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ABSTRACT: The 16 kDa Clara cell protein (CC16), an abundant component of
airway secretions, has recently been proposed in humans as a pulmonary marker
measurable not only in bronchoalveolar lavage fluid (BALF) but also in serum. The
aim of the present study was to investigate the changes and determinants of CC16
concentrations in these fluids in normal rats and rats with lung injury.

Female Sprague±Dawley rats were given a single i.p. injection of arachis oil (n=20)
or chemicals in arachis oil (n=10) that mainly damage Clara cells (4-ipomeanol (IPO)
8 mg.kg-1 and methylcyclopentadienyl manganese tricarbonyl (MMT) 5 mg.kg-1) or
endothelial cells (a-naphthylthiourea (ANTU) 5 mg.kg-1).

CC16 concentration (mean�SD in mg.L-1), measured by a sensitive latex immuno-
assay, was significantly reduced in BALF of all treated groups (IPO 380�100; MMT
730�200; ANTU 1,070�200; controls 1,700�470). The same pattern of decrease was
observed in the labelling of Clara cells with an anti-CC16 antiserum as well as in the
CC16 messenger ribonucleic acid levels assessed by Northern enzyme-linked immu-
nosorbent assay. In serum, by contrast, CC16 was significantly increased in all treated
groups (IPO 31�7; MMT 22�12; ANTU 52�24; controls 15�6). This rise of CC16 in
serum was associated with an elevation of albumin in BALF which is an index of
increased bronchoalveolar/blood barrier permeability.

In conclusion, lung injury induces a decrease of the 16 kDa Clara cell protein in
bronchoalveolar lavage fluid owing to a reduced production by damaged Clara cells,
and an increase in serum protein levels resulting from its enhanced leakage across the
bronchoalveolar/blood barrier. This study provides new insights into the under-
standing of the changes of lung secretory proteins in bronchoalveolar lavage fluid and
serum.
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Clara cell protein, a microprotein of 16 kDa (CC16), is
one of the major secretory products of Clara cells which
are nonciliated cells of the bronchiolar epithelium [1].
Human and animal studies have shown that CC16 occurs
in high concentrations in bronchial and bronchoalveolar
lavage fluids (BALF), reflecting the intense secretion of
this protein into the lumen of the respiratory tract [2±5].
Interestingly, CC16 also occurs in serum derived from the
respiratory tract, probably by passive diffusion [2, 5].

Recent studies in humans suggest that CC16 levels in
serum and BALF are influenced by different factors, the
contributions of which are still poorly understood. In
smokers, for instance, a decrease in CC16 levels has been
found in BALF and serum which has been ascribed to
Clara cell damage induced by tobacco smoke [3, 6]. By
contrast, in patients with interstitial lung disorders or fire-
fighters acutely exposed to fire smoke, the CC16 levels in
serum were found to be increased [7±9]. The most likely
explanation for this elevation appears to be an increased
leakage of the protein from the respiratory tract into the
bloodstream across the bronchoalveolar/blood barrier
(BA/BB), although other mechanisms such as a stimu-
lated synthesis cannot be ruled out.

To explore the mechanisms underlying CC16 changes in
BALF and serum, CC16 was traced from its synthesis by
Clara cells to its passage into serum in normal rats and rats
treated with well-known pneumotoxicants affecting pre-
dominantly Clara cells (4-ipomeanol (IPO), methylcyclo-
pentadienyl manganese tricarbonyl (MMT)) [10±15] and
endothelial cells (a-naphthylthiourea (ANTU)) [15±17].
The changes of CC16 in BALF and serum were compared
with lung histology, Clara cell density, CC16 gene ex-
pression, and classical indices of lung injury.

Materials and methods

Animals

All experiments were performed on adult female
Sprague±Dawley rats (B&K Universal Ltd., North
Humberside, UK) weighing 170±250 g. The animals were
treated in compliance with the guidelines edicted by the
Belgian Ministry of Middle Class and Agriculture.
Throughout the study, the animals were housed in an
air-conditioned room (258C, 50% relative humidity) with a
regular 12 h light/dark cycle and were allowed standard
chow and tap water ad libitum.
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Source of reagents

IPO was kindly provided by M.R. Boyd (National
Cancer Institute, Bethesda, MD, USA) and ANTU by G.
Saumon (Institut National de la SanteÂ et de la Recherche
MeÂdicale, FaculteÂ Xavier Bichat, Paris, France). MMT was
obtained from Aldrich Chemicals (Milwaukee, WI, USA).
The rabbit polyclonal anti-CC16 antibody raised against
purified rat Clara cell protein was produced in the authors
laboratory and checked for its specificity towards its
antigen, as described previously [5]. Biotinylated goat
anti-rabbit immunoglobulin (Ig)G antiserum, biotinylated
rabbit anti-mouse IgG antiserum and avidin biotinylated
enzyme complex (ABC) were purchased from Dakopatts
(Glostrup, Denmark). All other reagents were of analy-
tical grade and supplied by normal commercial sources.

Treatments

The compounds used in this study were chosen because
of their ability to produce selective pulmonary toxicity in
rats following parenteral administration. For each experi-
mental group (n=10), the lowest dose and the shortest
delay before sacrifice required for biochemical and mor-
phological changes without lethality and toxic effects on
organs other than the lung was chosen. Chemicals were
administered in arachis oil (1 mL.kg-1) as a single intra-
peritoneal injection at the dose of 8 (IPO) or 5 mg.kg-1

(ANTU and MMT). Control animals (n=20) were given
arachis oil only and processed along with treated rats.

Sacrifice and sample collection

Six hours after treatment with ANTU or MMT, and 24 h
following IPO administration, the animals were sacrificed
by an i.p. injection of sodium pentobarbital (60 mg.kg-1).
The trachea was cannulated when respiration had ceased
and the lungs were washed 4-times with 10 mL sterile
0.9% (w/v) NaCl. The BALF was centrifuged (2,0006g
for 10 min at 48C) and the resultant cell-free supernatant
analysed for the different biochemical parameters. Follow-
ing aortic cannulation, whole blood was collected and
stored at 48C for 3 h. After centrifugation of the clotted
blood at 2,0006g for 10 min, the sera were stored at -208C
until analysis.

Morphological examination

Immediately after sacrifice, lung samples were fixed by
immersion in 4% formaldehyde or in Bouin's fluid for at
least 48 h. Fixed tissues were rinsed in 70% ethanol,
routinely dehydrated in graded ethanol and in butanol, and
embedded in Paraplast Plus1; (Sherwood Medical Com-
pany, St Louis, MO, USA) paraffin according to standard
procedures [18]. Paraffin sections of 4±5 mm thickness
were cut serially with a Reichert Autocut 2040 microtome
(Reichert, Nussloch, Germany) and mounted on silane-
coated glass slides. For each specimen, selected sections
were stained with Masson's trichrome or with haematox-
ylin, erythrosin, orange G and anilin blue. To observe
consecutive fields, the remaining adjacent slides were
saved for immunocytochemical labelling.

CC16-containing cells were localized in lung sections
with a rabbit polyclonal antibody raised against rat CC16
using a slightly modified streptavidin-biotin immunoper-

oxidase method [5, 18]. Briefly, before immunostaining,
rehydrated sections were immersed in 0.4% hydrogen per-
oxide for 5 min and pretreated by incubation in a wet auto-
clave at 1208C for 20 min for antigen retrieval [19]. Prior
to immunostaining, the pretreated sections were washed
in phosphate-buffered saline (PBS; 0.04 M Na2HPO4,
0.01 M KH2PO4, 0.12 M NaCl, pH 7.4) and incubated in
5% normal goat serum (NGS) in PBS for 20 min. Slides
were then rinsed and incubated sequentially at room tem-
perature in the following solutions: 1) rabbit polyclonal
anti-rat CC16 (1:400) for 1 h; 2) biotinylated goat anti-
rabbit IgG (1:50) for 20 min; and 3) ABC complexes for
20 min. Bound peroxidase activity was visualized by
incubation with 0.02% 3,3'-diaminobenzidine and 0.01%
H2O2 in PBS. The different solutions were prepared in
5% NGS-PBS buffer (pH 7.4) and after each step of the
immunostaining procedure the sections were rinsed in the
same buffer. The sections were finally counterstained with
haemalum and luxol fast blue, dehydrated and mounted
with a permanent mounting medium.

Control of the specificity of immunolabellings included
the omission of the primary antibody or the substitution of
the primary antibody with nonimmune serum. In each case,
these assays confirmed the specificity of the observed
immunolabellings. In addition, the antiserum used in this
study was checked to ensure that it gave clear-cut imm-
unostaining patterns on control lung sections i.e. the la-
belling was restricted to Clara cells.

Morphometric analysis was performed by a computer-
assisted approach as described previously [20]. Briefly, the
procedures utilized a hardware consisting of a high-re-
solution colour video camera (JVC KY-15; Tokyo, Japan)
mounted on a Zeiss Axioplan microscope and connected
to an IBM-compatible PC (Compaq 80386; Alcatel TITN,
Grenoble, France). The software was specifically design-
ed for colour analysis and morphometry (SysteÁme d'Anal-
yses Microscopiques aÁ Balayage Automatique (SAMBA)
system; Alcatel). The analysis of CC16-immunoreactive
cells was performed on one lung section per experimental
animal by scanning 10 bronchiolar profiles (terminal bron-
chioles) taken at random in the tissue section at 2006
magnification. This represented a total scanned surface of
~40,000 mm2 of bronchiolar epithelium. In order to define
the bronchiolar surface to be analysed, the basal mem-
brane and the apical border of each bronchiolar section
were demarcated interactively. The area of the bronchi-
olar epithelium was then automatically measured with an
appropriate program. For each animal, the total epithelial
area was obtained by pooling the values recorded for each
of the 10 bronchiolar profiles. The number of CC16-pos-
itive epithelial cells was also recorded for each bron-
chiolar profile and these values pooled for one section.
The density of CC16 immunoreactive cells was then cal-
culated for each animal and expressed as the number of
positive cells per 100 mm2 of bronchiolar epithelium.
Individual data were pooled per experimental group.

Analytical methods

CC16 concentrations were determined by an automat-
ed latex immunoassay, as described previously [5]. This
assay uses as a standard the rat protein purified from
concentrated BALF and a polyclonal antibody raised in
rabbits [5]. By Western blotting analysis, this antibody
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demonstrated the presence of a single band at ~16 kDa
when tested in different biological fluids [5]. The per-
formance of the assay in various rat biological fluids
including BALF and serum were similar to that reported
for the human protein [5, 21]. In particular, the analytical
recovery, tested by adding 50 ng of purified rat CC16 to 1
mL of 10 different sera, averaged 90�7% and the detec-
tion limit was 0.5 mg.L-1. Albumin concentrations were
determined by latex immunoassay calibrated with a pool
of normal sera (albumin concentration 30 g.L-1). Lactate
dehydrogenase (LDH) activity was assayed by monitor-
ing the reduction of oxidized nicotinamide adenine di-
nucleotide (NAD+) at 340 nm in the presence of lactate.
Alkaline phosphatase was assayed enzymatically using a
commercial reagent kit (Bayer Diagnostics, Leverkusen,
Germany). Creatinine was determined in serum by the
method of JaffeÂ.

Northern enzyme-linked immunosorbent assay for CC16

Total lung ribonucleic acid (RNA) isolation was per-
formed using TRIZOL reagent (GIBCO BRL, Merelbeke,
Belgium) according to manufacturer's instructions. b-Actin
and CC16 messenger RNA (mRNA) levels were measured
in 1 mg of total lung RNA using a Northern enzyme-link-
ed immunosorbent assay (ELISA) kit (Boehringer Mann-
heim, Mannheim, Germany) with some modifications to
the manufacturer's protocol. Instead of labelling poly(A)+
mRNA with biotin for mRNA capture on streptavidin-
coated microtitre plates, 5' -biotinylated deoxyribonucleic
acid (DNA) probes specific for rat b-actin and CC16 were
used to capture mRNA in the total RNA. The second non-
overlapping DNA probe for mRNA detection was label-
led by incorporation of digoxigenin (DIG)-deoxyuridine
triphosphate (dUTP) (Boehringer Mannheim) during am-
plification. The probes were generated by the polymer-
ase chain reaction (PCR) starting with cloned rat b-actin
and CC16 complementary DNA (cDNA). The specific
primers used for the amplification of the b-actin probes
were: 5'-AGTCACTCCAAGTATCCACG-3'and 5'-biotin-
GTCTCACGTCAGTGTACAGG-3' for the biotin-label-
led probe, and 5'-CCATCCTGCGTCTGGACCTG-3' and
5'-CTCATCGTACTCCTGCTTGC-3' for the DIG-label-
led probe. The primers used for the amplification of the
CC16 probe were 5'-TGCCTCAGACCTGCAAAATG-3'
and 5'-biotin-GGGCTTTAGCGTAGAATATCT-3' for the
biotin-labelled probe, and 5'-CATCAGCCCACATCTA-
CAGAC-3' and 5'-AGACTCTGAGCCTAGGAGGA-3'
for the DIG-labelled probe. In each measurement for b-
actin or CC16 mRNA, a standard curve with a dilution
series of total RNA was used for reliable quantification of
the transcripts. CC16 mRNA data were normalized to b-
actin mRNA levels.

Statistical analysis

Results are expressed as mean�SD. Differences between
groups were assessed by one-way analysis of variance
followed by the Student-Newman±Keuls multiple compar-
ison test. When the variances were nonuniform, the data
were subjected to log transformation prior to statistical
analysis. Associations between variables were assessed by
calculating the Pearson's correlation coefficient. The level
of critical significance was assigned at p<0.05.

Results

Histological analysis

Histological lesions induced by IPO mainly involved
Clara cells that presented a swollen apical cytoplasm
frequently protruding into the bronchiolar lumen. Alveolar
and bronchiolar ciliated cells were not affected by the IPO
treatment. In MMT-treated rats, no abnormalities were seen
in the alveolar and the bronchiolar epithelia with the
exception of isolated Clara cells sloughing in the lumen
(fig. 1). ANTU induced gross macroscopic changes con-
sisting of pulmonary petechiae with marked pleural effu-
sion and was fatal in two animals. Microscopically,
discrete zones of alveolar oedema in lung parenchyma
and a sloughing of Clara cells comparable to that seen
with MMT were observed.

CC16 in BALF and serun

The concentration of CC16 was significantly decreased
in the BALF of all treated groups. As shown in figure 2,
IPO produced the most important reduction (80% on
average), followed by MMT (60%) and ANTU (40%).
Interestingly, in serum, CC16 showed the opposite pattern
of that in BALF, increasing on average by 300% with
ANTU, 200% with IPO, and 135% with MMT.

Other parameters

The three lung toxicants produced a significant elevation
of albumin concentrations in BALF which, on average,
reached values 4-, 20- and 80-times that of controls in rats
treated with IPO, MMT and ANTU, respectively (fig. 3).
The activity of LDH and alkaline phosphatase in BALF
was increased only by the IPO treatment (fig. 3). A stati-
stically significant increase of serum creatinine was not-
ed in the treated groups, but this elevation was slight
and similar between the three toxicants (controls 8�1.1
mg.L-1; IPO 10.1�1.5 mg.L-1; ANTU 9.8�1.1 mg.L-1;
MMT 9.1�1.6 mg.L-1; p=0.001).

CC16 immunostaining and Northern ELISA analysis

When using polyclonal anti-rat CC16 antibody, CC16-
positive cells were localized in the terminal bronchioles,
where they represent the predominant epithelial cell type
(fig. 1). No immunostaining was detected in the alveolar
cells. In treated animals, the bronchiolar epithelium was
characterized by a partial loss of the normal CC16-imm-
unoreactive Clara cell profile. This was confirmed by a
computer-assisted morphometric analysis showing that
the density of Clara cells was significantly lower in the
bronchiolar epithelium of treated rats, compared to con-
trols (fig. 4). The diminution of the number of CC16-
immunoreactive cells was mainly apparent following IPO
treatment and occurred with less severity following MMT
and ANTU treatments. A comparable pattern of changes
was observed when evaluating the CC16 mRNA levels
with a Northern ELISA (fig. 4). The CC16/b-actin mRNA
ratio was significantly decreased by IPO and MMT. The
ratio was also decreased following ANTU treatment but
without reaching the level of statistical significance (p=
0.1).
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Correlations

In the control rats, the CC16 concentration in serum
was significantly correlated with that in BALF (fig. 5), but
not with the albumin level in BALF (n=20, r=0.049,
p=0.845). In treated rats examined separately or com-
bined, no association between CC16 in serum and BALF
parameters was observed. However, when control and
treated rats were combined (n=48), a significant correla-
tion emerged between the elevation in serum of CC16 and
the increase in BALF of both LDH (r=0.31, p=0.03) and
albumin (fig. 6). The CC16 level in serum also showed a
weak negative correlation with that in BALF (r= -0.32,
p=0.026). In BALF, the concentration of CC16 was nega-
tively correlated with the levels of albumin (r= -0.32, p=

0.02), alkaline phosphatase (r= -0.51, p=0.0002) and LDH
(r= -0.70, p=0.0001). Also of note was that the CC16 lev-
el in BALF was correlated with the number of CC16-
immunoreactive cells determined in control and treated
rats, but this did not reach a level of statistical signi-
ficance (n=15, r=0.47, p=0.07).

Discussion

The objective of the present study was to provide an
experimental basis for the interpretation of changes to
CC16 concentrations in pulmonary and extrapulmonary
fluids. CC16 levels were determined in these two fluids by
a sensitive immunoassay in normal rats and rats with

Fig. 1. ± Immunolocalization of Clara cells in terminal bronchioles in the lungs of control rats (a), rats treated for 6 h with methylcyclopentadienyl
manganese tricarbonyl (MMT; b) or a-naphthylthiourea (ANTU; c), and rats treated for 24 h with 4-ipomeanol (IPO; d). The immunostaining was
performed using a polyclonal anti-rat CC16 antibody. In control lungs (a), the Clara cells are intensely stained and represent the predominant epithelial
cell type of the bronchiolar epithelium. In the treated rat, (b, c and d), the bronchiolar epithelium is characterized by a partial loss of the normal CC16-
immunoreactive Clara cell profile. Note the partially necrotic aspect of the bronchiolar epithelium in MMT-treated rats (b) and the characteristic apical
swelling of Clara cells after short treatment with IPO (d). (Internal scale bars=50 mm.)
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epithelial or endothelial lung injury induced by systemic
toxicants. The purpose was not to study the intrinsic
toxicity of these agents, but to use them as model com-
pounds to investigate the CC16 changes in BALF and
serum. Possible mechanisms leading to changes of CC16
in these biological fluids were investigated by evaluating
the CC16-immunoreactive cell density, the gene expres-
sion and usual biochemical BALF parameters, including
albumin, as indicators of the BA/BB integrity.

The results obtained in normal rats were consistent with
those reported in humans. CC16 appeared as a major
BALF protein with a concentration averaging 4% of that of
albumin [2]. In serum, the CC16 level was two orders of
magnitude lower than that in BALF. As in humans, the
concentration of CC16 in serum correlated with that in
BALF [2, 3, 5], which supports the view that serum CC16
derives mostly, if not exclusively, from the respiratory
tract, with other sex-linked sources such as the uterus [22]
contributing nothing or very little to the serum CC16
concentrations. In humans, this was recently confirmed
by multiple tissue Northern blot analysis on 50 different
tissues (Human RNA Master BlotTM, Clontech) demon-
strating that CC16 is expressed almost exclusively in the
respiratory tract, with the exception of a very weak ex-
pression in the urogenital tract (C. Hermans, unpublished
data). It is worth noting that the proportion of Clara cells
in the rat bronchiolar epithelium appeared to be much

higher than in humans. In the present study, CC16-
positive cells represented ~80% of total bronchiolar cells,
an estimate very close to that derived from ultrastructural
analyses [23], but about three-times higher than that in
humans [3].

Lung injury was induced by well-known pneumotox-
icants active in rats following systemic administration.
Small doses of these agents were used in order to produce
mild pulmonary injury with little lethality and to avoid
toxic effects on organs other than the lung. Sacrifice of the
rats was performed shortly after challenge because at a
later stage direct toxic effects on CC16 levels could not be
detected in view of the short half-life of the protein in
serum (estimated to be a few hours) [9] and the prolifer-
ation of Clara cells acting as progenitor cells during tissue
repair [24]. As confirmed by histological examination and
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in agreement with the literature, lesions induced by IPO
and MMT were predominantly confined to Clara cells,
with other sites and cell types of the respiratory tract
being spared. This specificity was achieved partly be-
cause of the intrinsic toxicity of these compounds which
are bioactivated within Clara cells [25±27], and partly, as
in the case of MMT, by the time of sacrifice, since al-
veolar cell damage has been described at a more advanc-
ed stage of intoxication [13]. As expected, ANTU caused
alveolar oedema in discrete zones of the lung parenchyma
[16]. This compound also caused some sloughing of Clara
cells, an effect previously unnoticed but which may be
explained by its bioactivation within Clara cells [16, 28].

These three toxicants induced a significant reduction of
CC16 in BALF which can undoubtedly be ascribed to
Clara cell damage with an ensuing decreased production of
the protein as confirmed by the histological examination,
the correlation between CC16 and classical indices of lung
injury in BALF, as well as the study of CC16 transcripts
and CC16-immunoreactive cells. These results are in
keeping with those obtained with naphthalene and bleo-
mycin which have been shown to produce marked changes
in CC16 expression in mice lungs as estimated by in situ
hybridization [29, 30]. The present observations indicate
that the measurement of CC16 in BALF can be used as a
sensitive surrogate of the number and/or integrity of Clara
cells.

In serum however, the CC16 concentration was in-
creased in all treated groups, with a pattern of changes
opposite to those in BALF, and which correlated with the
severity of the lung injury as assessed by BALF bio-
chemical indices. This elevation, of course, cannot be rela-
ted to the synthesis and secretion of the protein in the
respiratory tract which, on the contrary, were diminished.
Another possible explanation would be a reduced renal
clearance [2, 9], but this possibility is refuted by the fact
that none of these toxicants have been reported to be
nephrotoxic at the doses used in the present study, which
was confirmed by the observed levels of serum creatinine.
The only remaining explanation is that there was an
increased leakage of CC16 from the respiratory tract into
the plasma secondary to alteration of the BA/BB. The
determination in BALF of high molecular weight plasma
proteins such as albumin is commonly used to assess the
integrity and/or the permeability of the BA/BB [31, 32].
The most pronounced increase of BALF albumin was
observed in the group treated with ANTU, a potent
oedematogenic agent damaging to lung endothelial cells
[17]. An increase in the BALF albumin content also
followed IPO and MMT treatments, most probably as a
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result of epithelial or endothelial cell damage. Interest-
ingly, the most important CC16 increase in serum was
observed in rats treated with ANTU which developed the
most severe damage of the air-blood barrier. On average,
the pattern of increase in albumin in the BALF of treated
rats was parallel to that found for CC16 in serum and
when considering all animals, both appear significantly
correlated, which is clearly indicative of a leakage of
CC16 across the BA/BB, similar to that of albumin but in
the opposite direction.

The exact mechanism by which CC16 enters into
plasma remains to be determined. In control rats, the most
plausible explanation is that of a diffusion of the protein
from the lumen of the respiratory tract across the BA/BB.
The significant correlation between CC16 levels in serum
and BALF of control rats supports this hypothesis of a
diffusional exchange, the driving force for this process
being provided by the huge CC16 concentration gradient
between the epithelial lining fluid and plasma [5]. It is of
interest to note that in view of its sieving properties, the
BA/BB probably offers little hindrance to the passage of
CC16 (molecular radius of 1.9 nm) as it is believed to
function as an heteroporous membrane with a predomi-
nant population of small pores (radii between 0.5 and 2.5
nm) and a small population of much larger pores [33, 34].

If there is little doubt that the increase of serum CC16
with lung injury is due to its increased leakage from the
lung, it remains to be determined whether this is the result
of an increased permeability of the BA/BB, of fluid
transfer across the BA/BB, or both. In this respect, it is
worth noting that the leakage of albumin and of CC16
across the BA/BB barrier were significantly correlated for
all rats combined, but not within each treated group. Sev-
eral explanations can be proposed for this poor correla-
tion between both indices, all of which are related to the
difference in size between the two proteins. Firstly, if the
heteroporous models proposed to account for the sieving
properties of the BA/BB are correct [33, 34], CC16 should
move almost freely across the BA/BB and, in contrast to
albumin, its passage should be relatively unaffected by a
loss of the selective permeability of the BA/BB. Sec-
ondly, albumin and other high molecular weight plasma
proteins leaking into the respiratory tract accumulate in
small quantities in the alveolar and bronchiolar lining
fluids from where they are cleared very slowly [35]. This
results in a progressive building up of the albumin con-
centration in the epithelial lining fluid, which probably
explains why the albumin level in BALF can increase by
several orders of magnitude in lung injury. The situation
is completely different with CC16 leaking through the
BA/BB which dilutes into the bloodstream from where it
is rapidly eliminated by glomerular filtration. Finally, as
CC16 is a short-lived protein in plasma, its kinetics
following acute lung damage probably differ from those
of albumin in BALF, which may further explain the poor
correlation between the two indices. Although the mecha-
nisms governing the passage of proteins are poorly un-
derstood, the sieving properties of the BA/BB, allowing
an unrestricted diffusion of CC16, as well as the poor
correlation with albumin in BALF, may indicate that the
escape of CC16 is related more to an increased convec-
tion by a hypothetical drag effect whereas a loss of the
selective permeability of the BA/BB would be respon-
sible for the leakage of albumin.

The hypothesis that CC16 in serum rises as a result of
its increased leakage across the BA/BB is suggested by
recent observations in humans. An increase in CC16 has
been found in firefighters acutely exposed to fire smoke as
well as in patients with interstitial lung diseases such as
pulmonary fibrosis and sarcoidosis, and is most probably a
result of acute or chronic damage of the BA/BB [2, 7±9].
Similar findings have been made with other lung secre-
tory proteins. Two surfactant-associated proteins (SP-A
and SP-B), synthesized by alveolar type II cells and/or
Clara cells, were recently found to be increased in the
serum of patients with acute respiratory distress syndrome
(ARDS) [36, 37], a condition characterized by increased
permeability and loss of size-selectivity of the barrier
[38]. This increase occurs despite a decrease in the levels
of SP-A and SP-B in lung lavage fluids of ARDS patients
[39]. These observations support the hypothesis that the
damage to the BA/BB induces an increase in the bi-
directional flux of proteins between serum and the lumen
of the respiratory tract resulting in the development of
protein-rich pulmonary oedema and the leakage of lung
secretory proteins into the bloodstream. The terms "pneu-
moprotein" and "pneumoproteinaemia" have recently
been proposed to refer to such lung secretory proteins and
their occurrence in plasma [40]. The present observations
indicate that lung secretory proteins can simultaneously
decrease in BALF and increase in serum, suggesting that
the permeability of the BA/BB is a more important de-
terminant of their circulating levels than their absolute
levels at the surface of the respiratory tract.

In conclusion, this study suggests that in lung injury
induced by different lung toxicants, changes in levels of
the 16 kDa Clara cell protein in serum are mainly affected
by the integrity and/or the permeability of the broncho-
alveolar/blood barrier. In bronchoalveolar lavage fluid by
contrast, the concentration of the 16 kDa Clara cell protein
is mainly determined by the number and/or the integrity of
Clara cells of which it can be used as a sensitive surrogate.
These observations should contribute to a better under-
standing of the changes of lung secretory proteins, not only
in bronchoalveolar lavage fluid, but also in serum where
the 16 kDa Clara cell protein might find widespread
applications as a noninvasive indicator of damage to Clara
cells or to the bronchoalveolar/blood barrier.
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