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Background. A substantial proportion of the general population has low lung function, and lung function is known 
to decrease as we age. Low lung function is a feature of several pulmonary disorders, such as uncontrolled asthma and 
chronic obstructive pulmonary disease. The objective of this study is to investigate the association of polymorphisms 
in asthma and chronic obstructive pulmonary disease candidate genes with rates of lung function decline in a general 
population sample of aging men.

Methods.  We analyzed data from a cohort of 1,047 Caucasian men without known lung disease, who had a mean of 
25 years of lung function data, and on whom DNA was available. The cohort was randomly divided into two groups, 
and we tested a total of 940 single-nucleotide polymorphisms in 44 asthma and chronic obstructive pulmonary disease 
candidate genes in the first group (testing cohort, n = 545) for association with change in forced expiratory volume in 1 
second over time.

Results.  One hundred nineteen single-nucleotide polymorphisms that showed nominal associations in the testing 
cohort were then genotyped and tested in the second group (replication cohort, n = 502). Evidence for association from 
the testing and replication cohorts were combined, and after adjustment for multiple testing, seven variants of three genes 
(DPP10, NPSR1, and ADAM33) remained significantly associated with change in forced expiratory volume in 1 second 
over time.

Conclusions.  Our findings that genetic variants of genes involved in asthma and chronic obstructive pulmonary dis-
ease are associated with lung function decline in normal aging participants suggest that similar genetic mechanisms may 
underlie lung function decline in both disease and normal aging processes.
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FOR healthy nonsmokers, the forced expiratory volume 
in 1 second (FEV

1
), increases from birth and reaches 

its peak at around the ages of 20 and 25 years (the growth 
phase), it remains stable until the ages of 30 to 35  years 
(the plateau phase), and begins to decline with aging (the 
decline phase) (1–3). In the elderly participants, low lung 
function is associated with impaired cognitive function, 
reduced physical activity, and all-cause mortality (4–6). 
Because a substantial proportion of the general population 
has unrecognized low lung function, its impact on health 
and quality of life can easily be underestimated (7).

Segregation studies have suggested a genetic contribu-
tion to lung function variability in the general population 
(8,9). Linkage (10–12) and association (13–15) studies 
further attempted to localize the genetic loci influencing 
lung function. Because low lung function is a feature of 
uncontrolled asthma and chronic obstructive pulmonary 
disease (COPD), we hypothesized that genetic variants that 
predispose to asthma and COPD might underlie the rapid-
ity of lung function decline. We conducted a longitudinal 
lung function study in a cohort of white men having data on 
DNA and 25 years of lung function analyses, to determine 
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if polymorphisms of asthma and COPD candidate genes are 
determinants of lung function decline in a healthy aging 
population.

Methods
The study cohort was a subset of the original Normative 

Aging Study cohort (16), a longitudinal study of aging 
established by the Veterans Associations, with recruitment 
between 1961 and 1970. A  total of 1,245 men had lung 
function data and adequate DNA samples at the time of the 
study. We removed 198 participants who developed asthma, 
emphysema, or chronic bronchitis after entry into the cohort, 
for a total of 1,047 men included in this analysis. Details are 
provided in the Supplementary Material. The study proto-
col was approved by the Human Studies Subcommittee of 
the Department of Veterans Affairs Medical Center and the 
Institutional Review Board of the Brigham and Women’s 
Hospital.

Lung function was measured in a standardized man-
ner beginning in 1963 (17). Beginning in 1984, a new 
spirometer was used along with new standardized pro-
tocols that adhered to American Thoracic Society stand-
ards for pulmonary function measurement (18), and 
these protocols were updated subsequently (19,20). 
Lung function was also expressed as a percent of pre-
dicted using spirometric reference values from the third 
National Health and Nutrition Examination Survey 
(21). In addition, the proportions of spirometric values 
that were above and below the lower limit of normal 
(LLN) at the baseline exam were also determined using 
LLN equations from National Health and Nutrition 
Examination Survey (21). Further details are provided 
in the Supplementary Material. The phenotype of inter-
est was lung function decline defined as the change in 
FEV

1
 between two consecutive visits over the number of 

years between the two visits:

 ∆ FEV FEV FEV age-1 1 at visit +1 1 at visit at visit +1= ( ) / (n n n -- ageat visit n )  

Where, n is visit number (1 ≤ n ≤ 13).
Candidate genes were selected based on their known or 

suspected roles in the pathogeneses of asthma and COPD, 
from review of the existing literature performed by two of 
the authors (A.H.P. and A.A.L.). In particular, they are genes 
that have been identified to be asthma or asthma-related 
phenotype genes through positional cloning or candidate 
gene association testing. Single-nucleotide polymorphisms 
(SNPs) in 44 candidate genes were selected for investi-
gation if they were either (1) tagging SNPs with r2 < .80 
and minor allele frequency >5%, covering 5 kb upstream 
and downstream of the first and last exons of each gene 
(2), nonsynonymous amino acid change with minor allele 
frequency >1%, or (3) known associated variants with 
asthma, COPD, and related phenotypes. Genotyping of 
SNPs for the testing cohort (TC) was carried out using the 

Illumina BeadStation 500G (San Diego, CA). Genotyping 
for the replication cohort (RC) was carried out using one 
of two platforms, the Sequenom MassArray MALDI-
TOF mass spectrometer (Sequenom, San Diego, CA) and 
the TaqMan 5′ exonuclease assays (Applied Biosystems, 
Foster City, CA) (22). Details of genotyping are provided 
in the Supplementary Material. Briefly, 1,085 SNPs were 
selected for genotyping; 78 SNPs were removed during the 
quality control process (see Supplementary Material for 
details), and 64 SNPs were removed due to deviation from 
Hardy–Weinberg equilibrium (23), leaving 943 SNPs. An 
additional three SNPs were removed due to genotyping 
rates less than 90% (ie, <90% of the samples were success-
fully genotyped). Thus, a total of 940 SNPs were analyzed 
in the TC (see below).

A two-stage testing–replication strategy was adopted 
where the study population was divided into two sub-
sets: a TC and a RC. The entire SNP set of 940 was 
tested for associations between individual SNP and lung 
function decline in TC in the presence of potential con-
founders (height, age, smoking status, and intensity of 
cigarette smoking in pack–years, as time-varying covari-
ates). Mixed models were implemented in the Mixed 
Procedure in SAS (SAS Institute, Inc., Cary, NC), using 
the “Repeated” statement to account for correlations 
between repeated observations on each participant. 
Further details of statistical methods can be found in the 
Supplementary Material. SNPs associated in the TC at p 
≤ .1 under either additive or recessive models were geno-
typed in RC. Associated SNPs were tested by the same 
statistical method and under the same genetic model as 
those observed in TC. Analyses in RC were constrained 
to having the same direction of effect as in TC, thus one-
sided testing was employed in the RC. Due to the con-
sistency in direction between associations in TC and RC, 
two-sided p values from TC and one-sided p values from 
RC were combined using Fisher’s method (24). We tested 
940 SNPs in TC under the additive and recessive mod-
els. Because these genotype models are not independent 
of each other, Bonferroni correction was applied for only 
940 SNP tests. Population stratification was assessed 
using PLINK (see Supplementary Material) (25), and no 
significant stratification was observed.

Results

Population Characteristics
The study sample consisted of 1,047 participants, who 

had DNA samples, smoking history, and lung function data, 
and were randomly divided into 545 and 502 participants for 
TC and RC, respectively. The two cohorts were comparable 
in demographic, lung function, and smoking characteristics 
(Table 1). At baseline, the mean age was 41.3 years (SD = 8.2) 
in the TC, and was 41.0 years (SD = 7.8) in the RC. Mean 
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FEV
1
, forced vital capacity (FVC), and FEV

1
/FVC as percent 

of predicted were 97.93%, 97.35%, and 100.54% for partici-
pants in TC, respectively; and 96.96%, 96.45%, and 100.49% 
for participants in RC, respectively. Although none of the men 
had a diagnosis of any lung disease at baseline, in TC, 45 men 
(8.3%) had FEV

1
 values that were below the LLN, 43 men 

(8.9%) had FVC values below the LLN, and 18 (3.3%) men 
had FEV

1
/FVC values below the LLN. For RC, 33 (6.6%) 

had FEV
1
 values that were below the LLN, 40 (8.0%) had 

FVC values that were below the LLN, and 19 (3.8%) men had 
FEV

1
/FVC values below the LLN. At baseline, the propor-

tions of never, current, and former smokers were also com-
parable in both cohorts. The mean number of follow-up visits 
were 8.5 (SD = 2.3) in the TC and 8.6 (SD = 2.2) visits in the 
RC, with a mean of 24.42 years (± 6.70) of follow-up for the 
TC and 25.42 years (± 6.20) of follow-up in the RC.

SNP Associations
A total of 940 SNPs from 44 candidate genes were geno-

typed and analyzed in the TC under both additive and reces-
sive models (see Supplementary Table S1). A total of 194 

SNPs were associated with change in FEV
1
 at p value ≤ .1. 

Twenty-four of the 194 SNPs were associated under both 
additive and recessive models, and the association under 
the recessive model for all the 24 SNPs had smaller p val-
ues, hence for these 24 SNPs, only the recessive model was 
tested in the RC. After removal of 11 SNPs that were out 
of Hardy–Weinberg equilibrium, a total of 119 SNPs were 
successfully genotyped and analyzed in the RC. Fifty-seven 
SNPs were found to have the same direction of effect in 
both the TC and RC, and evidence for association was com-
bined (Supplementary Table S4). A  total of seven SNPs 
remained statistically significant for their association with 
decline in FEV

1
, after Bonferroni adjustment (Table 2 and 

Supplementary Table S5).
Table 2 presents the results of the mixed effects mode-

ling of lung function decline. Under a recessive model, four 
variants of DPP10 (rs17783638, rs17638612, rs4849383, 
and rs4849384), two variants of neuropeptide S receptor 
1 (NPSR1; rs323917 and rs17170012), and a variant of 
ADAM33 (rs3918395) were associated with rates of lung 
function decline. Homozygosity for the minor alleles of 

Table 1. Baseline Population Characteristics 

Testing Cohort Replication Cohort

Number of participants 545 502
Age (y), mean (SD) 41.3 (8.2) 41.1 (7.8)
 Age range (y)    23.1–70.1 23.4–65.4
FEV

1
% predicted, mean (SD)   97.93 (12.30) 96.72 (11.00)

FEV
1
 (L), mean (SD)    3.96 (0.59) 3.95 (0.56)

FVC %predicted, mean (SD)   97.35 (10.98) 96.45 (10.39)
FVC (L), mean (SD)    4.97 (0.71) 4.96 (0.70)
FEV

1
/FVC, mean (SD)    0.80 (0.06) 0.80 (0.58)

FEV
1
/FVC %predicted, mean (SD)  100.54 (7.14) 100.49 (7.37)

Smoking status (%)
 Nonsmoker 37.2 31.0
 Current smoker 30.4 35.5
 Former smoker 32.3 33.5
Number of follow-up visits (N), mean (SD) 7.4 (2.3) 7.7 (2.2)
Number of years of follow-up (y), mean (SD) 24.64 (6.70) 25.42 (6.20)

Notes: FEV
1
 = forced expiratory volume in 1 s; FVC = forced vital capacity.

Table 2. Effect Size of Associated SNPs and FEV
1
 decline* 

Gene SNP Genetic Model† Genotype
Effect Estimate in 

TC (SE)‡ p Value
Effect Estimate in 

RC (SE)‡ p Value
Combined  

p Value

DPP10 rs17783638 Recessive CC 11.96 (1.63) 2.93 × 10−13 2.80 (5.80) .32 2.86 × 10−12

rs17636812 Recessive GG 21.36 (3.89) 4.35 × 10−8 0.83 (2.92) .38 3.17 × 10−7

rs4849383 Recessive GG 4.93 (2.09) 0.02 11.94 (1.81) 2.31 × 10−11 1.25 × 10−11

rs4849384 Recessive CC 17.93 (5.56) 0.001 16.62 (2.56) 5.40 × 10−11 2.19 × 10−12

NPSR1 rs323917 Recessive GG 16.58 (1.79) 3.09 × 10−20 10.48 (1.86) 9.33 × 10−9 1.860 × 10−26

rs17170012 Recessive GG 22.85 (2.84) 1.37 × 10−15 4.71 (2.68) .04 2.07 × 10−15

ADAM33 rs3918395 Recessive AA −12.73 (3.10) 4.24 × 10−5 −6.76 (4.69) .07 4.34 × 10−5

Notes: FEV
1
 = forced expiratory volume in 1 s; RC = replication cohort; SNP = single-nucleotide polymorphism; TC = testing cohort.

*These associations remained significant after Bonferroni correction of 940 tests.
†Genetic model refers to the coding of alleles in the mixed models, as explained in the Methods section.
‡Effect estimates obtained from mixed effects models. Effect estimates are displayed as mL/y change in FEV

1
; reference group = homozygotes plus heterozy-

gotes of the common allele (recessive model). Positive estimates denote slower decline associated with the genotype, while negative estimates denote faster decline.

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt179/-/DC1
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DPP10 and NPSR1 variants conferred a slower rate of FEV
1
 

decline compared with carriers of the major allele (also see 
Supplemetary Material). In contrast, homozygosity of the 
ADAM33 variant was associated with a faster rate of lung 
function decline.

In addition, the same variants were also tested for associa-
tion with rates of FVC decline (Table 3), defined in a similar 
way as for FEV

1
 decline. Two of the seven FEV

1
 decline-

associated SNPs (rs177838 and rs484938 of DPP10) were 
associated with rate of FVC decline (p < .05), and both of 
these had effects in the same direction as that for the FEV

1
 

analysis.
We performed additional analyses in a subset of men 

with complete information on baseline occupation and 
development of competing diagnoses of cancer, cardio-
vascular disease, asthma and/or COPD, and hospitaliza-
tion for pneumonia during follow-up. In general, results 
were similar to the original analysis, although p values 
were not as small given the smaller sample size. Two SNPs 
(rs4849384 in DPP10 and rs17170012 in NPSR1) were sig-
nificantly associated with lung function decline in TC and 
RC (Supplementary Table S6). Likely because this was a 
smaller sample (TC: n = 452; RC: n = 383), the results in 
Supplementary Table S6 would not survive adjustment for 
multiple testing.

Discussion
We conducted a candidate gene analysis and report 

genetic variants influencing lung function decline in a gen-
eral population sample of men that was initially recruited 
to study healthy aging. Findings of genetic association with 
lung function decline in general populations have been 
reported using longitudinal data (14,15), yet the number 
of candidate genes and their SNPs investigated were lim-
ited in these earlier studies. One recent study has inves-
tigated genetic predictors of lung function decline in an 
elderly cohort (26), and another recent study investigated 
genetic predictors of lung function decline in active smok-
ers (27). However, these two recent studies had less than 
10 years of follow-up, and candidate genes in these more 
recent studies focused on antioxidant genes and smoking-
related genes. To date, only one genome-wide study of lung 

function decline has been published and that study had no 
findings that reached genome-wide statistical significance 
(28). However, in that study, the longest mean follow-up 
time was only 14.6 (±7.2 years), and most of the cohorts 
only had two lung function measures, and there was likely 
significant heterogeneity in the studies that precluded more 
robust results. The strength of our study derives from the 
availability of multiple, repeated lung function and predic-
tor information gathered over a mean of 25  years in one 
cohort, allowing us to account for changes in exposures (ie, 
age and smoking) and physical characteristics (ie, height) 
over time.

We found DPP10, NPSR1, and ADAM33 to be associ-
ated with lung function decline and these genes have all 
been shown to be associated with asthma in multiple pop-
ulations; ADAM33 was implicated as an asthma gene in 17 
populations, DPP10 in 4, and NPSR1 (G-protein receptor 
154) in 9, as summarized in Michel and colleagues (29). 
The four associated variants of DPP10, which encodes 
dipeptidyl peptidase X, all reside between exons 1 and 
2, an area where alternate splicing occurs to encode mul-
tiple isoforms of different length and where association 
with asthma has been observed (30). For example, a vari-
ant located in intron 1 (rs13011555) had been found to 
be associated with FEV

1
 in Caucasian adults (The British 

1958 Birth Cohort) (31). We did not genotype this specific 
variant in our study, and none of the SNPs that we did 
genotype tags this variant, based on data from HapMap 
(http://hapmap.ncbi.nlm.nih.gov/). The significant yet 
small effect sizes estimated in our study and the British 
1958 Birth Cohort suggest that DPP10 is one of the many 
genes influencing lung function. DPP10 belongs to the 
dipeptidyl peptidase family and it is a structural homology 
of DPP4, whose function as a serine protease has been bet-
ter characterized (32,33). In a rat model of asthma, DPP10 
was found to be expressed in the bronchi, trachea, and 
leukocytes and elevated in asthmatic as compared with 
control animals (34). However, the function of DPP10 in 
lung function remains unclear. The limited knowledge of 
its function is its association with voltage-gated potassium 
channels and that it plays a role in current kinetics (35). 
Hence, one can speculate that DPP10 may influence lung 
function by regulating the electrophysiological properties 

Table 3. Effect Size of Associated SNPs and FVC Decline 

Gene SNP Genetic Model* Genotype
Effect Estimate in 

TC (SE)† p Value
Effect Estimate in 

RC (SE)† p Value
Combined  

p Value

DPP10 rs17783638 Recessive CC 16.37 (3.59) 5.29 × 10−6 5.63 (4.13) .08 7.17 × 10−6‡

DPP10 rs4849383 Recessive GG 10.52 (1.84) 1.29 × 10−8 27.88 (2.29) 9.53 × 10−39 1.17 × 10−39‡

Notes: FEV
1
 = forced expiratory volume in 1 s; FVC = forced vital capacity; RC = replication cohort; SNP = single-nucleotide polymorphism; TC = testing 

cohort.
*Genetic model refers to the coding of alleles in the mixed models, as explained in the Methods section.
†Effect estimates obtained from mixed effects models. Effect estimates are displayed as mL/y change in FEV

1
; reference group = homozygotes plus heterozy-

gotes of the common allele (recessive model). Positive estimates denote slower decline associated with the genotype, while negative estimates denote faster decline.
‡These associations remained significant after Bonferroni correction of 940 tests.
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of excitable cells and altering neuronal regulation of the 
lungs (36).

ADAM33 is a member of the metalloprotease-disintegrin 
family that proteolytically removes extracellular domains 
of various transmembrane proteins to induce shedding 
of cell surface ligands and downstream signaling path-
ways, mediate cell–cell and cell–matrix interactions (37). 
Polymorphisms in this gene have been associated with 
faster rates of lung function decline in both asthmatic par-
ticipants (38) and general population participants (15). In 
the airways, the expression pattern of ADAM33 differed 
between asthmatic and control individuals (39), with almost 
complete absence of expression in the smooth muscle of 
control participants and weak expression in the epithelium 
as compared with asthmatic participants.

In addition to ADAM33 and DPP10, NPSR1, also known 
as G-protein receptor 154 is the third asthma gene discov-
ered through positional cloning (40,41) and found to be 
associated with rates of FEV

1
 decline in our study. NPSR1 

is a seven-transmembrane G-protein–coupled receptor and 
the expression pattern of NPSR1 in the lungs has been 
inconsistently reported. Although immunocytochemistry 
staining of bronchial biopsy tissue of asthmatic and non-
asthmatic participants has shown that NPSR1 protein is 
expressed in bronchial epithelium cells of asthmatic and 
not in control participants (42), messenger RNA expres-
sion of NPSR1 was low to absent for various human 
airway-derived epithelial cells, smooth muscle cells. and 
fibroblasts (43). In another study, messenger RNA expres-
sion of NPSR1 has been found to be elevated in the ciliated 
cells of the airway epithelium of asthmatic participants 
compared with controls (41). Polymorphisms of NPSR1 
have been found to be associated with asthma or related 
phenotypes (eg, IgE, airway responsiveness) in several 
populations (41,44,45). Interestingly, however, in two 
murine studies of experimental asthma using NPSR1-
deficient mice, there was no impact of NPSR1 on airway 
inflammation, airway hyperresponsiveness, and the devel-
opment of asthma (43,46). Yet NPSR1 appeared to influ-
ence respiratory function in mice (46). When treated with 
neuropeptide S intracerebroventricularly, wild-type mice 
had increased respiratory frequency and decreased tidal 
volume from baseline as compared with NPSR1-deficient 
mice. A total of two NPSR1 variants was found to be asso-
ciated with rates of FEV

1
 decline in this study, after adjust-

ment for multiple testing. Homozygotes of the rare alleles 
for all variants confer a slower rate of FEV

1
 decline. The 

associated variants all reside in introns and have unknown 
biological functions to date. Variant rs323917 has previ-
ously been shown to be associated with airway hyperre-
sponsiveness, with the rare allele associated with increased 
airway hyperresponsiveness (44). Increased airway hyper-
responsiveness has been recognized as a risk factor for lon-
gitudinal lung function decline in several cohorts (47–49), 
including this cohort (48).

In addition to rates of FEV
1
 decline, two of the seven var-

iants also showed significant association with rates of FVC 
decline, suggesting that the mechanisms which DPP10 and 
NPSR1 operate under, affect rates of lung function decline 
potentially through both airway caliber and lung volume.

It is of interest to note that the associations that survived 
multiple-testing adjustment (Table  2) and other top asso-
ciations in Supplementary Table S4 were those in recessive 
models of the candidate genes. For the SNPs in Table  2, 
aside from SNP rs17636812 in DPP10, where the reces-
sive genotype category in TC and RC combined was com-
prised of 42 men, all other recessive genotype categories for 
the other SNPs were comprised of 10 participants or less. 
The additive genetic models of these SNPs did not reach 
statistical significance. Thus, it appears that the genetic 
effects of these genes are only expressed in a small subset 
of populations that are homozygous for the particular SNP. 
Additionally, this suggests that factors other than genetics 
are important predictors of lung function decline, and is 
consistent with the fact that the only genome-wide associa-
tion study on lung function decline (28) did not find any 
statistically significant results. It is possible that gene-by-
environment interaction analyses might yield more results.

This study has its limitations. Because the cohort is com-
posed of Caucasian men, associations detected in this cohort 
may not be generalizable to women and non-Caucasians. In 
addition, because the mean age of this cohort at baseline was 
41 years, genetic factors which we have identified to influ-
ence lung function decline may not be the same as those that 
influence growth in younger populations. Because genotyp-
ing for this project began several years ago, we were unable 
to include variants from genes that have recently been associ-
ated with asthma (eg, ORMDL3, PDE4D), COPD (CHRNA 
3/5), or lung function (GSTO2 and IL6R). Nevertheless, our 
findings that genetic variants of genes involved in asthma 
and COPD pathogenesis are associated with lung function 
decline in normal aging participants suggest that similar 
genetic mechanisms underlie lung function decline in both 
disease and normal aging processes. Although longitudinal 
studies are generally thought to provide more accurate esti-
mates of lung function decline, these types of studies also 
have problems such as learning effects, loss to follow-up, 
variability over time of spirometers and technicians. We 
have attempted to minimize these effects where possible. 
Although spirometry was performed in a standardized man-
ner from the inception of the study in the 1960s (17), stand-
ardization was modified beginning in 1984 to comply with 
the recommendations from the American Thoracic Society 
(18), and a different spirometer was used. We accounted for 
this change by creating a variable that identified the method 
and adjusted this in our analyses. Although the standardi-
zation method itself was a significant determinant of lung 
function decline, it did not affect the observed associations 
between the SNPs and lung function decline, whether the 
variable was in the model or not. Additionally, we used 

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt179/-/DC1
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standardized protocols for measuring spirometry to mini-
mize variability between technicians.

Another limitation is the comprehensiveness of coverage 
of the genome. We took a candidate gene approach in this 
study, thus, this was only limited to genes that have known 
associations to either asthma or COPD. Other genes that 
have not been associated with these two disorders may have 
effects on lung function decline. Although a genome-wide 
association study may have given greater coverage of the 
genome, other current methods, such as exome sequenc-
ing, would give more comprehensive coverage and result in 
more novel findings in future studies.

In summary, we have found that variants in seven asthma 
and COPD candidate genes were determinants of lung func-
tion decline over a mean of 25 years in a cohort of men. 
Our results suggest that mechanisms involved in the devel-
opment of asthma and COPD are operating in the normal 
process of decline in lung function seen with aging.

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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