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ABSTRACT: Exposure to ozone (O3) impairs lung function, induces airway
inflammation and alters epithelial permeability. Whilst impaired lung function and
neutrophilia have been observed at relatively low concentrations, altered lung epithelial
permeability is only seen after high-dose challenges. The appearance of Clara cell
protein (CC16) in serum has been proposed as a sensitive marker of lung epithelial
injury. Here, the use of CC16 as an injury biomarker was evaluated under a controlled
exposure to O3 and the relationship between this marker of lung injury and early lung
function decrements was investigated.

Subjects (n=22) were exposed on two separate occasions to 0.2 parts per million O3

and filtered air for 2 h. Blood samples were drawn and lung function assessed at 2 h pre-
exposure, immediately before and immediately after exposure as well as 2 and 4 h
postexposure.

O3 increased CC16 serum concentrations at 2 h (12.0¡4.5 versus 8.4¡3.1 mg?L-1)
and 4 h postexposure (11.7¡5.0 versus 7.9¡2.6 mg?L-1) compared with air concentra-
tions. Archived samples from O3 studies utilising the same design indicated that this
increase was sustained for up to 6 h postexposure (9.1¡2.6 versus 7.1¡1.7 mg?L-1) with
concentrations returning to baseline by 18 h (7.7¡2.9 versus 6.6¡1.7 mg?L-1). In these
studies, the increased plasma CC16 concentration was noted in the absence of increases
in traditional markers of epithelial permeability. No association was observed between
increased CC16 concentrations and lung function changes.

To conclude, Clara cell protein represents a sensitive and noninvasive biomarker for
ozone-induced lung epithelial damage that may have important uses in assessing the
health effects of air pollutants in future epidemiological and field studies.
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dation, Umeå University, the Swedish
Environmental Protection Agency and the
Swedish Research Council for Environment,
Agricultural Sciences and Spatial Planning
(FORMAS), Sweden.

Ozone (O3) is an important component of photochemical
air pollution to which large numbers of the population are
exposed during the summer months. Human exposures to O3

have been shown to elicit a spectrum of acute responses
including lung function decrements [1], increased airway
resistance [2], altered airway permeability [3], perturbation of
antioxidant defences [4, 5] and airway neutrophilia [3, 6, 7].
While the measurement of altered lung function is relatively
easy and amenable for use in population-based studies,
assessment of airway inflammation and epithelial lung
injury have proven more demanding of time and resources,
especially where bronchoscopy-based lavage has been per-
formed. Importantly, several studies have failed to find an
association between O3-induced lung function decrements
and airway inflammation [4, 8], suggesting the absence of
a casual relationship between these two symptomatic res-
ponses. The use of induced sputum [9, 10], nasal lavage [11,
12], or the measurement of exhaled gases [10] and breath
condensate [13] has been championed by many as providing
less invasive methods for assessing pulmonary responses to
acute air pollution challenges. In all cases, these methods have
successfully demonstrated increased markers of inflammation
following acute air pollutant challenges but how these results

relate to distal pulmonary events remains oblique [12, 14,
15]. In contrast, these methods have failed to demonstrate
increased permeability in these studies using traditional
markers of lung injury, i.e. albumin, total protein, etc.

Tests based on the appearance of lung-specific proteins in
serum following an airway insult have been proposed as a
noninvasive and highly sensitive alternative to traditional
markers of lung epithelial injury. This approach is based on
the concept that these lung-specific proteins move passively
across the epithelial barrier into the serum where they may
serve as peripheral indicators of epithelial damage [16]. One
of the most studied candidate proteins for this analysis is
Clara cell protein (CC16), a 16 kD anti-inflammatory protein
secreted by the nonciliated bronchiolar Clara cells [17]. Serum
CC16 has been used to detect increased epithelial permeability
in a variety of clinical and experimental situations such as in
sarcoidosis [18] and after exposure to tobacco smoke [19] and
nitrogen trichloride [20]. It has also been suggested as a
marker of O3-induced epithelial damage. Cyclists exposed to
ambient air for 2 h demonstrated increased serum CC16
concentrations when O3 ranged 33–103 parts per billion, and
a correlation was found between O3 concentration and the
concentration of CC16 in serum [21]. This observation
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suggested that the pulmonary epithelium was more sensitive
to O3 than had been suggested using traditional permeability
markers in airway lavage. These data were based on a field
study with subjects exposed to a range of air pollutants
making it difficult to attribute these effects directly to O3. The
aim of this study was therefore to address the utility of serum
CC16 as a biomarker for O3-specific epithelial injury in
subjects exposed under controlled chamber conditions, and to
relate changes in this marker to early O3-induced lung
function decrements.

Subjects and methods

Subjects

Healthy subjects (n=22, 12 female, 10 male; mean age
24 yrs, range 21–43 yrs) were recruited. All were nonsmokers
with normal lung function and no history of allergy or pre-
existing lung disease. Subjects were free of airway infection
for o4 weeks prior to the first exposure and throughout the
remainder of the study. Volunteers provided written informed
consent and the study was approved by the Umeå University
Ethics Committee.

Study design and exposures

The study was conducted in a single-blinded, crossover
control fashion, with volunteers exposed in random order to
separate filtered air and 0.2 parts per million (ppm) O3

challenges according to a standard protocol [4]. Successive
exposures were separated by o3 weeks. Exposures lasted for
2 h with subjects performing alternate 15-min cycles of
moderate exercise (minute ventilation 20 L?min-1?m-2) and
rest. Lung function was assessed and peripheral blood
samples were obtained at five time points throughout the
protocol: 1) 2 h before the exposure (-2 h), immediately
before, immediately postexposure (0 h) and at 2 (2 h) and 4
(4 h) h after the end of the exposure. Two pre-exposure time
points were used in an attempt to establish a stable baseline
concentration of CC16.

Lung function assessments

Lung function tests (vital capacity (VC) and forced expira-
tory volume in one second (FEV1)) were carried out using a
conventional Vitalograph spirometer (Vitalograph Med.
Instruments GmbH, Hamburg, Germany). At least three
satisfactory measurements were performed in accordance
with the recommendation of the American Thoracic Society
[22].

Blood sampling

Peripheral blood samples (10 mL) were obtained by
venipuncture with collections into dry tubes (BD vacutainer
type ST; BD vacutainer systems, Preanylitical Solutions
Plymouth, UK). Each sample was allowed to clot for a
minimum of 1 h at room temperature. Samples were then
centrifuged at 3,0006g for 12 min and serum decanted and
stored at -80uC until protein analysis. CC16 was determined
by latex immunoassay using a rabbit anti-CC16 antibody
(Dakopatts, Glostrup, Denmark) and CC16 purified at the
Industrial Toxicology Unit, Faculty of Medicine, Catholic
University of Louvain, Brussels, Belgium, as standards [23].

All samples were run in duplicate at two different dilutions.
This assay has been validated previously by comparison with
a monoclonal antibody-based enzyme-linked innumosorbent
assay [24]. The between- and within-run coefficients of varia-
tion range 5–10%. Previous studies have shown that serum
concentrations of CC16 in normal healthy subjects, on
average, range 10–15 mg?L-1 [17].

Details of archived study material

Later time points following O3 challenge were assessed
using archived plasma samples from two recent studies [5, 7,
25]. In both investigations, exposure protocols were identical
to those outlined in the present study. The first study
comprised 15 healthy subjects (six males, nine females;
mean age 24 yrs, range 19–31 yrs) exposed to air and O3 as
outlined previously, with blood drawn pre- and 6 h post-
exposure. In addition, bronchoscopy-based airway lavages
were performed at 6 h postexposure, immediately following
the final blood sampling. Details of the lavage technique have
been described previously [5]. These samples were analysed
for total protein and albumin, using assays from Boehringer,
Mannheim, Germany in an autoanalyser at the Dept of
Clinical Chemistry, University Hospital, Umeå, Sweden. The
second study involved another 15 healthy subjects (five
females, 10 males; mean age 23 yrs, range 21–27 yrs). Here,
blood samples were collected pre-exposure and 18 h post-
exposure. Bronchoscopy was carried out immediately after
the final plasma samples were drawn, in an identical fashion
to the 6-h study. Permeability markers were also assessed as
described above. Whole blood samples obtained at the time
points above were immediately centrifuged at 4uC at 4006g
and stored at -80uC. These archived plasma samples were
used for CC16 analyses, using the method outlined above.

Statistical analyses

All data are summarised as mean¡SD. A repeated measures
analysis of variance (General Linear Model) with two within-
subject factors (time and exposure) was used. The immediate
pre-exposure time point was used as reference. The -2 h data
were excluded from the statistical analyses, since rather than
demonstrating a stable baseline in the period prior to
exposure, values fell significantly between -2 h and immediate
pre-exposures. Comparison across intervals was conducted
using a paired t-test. Correlation analyses were carried out
both between baseline data and D values (value after O3

minus value after air) using Pearson9s correlation coefficient.
A p-value of v0.05 was considered significant. However, in
order to avoid type-I errors due to three comparisons, the
level of significance was adjusted by dividing the set
significance level by three (Bonferroni correction). Thus, a
p-value of v0.017 was considered significant.

Results

Exposure to 0.2 ppm of O3 significantly increased the
serum CC16 concentrations at the 2 h and 4 h postexposure
time points relative to parallel air exposure values (12.0¡4.5
versus 8.4¡3.1 mg?L-1, pv0.001 and 11.7¡5.0 versus 7.9¡
2.6 mg?L-1, pv0.001, respectively). O3 serum CC16 concentra-
tions at 2 h postexposure were significantly increased
compared with the immediate pre-exposure value (pv0.01).
This was not the case when comparing the 4 h postexposure
and immediate pre-exposure values (p=0.036), though a clear
trend still existed. In contrast, after air challenge, serum CC16

884 A. BLOMBERG ET AL.



concentrations were significantly decreased 2 h and 4 h
postexposure compared with the pre-air exposure concentra-
tion (pv0.01 and pv0.001, respectively; fig. 1).

O3 induced a significant decrease in FEV1 immediately
postexposure (0 h), p=0.002 (fig. 2). A corresponding fall was
also detected in VC (p=0.001). Lung function values were not
significantly decreased at the 2 h and 4 h postexposure time
points. No significant correlations were observed between
baseline serum CC16 concentration and baseline lung function
values. Neither was any relationship noted between the CC16
and lung function (ozone minus air) responses at any time
point postexposure.

When analysing plasma from archived material, it was
found that the O3 exposure resulted in an increase in CC16
concentrations that persisted until 6 h postexposure (9.1¡2.6
versus 7.1¡1.7 mg?L-1; pv0.01) but returned to control values
at the 18 h postexposure time point (fig. 3). It should be noted

that a significant difference between baseline concentrations
of CC16 in serum versus plasma was observed, with serum
concentrations significantly higher (pv0.001). However, as the
difference in CC16 concentrations between the O3 and air
exposures is considered, and not the absolute values, no
problems are expected comparing the O3-induced differences
in CC16 plasma concentrations seen in the archived material
with the changes in CC16 serum concentrations in the present
study. Notably, a high degree of intrasubject stability in serum
and plasma CC16 concentrations was observed when sampled
over a period of o3 weeks (r=0.83, pv0.0001; fig. 4).

No significant increase was seen in permeability marker
concentrations measured in lavage fluid obtained 6 h post-
exposure despite the evidence of increased plasma CC16
concentration at this time. In the proximal airways, sampled
with a bronchial wash, post-O3 and postair concentrations,
respectively, were: albumin (32.2¡19.4 versus 32.6¡14.0 mg?mL-1)
and total protein (53.9¡24.7 versus 44.8¡23.5 mg?mL-1).
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Fig. 1. – Serum Clara cell protein (CC16) concentrations (mean¡SD)
after exposure to air (#) and 0.2 parts per million ozone (O3; $). a)
Illustrates serum CC16 concentrations (mg?L-1) at each of the
sampling points throughout the air and O3 exposures. The 2-h
exposure duration encompassed the pre and 0 h time periods.
Statistical comparisons were made using a repeated measures analysis
of variance (general linear model) with two within-subject factors for
time and exposure. p-Values above a bar illustrate a significant
increase in serum CC16 after O3 compared with the parallel air
exposure value. A p-value on the individual points represents a
significant change between the investigated time point and the
corresponding pre-exposure value. b) Illustrates the individual
changes in serum CC16 concentration (mg?L-1) observed after air and
O3 challenge at the 0, 2 and 4 h postexposure time points relative to
the corresponding pre-exposure concentration. Statistical comparison
of these changes across treatments was made using a paired t-test and
the level of significance observed is illustrated. NS: nonsignificant; **:
pv0.01; ***: pv0.001.
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Fig. 2. – Forced expiratory volume in one second (FEV1) measured at
prescribed intervals prior to, and at various points after, air (#) and
0.2 parts per million of ozone (O3; $) exposure. a) Illustrates overall
FEV1 responses at each of the sampling points throughout the air
and O3 exposures. The 2-h exposure duration encompassed the pre
and 0 h time periods. Statistical comparisons were made using a
repeated measures analysis of variance (general linear model) with
two within-subject factors for time and exposure. p-Values above a
bar illustrate a significant decrease in FEV1 after O3 compared with
the parallel air exposure value. A p-value on the individual points
represents a significant change between the investigated time point
and the corresponding pre-exposure value. b) Illustrates the individual
changes in FEV1 observed after air and O3 challenge at the 0, 2 and
4 h postexposure time points relative to the corresponding pre-
exposure. Statistical comparison of these changes across treatments
was made using a paired t-test and the level of significance observed
is illustrated. NS: nonsignificant; **: pv0.01; #: p=0.002.

885CC16 AS A BIOMARKER FOR O3-INDUCED LUNG INJURY



These markers were also examined in distal lung broncho-
alveolar lavage fluid post-O3 and air, respectively: albumin
(44.9¡21.0 versus 37.2¡17.2 mg?mL-1) and total protein (54.4¡
29.8 versus 45.1¡23.8 mg?mL-1). These parameters (post-O3

and postair, respectively) were also measured in these lavage
fractions at 18 h postexposure where they remained unaltered:
in bronchial wash, albumin (34.6¡24.0 versus 43.9¡40.6 mg?
mL-1) and total protein (71.0¡41.6 versus 92.7¡79.2 mg?mL-1),
and in bronchoalveolar lavage, albumin (54.6¡25.4 versus
51.1¡23.9 mg?mL-1) and total protein (84.4¡45.0 versus
83.3¡48.4 mg?mL-1).

Discussion

This is the first experimental study to address the effect of
O3 on serum CC16 concentrations in healthy subjects exposed
under controlled chamber conditions. Following O3, an early

increase in CC16 in the systemic circulation was observed,
peaking around 2–4 h postexposure before returning to
baseline levels 18 h postexposure. As CC16 is synthesised
and secreted almost exclusively by the lung Clara cells, the
enhanced serum concentration can only be explained by a
leakage of the protein across the lung epithelial barrier [16,
26]. This finding is in agreement with the enhanced serum
levels of CC16 obtained from cyclists exposed to O3 in the
environment, as the main oxidant in summer photochemical
smog [21, 27]. Notably, no association was observed between
the magnitude of the O3-induced lung function decrements
and CC16 responses, suggesting that impaired lung function
was not related to epithelial injury.

A number of caveats are necessary when comparing the
results of the current chamber exposure with the earlier field
study of training cyclists. Here, volunteers were exposed to a
higher O3 concentration 0.2 ppm versus 0.033–0.103 ppm [21,
27]. Despite this quantitative difference, it is likely that the
overall dose may have been much closer, due to the exercise
level of the training cyclists. An additional confounder is the
degree of pre-exposure between the two studies. As the field
study took place in summer, the cyclists were exposed to
reasonably high O3 concentrations for several days before the
day of the study. In contrast, the exposures in the chamber
study were performed in the winter when background O3

levels were low (v0.02 ppm). In the field study, the pre-ride
CC16 levels increased with increasing background O3 con-
centrations, indicating that the cyclists already had an
enhanced permeability of the lung epithelium at baseline.
During exercise under high pollutant levels, increased serum
concentrations of CC16 were detected immediately after the
2-h exposure [21]. This early response differed from the
current study in which elevations in CC16 were observed no
earlier than 2 h postchallenge and may reflect a degree of pre-
existing O3-induced epithelial damage in the cyclists. How-
ever, it cannot be excluded that other important air pollutants
in the photochemical smog, such as nitrogen dioxide or
particulate matter pollution, may have affected CC16 leakage
in the early postride period.

This study confirms that short-term O3 exposure results in
increased epithelial permeability. Given previous observations
from human challenge studies, this would appear to
correspond to the period of neutrophil recruitment into the
proximal airways [4, 6, 7]. Support for this notion has been
demonstrated in mice where O3-induced increases in serum
CC16 are accompanied by neutrophil influx into the airways.
In this study the authors also demonstrated an increased
concentration in bronchoalveolar lavage fluid albumin [27].
In the present study, as in the field study of cyclists, no
measurements of airway inflammation were performed.
However, in previous investigations using exactly the same
study design as in the present investigation, with exposure of
healthy subjects to 0.2 ppm of O3 for 2 h, airway inflamma-
tion in endobronchial mucosal biopsies at 1.5, 6 and 18 h
postexposure were evaluated. As early as 1.5 h postexposure,
signs of an evolving airway inflammation were observed as
increased expression of the endothelial adhesion molecules P-
selectin and intercellular adhesion molecule-1, both of major
importance in the recruitment of neutrophils into the airway
mucosa [4]. At 6 h postexposure, a pronounced neutrophilic
airway inflammation was present, which was resolved by 18 h
postexposure [7, 25]. At neither time point was an increase in
airway permeability (measured using classical permeability
markers) observed.

As CC16 had been proposed as a sensitive marker of
altered permeability, as a secondary hypothesis in this paper,
the authors investigated whether early changes in epithelial
injury could be associated with acute lung function decre-
ments. Previous studies have failed to find a clear association
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Fig. 3. – Plasma Clara cell protein (CC16) concentrations a) 6 and b)
18 h postexposure after controlled exposures to air (#) and 0.2 parts
per million of ozone ($). Corresponding pre-exposure concentrations
are also illustrated. Data are illustrated as group mean¡SD with
statistical analysis performed as outlined in figure 1. **: pv0.01.
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Fig. 4. – The correlation between individual serum (#, n=22) and
plasma (&, n=30) Clara cell protein (CC16) concentrations seen pre-
ozone (O3) and pre-air challenges but separated by a period of o3 weeks.
The strength of the temporal association between these individual
values was tested using Pearson9s correlation and the result of this
analysis is illustrated. Data are shown relative to the line of identity
to illustrate the degree of intrasubject repeatability. R=0.83, pv0.0001.
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between lung function decrements and airway inflammation
[4, 8]. It has been suggested that lung function decrements are
related to stimulation of airway C-fibres [28]. In a previous
exposure study, O3 was shown to stimulate the release of
substance P from sensory nerves associated with epithelial
injury [29]. In this study, a significant reduction in FEV1 was
observed immediately postexposure. At this time, serum
CC16 concentrations were not increased after O3. Neither
could the magnitude of the FEV1 decrement be related to
pre-exposure CC16 concentrations, nor to the magnitude
of the increase seen after O3 at 2 h postexposure. These
findings suggest that these two responses are not simplistically
associated.

The data support the contention that serum CC16 is a more
sensitive marker of altered lung epithelial permeability than
many of the traditional lavage markers such as albumin and
total protein. The explanation for the greater sensitivity of
serum CC16 to increased epithelial permeability most pro-
bably lies in the small size of the CC16 protein and the huge
transepithelial concentration gradient of CC16 compared
with albumin [17]. In light of this, and allied to the relative
ease of obtaining peripheral blood samples, it appears that
serum CC16 may provide a good biomarker to assess air
pollution-induced lung epithelial injury in field studies. While
this is highly appealing, several notes of caution are necessary.
The consistent fall in CC16 concentrations seen in the control
arm of this experiment may imply some form of diurnal
variation. This may reflect differential rates of CC16 secretion
from Clara cells, or cyclical changes in the tightness of
epithelial/endothelial tight junctions. However, it does neces-
sitate that serum collected for field study use would have to be
controlled for sampling time. Additionally, considerable
interindividual variation in baseline serum CC16 concentra-
tions was noted in the current study. Despite this, individual
values were remarkably consistent across time (fig. 4) suggest-
ing that they were authentic subject characteristics, rather
then reflective of measurement error. This baseline variation
illustrates that care is required in designing of experiments as
baseline variation is often greater than the O3-induced effect
on epithelial permeability. It is clear therefore that data must
be paired, or if environmental studies are to be performed,
responses followed longitudinally. Further, the decrease in
CC16 concentrations seen during the air exposure did not
appear to be an exercise-induced effect as previous data have
shown that short periods of intense exercise actually result in
increased plasma CC16 concentrations [20, 30].

To conclude, serum CC16 may be a useful, noninvasive
biomarker for air pollution-induced lung epithelial injury
with cautionary statements related to potential diurnal
variation in serum concentrations, the impact of background
exposures on CC16 responses and the large intersubject
variation in baseline concentrations. It is thus suggested that
serum CC16 is a more sensitive marker of altered lung
epithelial permeability than traditional markers such as total
protein and albumin.

However, as this is the first experimental exposure study
addressing the use of Clara cell protein as a biomarker for
ozone exposure, further experimental studies are needed to
confirm both the relationship between ozone concentrations
and serum Clara cell protein concentrations, and whether
there is an association between serum Clara cell protein
concentrations and traditional markers of permeability after
ozone exposure in humans. Studies in more sensitive
subpopulations such as individuals with asthma and chronic
obstructive pulmonary disease are pending.
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