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Summary. Background and Objective. Chronic obstructive pulmonary disease (COPD) is
characterized by a persistence of inflammation in large and small airways. We hypothesized that
this could be caused by the inability of an inflammatory process to resolve. In the resolution of in-
flammation, a switching of arachidonic acid metabolism from the production of proinflammatory
leukotriene B (LtB,) to the synthesis of anti-inflammatory lipoxins plays an important role. The
aim of our study was to determine the content of lipoxin A, (LXA ) and LtB, in induced sputum
of patients with exacerbated COPD and to compare it to healthy controls, as well as to analyze the
relationship between proinflammatory and anti-inflammatory mediators and an inflammatory cell
spectrum in induced sputum.

Material and Methods. Induced sputum from 17 COPD patients and 7 healthy controls were
analyzed for LXA  and LtB content and inflammatory cell spectrum.

Results. COPD patients had a significantly lower sputum LXA  concentration and LtB,/LXA,
ratio compared with healthy controls. A significant negative correlation was found between the
LXA, concentration and the relative neutrophil count and between the LtB,/LXA  ratio and the
relative macrophage count.

Conclusions. COPD patients during the late phase of exacerbation had a suppressed production
of LXA, and an elevated LtB /LXA  ratio in induced sputum demonstrating a proinflammatory
imbalance. The correction of a balance between proinflammatory and anti-inflammatory eicosa-
noids by the administration of stable analogues of lipoxins could improve the treatment of chronic

obstructive pulmonary disease in the future.

Introduction

Chronic obstructive pulmonary disease (COPD)
is a major global cause of morbidity and mortality
worldwide. The prevalence of this disease is increas-
ing and is expected to increase in the future (1, 2).
It is estimated that COPD causes more than 2.5 mil-
lion deaths per year worldwide and that by the year
2020, it will rank fifth in the worldwide ranking of
the burden of disease (3-5).

COPD is characterized by an airflow limitation
that is not fully reversible. The airflow limitation is
usually progressive and associated with an abnor-
mal inflammatory response of the lungs to noxious
agents (3). The nature of abnormality in the course
of inflammation is still unknown. We hypothesized
that the cause could be the inability of an inflamma-
tory process to resolve. Lipoxins (LXs) play an im-
portant role in the resolution of inflammation. They
are derivates of arachidonic acid elaborated in an
inflammatory area by sequent enzymatic processes
realized by 5-lipoxygenase (5-LOX), 12-lipoxy-
genase (12-LOX), or 15-lipoxygenase (15-LOX).
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5-LOX is crucial for the production of lipoxins;
however, the major product of this enzyme is leu-
kotriene A, (LtA,) that under the influence of LtA,
hydrolase transforms to proinflammatory leukot-
riene B, (LtB,). LtA, is taken up by platelets where
12-LOX transforms it to anti-inflammatory LXA,
and further to lipoxin B, (LXB4) (6, 7). Therefore,
the first step in the LXs synthesis is the production
of proinflammatory leukotrienes. LtB, is a potent
chemotactic agent for neutrophilic leukocytes. It
also activates neutrophils in the site of inflamma-
tion (8), mobilizes calcium, activates phospholipas-
es, and may induce a bronchoconstriction (9, 10).
The production of lipoxins may be initialized also
by epithelial cells expressing 15-LOX. The product
of this enzyme — 15(S)-hydroperoxyeicosatetraenoic
acid (15S-HPETE) — is further taken up by leuko-
cytes where in the presence of 5-LOX, it becomes
transformed to LXA, (11).

Lipoxins LXA, and LXB, promote the resolution
of inflammation. They inhibit neutrophil chemot-
axis (7, 12), eosinophil trafficking and transmigra-
tion across postcapillary venules, generation of su-
peroxide anions by neutrophils, and degranulation
of azurophilic granules (13), stimulate the clearance
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of apoptotic leukocytes by macrophages, and block
natural killer cell cytotoxicity and tumor necrosis
factor-alpha release from T cells (13).

A low biosynthetic capacity for lipoxins was found
in some chronic inflammatory diseases like severe
airway inflammation (13), e.g., chronic asthma (11),
cystic fibrosis (12), and chronic liver disease (11).

A study by Vachier et al. measured the concen-
tration of lipoxins in induced sputum of COPD pa-
tients (14). In this study, the authors did not find
any significant differences in the LXA, concentra-
tion in COPD patients when compared with control
subjects; however, they found the increased levels of
lipoxins in patients with mild asthma.

LtB, levels both in exhaled breath condensate
(EBC) and induced sputum in COPD patients were
investigated in several studies. Different authors
found the increased levels of LtB, in EBC; howev-
er, in induced sputum, the data were controversial
(10, 15, 16). In the majority of investigations, sta-
ble COPD patients were examined. Controversy in
results may occur due to activity of the disease in
particular study groups. Therefore, we attempted to
investigate COPD patients during the exacerbation
phase.

To prove our hypothesis of the role of lipoxins
in the inflammatory process in COPD, inpatients
with COPD exacerbation were recruited for our
study, and the concentrations of LtB, and LXA,
were measured in induced sputum and compared
with the concentrations of healthy controls. Moreo-
ver, the spectrum of inflammatory cells in the sedi-
ment of induced sputum was also assessed, and the
relationship between this spectrum and the content
of proinflammatory and anti-inflammatory eicosa-
noids was analyzed.

Material and Methods

Subjects. Twenty-four subjects were enrolled into
the study. There were 17 inpatients (one woman)
with chronic obstructive pulmonary disease (COPD)
in the exacerbation stage. Eight received corticoid
therapy during hospitalization. COPD patients had
a mean number of exacerbations of 1.13+0.09 dur-
ing the last year. COPD was defined by FEV /FVC
of <70%, FEV | of <80% of predicted, and FEV | re-
versibility <15%. All patients were current or ex-
smokers.

Seven healthy control subjects were included
into the study. They were ex-smokers or nonsmok-
ers without airway infection within at least last 4
weeks.

Study Design. All subjects had only one visit to
our study staff. All subjects were surveyed about
their health status: smoking history, corticosteroid
use, and duration of exacerbation. Then spirometry
with a bronchodilation test was performed. After 15

minutes, postbronchodilation FEV was measured,
and an induction of sputum with 4% NaCl solution
was initiated.

This case-control study was approved by the In-
stitutional Ethics Committee. Before inclusion in
the study, the participants were informed about the
study design and possible side effects, and signed
written informed consent.

Lung Function. Before the collection of induced
sputum, spirometry (spirometer Jaeger MS Pneu-
mo, Germany) with a bronchodilation test was per-
formed for all participants. FEV, and FVC were
measured according to the European Respiratory
Society guidelines (17). Briefly, after the assess-
ment of baseline lung function measurements, all
subjects were administered 400 ug of inhaled salbu-
tamol (Ventolin™, GlaxoSmithKline, Riga, Latvia).
After 15 minutes, a postbronchodilation spirometry
was performed.

Sputum Induction. Sputum induction was per-
formed according to the protocol validated by Piz-
zichini et al. (18). Shortly, the patients inhaled
4% NaCl from an ultrasonic nebulizer (OMRON
NE-U17, OMRON Matsusaka CO, Ltd., Japan).
The induction was performed for 3 periods, 5 min-
utes each. After each step, the examined persons
rinsed their mouths and throats with water to mini-
mize contamination with saliva and postnasal drip
and then expectorated into a sterile container. The
procedure was continued until either a sufficient
amount of sputum was obtained (~1 mL) or 3 in-
halation periods were over. Before each inhalation
period, spirometry was performed. If an FEV, fall
exceeded 20% of the postbronchodilation value, the
procedure was stopped, and a salbutamol inhalation
was given to the patient.

Sputum Processing. The sputum samples were
processed within 2 or 3 hours after the induction.
The volume of induced sputum was measured and
mixed with an equal volume of 0.1% dithiothreitol
(DL-dithiothreitol, minimum 99% titration, SIG-
MA-ALDRICH, Inc, St. Louis, USA) that was pre-
viously dissolved in Dulbecco’s phosphate-buffered
saline. The samples then were incubated at 4°C for
15 minutes for complete homogenization. By the
end of incubation, the sputum sample was filtered
on a 48-um sterile nylon gauze, and a small amount
(20 pg) was used to assess the total cell count and
viability, using a standard hemocytometer and the
trypan blue dye method. The remaining sample vol-
ume was centrifuged at 790g for 10 minutes, and the
supernatants were collected and stored at —80°C for
later analysis. The cell suspension was diluted with
phosphate-buffered saline to obtain a concentration
of 1x10° cells/mL, and the volumes of 100 uL were
used for cytospin slides. The dry cytospin slides
then were fixed in methanol for 10 minutes, dried,
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and stained by the May-Griinwald-Giemsa method
(19) for 10 and 15 minutes to estimate the cell count
in induced sputum.

Detection of LXA, and LtB, in Induced Sputum
Supernatant. The LXA, and LtB, concentrations
in induced sputum supernatant were measured by
a commercially available enzyme-linked immuno-
sorbent assay (ELISA) kit (Neogen Corporation,
Lexington, USA). The detection limits of the assay
for LXA, and LtB, were 0.02-2 ng/mL and 0.04-4
ng/mL, respectively. The interassay coefficients
of variation for LXA, and LtB, were 17.87% and
15.24%, respectively. The intra-assay coefficients
of variation for LXA, and LtB, were 16.15% and
15.24%, respectively. Each sample was diluted as ap-
propriated and processed in duplicate. The obtained
results were extrapolated back to the levels of the
original sputum volumes. As the mucous produc-
tion in COPD patients was more intensive than in
healthy persons and the main source of eicosanoids
are leukocytes, their content in sputum was also ex-
pressed per one leukocyte (Ne+Mo+Eo+Ly)

Statistical Analysis. Data processing was done us-
ing the software Statistica 7.0 (StatSoft, Inc., USA).
Data were expressed as mean with 95% confidence
interval. The LXA, and LtB, content in superna-
tant was extrapolated to the whole sputum. If the
data did not conform to a normal distribution, their
compliance to a logarithmical normal distribution
was assayed. If the data conformed to the latter dis-
tribution, the logarithmic data transformation was
performed: y’=log yy or y'=log (y+1) (the value
of variable was between 0—1) (20). If the data were
with a lesser degree of asymmetry, the square root
transformation was used: y’=\y or y’=Vy+0.5 (val-
ue of variable was between 0—1) (20). The data of
relative cell counts were processed with an arc-sine
transformation: y’=arcsinV(y/100) (20). Statisti-
cal analysis was carried out by the analysis of vari-
ance (one-factor ANOVA). If the data were previ-
ously transformed, an opposite transformation of
obtained average data and mean upper and lower
limits of 95% confidence interval then were made,
ie., y=10" or y=10"-1, y=y™ or y=y*-0.5, and
y=10(sin y’)* (20).

A P value of <0.05 was considered as statistically
significant.

Results

Table gives the characteristics of COPD patients
and healthy controls. The patients with COPD
were significantly older than the control patients
(P=0.046). COPD patients had significantly lower
FEV, and FEV /FVC values compared with the
control group (P<0.0001). Patients with COPD had
a greater pack-year smoking history than control
persons (P=0.0001).

Table. Characteristics of the Study Population

COPD Healthy

Characteristic Patients Controls P
n=17 n=7
Gender, n
Men/women 16/1 4/3 NS
Age, years 61.18+2.32  52.71£2.61 0.046
Smoking history, 34.56+4.48  2.43+1.23 0.0001
pack-years (n=16) (n=3) ’
Ex-smokers 3 (n=16) 3 (n=3)
FEV,, % predicted  47.77£5.39 102.60£3.90  <0.0001
Postbronchodilation
FEV., % 51.38+5.82  106.1+4.16  <0.0001
Reversibility, % 3.01+0.83 3.57£1.53 NS
Ratio FEV /FVC, % 53.88+2.31 83.00+1.72  <0.0001
Vales are mean + 95% confidence interval.
NS, not significant.
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Fig. 1. The relative counts of neutrophils, macrophages,
eosinophils, and lymphocytes in induced sputum of COPD
patients (n=17) and healthy controls (n=7)

Bars represent 95% confidence interval of mean value.
*P<0.05.

In COPD patients, the relative neutrophil and
eosinophil counts were significantly higher than in
healthy controls. The relative macrophage count
was lower in the sputum of COPD patients com-
pared with healthy controls (Fig. 1).

The LXA, concentration in induced sputum as
well as the LXA, content per one leukocyte were
significantly lower in COPD patients compared with
healthy controls (P=0.0094 and P=0.0004, respec-
tively) (Figs. 2A and 2B). The LtB, concentration in
induced sputum did not significantly differ between
both the examined groups (Fig. 2C). However, if
the LtB, content was expressed per one leukocyte,
the difference became significant, showing a reduced
value in COPD patients (P=0.0367) (Fig. 2D).
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Fig. 2. LXA, and LtB, concentrations and their concentrations per one leukocyte in induced sputum
of COPD patients and healthy controls

A, LXA, concentration; B, LXA, concentration per one leukocyte; C, LtB, concentration;
and D, LtB, concentration per one leukocyte.
Bars represent 95% confidence interval of mean value. *P<0.05.
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Fig. 3. The ratio of leukotriene B,/lipoxin A, (LtB,/LXA,)
in induced sputum of COPD patients (n=17) and healthy
controls (n=7)

Bars represent 95% confidence interval of mean value.
*P<0.05.

The LtB,/LXA, ratio was almost 3 times high-
er in the COPD group compared with the control
group (P=0.0071) (Fig. 3).

To evaluate the effect of eicosanoids on a leu-
kocyte spectrum in sputum, the control group was
merged with the COPD group, and correlation
between particular leukocyte count and eicosanoid
concentration in induced sputum was assessed. A sig-
nificant negative correlation between the LXA, con-
centration and the relative sputum neutrophil count
(°=0.232, P=0.0017) and between the LtB,/LXA,
ratio in sputum and the relative macrophage count
(r*=0.174, P=0.0428) was documented. No signifi-

cant correlation was found between the relative neu-
trophil count and LtB, concentration or between the
relative neutrophil count and the LtB,/LXA, ratio. No
correlation was also found between the LtB,/LXA,
ratio and the relative eosinophil count in sputum.

To evaluate the possible effect of smoking on our
results, COPD patients were divided in smokers and
nonsmokers, and the eicosanoid content was com-
pared. No significant difference was found between
the groups. Similarly, the impact of corticosteroid
treatment on our results was examined by dividing
COPD patients into steroid users and steroid-naive
patients. No significant differences in the eicosanoid
content in sputum were found.

Discussion

The obtained results have shown that the in-
duced sputum of patients with exacerbated COPD
had significantly lower levels of LXA, compared
with healthy subjects. This difference was even
more marked if the values were expressed as the
LXA, content per one sputum leukocyte. Unex-
pectedly, no elevated LtB, concentration in the spu-
tum of COPD patients was found. Even more, if
the amount of LtB, was expressed per one leuko-
cyte, the COPD group had a significantly lower LtB,
value than the control group. However, despite low
LtB, levels, the LtB,/LXA, ratio was significantly
higher in the COPD group than the control group
indicating a proinflammatory pattern of eicosanoid
release.
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Corhay et al. also reported no difference in
the LtB, levels between COPD patients and con-
trol subjects (15). This was explained by possible
contamination of the sputum specimens with saliva
containing the high amounts of LtB, in healthy peo-
ple. In our study, salivary contamination was pre-
vented by mouth rinsing before sputum expecto-
ration, and the level of salivary contamination was
judged by assessing squamous epithelial cell count
in the specimen. Therefore, this explanation was
not considered as valid in our case.

A study by Bhavsar et al. (21) examined mac-
rophages obtained from asthmatic patients and found
a decreased basal production of both LtB, and LXA,
in patients with a severe disease as compared with
patients with a mild disease and healthy controls.

To understand the reason for such diverse results
reported by different authors, it is important to take
into account the kinetics of an inflammatory pro-
cess. In a murine model of zymosan-induced perito-
nitis, the LtB, level in peritoneal lavage fluid peaked
within the first 4 hours after zymosan injection and
then gradually dropped to the basic level within 24
hours. This was followed by neutrophil immigration
into the peritoneal cavity that reached the peak after
24 hours and lasted up to 72 hours. The LXA, level
also peaked after 4 hours, then decreased to one-
third of the initial level, and remained at this level
for more than 72 hours. It paralleled with the ac-
cumulation of mononuclear cells (22). In an experi-
mental mouce model of lung inflammation induced
by an intratracheal administration of endotoxin, the
neutrophil count in alveolar lavage fluid peaked af-
ter 4 days (23).

To our knowledge, the only data on inflamma-
tion kinetics in human lungs can be obtained from
the study by Crooks et al. (24). The authors ana-
lyzed the sputum samples for LtB, levels and my-
eloperoxidase activity in COPD patients each day
during the exacerbation. After the beginning of an-
tibiotic treatment, the LtB, level decreased progres-
sively, reaching the stable level on the fifth day of
treatment. The myeloperoxidase level, reflecting the
gross activity of neutrophils, dropped 5-fold on the
fifth day of treatment and reached the stable level
after 2 weeks.

In our study, induced sputum could not be ex-
amined during the first days after patient’s admis-
sion to hospital due to severity of their condition.
On the average, sputum was induced on the seventh
day of exacerbation. At this time, according to the
observations of Crooks et al. (24), the LtB, levels
decreased approximately 10-fold compared with the
first day reaching lower levels than observed in the
same patients during the stable stage. Evidently, low
levels of LtB, observed in our study reflected this
postexpression period. Despite low LtB, level, the

LtB,/LXA, ratio was greater than in control sub-
jects. It indicated conditions promoting the neutro-
phil persistence in an inflammation area. The LXA,
levels at measured period were significantly lower
than those in healthy individuals. Based on experi-
mental animal data, at this time we could expect the
elevated levels of lipoxins in induced sputum.

To demonstrate the functional relationship be-
tween lipoxins and leukocyte spectrum, the correla-
tion between these indices in the general group that
consisted of healthy individuals without inflamma-
tion in airways and persons with inflammation of
different severity was examined. A significant in-
verse correlation between the LXA, concentration
and the relative neutrophil count in induced sputum
clearly demonstrated a suppressive role of lipoxins
in the inflammatory process of airways. A positive
correlation between the LXA, concentration and the
monocyte count supported the role of lipoxins in
nonphlogistic macrophage recruitment in a repair
process (25). No correlation between the proinflam-
matory LtB, level and the neutrophil found in our
general group could be explained by sputum exami-
nation in the late stage of exacerbation when leu-
kotriene levels were decreased.

A drop in LtB, levels during the course of in-
flammation is explained by its fast inactivation. LtB,
is rapidly metabolized in vivo by several pathways.
One of the major routes is w-oxidation. Neutrophils
and other cells express cytochome P-450 that car-
ries out w-oxidation of LtB, to form 20-hydroxy-
LtB, and further 20-carboxy-LtB, (26, 27). An al-
ternative conversion pathway of LtB, is initiated by
a reduction of LtB, followed by w-hydroxylation
(28). In induced sputum of COPD patients, inflam-
matory cells, including neutrophils, are in a much
greater amount than in induced sputum of healthy
persons, and therefore, the modification of LtB, by
neutrophils could occur more rapidly. This could
explain lower LtB, levels in COPD patients com-
pared with healthy controls.

In general, the sputum concentrations of LXA,
and LtB, in our study were higher than reported by
other investigators. It could be explained by the dif-
ferent methods of sputum processing. In our study,
dithiothreitol (DTT) was added to sputum at the
very beginning of the sputum processing, and the
LtB, content was measured in the presence of DTT.
As DTT cleaves disulphide bonds, it could influence
the activity of enzymes involved in the metabolism
of arachidonic acid (29). However, higher concen-
trations of eicosanoids observed in our study could
not influence the differences observed between
COPD patients and healthy persons.

In our study, 8 COPD patients received corticos-
teroid treatment. It is known that corticosteroid use
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can influence eicosanoid release from inflammatory
cells. Bhavsar et al. (21) have demonstrated that
alveolar macrophages obtained from BAL fluid of
healthy persons and patients with asthma decrease
lipopolysaccharide-induced LtB, and LXA, release
in the presence of dexamethasone. However, this
suppressor effect was strongly dampened in patients
with severe asthma (21). No significant difference in
the LtB, and LXA, levels between our steroid users
or steroid-naive patients was found.

Steroid insensitivity of COPD patients is a wide-
ly described phenomenon (30). It is caused by his-
tonedeacetylase (HDAC2) dysfunction in COPD
patients (31). HDAC2 is an intranuclear enzyme
that suppresses inflammatory gene expression. One
of the causes leading HDAC2 dysfunction and corti-
costeroid insensitivity is S-nitrosylation of HDAC2.
Interestingly, S-nitrosylation of HDAC2 in alveo-
lar macrophages occurs from exposure to cigarette
smoke that is a primary cause of COPD. Deni-
trosylation of HDAC2 by targeting Nrf2 restores
glucocorticosteroid sensitivity in macrophages from
COPD patients (32). All our COPD patients, except
2 ex-smokers, were current smokers.

One of the potential limitations of our study could
be the presence of 2 ex-smokers in the COPD group.
However, they were not excluded from the study
group because there is strong evidence that smoking
cessation does not stop a chronic inflammatory pro-
cess in the lungs of COPD patients (33, 34).

Recently, the prospective study involving ex-
smokers has demonstrated that 4 years after smok-
ing cessation, induced sputum still had the increased
levels of mediators of inflammation (myeloperoxi-
dase, LtB4, IL-8, monocyte chemoattractant pro-
tein-1, matrix metalloprotease-9), which was asso-
ciated with a significant progression of COPD on a
chest CT scan (35).

An increasing body of scientific data in recent
years has led to new understanding of an inflam-
mation process. Instead of a previous concept of
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