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The precise role of MMP ‑9 in the physiopathol‑
ogy of COPD has not been fully elucidated. Ele‑
vated MMP ‑9 levels have been found in periph‑
eral blood,5-7 induced sputum (IS),8-10 and bron‑
choalveolar lavage fluid (BALF)11,12 from patients 
with COPD compared with healthy individuals. It 
is generally acknowledged that in patients with 
COPD, elevated concentrations of MMP ‑9 in re‑
spiratory samples correlate with the severity of 
local inflammation.6,13 Moreover, higher serum 

INTRODUCTION Matrix metalloproteinases 
(MMPs) are a group of proteolytic enzymes pro‑
duced by different cell types that are involved in 
extracellular matrix component degradation and 
the regulation of the activity of other proteases 
and cytokines.1 MMP ‑9 is one of the most abun‑
dant proteases in the alveolar space, and its role in 
the pathogenesis of various pulmonary diseases, 
particularly chronic obstructive pulmonary dis‑
ease (COPD), has been documented.1-4
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ABSTRACT

INTRODUCTION Data on the measurement of matrix metalloproteinase 9 (MMP ‑9) in exhaled breath conden‑
sate (EBC) from patients with chronic obstructive pulmonary disease (COPD) are scarce and inconsistent.
OBJECTIVES We aimed to assess the usefulness of enzyme ‑linked immunosorbent assay (ELISA) and 
immunoenzymatic assay (IEA) for the measurement of MMP ‑9 in EBC, the agreement between the 
results of both methods, and the relationships between total and active MMP ‑9 in EBC and clinical and 
functional COPD characteristics.
PATIENTS AND METHODS Total (ELISA and IEA) and active (IEA) MMP ‑9 levels were assessed in EBC 
from 70 patients with stable COPD and 21 controls and correlated with pulmonary function and COPD 
symptom severity.
RESULTS MMP ‑9 levels did not reach the sensitivity threshold of the ELISA kit in any of the COPD pa‑
tients and in 11 controls. Total and active MMP ‑9 (IEA) levels did not differ between COPD patients and 
controls. In COPD patients, total MMP ‑9 levels correlated positively with forced expiratory volume in 
1 second (FEV1) and FEV1 to forced vital capacity ratio and inversely with residual volume to total lung 
capacity ratio. A weak positive correlation between active MMP ‑9 concentrations and COPD Assessment 
Test (CAT) score was found (r = 0.31, P = 0.01).
CONCLUSIONS The utility of ELISA in MMP ‑9 assessment in EBC is limited in COPD patients, while 
MMP ‑9 measurement in EBC by IEA is feasible. The positive correlation between active MMP ‑9 and CAT 
score in our patients and the inverse relationship between total MMP ‑9 concentration and the degree of 
airway obstruction reflect the complex role of MMP ‑9 in COPD.
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between March 2016 and July 2017 and included 
patients with COPD recruited from the outpatient 
pulmonary department of the Central Teaching 
Clinical Hospital in Warsaw. We enrolled consec‑
utive COPD patients who were asked to partici‑
pate in the study during a routine follow ‑up visit 
and had signed an informed consent. The study 
protocol was approved by the institutional review 
board (KB/133/2016).

The inclusion criteria for patients with COPD 
were as follows: 1) diagnosis of COPD in accor‑
dance with the Global Initiative for Chronic Ob‑
structive Lung Disease (GOLD) report23; and 2) 
absence of disease exacerbation within 6 weeks 
prior to enrollment. The exclusion criteria were 
respiratory infection or COPD exacerbation (or 
both) within 6 weeks prior to the study onset, and 
any other chronic respiratory disease (including 
asthma–COPD overlap).

The control group comprised of asymptomat‑
ic individuals who denied history of any chron‑
ic respiratory disease and had a normal spirom‑
etry result. The major exclusion criterion for this 
group was respiratory infection within 6 weeks 
before the study.

A separate analysis was performed for patients 
with COPD stratified according to treatment with 
inhaled corticosteroids (ICSs).

Functional assessment Spirometry with bron‑
chial reversibility testing (Lung Test 1000, MES, 
Kraków, Poland) and body plethysmography 
(BodyBox 5500, Medi ‑soft S.A., Sorinnes, Bel‑
gium) were performed in accordance with the rec‑
ommendations of the European Respiratory Soci‑
ety and American Thoracic Society.24-26 Reference 
equations from the Global Lung Function Initia‑
tive were used for the calculation of the predict‑
ed values.27 The degree of airway obstruction in 
patients with COPD was classified in accordance 
with the 2016 GOLD report.23 For COPD patients, 
only postbronchodilator indices were considered 
for analysis.

Symptom severity in patients with COPD was 
assessed by the COPD Assessment Test (CAT).28

Exhaled breath condensate collection EBC was col‑
lected and processed according to the American 
Thoracic Society / European Respiratory Society 
guidelines,29 using the TURBO ‑DECCS 09 system 
(Medivac, Parma, Italy) during tidal breathing for 
20 minutes and at a condensation temperature of 
–5°C. The obtained samples were portioned into 
500 ‑μl aliquots, frozen and stored at –70°C un‑
til further analysis. The EBC samples were not ly‑
ophilized. None of the samples were repeatedly 
thawed and frozen for analysis.

Possible contamination with saliva was moni‑
tored by screening 5 randomly selected EBC sam‑
ples for the presence of amylase.

Matrix metalloproteinase 9 measurement in exhaled 
breath condensate The EBC concentration of 
MMP ‑9 was determined by 2 different methods: 

MMP ‑9 levels in comparison with healthy con‑
trols implies its role also in systemic inflamma‑
tion. MMP ‑9 activity strongly depends on the ac‑
tivity of natural tissue inhibitors of metallopro‑
teinases (TIMPs), and MMP ‑9/TIMP imbalance 
has been implicated in COPD development and 
progression.6,8,12 There is a large body of literature 
documenting the correlation between MMP ‑9 and 
TIMP levels and the severity of airway obstruc‑
tion and the degree of emphysema in patients 
with COPD.5,7,9,13,14 On the other hand, Atkinson 
et al15 showed that genetic MMP ‑9 deletion did 
not protect against cigarette smoke–induced in‑
flammation and development of emphysema in 
murine models, indicating that MMP ‑9–indepen‑
dent pathways are also present in the physiopa‑
thology of COPD.

Exhaled breath condensate (EBC) analysis is 
a relatively simple method of airway sampling, 
which has been applied to evaluate and monitor 
airway inflammation in various respiratory dis‑
eases. Based on the analysis of volatile compounds 
detectable in droplets from cooled air exhaled 
during tidal breathing, in comparison with other 
methods of airway sampling (sputum induction, 
bronchoalveolar lavage), it is effortless for the pa‑
tient, does not carry the potential risk of bron‑
choconstriction, and is noninvasive. EBC has been 
widely used in the research on different aspects 
of airway inflammation in asthma and COPD.16-19 
Reports on the concentrations of MMP ‑9 in EBC 
from patients with COPD are scarce. Kwiatkows‑
ka et al8 found higher MMP ‑9 concentrations in 
patients with stable COPD when compared with 
healthy smokers, and these concentrations dou‑
bled during disease exacerbations. In contrast, 
Sng et al,20 who also studied patients with sta‑
ble COPD and during exacerbations as well as 
healthy never‑ and ex ‑smokers, failed to detect 
MMP ‑9 in EBC samples in any of the study par‑
ticipants. Both groups of investigators applied 
the enzyme ‑linked immunosorbent assay (ELI‑
SA) for MMP ‑9 measurement. Immunoenzymat‑
ic assay (IEA) is a relatively novel method that al‑
lows an assessment both at the level of a specific 
protein and its active form and that is character‑
ized by high sensitivity and specificity.

There have been single reports on the use of 
IEA in MMP ‑9 detection in EBC from asthmatic 
children21 and adults.22 However, to our knowl‑
edge, there have been no reports so far on the use 
of IEA in studies involving assessment of MMP‑
‑9 in EBC from patients with COPD. Therefore, we 
conducted a study with the aim to assess the use‑
fulness of ELISA and IEA for the measurement of 
MMP‑9 levels in EBC from patients with COPD 
and to assess the agreement between the results 
obtained by the 2 methods. We also searched for 
potential relationships between the concentration 
of total and active MMP ‑9 in EBC and the clinical 
and functional characteristics of COPD.

PATIENTS AND METHODS Study participants This 
prospective cross ‑sectional study was performed 
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the nonparametric Mann–Whitney test. Cate‑
gorical variables were compared with the Fisher 
exact test and χ2 test. The relationships between 
2 variables were assessed by the Spearman rank 
correlation coefficient. The Bland–Altman plot 
was used to assess the agreement between the re‑
sults of the ELISA and IEA. A P value of less than 
0.05 was considered significant.

RESULTS Patient characteristics The study in‑
cluded 70 patients with COPD and 21 controls. 
The groups differed significantly in age, smok‑
ing history, and pulmonary function (TABLE 1). 
Nineteen patients (27.1%) with COPD were treat‑
ed with ICS, with a mean (SD) daily dose of 
1034 (399) µg of budesonide or equivalent.

Matrix metalloproteinase 9 measurement None of 
the randomly selected EBC samples for amylase 
measurement were contaminated by saliva. In all 
patients with COPD, the MMP ‑9 level measured 
with ELISA was below the lower detection lim‑
it. In the control group, the median MMP ‑9 lev‑
el measured with ELISA was 0.35 ng/ml (IQR, 
0.00–5.53 ng/ml); nevertheless, the MMP ‑9 lev‑
el was below the lower detection limit  in 11 sub‑
jects. For IEA, the MMP ‑9 level (total and active) 
reached detectable values both in COPD patients 
and controls and did not differ significantly be‑
tween groups (TABLE 2).

Matrix metalloproteinase 9 levels and functional 
and clinical characteristics of patients We found 
weak but significant positive correlations between 
the total MMP ‑9 level and forced expiratory vol‑
ume in 1 second (FEV1) (% of predicted value) 
and FEV1 to forced vital capacity ratio. Moreover, 
there was an inverse correlation between the total 
MMP ‑9 level and residual volume to total lung ca‑
pacity ratio (FIGURE 1). There were no correlations 
between active MMP ‑9 levels and spirometry in‑
dices or lung volumes in patients with COPD. Af‑
ter adjustment for the ICS dose and the number 
of pack ‑years, total (but not active) MMP ‑9 was  
associated with FEV1 (r = 0.31, P = 0.01 and r = 
0.18, P = 0.15, respectively). Neither total nor 
active MMP ‑9 levels correlated with pulmonary 
function in the control group.

We did not find any associations between 
MMP ‑9 (total and active) and smoking status in 
any of the groups. However, in the group of pa‑
tients with COPD, there was a weak positive cor‑
relation between active MMP ‑9 concentrations 
and CAT score (r = 0.31, P = 0.01). MMP ‑9 con‑
centrations (both total and active) did not differ 
between patients with 1 or no exacerbations per 
year and those who experienced 2 or more exac‑
erbations per year.

Total MMP ‑9 levels were lower in COPD pa‑
tients treated with ICS when compared with those 
who did not receive ICS treatment (FIGURE 2). Such 
a difference was not observed for the concentra‑
tion of the active MMP ‑9 form. There was no cor‑
relation between MMP ‑9 and the daily ICS dose.

ELISA for the total MMP ‑9 level and the immuno‑
enzymatic assay (IEA) for total and active MMP‑
‑9 levels. The detection range and sensitivity of 
the applied ELISA kit (Human MMP ‑9 Quanti‑
kine ELISA kit, R&D Systems, Minneapolis, Unit‑
ed States) was 0.3 to 20 ng/ml and 0.156 ng/ml, 
respectively. For the immunoenzymatic measure‑
ments, the Human MMP ‑9 Acivity Assay was 
used (QuickZyme Biosciences, Leiden, the Neth‑
erlands); the assay detection range was 0.016 to 
16 ng/ml and the sensitivity was 0.01 ng/ml. Both 
assays were performed according to the detailed 
protocols provided by the manufacturer.

Statistical analysis Data were presented as medi‑
an values and interquartile range (IQRs) or num‑
bers and percentages. Statistical analysis was per‑
formed with Statistica 10.0 (StatSoft Inc, Tulsa, 
Oklahoma, United States) and MedCalc Statis‑
tical Software version 17.6 (MedCalc Software 
bvba, Ostend, Belgium). The Shapiro–Wilk test 
was applied to assess quantitative data distribu‑
tion. The differences between continuous vari‑
ables in patients and controls were tested with 

TABLE 1 Basic clinical and demographic data of patients with chronic obstructive 
pulmonary disease and controls

Variable COPD (n = 70) Controls (n = 21) P value

Sex, male/female, 
n (%)

37 (53)/33 (47) 11 (52)/10 (48) 0.97

Age, y 67.5 (61.0–72.0) 36.0 (32.0–51.0) <0.001

BMI, kg/m2 26.8 (23.8–29.7) 25.9 (23.0–29.5) 0.63

Smoking status, 
current / ex ‑smokers 
/ never ‑smokers, 
n (%)

28 (40)/42 (60)/0 5 (24)/5 (24)/11 (52) <0.001

Smoking history, 
pack ‑years

45.0 (30.0–60.0) 0.0 (0.0–5.0) <0.001

FEV1, % of pred. valuea 64.5 (46.8–76.0) 99.0 (93.0–109.0) <0.001

FEV1/FVC, %a 50.5 (40.0–56.0) 77.6 (75.0–80.7) <0.001

RV, % of pred. value 181.5 (150.5–198.1) 110 (98.0–123.0) <0.001

RV/TLC, % 53.8 (49.2–59.9) 30.0 (26.0–45.3) <0.001

CAT score, points 16.0 (9.0–20.0) NA –

Data are presented as median and interquartile range (IQR) unless otherwise indicated.

a Postbronchodilator values were presented for the COPD group.

Abbreviations: BMI, body mass index; CAT, COPD Assessment Test; COPD, chronic 
obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; FVC, forced 
vital capacity; NA, not applicable; RV, residual volume; TLC, total lung capacity

TABLE 2 Matrix metalloproteinase 9 concentrations (total and active) in exhaled 
breath condensate measured by immunoenzymatic assay in patients with chronic 
obstructive pulmonary disease and controls

MMP ‑9 COPD Controls P value

Total MMP ‑9, ng/ml 3.95 (2.23–9.07) 5.24 (2.54–14.3) 0.25

Active MMP ‑9, ng/ml 3.26 (1.50–4.46) 4.29 (1.8–5.7) 0.14

Data presented as median (IQR).

Abbreviations: MMP ‑9, matrix metalloproteinase 9; others, see TABLE 1
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FIGURE 1  Correlations between pulmonary function (postbronchodilator value) and the COPD Assessment Test (CAT) score and the concentration of matrix 
metalloproteinase 9 (ng/ml) in exhaled breath condensate measured by immunoenzymatic assay (IEA) in patients with chronic obstructive pulmonary disease 
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9; RV, residual volume; TLC, total lung capacity

MMP-9 active

MMP-9 total

Median

ICS(–) ICS(+)

25%–75%

Min–max

P = 0.004 

P = NS 

–2

0

2

4

6

8

10

12

14

16

26

24

22

20

18

M
M

P-
9,

 n
g/

m
l

FIGURE 2  Matrix 
metalloproteinase 9 levels 
in exhaled breath 
condensate measured by 
immunoenzymatic assay 
(IEA) from patients with 
chronic obstructive 
pulmonary disease in 
relation to treatment with 
inhaled corticosteroids 
Abbreviations: ICS(–), 
patients not treated with 
inhaled corticosteroids; 
ICS(+), patients treated 
with inhaled 
corticosteroids; NS, 
nonsignificant



ORIGINAL ARTICLE Exhaled MMP ‑9 in COPD 431

Data on the impact of elevated MMP ‑9 levels 
in respiratory samples on pulmonary function 
are equivocal. There is a large body of evidence 
that higher levels of MMP ‑9 are associated with 
a higher degree of airway obstruction and sever‑
ity of emphysema, but this referred to biolog‑
ical samples other than EBC.7,9,32,34 Other au‑
thors failed to show correlations between MMP‑
‑9 concentrations in airway specimens and pul‑
monary function.30,35,36 Our finding that higher 
total MMP ‑9 levels in EBC are associated with bet‑
ter pulmonary function is in contrast to previous 
reports and is somewhat unexpected. However, 
this seems to be in agreement with the hypoth‑
esis on the worse MMP ‑9 diffusion from the air‑
ways to exhaled air due to airway obstruction as 
discussed above. Lowrey et al32 found that lower 
MMP ‑9 activity in IS from patients with COPD 
was associated with a higher degree of airway ob‑
struction. Matsumoto et al37 reported an inverse 
correlation between airway wall thickening and 
the MMP ‑9 to TIMP ratio in patients with asth‑
ma. These findings were confirmed by Chaudhuri 
et al38 who demonstrated that in asthmatic smok‑
ers, a low sputum MMP ‑9 to TIMP ratio was as‑
sociated with a higher degree of airway obstruc‑
tion and a smaller segmental airway lumen area 
assessed by computed tomography. In our opin‑
ion, this issue requires further studies involving 
patients with COPD. 

Another plausible explanation for our results 
is the difference in the levels of inflammatory 
markers in different body compartments, which 
results from different sources contributing to 
the total concentration, varying dilutions, and 
a potential cross ‑reactivity with other sample 
contents. Ji et al30 demonstrated that saliva, IS, 
BALF, and serum from COPD patients are charac‑
terized by a different inflammatory profile. More‑
over, Cane et al,36 who studied MMP ‑9 in sputum, 
serum, and urine from patients with COPD, found 
that MMP ‑9 levels were independent of one an‑
other and did not correlate with the degree of air‑
way obstruction. In our previous study on a novel 
inflammatory marker, periostin, we showed that 
there were no correlations between periostin lev‑
els measured in EBC, IS, and BALF either in pa‑
tients with COPD or those with asthma.39 There‑
fore, we believe that the earlier reported correla‑
tions between MMP ‑9 in serum and IS and func‑
tional impairment in patients with COPD should 
not be extrapolated to EBC. Of the 2 studies on 
MMP ‑9 in EBC from patients with COPD, one 
showed no correlation between MMP ‑9 and spi‑
rometry parameters (either in stable disease or 
exacerbation),8 while in the other, such an analy‑
sis could not have been performed because MMP‑
‑9 was not found in EBC from any of the study 
participants.20

We found lower total MMP ‑9 concentrations 
in patients with COPD who were treated with ICS 
when compared to those who were steroid ‑naive. 
Such a difference was not documented when ac‑
tive MMP ‑9 was compared; moreover, there was 

DISCUSSION Our study is one of the very few 
reports on MMP ‑9 concentrations in EBC in pa‑
tients with COPD. In our cohort, MMP ‑9 lev‑
els did not reach the lower detection limit of 
the applied ELISA kit. In contrast, we showed 
that the assessment of MMP ‑9 levels by IEA is 
feasible in these patients; nevertheless, MMP‑
‑9 concentrations (both total and active) did 
not differ between patients with COPD and 
controls. Although we found significantly low‑
er total MMP ‑9 levels in COPD patients who re‑
ceived ICS when compared with those who did 
not, active MMP ‑9 levels were comparable be‑
tween these subgroups. In COPD patients, high‑
er MMP ‑9 levels correlated with a lower degree 
of airway obstruction.

Most studies on the role of MMP ‑9 in COPD 
were based on MMP ‑9 measurements in serum 
or IS, some also reported MMP ‑9 evaluation in 
BALF. A number of studies demonstrated higher 
serum MMP ‑9 levels in patients with COPD when 
compared with healthy controls5,6,8,20,30; howev‑
er, comparable serum MMP ‑9 concentrations in 
COPD patients and healthy subjects were also 
reported.7,10 Studies on MMP ‑9 levels in IS are 
more uniform and generally demonstrated higher 
MMP ‑9 concentrations in IS from COPD patients 
than from controls.10,31-33 In our study, which in‑
volved a different biological material, EBC, MMP‑
‑9 levels (total and active) did not differ signifi‑
cantly between patients with stable COPD and 
controls. Despite a thorough literature search, 
we found only 2 reports on MMP ‑9 levels in EBC 
from patients with COPD.8,20 Kwiatkowska et al8 
reported higher MMP ‑9 levels in patients with 
stable COPD when compared with asymptomatic 
smokers. These authors demonstrated an approx‑
imately 2 ‑fold increase in exhaled MMP ‑9 during 
disease exacerbations, confirming its involvement 
not only in chronic but also in acute inflamma‑
tion. As mentioned above, Sng et al20 failed to find 
MMP ‑9 in any of the EBC samples, either from 
healthy controls or COPD patients. Both studies 
applied ELISA for MMP ‑9 measurement. Our re‑
sults are in line with those reported by Sng et al,20 
as in EBC samples in the COPD group, the MMP‑
‑9 level did not reach the lower detection limit 
of the applied ELISA kit. There are at least 2 po‑
tential explanations for this observation. First, 
the EBC concentrations of various compounds 
tend to be low, mainly due to their high dilution 
as the main EBC content is water vapor.16,29 Sec‑
ond, the low MMP ‑9 levels could have also result‑
ed from the hindered diffusion of MMP ‑9 mole‑
cules to exhaled air due to their high molecular 
weight (~92 kD) and a lower mechanical force of 
the air stream secondary to airway obstruction 
in patients with COPD. On the other hand, we 
showed that MMP ‑9 is detectable in EBC from 
patients with COPD when IEA was used. This not 
only confirms that the MMP ‑9 measurement is 
feasible but also indicates that highly sensitive 
tests should be applied because those with lower 
sensitivity may not yield reliable results.
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Another limitation that has to be considered 
are the differences in the number of the com‑
pared groups. Therefore, the results of the com‑
parison between 70 COPD patients and 21 con‑
trols, as well as between patients treated and not 
treated with ICS (19 vs 51 patients), need to be in‑
terpreted with caution. The significant difference 
in age and smoking status between the group of 
patients with COPD and controls is yet another 
drawback. This was a result of the considerable 
difficulties in recruiting elderly healthy subjects 
who would meet the inclusion criteria for controls 
and would agree to participate in the study. On 
the other hand, Kwiatkowska et al8 showed that 
age and the number of smoking pack ‑years do 
not correlate with EBC and serum MMP ‑9 levels.

In conclusion, the utility of ELISA in the as‑
sessment of MMP ‑9 in EBC may be limited in 
patients with COPD. The measurement of MMP‑
‑9 by IEA is feasible in these patients. The positive 
correlation between the active MMP ‑9 form and 
CAT score in our patients, as well as the inverse 
relationship between total MMP ‑9 concentra‑
tion and the degree of airway obstruction, point 
to the technical and clinical considerations that 
need to be taken into account in MMP ‑9 evalu‑
ation in EBC.
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