
Introduction

Chronic obstructive pulmonary disease (COPD) is 
projected to be the third leading cause of death in the 
world by 2020 (Ezzati & Lopez 2003, Mannino et al. 2002, 
Pinto-Plata et al. 2007), and cigarette smoking is widely 
recognized as its primary causative factor. The pulmo-
nary component of COPD is primarily characterized by 
chronic airway inflammation and incompletely revers-
ible, usually progressive, airflow obstruction (Barnes 
et al. 2003, Rabe et al. 2007). The operational diagnosis 
of COPD has traditionally been made by spirometry, as 
a ratio of the forced expiratory volume in one second 
(FEV

1
) to the forced vital capacity (FVC) below 70% (Rabe 

et al. 2007). Pathophysiological mechanisms believed to 
underlie COPD include an imbalance between protein-
ase and antiproteinase activity in the lung, dysregulation 
of antioxidant activity and chronic abnormal inflamma-
tory response to long-term exposure to noxious gases or 
particles leading to the destruction of the lung alveoli and 
connective tissue (Barnes et al. 2003, Rabe et al. 2007). 
However, COPD is increasingly recognized as a syndrome 
associated with significant systemic effects which are 
attributed to low-grade, chronic systemic inflammation 
(Agusti et al. 2003, Agusti & Soriano 2008, Fabbri & Rabe 
2007, Rahman et al. 1996).

The aim of this study was to improve the understanding 
of the molecular mechanisms involved in cigarette 
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Abstract
Although cigarette smoking is recognized as the most important cause of chronic obstructive pulmonary 
disease (COPD), the pathophysiological mechanisms underlying the lung function decline are not well 
understood. Using off-line strong cation exchange fractionation with RP-LC-ESI-MS/MS and robust database 
searching, 1758 tryptic peptides were identified in plasma samples from cigarette smokers. Using two sta-
tistical approaches, 30 peptides were identified to be associated with the annualized rate of lung function 
decline over 5 years among smokers with COPD characterized as having rapid (n = 18) or slow (n = 18) decline 
and 18 smokers without COPD. The identified peptides belong to proteins that are involved in the comple-
ment or coagulation systems or have antiprotease or metabolic functions. This research demonstrates the 
utility of proteomic profiling to improve the understanding of molecular mechanisms involved in cigarette 
smoking-related COPD by identifying plasma proteins that correlate with decline in lung function.
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smoking-related COPD by identifying plasma proteins that 
correlate with decline in lung function. With the recent 
advancements in protein and peptide separation, coupled 
to highly selective (e.g. high resolution) and sensitive 
mass spectrometry, proteomic techniques are an excel-
lent platform for the discovery of biomarkers of disease 
and disease progression. Proteomic profiling to facilitate 
biomarker discovery and disease mechanistic insight 
has shown considerable potential in lung disease (Jacot 
et al. 2008) and in other areas of research, for instance, 
prenatal diagnostics (Choolani et  al. 2009), prostate 
cancer (Rosenzweig et al. 2009) and heart disease (Fu & 
Van Eyk 2006, Vivanco et al. 2005). An ideal biomarker is 
found in biosamples such as plasma, urine or saliva that 
can be readily collected using minimally or non-invasive 
methods (Meng & Veenstra 2007). Of these biofluids, 
plasma is probably the most well known; however, it is 
also the most complex. Several proteomics approaches 
have been employed to elucidate the plasma proteome, 
including separation techniques such as two-dimensional 
gel electrophoresis, intact protein fractionation, peptide 
fractionation, and nanoflow liquid chromatography 
(LC). Mass spectrometry (MS) is almost exclusively the 
detection technique using either matrix-assisted laser 
desorption ionization (MALDI) or electrospray ionization 
(ESI). The MS platforms by which these measurements are 
made typically involve time-of-flight (TOF), ion-trap, and 
Fourier transform ion cyclotron resonance MS (FTICR) or 
hybrid instruments such as quadrupole-TOF and an ion-
trap-FTMS. Recent observations by the Human Proteome 
Organization’s (HUPO) Plasma Proteome Project have 
shown that off-line peptide separation by strong cation 
exchange (SCX) followed by reversed-phase (RP) LC with 
ESI-MS/MS will result in the identification of more pro-
teins of low abundance (Li et al. 2005).

In this study we compared differential protein 
expression among two groups of adult cigarette smokers 
with mild to moderate COPD but different rates of lung 
function decline and a gender-matched group of smokers 
without COPD. Identification of proteins that are differ-
entially abundant among the groups may allow a better 
understanding of the mechanisms underlying cigarette 
smoking-related lung function decline.

Materials and methods

Subjects

Subjects were selected from the 244 University of Utah 
study centre participants in the Lung Health Study (LHS) 
who also participated in the follow-on – the Genetics of 
Addiction Project (GAP). LHS enrolled male and female 
cigarette smokers, aged 35–60 years, with mild or moderate 
COPD, in a prospective, randomized, multicentre clinical 
study (Anthonisen et al. 1994). GAP was a cross-sectional 

assessment which also enrolled 94 adult cigarette smokers 
without COPD as a control group. Smoking status was 
assessed and lung function was measured by spirometry 
at baseline (1986–89), annually for 5 years, once during 
1998–2001 (Anthonisen et  al. 2002), and once in GAP 
(2003–04). Spirometry included FEV

1
 and FEV

1
 adjusted 

for age, sex and height (i.e. as percentage of predicted) 
(Rabe et  al. 2007). The annualized rate of lung function 
decline during the 5 years of LHS was calculated for each 
participant as the slope of the linear regression of FEV

1
%.

The costs associated with MS/MS protein quanti-
fication constrained the number of samples we could 
process; therefore we selected phenotypic extremes to 
maximize the biological variability in our study (Navabi 
et al. 2009). A subset of 54 GAP participants was selected 
for plasma proteomic analysis in this study: the 18 with 
the steepest rate of decline in FEV

1
 (rapid decliners, 

RPD), the 18 with the least steep or no annualized rate 
of decline in FEV

1
 (slow decliners, SLW), and 18 smokers 

without COPD as a control group. Characteristics of the 
three groups are shown in Table 1. Over the first 5 years of 
LHS, the rapid decliners had an average annual decrease 
in FEV

1
 of 1.6% predicted/year while the slow decliners 

had an average increase of 0.8% predicted/year. At the 
GAP assessment approximately 17 years after baseline, 
7/18 (39%) of the RPD participants and 12/18 (67%) of 
the SLW participants had quit smoking, and in the con-
trol group, 8/18 (44%) had quit smoking in the 3 months 
before GAP participation (χ2 = 3.11, 2 d.f., p = 0.21).

Plasma sampling and processing

Plasma was sampled at the GAP assessment by venipunc-
ture using a sodium citrated Vacutainer® tube at least 
2 h after eating. Within 10 min of collection, blood was 
centrifuged for 15 min at 1500g and 2–6°C. The topmost 
plasma was removed and further centrifuged at 1500g for 
15 min. Plasma samples were shipped on dry ice, stored 
at -80°C, and thawed just before analysis.

Sample pooling

In each of the three study groups, plasma samples from 
six subjects were pooled to reduce heterogeneity within 
the group, increase yield of group-specific low-abun-
dance proteins/peptides and minimize instrument run 
time. Therefore, three pools were evaluated for each of 
the three study groups, for a total of nine plasma sample 
pools. Samples were selected for each pool by applying 
a random number generator.

Depletion of high-abundance plasma proteins

All pooled plasma samples were depleted of the top 
12 most abundant proteins using a Beckman Coulter 
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IgY-12 High Capacity spin column (part #A24618) using 
the recommended manufacturer’s procedure. In short, 
20 µl of plasma were added to 480 µl of dilution buffer. 
The samples were then filtered through 0.22 µm spin 
filters by centrifugation for 1 min at 16 000g. The deple-
tion columns were then centrifuged for 30 s at 400g to dry 
the beads. The end caps were attached and the diluted 
plasma sample was added and mixed by inverting the 
column. The sample was placed on a rotator (end to end) 
and incubated at room temperature for 30 min. Columns 
were then inverted and the tips were removed. The sam-
ples were then placed in collection tubes and centrifuged 
for 30 s at 400g. The flow-through was then collected for 
concentration and digestion. The bound proteins (high 
abundant top 12) were then stripped from the beads 
with three consecutive washes and centrifugations. The 
flow-through was discarded and the spin columns were 
regenerated (manufacturer’s procedure).

Protein digestion (plasma)

The depleted flow-through was added to a pre-rinsed 
Microcon YM-3 (3000 Da) molecular weight cut-off spin 
cartridge (Millipore), following the manufacturer’s rec-
ommended protocol, and centrifuged at 14 000g until 
100 µl of retentate remained (∼30 min.). The retentate 
was then transferred to a clean microcentrifuge tube 
and proteins were reduced using 15 µl of 50 mM ammo-
nium bicarbonate (Pierce) and 1.5 µl of 100 mM DL-1,4-
dithiothreitol (Acros, Geel, Belgium) and incubation 
at 95°C for 5 min. After samples had cooled, they were 
alkylated by the addition of 3 µl of 100 mM iodoaceta-
mide (Pierce) and were incubated for 20 min in the dark 
at room temperature; 1.5 µl of 100 ng µl−1 porcine trypsin 
(Promega, Madison, WI, USA) was then added and the 

samples were incubated at 37°C for 3 h. An additional 
1.5 µl of 100 ng µl−1 trypsin was then added followed by 
incubation at 37°C for approximately 16 h. To ensure suf-
ficient reagent mixing, all samples were vortexed (30 s) 
and centrifuged (2000g for 1 min) following each solution 
addition. Samples were dried in a vacuum centrifuge at 
45°C. Samples were reconstituted with 50 µl of 3% ace-
tonitrile with 0.1% formic acid and vortexed (30 s) prior 
to fractionation.

Off-line plasma fractionation

Off-line fractionation of the plasma tryptic digests 
in each pooled sample was conducted using a GE 
Healthcare MDLC Ettan (Piscataway, NJ, USA) fitted 
with a GE FRAC950 fraction collector fitted with a strong 
cation exchange (SCX) column (Thermo Fisher Scientific 
Biobasic SCX, 250 × 2.1 mm). Ion exchange (IEX) solvent 
A was 20 mmol l−1 citric acid (Fisher) in 75% HPLC grade 
water and 25% acetonitrile (Fisher) (3.8 g citric acid in 
1 l of 25% acetonitrile) (pH 2.65). IEX solvent B was 
20 mmol l−1 citric acid and 1 mol l−1 ammonium chloride 
(Fisher) in 75% HPLC grade water and 25% acetonitrile 
(3.8 g citric acid and 53 g ammonium chloride dissolved 
in 1 l 25% acetonitrile, pH 2.65). The fraction collector 
was conditioned for approximately 20 min before each 
run with 100% IEX solvent A at 200 µl min−1. The tryptic 
digest plasma samples were reconstituted in 50 µl of IEX 
solvent A. Run parameters began a 40 µl sample injec-
tion and 0% IEX solvent B for 10 min, ramped to 60% 
IEX solvent B in 30 min, then to 100% IEX solvent B and 
held for 5 min. The system flow rate was 200 µl min−1 and 
fractions were collected each minute in a 96-well plate 
(200 µl fractions). For each sample, the ten 200 µl frac-
tions that contained peptides (determined in method 

Table 1.  Characteristics of study participants.

Characteristic

Cigarette smokers with COPD,rapid 
declinea (RPD) (n = 18)

Cigarette smokers with COPD,slow 
declinea (SLW) (n = 18)

Cigarette smokers 
without COPD 

(n = 18)

p-Value

Lung Health Study

GAP

Lung Health Study

GAP GAPBaseline Year 5 Baseline Year 5

Male, n (%)   13 (72.2)   10 (55.6) 9 (50.0) 0.369b

Age (years), mean (SD)   64.8 (5.4)   63.6 (7.3) 57.2 (7.7) 0.002c

Cigarettes per day, mean (SD)e 37.3 (17.2) 21.6 (19.0) 16.0 (17.0) 27.7 (10.7) 8.3 (11.4) 5.6 (9.5) 9.7 (12.0) 0.167c

Years smoked, mean (SD)   42.1 (6.8)   34.8 (9.2) 30.1 (11.3) <0.001c

FEV
1
 (L), mean (SD) 2.75 (0.59) 2.34 (0.67) 1.70 (0.60) 2.61 (0.57) 2.63 (0.66) 2.32 (0.55) 3.20 (0.63)  

Δ FEV
1
 (L), mean (SD)  -0.40 (0.23)   0.02 (0.21)  na <0.001d

FEV
1
 % predicted, mean (SD) 76.1 (9.7) 67.8 (13.3) 54.6 (16.6) 74.8 (9.7) 78.5 (12.1) 77.2 (14.2) 103.1 (18.4)  

Δ FEV
1
 % predicted, mean (SD)  -8.22 (7.34)   3.77 (5.73)  na <0.001d

COPD. chronic obstructive pulmonary disease; GAP, Genetics of Addiction Project, an average of 17 years after baseline at which time plasma 
proteomic analysis was performed; FEV

1
, forced expiratory volume in 1 s; na, not applicable.

aDecline in lung function was assessed as the slope of a linear regression of the annualized rate of decline during the first 5 years of participation in 
the Lung Health Study in FEV

1
 % predicted (i.e. adjusted for age, height, and gender). bχ2 = 1.99, 2 d.f. test. cTest of association between characteristic 

and lung function at GAP by linear regression. dChange in characteristic from baseline to year 5 for RPD versus SLW. eAt the GAP time point, 7/18 
(39%) of RPD, 12/18 (67%) of SLW, and 8/18 (44%) of control subjects had quit smoking; χ2 = 3.11, 2 d.f., p = 0.21.
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development) were lyophilized at 45°C and stored at 
-20°C until analysis. Samples were reconstituted with 
50 µl of 3% acetonitrile with 0.1% formic acid and 
vortexed (30 s) prior to analysis.

Liquid chromatography

All ncap-LC was conducted using an Eksigent nanoLC-1D 
(Monmouth Junction, NJ, USA) with a Leap Technologies 
(Carrbaro, NC, USA) autosampler and a Zorbax 300SB-C8 
trap column (5 × 0.3 mm). Reverse-phase separation was 
conducted on each of the ten fractions from each pooled 
sample using a New Objective Picofrit Proteopep™2 (5 cm 
of C18 packing and a 15 µm tip). The LC run program had 
a 4-min trap wash at 10 μl min−1, a 10 µl injection volume 
and a 270 nl min−1 flow rate. LC buffer A contained 0.1% 
formic acid in LCMS grade water (Fisher) and B contained 
84% high purity acetonitrile (Fisher) with 0.1% formic 
acid. The LC gradient started at 3.5% B and ramped to 9% 
B in 1 min. The gradient was ramped to 70% B in 37 min, 
97% B for 12 min and then returning to 3.5% B.

Mass spectrometry

All data were collected on a Thermo-Finnigan (San Jose, 
CA, USA) LTQ-FTMS (a hybrid linear ion-trap with a 
7 Tesla FTICR MS) with Xcalibur™ 2.0 and fitted with a 
New Objective Picoview 550 nanospray ionization source. 
Full scan data were collected at 50 000 resolution (at 400 
m/z) in the FTMS with a mass-to-charge ratio (m/z) range 
of 400–2000. The instrument was externally calibrated no 
less than 5 days prior to acquisition following manufac-
turer’s recommended protocol with caffeine, MRFA and 
Ultramark. All data were collected using data-dependent 
scanning with multistage MS (MS/MS) using collision-
induced dissociation (CID) with a 3 m/z isolation width, 
normalized collision energy of 35 and 30 ms activation in 
the ion-trap MS (LTQ, unit mass resolution) on the top 
five most abundant peaks. Charge state screening and 
monoisotopic precursor selection were enabled. The 
acquisition had a 30 s dynamic exclusion using an m/z 
range of 0.01 low to 1.01 high for the exclusion list with 
an exclusion limit of 500 m/z values.

Database searching

Database searching was conducted using Thermo-
Finnigan Bioworks 3.3.1 SP1. The Human Refseq database 
was used (download November 2007) for all searches. The 
number of entries in the Refseq database was 34 180. Prior 
to the SEQUEST search, the Human Refseq database was 
indexed for trypsin (KR), monoisotopic mass, fully enzy-
matic (cleavage at both sides), molecular weight range of 
400–10 000, three missed cleavage sites, variable modifi-
cations with post-translational modifications of oxidation 

of the methionines at 15.99492 Da and alkylation of the 
cysteines at 57.02146 Da. Mass accuracy was set to 20 
parts per million for precursors and 1 AMU for the frag-
ment ion tolerance. For all fractions of each pool, indi-
vidual SEQUEST files were combined using the Bioworks 
Multiconsensus report function. The rigorous SEQUEST 
search constraints were set with a Delta CN ≥0.100 and 
Xcorr vs charge state of 1.9 for 1+, 2.2 for 2+, and 3.75 for 
3+ as suggested by the Human Proteome Organization 
(HUPO) (Omenn et al. 2005) and 4.0 for 4+. The number 
of different peptides allowed for protein identification 
was set to one. The total peak areas were determined 
using the Bioworks algorithm PepQuan with parameters 
set to area, mass tolerance of 0.0100, minimum threshold 
of 1000, number of smoothing points at 5, and includ-
ing all proteins. The false discovery rate was estimated 
to be less than 10%. Briefly, a concatenated target-decoy 
database was created using the human Refseq database. 
Results were searched against the concatenated database 
and false positives were estimated as twice the number 
of passing decoy fragments. The false discovery rate was 
determined by dividing the false positives by the sum 
of the true positives and false positives (Elias & Gygi 
2007).

Statistical analysis

Despite extensive quality control efforts to maintain a 
high level of data reproducibility, results from independ-
ent peptide analyses of plasma pools will vary in the dis-
tribution of peptide abundance values due to expected 
variability in the experimental process. Thus to allow for 
comparisons across pools, the median-centred natural 
logarithm of peptide abundance (peak area) within each 
pool was calculated to standardize abundance values. We 
undertook two approaches to handle the large amount 
of missing data which is typical for MS/MS-based 
proteomic studies. In the first case, assuming missing 
data represent abundance values below the detection 
threshold, data were imputed to a value of one-half the 
minimum intensity for each pool plus a small amount 
of random error. In the second case, missing data were 
not imputed and thus no assumptions were made about 
the source of missing data, such as technical error or the 
real absence or low abundance of protein in plasma. To 
identify peptides correlated linearly with the presence of 
COPD and an increasing rate of lung function decline, the 
study groups were coded ordinally (control = 1, SLW = 2 
and RPD = 3) and regressed against the standardized 
peptide abundance values. Peptides were included (fil-
tering constraints) if observed in at least three of the nine 
sample pools. In the non-imputation method, we further 
required peptide presence in each of the three study 
groups (filtering constraints). As the condition of nor-
mality of each peptide predictor in the linear regression 
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model cannot be guaranteed, we obtained empirically 
derived p-values by a permutation test with 1000 itera-
tions. We corrected for multiple testing by calculation 
of the false discovery rate (FDR) and reported the cor-
responding q-values (Benjamini & Hochberg 1995, Storey 
& Tibshirani 2003a, b, van den Oord 2005).

Protein annotation and pathway analysis

Mapping of proteins to pathway was conducted on Kyoto 
Encylopedia of Genes and Genomes (KEGG; http://www.
genome.jp/kegg/) (Kanehisa et al. 2006, 2008, Kanehisa 
& Goto 2000). Pathway analysis was conducted with 
Pathway Studio™ software version 5.0 from Ariadne 

Genomics, Inc. (Rockville, MD, USA). The analysis was 
manually filtered using the expanded pathway analysis 
tool and limiting analysis to proteins.

Results

Figure 1 shows an example of the data analysed in this 
study and demonstrates the high complexity and qual-
ity of the data acquired by the hybrid ion-trap-FTMS. 
This figure shows the total ion chromatogram for frac-
tion 7 of one of the three sample pools in the RPD 
group. It includes the MS spectrum at 35.92 min and 
zooms in on the peptide with the amino acid sequence 

10

A

B

C

12 14 16 18 20 22 24 26
Time (min)

28 30 32 34 36 38 40

500 600

400 600 800 1000 1200 1400 1600

700 800
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0.5

Figure 1.  (A) Total ion chromatogram for fraction 7 of a rapid decline chronic obstructive pulmonary disease (COPD) plasma pool. (B) Full-scan 
FTMS spectrum at 35.92 min plus the zoom in on FTMS spectrum showing the isotopic fine structure of the tryptic peptide of human angiotensin 
with the amino acid sequence VLSALQAVQGLLVAQGR found at m/z 862.01514 with a 2+ charge state and <5 ppm mass accuracy. (C) Fragmentation 
spectrum for m/z 862 with y and b ions labelled and the peptide bond cleavages noted in the peptide sequence.
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VLSALQAVQGLLVAQGR found at m/z 862.01514, which 
maps to human angiotensin. This peptide was detected at 
the 2+ charge state with a mass accuracy <5.0 ppm using 
external calibration. The fragmentation data (MS/MS) is 
shown and ‘y’ and ‘b’ ions are labelled showing significant 
coverage of the amino acid sequence.

Off-line SCX fractionation with RP-LC-ESI-MS/MS and 
robust database searching resulted in the observation of 
1758 unique peptides across all nine pooled samples. The 
filtering constraints (discussed in the methods section) 
for the imputation and non-imputation methods resulted 
in 1133 and 973 peptides, respectively, for statistical anal-
ysis. At an FDR level of 10%, a total of 17 peptides were 
significantly associated with lung function decline for 
the imputation method, 20 peptides were significant for 
the non-imputation method and seven of these peptides 
were identified by both methods (Table 2). The regres-
sion coefficients from the linear model, along with the 
associated q-value for each method where applicable, 
are also presented in Table 2 for each unique peptide. 
A negative regression coefficient estimate indicates lin-
early decreasing peptide abundance levels across the 
three study groups, from controls to SLW to RPD, while 
a positive estimate indicates a linear increase in peptide 
abundance levels from controls to RPD.

The 30 unique peptides identified as differentially 
expressed across the three study groups by linear 
regression mapped to 21 unique proteins. In Table 2 the 
peptides are grouped according to major function. The 
majority of the identified peptides (17/30), representing 
12 proteins, are involved in the complement cascade 
which, as part of the innate immune system, promotes 
host defence mechanisms of bacterial lysis, phagocyto-
sis and immune cell recruitment and activation (Bolger 
et  al. 2007, Markiewski & Lambris 2007). Regression 
analysis across the three study groups indicated a 
mixed pattern of over- and underexpression among the 
17 complement-related peptides.

A peptide unique to SERPINA3, or serpin peptidase 
inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), 
member 3, was relatively underexpressed in the RPD 
group compared with the SLW group, and highest levels 
were in the control group. SERPINA3 is a protease inhibi-
tor and lower levels of this protein in the RPD support 
an imbalance in proteases/antiproteases in the RPD 
population. Certain allelic variants of SERPINA3 result 
in reduced protease inhibitor activity and have been 
associated with COPD (Hersh et al. 2008, Ishii et al. 2000, 
Poller et al. 1992).

Peptides from fibrinogen, kallikrein B and inter-alpha 
(globulin) inhibitor H1, all components of the coagulation 
system, were relatively overexpressed in the COPD groups 
compared with the control group, with the highest levels in 
the RPD group. Coagulation is a complex cascade involv-
ing plasma proteins and platelets that results in blood clot 

formation (Furie & Furie 2005). Circulating clotting factors 
and their proteases and antiproteases regulate this process 
(Fay et al. 2007) and the coagulation system is thought to 
be involved in the thromboembolic complications asso-
ciated with COPD and smoking (Tapson 2005, Voelkel & 
Cool 2003, Yanbaeva et al. 2007). Peptide abundances also 
suggest that plasma levels of antithrombin (SERPINC1), 
a component of one of the principal intrinsic antico-
agulant systems (Rosenberg & Bauer 1987), and alpha-2 
antiplasmin, a major regulator of intravascular fibrinolysis 
(Carpenter & Mathew 2008), were highest in the control 
group and lowest in the rapid FEV

1
 decline COPD group.

Alpha-2 antiplasmin is also involved in the renin–
angiotensin system (RAS) as a critical regulator of 
angiotensin II-mediated vascular remodelling (Huo 
2008). Angiotensinogen is an inactive circulating sub-
strate which is converted by renin to angiotensin I, the 
precursor peptide in the classical RAS cascade (Ribeiro-
Oliveira et al. 2008). The circulating and local tissue RAS 
are involved in vascular remodelling (Kumar et al. 2008) 
and play pivotal pathophysiological roles in hyperten-
sion (Lalouel et al. 2001) and diabetes (Ribeiro-Oliveira 
et al. 2008). Experimental evidence suggests that oxidant 
stress-induced damage of lung microvascular endothelial 
cells in cigarette smokers results in endothelial cell apop-
tosis, capillary loss, impaired angiogenesis and profound 
airspace enlargement (Voelkel et al. 2007).

Peptide abundances indicate that the expression of two 
insulin-like growth factor binding proteins (IGFBP3 and 
IGFALS) was lowest in the RPD COPD group and high-
est in the control group. This possibly reflects the lower 
levels of anabolic hormones, such as insulin-like growth 
factors and testosterone, found in chronic inflammatory 
muscle-wasting conditions such as COPD, chronic heart 
failure, acquired immunodeficiency syndrome and can-
cer (Sevenoaks & Stockley 2006, Wouters et al. 2002).

Three peptides mapping to apolipoprotein B100 had a 
mixed pattern of differential expression across the study 
groups. Apolipoprotein B is the major structural protein 
of very low- and low-density lipoproteins (VLDL, LDL), 
and apoB-containing lipoproteins transport cholesterol 
from the liver and gut to peripheral tissues (Marcovina & 
Packard 2006). On the other hand, apolipoprotein A-IV 
is the major protein component of high-density lipopro-
teins (HDL) which reverse transport cholesterol from the 
periphery to the liver for excretion (Marcovina & Packard 
2006) and a potent endogenous inhibitor of lipid oxida-
tion (Qin et al. 1998). A peptide from apolipoprotein A-IV 
suggests that this protein was relatively underexpressed 
in the COPD RPD group compared with the COPD SLW 
and control groups.

Gelsolin (GSN) is an actin-binding protein involved in 
regulating host response to cellular damage in bacterial 
sepsis (Lee et al. 2007). Two peptides with opposite direc-
tions of differential expression across the study groups 
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Table 2.  Unique peptides differentially expressed across the three study groups: smokers without chronic obstructive pulmonary disease (COPD), 
smokers with COPD with slow forced expiratory volume in 1 s (FEV

1
) decline (SLW), and smokers with COPD with rapid FEV

1
 decline (RPD). 

Reported regression coefficient estimates for each peptide were significant at the 10% false discovery rate.

Peptide sequence
Gene  
symbol Name

No imputation Imputation

Regression  
coefficienta q-Value

Regression  
coefficienta q-Value

Complement system

-.GVFVLNK.- C3 Complement component C3 -0.235 <0.001 -3.211 <0.001

K.KVFLDC*C*NYITELRR.Q C3 Complement component C3 0.575 <0.001 na na

R.VVLVAVDK.G C3 Complement component C3 -2.323 <0.001 na na

K.YFKPGM#PFDLM#VFVTNPDGSPAYR.V C3 Complement component C3 -0.863 0.094 -1.397 <0.001

R.IPIEDGSGEVVLSR.K C3 Complement component C3 -2.998 0.094 na na

K.PGFTIVGPNSVQC*YHFGLSPDLPIC*K.E CFH Complement factor H -0.547 <0.001 na na

K.SSNLIILEEHLK.N CFH Complement factor H -0.705 0.059 na na

K.VKDISEVVTPR.F CFB Complement factor B 0.603 <0.001 0.603 0.087

R.RPASPISTIQPK.A C8G Complement component 8,  
gamma polypeptide

0.801 <0.001 na na

R.VPANLENVGFEVQTAEDDLKTDFYK.D C6 Complement component 6 na na -2.450 <0.001

R.HLVPGAPFLLQALVR.E C4A Complement component 4A 
(Rodgers blood group)

na na -3.720 0.087

R.LLEPHC*FPLSLVPTEFC*PSPPALK.D C7 Complement component 7 na na -2.111 0.087

Coagulation system

R.LTIGEGQQHHLGGAK.Q FGG Fibrinogen gamma chain 1.145 0.059 na na

K.EKGEIQNILQK.V KLKB1 Kallikrein B, plasma (Fletcher 
factor) 1

2.543 <0.001 na na

K.FEVQVTVPK.I A2M Alpha 2 macroglobulin -0.329 <0.001 na na

R.KAAISGENAGLVR.A ITIH1 Inter-alpha (globulin)  
inhibitor H1

0.272 <0.001 na na

K.GFPIKEDFLEQSEQLFGAKPVSLTGK.Q SERPINF2 Serpin peptidase inhibitor,  
clade F (alpha-2 antiplasmin, 
pigment epithelium derived  
factor), member 2

na na -2.183 0.087

K.TSDQIHFFFAK.L SERPINC1 Serpin peptidase inhibitor,   
clade C (antithrombin),  
member 1

na na -4.296 0.087

Antiprotease

R.NLAVSQVVHK.A SERPINA3 Serpin peptidase inhibitor,  
clade A (alpha-1  
antiproteinase, antitrypsin), 
member 3

-0.226 <0.001 na na

K.VLSALQAVQGLLVAQGR.A AGT Angiotensinogen -1.132 <0.001 -1.132 <0.001

K.DPTFIPAPIQAK.T AGT Angiotensinogen -0.319 <0.059 na na

Metabolic

R.EYSGTIASEANTYLNSK.S APOB Apo-B100 precursor 0.771 0.059 na na

K.DKDQEVLLQTFLDDASPGDKR.L APOB APOB protein na na -2.169 <0.001

R.ILGEELGFASLHDLQLLGK.L APOB Apolipoprotein B (including  
Ag(x) antigen)

na na -2.646 0.087

K.KLVPFATELHER.L APOA4 Apolipoprotein A-IV -0.458 <0.001 -0.458 <0.001

K.FLNVLSPR.G IGFBP3 Insulin-like growth factor  
binding protein 3

na na -3.154 <0.001

R.VAGLLEDTFPGLLGLR.V IGFALS Insulin-like growth factor  binding 
protein, acid labile  subunit

na na -2.214 0.087

Other

R.C*EGPIPDVTFELLR.E A1BG Alpha-1-B glycoprotein -1.037 0.059 -2.196 <0.001

K.NGVAQEPVHLDSPAIK.H A1BG Alpha-1-B glycoprotein 0.238 <0.001 0.238 0.087

K.SEDC*FILDHGK.D GSN Gelsolin (amyloidosis,  
Finnish type)

na na -0.303 0.087

na, Not applicable. False discovery rate >10% for this analysis method.
aA negative regression coefficient estimate indicates decreasing peptide abundance levels across the three study groups, from controls to SLW to 
RPD, while a positive estimate indicates increasing peptide abundance levels across the three study groups.
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mapped to alpha-1B-glycoprotein, a plasma protein of 
unknown function.

Pathway Studio™ identified nine other proteins with 
multiple connections to the 21 proteins identified as being 
potentially differentially expressed across the three groups 
in this study (Figure 2). These included insulin (INS), 
plasminogen (PLG), fibrinogen alpha (FGA), coagulation 
factor 2 (F2), interleukin (IL)-6 and IL-1β, signal trans-
ducer and activator of transcription 3 (STAT3), cyclin-
dependent kinase 2 (CDK2) and a protein predicted to be 
similar to RIKEN (FAM3A). Changes in the regulation of 
plasminogen and its role in coagulation have been asso-
ciated with smoking and COPD (Tapson 2005). IL-6 and 
IL-1β promote the inflammatory response and both have 
been observed to be increased in the sputum (and IL-6 
in serum) of smokers and persons with COPD (Chung 
2001, Karadag et  al. 2008, Walter et  al. 2008, Yanbaeva 
et al. 2007). Furthermore, in a large genome-wide asso-
ciation study, a specific small nucleotide polymorphism 
found in the IL6 receptor gene was identified as associ-
ated with COPD (Wilk et al. 2007). This suggests that IL-6 

signalling may be an important pathway in COPD. A IL1B 
gene polymorphism has also been linked with COPD 
in a Korean population (Lee et al. 2008). In addition to 
the human data linking IL1B to COPD, a recent mouse 
model overexpressing IL1B in the lung demonstrated 
similar tissue changes with inflammation, tissue remod-
elling and distal airway enlargement (Lappalainen et al. 
2005). Of the nine additional proteins found by pathway 
analysis, insulin, plasminogen, IL-6 and IL-1β had the 
greatest number of interactions with our 21 differentially 
expressed proteins, suggesting that the these additional 
proteins may represent common mechanistic pathways 
for COPD in cigarette smokers and for rate of lung func-
tion decline in COPD.

Discussion

Using high-resolution MS proteomics and two rigor-
ous statistical methods, we identified multiple peptides 
whose expression linearly correlated across three groups 

Direct binding

APOA4

APOB

C3

CDK2

INS

PLG

A2M

F2

FGG

STAT3

IL6

IL1B

CFB

AGTFAM3A

IGFBP3

IGFALS

SERPINF2 SERPINC1

SERPINA3

FGA

KLKB1

= Kinases

= Phosphatases

= Proteins

COPD Proteins identified

PathwayStudio identified proteins

= Transcription factors

Regulation

Expression

Promoter binding

Modification

Figure 2.  PathwayStudio analysis of direct interactions with other proteins. Proteins identified by PathwayStudio are shown in red; INS, insulin 
2 (proinsulin); PLG, plasminogen; FGA, fibrinogen, alpha polypeptide; IL, interleukin; F2, coagulation factor II; STAT3, signal transducer and 
activator of transcription 3; CDK2, cyclin-dependent kinase 2; FAM3A, similar to RIKEN cDNA 1810037C20 (predicted).
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of cigarette smokers classified spirometrically as having 
COPD with slow or no lung function decline, COPD with 
rapid decline and an unaffected control group. Thirty 
unique peptides, representing 21 proteins, differentiated 
the three groups. The majority of the peptides observed 
were components of the complement or coagulation 
cascades, consistent with the chronic and abnormal 
inflammatory response that is the hallmark of COPD 
and which is often associated with a prothrombotic state 
(Tapson 2005). Pathway Studio™ analysis identified nine 
additional proteins that had multiple interactions with 
the 21 observed proteins. Interestingly, the four proteins 
with the greatest number of interactions with our 21 dif-
ferentially expressed proteins were insulin, plasminogen, 
IL-6, and IL-1β, all of which have been previously associ-
ated with COPD or its complications. Insulin resistance, 
metabolic syndrome and diabetes have been shown to 
be associated with COPD (Bolton et al. 2007, Tiengo et al. 
2008, Wouters et  al. 2002). Both COPD and metabolic 
syndrome/insulin resistance appear to be systemic proin-
flammatory, prothrombotic disorders with significant 
associated, and often common, comorbidities (Bolton 
et al. 2007, Sevenoaks & Stockley 2006, Tiengo et al. 2008). 
What is not clear is whether the systemic inflammation 
is a primary or secondary phenomenon and whether it 
precedes or follows the airflow decline.

There is increasing evidence that the clinical features 
of COPD correlate poorly with airflow limitation as meas-
ured by spirometry (Fabbri & Rabe 2007) and, therefore, 
that spirometric parameters alone are inadequate as diag-
nostic and prognostic biomarkers for this complex disease 
(Stockley 2007). A more comprehensive evaluation using 
a multidimensional index (BODE) that incorporates 
body mass index, airflow obstruction, dyspnea, and exer-
cise capacity, has been shown to be more predictive of 
mortality than FEV

1
 alone (Celli et al. 2004).

Although off-line peptide fractionation enables the 
identification of a greater number of low-abundance 
plasma proteins, a disadvantage is the added instrument 
time required for the data collection from each sample. In 
this study, each pooled sample was fractionated off-line 
into ten well-separated fractions, thus increasing the data 
collection time by a factor of 10. In the interest of reason-
able data collection times, the 18 plasma samples in each 
study group were grouped into three pools of six samples 
each, for a total of 90 RP-LC-MS/MS samples in the study, 
each requiring approximately 2 h per data collection (not 
including blanks and quality controls collected every 
ten samples). A disadvantage of sample pooling is the 
inability to collect information on individual variation. 
However, a benefit is the dilution of undesired individual 
variation (noise), and the amplification of any signal, by 
the factor of dilution (i.e. 6 in this study).

This study had some limitations. Categorization of 
the subjects with COPD by rapid or slow FEV

1
 decline 

was based on each subject’s annualized rate of decline 
as determined from the slope of a linear regression of 
six FEV

1
 measurements over the 5 years of participa-

tion in the Lung Health Study. This determination was 
not adjusted for factors known to impact lung function 
decline, such as sustained or intermittent smoking ces-
sation (Anthonisen et al. 1994, 2002), frequency of bron-
chopulmonary infections (Watson et al. 2006) and use of 
inhaled glucocorticoids (Soriano et al. 2007). It is possible 
that these factors may also have had differential effects 
on plasma protein expression, and a limitation of the pro-
teomics analysis is that it did not adjust for these factors. 
We do note that the proportion of subjects in each group 
that had ceased smoking by the GAP assessment were not 
significantly different (see footnote in Table 1). The pro-
teomic analysis was performed on plasma obtained an 
average of 12 years after the determination of lung func-
tion decline category was made, without reassessment of 
rate of decline during the intervening 12 years. However, 
low-grade, chronic airway and systemic inflammation in 
COPD has been shown to persist even years after quit-
ting smoking (Agusti et al. 2003, Agusti & Soriano 2008, 
Hogg 2006), as well as autoantibody evidence of a self-
reactive adaptive immune response (Feghali-Bostwick 
et  al. 2008). Although peripheral plasma proteins may 
not be the best reflection of intrapulmonary processes 
resulting in airflow decline, peripheral blood sampling 
is relatively non-invasive, and COPD is increasingly 
recognized as a systemic inflammatory disorder with a 
pulmonary component (Agusti & Soriano 2008, Fabbri 
et al. 2008).

Further investigation will be required to determine 
whether the 21 plasma proteins whose expression was 
differentially associated (linearly) with spirometric lung 
function and its rate of decline are the cause or the result 
of the lung function decline. In summary, the 30 plasma 
peptides mapping to 21 proteins were linearly differen-
tially expressed across cigarette smokers with COPD and 
rapid FEV

1
 decline, COPD with slow or no decline and 

those without COPD and may provide valuable mecha-
nistic insight into COPD disease progression. The authors 
recognize that confirmation in an independent sample 
is the next step in this research and unfortunately the 
authors were unable to collect these data. Further inves-
tigation will also be necessary to determine whether the 
21 proteins are the cause or the result of lung function 
decline.
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