts 
of confluent monolayers of cultured BBECs degraded [glycine-I -14C]hippuryl-L-histidyl-L-leucine at a rate of 843 * 66 
pmolihrlmg protein (mean ? SEM, n = 5). In addition, we found that the enzyme was shed into the culture medium. 
ACE activity in BBECs was inhibited by three selective, but structurally different, ACE inhibitors (captopril, quinapril, and 
cisalaprilat) with an of approximately 2 nM. Increasing chloride concentration in the assay buffer resulted in an 
increase in BBECs ACE activity of 63%. Enzyme activity was also modulated by the presence of zinc cation in the assay 
buffer. Addition of dexamethasone to the culture medium was associated with a significant increase in BBECs ACE 
activity ( P  < 0.05), which was inhibited by the steroid receptor antagonist RU 38486. Western blot analysis of BBEC!,, 
tracheal and bronchial mucosal strips utilizing a cross-reacting rabbit anti-mouse ACE antibody, showed a faint 1 75 kDa 
band and additional strong 52 kDa and 47 kDa band. The mechanism of generation of the low M.W. bands is unknown. 
Our  data indicate the presence of ACE in cultured BBECs and that enzyme activity can be modulated. 8 1993 WiIey-Ltss, Inc 
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The glycosylated, zinc-containing, membrane- 
bound angiotensin I-converting enzyme (ACE, 
EC 3.4.15.1, Kininase 11) is a chloride-depen- 
dent peptidyl dipeptidase that has been localized 
in endothelial cells and macrophages [Ryan et 
al., 1976; Sugiyama et al., 19881. It is postulated 
that the major physiological role of ACE in the 
lung is to hydrolyze circulating bradykinin, a 
potent proinflammatory mediator [Bhoola et al., 
19921. 

Angiotensin I-converting enzyme activity has 
also been detected in bronchoalveolar lavage 
fluid (BALF) obtained from laboratory animals 
and humans [Specks et al., 19901. However, the 
cellular origin of ACE in BALF as well as its 
physiological significance are currently un- 
known. It is conceivable that epithelial cells that 
line the airway mucosa express ACE, which 
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then can be retrieved by BALF. Thus, the pur- 
pose of this study was to determine whether 
ACE is present in cultured bovine bronchial 
epithelial cells and whether its activity can be 
modulated. 

METHODS 
ACE Activity in Cultured Bovine Bronchial 

Epithelial Cells (BBECs) 

Lungs from cows were obtained from a local 
slaughterhouse. Bovine epithelial cells were har- 
vested freshly from subsegment bronchi by pro- 
tease digestion as previously described [Wu et 
al., 1982; Takizawa et al., 19901. Contamination 
with endothelial cells has been found to be non- 
existent with this technique. The cells were 
seeded in 35 mm 6-well tissue culture plates 
(Becton Dickinson, Lincoln Park, NJ)  at a densi- 
tiy of 1 x 106/dish in serum-free LHC-g/RPMI 
1640 medium (1:l) containing 50 U/ml penicil- 
lin, 50 kg/ml streptomycin, and 1.25 pg/ml 
fungizone [Lechner and LaVeck, 19851. The cells 
were incubated at 37°C and 5% COz: 95% air and 
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cultured to different stages of confluence (3 to 7 
days). Then the cells were scraped in phosphate- 
buffered saline (PBS) and centrifuged at 1,500 
rpm for 10 min. The cell pellet was resuspended 
in homogenization buffer consisting of 50 mM 
HEPES, 0.3 M NaC1, 0.5% Triton X-100, and 1 
pM ZnC1, (pH = 7.4) and homogenized using a 
Branson sonifier five times for 10 s at 4°C. The 
homogenates were centrifuged at 3,500 rpm for 
10 min in an Eppendorf microcentrifuge. The 
supernatant was then subjected to ultracentrifu- 
gation in a Beckman type 65 rotor a t  34,000 rpm 
for 30 rnin at 4°C. The resulting supernatant 
was collected to measure tissue and BBECs ACE. 
Culture medium was aspirated at different days 
of culture, centrifuged at  1,500 rpm to remove 
cell debris, resuspended, precipitated with 
(NH4),S04 at 60% saturation, and dialyzed 
against the assay buffer. 

In another series of experiments, bovine tra- 
cheas and bronchi (mainstem to 4th generation) 
were dissected free from the lungs, and adher- 
ent connective and alveolar tissues were re- 
moved. Small airway mucosal strips were peeled 
off with a forceps. The tissues were then rinsed 
with PBS and minced in the homogenization 
buffer, sonicated, and further processed as de- 
scribed above. 

Protein concentration in tissue and cell homog- 
enates was determined as previously described 
[Smith et al., 19851 utilizing a bicinchoninic acid 
assay (BCA). ACE activity in the supernatants 
was measured using a modification of a radiomet- 
ric assay published elsewhere [Rohrbach, 19781. 
Briefly, [glycine- 1-I4C] hippuryl-L-histidyl-L-leu- 
cine (specific activity: 3.0 mCi/mmol; Amer- 
sham, Arlington Heights, IL) was used as sub- 
strate. All reagents were made up in the assay 
buffer consisting of 50 mM HEPES, 0.3 M NaCl, 
and 1 pM ZnClz (pH = 7.4). The assays were 
performed in duplicate, using 50 p1 of cell or 
tissue extracts and 1 1.1 of substrate. To ensure 
good reproducibility of the ACE activity, the 
protein concentration in the assay was main- 
tained at < 2  mg/ml. Reaction mixtures were 
incubated for up to 720 rnin at 37°C; then the 
reaction was stopped by adding 50 pl of 2 N HC1. 
To extract the cleaved substrate, [gly-l-14Clhip- 
puric acid, ethyl acetate (500 1.1) was added to 
each tube, and the tubes were vortexed and then 
centrifuged for 5 min at 1,500 rpm. The radioac- 
tivity in the ethyl acetate layer (200 p1) contain- 
ing the cleaved [gly-l-14C]hippuric acid was then 
measured by a scintillation counter. Reaction 

tubes without cell or tissue extracts served as 
controls, and the background radioactivity in 
these tubes was subtracted from test values. 
Background radioactivity was around 160 cpm 
in all our experiments. Specific ACE activity was 
determined from the rate of formation of [gly-l- 
14Clhippuric acid under conditions of initial ve- 
locity ( < 5% of substrate hydrolysed) and was 
expressed as pmol of [gly-l-l4C1hippuric acid 
released per hour per mg of protein. 

Effects of Selective ACE Inhibitors 
on Enzyme Activity 

To determine the inhibitor sensitivity of ACE 
activity in cultured BBECs and bovine tracheal 
or bronchial mucosa, we compared the effect of 
captopril (Sigma Chemical Co., St. Louis, MO), 
quinapril (Parker-Davis, Ann Arbor, MI), and 
cisalaprilat (Hoffmann-LaRoche, Basel, Switzer- 
land) at concentrations of 10-l2, 
M. The inhibitors were prepared in the assay 
buffer each day and added 10 min prior to the 
substrate. 

and 

Effects of Chloride Anion Concentration 
on ACE Activity 

To determine the effects of chloride anion 
concentration in the assay buffer on degradation 
of [Gly-l-l4C1Hip-L-His-L-Leu by cultured 
BBECs and bovine tracheal or bronchial mu- 
cosa, enzymatic assays were carried out in both 
the absence and presence of sodium chloride 
(0.15, 0.3, 0.6,0.9,and1.2M). 

Effects of Zinc Concentration on ACE Activity 

The presence of zinc (Zn) at the two active 
sites of the enzyme is a salient characteristic of 
ACE. To determine the effect of Zn on ACE 
activity, cells were grown in Zn-free LHC-9/ 
RPMI 1640 medium (l:l), and ACE activity was 
compared to that of cells grown in medium 
supplemented with 1.5 pM ZnS04. ACE activity 
was determined in Zn-free and Zn-containing 
assay buffer (1 FM ZnCl,). 

Effects of Steroids on ACE Activity 

Steroids are known to upregulate ACE activ- 
ity in endothelial cells. We incubated BBECs 
from the first day of culture with increasing 
concentrations of dexamethasone (0.1 nM, 0.5 
nM, 1 nM, 10 nM, 1 FM, and 100 FM). 

Dexamethasone (Sigma Chemical Co., St. 
Louis, MO) was dissolved in absolute ethanol 
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and LHC-9/RPMI 1640 (1:l) culture medium 
depleted of hydrocortisone (0.1 FM) and triiodo- 
thyronine (5  nM) to yield a stock solution con- 
taining 2% ethanol. The stock solution was di- 
luted to a final concentration of 1:lO. In  
preliminary experiments we determined that 
ethanol a t  a concentration of 0.2% had no effect 
on cell viability and ACE activity. Cells cultured 
without dexamethasone served as control. 

In a second series of experiments, BBECs 
were grown to confluency in the same hydrocor- 
tisone- and triiodothyronine-depleted medium. 
Then we added either dexamethasone (1 pM), 
1,3,5(10)-estratrien-3,17p-diol (1 JLM; Stera- 
loids Inc., Wilton, NH), or the steroid receptor 
antagonist RU 38486 (0.5, 2.5, and 5.0 pg/ml; 
Roussel-UCLAF, Paris, France) together with 
dexamethasone. 

Western Blot Analysis of Cell and Tissue Extracts 

Partially purified extracts were used for the 
Western blot analysis. Bovine tracheal mucosa 
and lungs were cut into small pieces and sus- 
pended overnight in a protein extraction buffer 
at 4°C as previously described [Kumble et al., 
19921. BBECs were scraped in PBS and sub- 
jected to the same extraction conditions. 

The crude extract was centrifuged at  1,500 
rpm for 10 min to remove cell debris. The pro- 
tein that precipitated from the resulting super- 
natant between 40% and 70% saturation with 
(NH4I2SO4 was resuspended in PBS and dia- 
lyzed against several changes of this buffer. Pro- 
tein concentration and ACE activity were mea- 
sured, and the enzyme solutions were used for 
Western blot analysis (SDS-PAGE, 3% stacking 
gel, 10% running gel). Polyclonal rabbit anti- 
mouse ACE antiserum was kindly donated by 
Dr. Bernstein, Emory University, Atlanta, GA, 
and has previously shown to crossreact with 
bovine ACE [Shai et al., 19921. Dilutions of 
1: 100 were used. lz5I-labeled Protein A (NEN, 
Boston, MA) served as the secondary antibody. 

In a second series of experiments, eight pro- 
teinase inhibitors were added to all buffers to 
prevent degradation of ACE: Bestatin (10-5 M; 
Peninsula Laboratories, Belmont, CAI, leupep- 
tin ( M; Peninsula Laboratories, Belmont, 
CA), phosphoramidon M; Peninsula Labo- 
ratories, Belmont, CA), soybean trypsin inhibi- 
tor (100 Fg/ml; Sigma Chemical Go., St. Louis, 
MO), aprotinin 30 pg/ml; Sigma Chemical Go., 
St. Louis, MO), chymostatin (50 kg/ml; Sigma 
Chemical Go., St. Louis, MO), bacitracin (100 

TABLE I. Angiotensin I-Converting Enzyme 
Activity in Cultured BBECs and in Culture 
Medium (in Parenthesis) at Different Days 

of Culture 

ACE-activity 
Day pmolihrimg protein" N 

Ob 120 ? 29* not done 5 
3 695 ? 45 (281 ? 23) 9 ( 3 )  
5 843 ? 66 (334 ? 35) 15 (3) 
7 760 * 63 (301 t 29) 9 (3) 

"ACE activity in culture medium is based on protein concen- 
tration of serum-free medium 
bAfter protease digestion, before plating. Values are 
means 2 SEM. 
*P < 0.01. 

TABLE 11. Angiotensin I-Converting Enzyme 
Activity in Bovine Tracheal and Bronchial 

Mucosal Strips at Different Locations and in 
Bovine Lung - 

ACE-activity 
Location pmolihrimg protein" s 
Trachea 245 ? 60 5 
Bronchus 

mainstem 197 2 38 5 
first division 280 ? 65 3 
second division 235 ? 55 3 
third division 277 t 70 3 
fourth division 297 2 83 3 

5 - Lung 2,347 f 357 

aValues are means ? SEM. 

Fgirnl; Sigma Chemical Go., St. Louis, MO), and 
DL-2-mercaptomethyl-3-guanidinoethylthiopro- 
panoic acid M, Calbiochem; La Jolla, CA). 

Statistical Analysis 

All data are expressed as means k SEM. Sta- 
tistical analysis was performed using one-way 
analysis of variance and Newman-Keuls test for 
multiple comparisons. A P value less than 0.05 
was considered significant. 

RESULTS 
ACE Activity in Cultured BBECs 

[Gly-l-14C]Hip-L-His-L-Leu was hydrolyzed by 
extracts from cultured BBECs at  different stages 
of confluence, from culture medium, and from 
bovine tracheal and bronchial mucosa hydroly- 
sates (Tables I and 11). ACE activity was highest 
when cells reached confluency, usually between 
days 4 and 5 ,  and lowest immediately after the 
protease digestion on day 0. ACE activity was 



355 Regulation of ACE in Cultured BBECs 

1 0 0 0 ,  

I T  A 
800 

600 

400 

200 

0 
-12 -9 - 6  

Log [Captroprll], M 

1000 

800 

x 
- 0  
Y 

5 E 600 

V \  

<: 
:: 
-- - L O  

400 
n 
v) 

200 

0 

c 

-12  -9 -6  

Lag [Claalaprllat], M 

detected in the culture medium (Tables I and 
11). However, it was only approximately 40% of 
the activity found in BBECs in any correspond- 
ing day of culture. ACE activity was similar in 
various segments of the tracheobronchial tree 
studied and approximately 10% of those of bo- 
vine lung (Table 11). 

Effects of Selective ACE inhibitors 
on Enzyme Activity 

The effects of the selective ACE inhibitors, 
captopril, quinapril, and cisalaprilat on ACE 

r 

B 

1 
- 1  2 - 9  - 0  

Log [Qulnapril], M 

Fig. 1 .  Inhibition of ACE activity in BBECs and bovine bron- 
chial mucosa. Data are expressed as percent of enzyme activity 
in the absence of ACE inhibitors. The inhibitors used were 
captopril (A) quinapril (B), and cisalaprilat (C). Filled bars, 
BBECs; open bars, bronchial mucosa. Bars represent means 5 

SEM of six different experiments. 

activity in BBECs and strips of bronchial mu- 
cosa are shown in Figure 1. There was almost 
complete inhibition of [Gly-l-14ClHip-L-His-L- 
Leu hydrolysis with all three inhibitors. 

Effects of Chloride Anion Concentration 
on ACE Activity 

The effects of increasing concentrations of 
chloride anion in the assay buffer on ACE activ- 
ity in BBECs and strips of bronchial mucosa are 
shown in Figure 2. We found a significant con- 
centration-dependent increase in ACE activity 
in both cell and tissue homogenates. 

Effects of Zinc on ACE Activity 

The effects of zinc in the assay buffer on ACE 
activity in cultured BBECs is shown in Figure 3. 
We found that BBECs cultured in zinc-free me- 
dium exhibited a three-fold decrease in ACE 
activity in comparison to control when the assay 
was performed in the absence of zinc in the 
buffer. However, in the presence of zinc in the 
assay buffer, ACE activity in these cells was 
similar to that of control. Finally, ACE activity 
in BBECs cultured in zinc-free medium and 
assayed in zinc-supplemented buffer was similar 
to that of control. 
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Fig. 2. Effects of chloride anion concentration in the assay 
buffer on BBECs and bovine bronchial mucosal ACE activity. 
Data are expressed as percent of enzyme activity in the absence 
of sodium chloride. Open symbols, BBECs; filled symbols, 
bronchial mucosa. Symbols represent means ? SEM of six 
different experiments. 
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Fig. 3. Effects of zinc concentration on ACE activity of cultured 
BBECs. (See text for explanations.) The bars represent the 
means ? SEM of three different experiments. Solid bar, cells 
cultured in zinc-supplemented medium and ACE assay per- 
formed in zinc-containing buffer; open bar, cells cultured with 
zinc, ACE activity determined in zinc-depleted buffer; hatched 
bar, cells grown in zinc-free medium, assay buffer contained 
zinc; crosshatched bar, culture medium and assay buffer free of 
supplemental zinc. 

400 * 1 

Fig. 4. Effects of dexamethasone on ACE activity. BBECs were 
cultured in medium supplemented with increasing concentra- 
tions of dexamethasone to confluency (day 5). ACE activity and 
total protein concentration were then determined. Results are 
expressed as percent of enzyme activity in the absence of 
dexamethasone (control). The bars represent means t SEM of 
five different experiments ( * P  < 0.05). 

Effects of Steroids on ACE Activity 

The effects of dexamethasone on ACE activity 
in BBECs is shown in Figure 4. We found that 
dexamethasone induced a significant, concentra- 
tion dependent increase in ACE activity in cul- 
tured BBECs (P  < 0.05). The maximal effect 
was observed at a concentration of 

The steroid receptor antagonist, RU 38486, 
inhibited dexamethasone-induced responses in 
a concentration-dependent fashion (Fig. 5). The 
estrogen, 1,3,5 ( 10) -estratrien-3,17 p -diol, had no 
significant effect on ACE activity in cultured 
BBECs (data not shown). 

Western Blot Analysis of Tissue and Cell Extracts 

Western blot analysis of partially purified tis- 
sue extracts showed a weakly cross-reacting pro- 
tein in the 175 kDa range with all examined 
extracts (Fig. 6). While the appearance of the 
175 kDa band is variable in different tissues as 
well as in different preparations from the same 
tissue, we always see strongly cross-reactive 52  
and 47 kDa bands. This was not due to unspe- 
cific IgG binding proteins in the crude extract, 
for incubation with non-immune rabbit antise- 
rum (25 Fg) instead of primary antibody failed 
to show these bands, as did incubation with 
1251-labeled protein A in the absence of primary 
antibody (not shown). 

M. 
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Fig. 5. Effects of RU 38486 on dexamethasone induction of 
ACE activity. Confluent BBECs were treated with increasing con- 
centrations of RU 38486 in presence and absence of 1 pM dexa- 
methasone. After 48 h, the cells were washed and sonicated 
and ACE activity and total protein concentration were determined. 
Results are expressed as percent of enzyme activity in the ab- 
sence of RU 38486 and represent means ? SEM of five different 
experiments. Filled circles, RU 38486 alone; open circles, RU 
38486 and dexamethasone. Filled and open squares are the 
protein concentrations of BBECs exposed to RU 38486 alone 
and to RU 38486 together with dexamethasone, respectively. 

Fig. 6. Western blot analysis of protein extract of cultured 
BBECs and bovine tracheal mucosal strips. Rabbit anti-mouse 
ACE antiserum ( 1 : l O O )  was used as the primary antibody. Lane 
1, purified rabbit ACE (5 pg; Sigma Chemical Co., St. Louis, 
MO); lane 2, bovine lung extract; lane 3, BBECs extract; lane 4, 
tracheal mucosal strip extract. Lanes were loaded with 200 pg 
protein. 

The addition of a cocktail of proteinase inhibi- 
tors to all buffers did not result in the disappear- 
ance of the 52 and 47 kDa bands, indicating that 
the production of these bands is a physiological 
event and not one of non-specific proteolysis 

Fig. 7. Western blot analysis of protein extracts from BBECs 
and bovine lung in the presence of proteinase inhibitors. Lane 1 
(control), rabbit ACE (5 pg); lane 2, lung tissue; lane 3, lung 
tissue with proteinase inhibitors; lane 4, BBECs; lane 5, BBECs 
with proteinase inhibitors (see text for proteinase inhibitors 
used in these experiments). The 175 kDa band is almost not 
detectable. Lanes were loaded with 200 pg protein. 

during tissue handling and protein extraction 
(Fig. 7). The mechanism how these low M.W. 
bands are generated is not known. 

DISCUSSION 

The results of the present study show that 
cultured BBECs and strips of bovine bronchial 
and tracheal mucosa express ACE activity. In 
addition, we found that cultured BBECs release 
ACE into the culture medium. Enzyme activity 
was upregulated by dexamethasone and modu- 
lated by chloride and zinc in the assay buffer. 
Finally, Western blot analysis of BBECs and 
tracheal and bronchial mucosal strip homog- 
enates confirmed the presence of ACE in bovine 
airway epithelial cells. Collectively, these data 
indicate that ACE is present in cultured BBECs 
and that its activity can be modulated. 

ACE activity in tissue homogenates of human 
fetal airway was found in a previous study 
[Johnson et al., 19851. However, this group did 
not localize ACE activity to the airway mucosa. 
It is well established that significant ACE activ- 
ity is present in endothelial cells and tissue 
macrophages. It is conceivable, therefore, that 
ACE activity measured in the airway in their 
investigation was partially derived from these 
cells. The results of the present study clearly 
indicate the presence ofACE in cultured BBECs. 
In  addition, we found that cultured BBECs shed 
ACE into the culture media. The latter observa- 
tion may explain, in part, the source of ACE 
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activity in BALF obtained from laboratory ani- 
mals and humans. The results of this study do 
not allow us to examine the mechanisms that 
mediate shedding of ACE from cultured BBECs. 

It is well established that ACE activity is 
modulated by chloride anion concentration. Hu- 
man ACE enzyme contains two independent 
catalytic domains, N and C, that have different 
chloride activation profiles Wei et d., 19911. 
The N domain is much less chloride dependent 
than the C domain. These observations suggest 
that the N and C domains may also have differ- 
ent substrate specificities and sensitivities to 
ACE inhibitors, for hydrolysis of bradykinin is 
known to be less chloride dependent than that of 
angiotensin I [Skidgel and Erdos, 19931. The 
results of the present study clearly show that 
ACE activity in cultured BBECs is also modu- 
lated by chloride anion. Whether chloride anion 
also modulates ACE activity in airway epithelial 
cells in situ remains to be established. 

The results of the present study confirm previ- 
ous observations that zinc is required for ACE 
activity [Henning et al., 19921. In addition, we 
found that the biologic expression of ACE activ- 
ity in cultered BBECs does not require the pres- 
ence of zinc in the culture media. 

Previous studies showed that corticosteroids 
upregulate ACE activity in cultured endothelial 
cells [Mendelsohn et al., 1982; Dasarthy et al., 
19921. The results of the present study confirm 
these observations in cultured BBECs. In addi- 
tion, we found that the effects of dexamethasone 
were specific, for they were inhibited by the 
steroid receptor antagonist, RU 38486, and that 
an estrogen derivative had no effect on BBECs 
ACE activity. The physiological significance of 
dexamethasone-induced upregulation of ACE ac- 
tivity in cultured BBECs is unclear at this stage. 
However, this may serve to protect airway epithe- 
lial cells from the deleterious effects of bradyki- 
nin when local concentrations of the peptide are 
increased [Christiansen et al., 19921. 

The physiological role ofACE in airway epithe- 
lial cells was not investigated in the present 
study. It is conceivable that ACE may regulate 
the kallikrein-kinin system in the airway mu- 
cosa by hydrolysing bradykinin. Bradykinin re- 
ceptors have been localized in airway epithelial 
cells [Denning and Welsh, 1991; Rangachari et 
al., 19881. The peptide has been shown to regu- 
late airway epithelial cell function, such as chlo- 
ride transport [Denning and Welsh, 19911, and 

to exert potent proinflammatory and mitogenic 
effects [Woll and Rosengurt, 1988; Vicentini and 
Villereal, 19841. Thus, ACE may have an auto- 
crine role in modulating airway epithelial cell 
function by regulating local concentrations of 
bradykinin. Whether airway epithelial cell ACE 
is also involved in regulating the metabolism of' 
other peptides released during airway injury 
and inflammation, such as substance P and an- 
giotensin I is unknown [Skidgel and Erdos, 1987, 
19931. 

In summary, our results show that ACE is 
present in cultured BBECs. In addition, we found 
that ACE activity in cultured BBECs is modu- 
lated by chloride, zinc, and dexamethasone. We 
suggest that airway epithelial ACE plays an 
important role in regulating cell function. 
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