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Abstract

Rationale: Omega-3 polyunsaturated fatty acids (n-3 PUFAs)
have anti-inflammatory properties that could benefit adults with
comprised pulmonary health.

Objective: To investigate n-3 PUFA associations with spirometric
measures of pulmonary function tests (PFTs) and determine
underlying genetic susceptibility.

Methods: Associations of n-3 PUFA biomarkers (a-linolenic acid,
eicosapentaenoic acid, docosapentaenoic acid [DPA], and
docosahexaenoic acid [DHA])were evaluatedwithPFTs (FEV1, FVC, and
FEV1/FVC) in meta-analyses across seven cohorts from the Cohorts for
Heart and Aging Research in Genomic Epidemiology Consortium (N=
16,134 of European or African ancestry). PFT-associated n-3 PUFAswere
carried forward to genome-wide interaction analyses in the four largest
cohorts (N= 11,962) and replicated in one cohort (N= 1,687). Cohort-
specific results were combined using joint 2 degree-of-freedom (2df)
meta-analyses of SNPassociations and their interactionswithn-3 PUFAs.

Results: DPA and DHA were positively associated with FEV1

and FVC (P, 0.025), with evidence for effect modification
by smoking and by sex. Genome-wide analyses identified a novel
association of rs11693320—an intronic DPP10 SNP—with FVC
when incorporating an interaction with DHA, and the finding
was replicated (P2df = 9.43 1029 across discovery and replication
cohorts). The rs11693320-A allele (frequency, z80%) was
associated with lower FVC (PSNP = 2.13 1029; bSNP =2161.0 ml),
and the association was attenuated by higher DHA levels
(PSNP3DHA interaction = 2.13 1027; bSNP3DHA interaction = 36.2 ml).

Conclusions:We corroborated beneficial effects of n-3 PUFAs
on pulmonary function. By modeling genome-wide n-3 PUFA
interactions, we identified a novel DPP10 SNP association with
FVC that was not detectable in much larger studies ignoring this
interaction.
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Pulmonary function tests (PFTs) provide
indicators of lung health and mortality risk
in the general population (1). Impaired
pulmonary function increases the risk of
chronic obstructive pulmonary disease
(COPD) (2), which is one of the leading
causes of death worldwide (3, 4). PFTs
include measurement of FEV1, FVC, and

FEV1/FVC to diagnose COPD and follow
its progression.

PFTs are heritable traits (z35%) (5),
and genome-wide association studies
(GWASs) have identified .150 PFT-
associated loci (6–13). Environmental
factors, including cigarette smoking
that contributes to chronic inflammation
(14), also influence PFTs. Omega-3
polyunsaturated fatty acids (n-3
PUFAs) may mitigate the inflammatory
response. n-3 PUFAs include a-linolenic
acid (ALA) and its long-chain
derivatives, eicosapentaenoic acid (EPA),
docosapentaenoic acid (DPA), and
docosahexaenoic acid (DHA). ALA, the
predominant n-3 PUFA in the Western
diet, is present in vegetable oils; EPA,
DPA, and DHA are found mainly in
fish. After absorption, some dietary
ALA is converted through endogenous
elongation and desaturation reactions (15)
to the long-chain derivatives. However,
dietary ALA may not adequately replace
dietary EPA, DPA, and DHA given the
limited conversion rate (16). We focused on
these n-3 PUFAs based on prior evidence
that they help combat inflammation in the
lung by generating lipid-derived mediators,
such as resolvins (17, 18).

Diets rich in n-3 PUFAs have been
implicated in preventing chronic
inflammatory diseases, including
cardiovascular disease, rheumatoid
arthritis, and dementia (19). Few studies
have investigated the role of n-3 PUFAs
in lung health. Two studies investigated
dietary-reported n-3 PUFAs with PFTs;
one found that higher n-3 PUFAs were
associated with higher PFTs (20), whereas
the other reported null associations (21).
One study investigating serum n-3 PUFAs
with PFTs found positive associations
of DHA with FEV1 and FVC (22).

Another study, conducted only in ever
smokers, found that higher plasma DHA
was associated with lower odds of COPD
(23).

Tests that jointly model environmental
factors and gene-by-environment
interactions can identify novel genetic
associations (24–26). No prior GWAS
of PFTs has investigated interactions
with n-3 PUFAs or other nutrient
biomarkers. In this study, we tested the
association of n-3 PUFA biomarkers with
cross-sectional PFTs and then studied
genome-wide interactions of SNPs and
insertions/deletions (indels) with n-3
PUFAs on PFTs in the Cohorts for
Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium.
We combined cohort-specific results to
estimate the n-3 PUFA-PFT associations
and to identify genetic associations with
PFTs when accounting for n-3 PUFA
interactions. Preliminary results of our study,
reporting n-3 PUFA biomarker associations
with PFTs, were previously published in the
form of an abstract (27).

Methods

Cohorts and Participants
Seven cohorts—AGES, ARIC, CARDIA,
CHS, FHS, MESA, and RS—contributed
to meta-analyses of n-3 PUFA-PFT
associations. All cohorts included European
ancestry (EA) participants; three cohorts
also included African ancestry (AA)
participants (Table 1). Our genome-wide
interaction analyses focused on the five
largest cohorts (N. 500). For additional
cohort details, see online supplement and
Tables E1–E3 in the online supplement.
Institutional Review Boards at the respective
institutions approved all data collection.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Omega-3 polyunsaturated
fatty acids (n-3 PUFAs) have anti-
inflammatory properties that may
beneficially affect pulmonary function.
Few population-based studies have
investigated the associations between
n-3 PUFA biomarkers and pulmonary
function, and whether smoking or sex
modifies these associations. Moreover,
genome-wide association studies
have identified .150 genetic loci on
pulmonary function, yet no studies
have examined interactions between
genetic variants and n-3 PUFAs.

What This Study Adds to the
Field: We found associations
of docosahexaenoic acid and
docosapentaenoic acid with pulmonary
function, and modifications of
association by cigarette smoking and
by sex. In addition, we identified a
novel association in the DPP10
gene with FVC at genome-wide
significance. This DPP10 association
was not found in standard genome-
wide analyses and was only discovered
after incorporating the interaction
with the n-3 PUFA biomarker levels.
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PFTs and n-3 PUFA Measurements
PFTs, specifically FEV1 (ml), FVC (ml),
and FEV1/FVC (%), were measured by
spirometry. n-3 PUFAs were measured
in plasma phospholipids in all cohorts
except FHS (see online supplement; see
Table E4 for measurement details and
Table E5 for measurement times). n-3
PUFAs were measured in red blood cells in
FHS, which are strongly correlated with
plasma measures (16, 28). In each cohort,
n-3 PUFAs were measured as a relative
percentage of total fatty acids. Both PFTs
and n-3 PUFAs were continuous variables.

Statistical Analysis for n-3 PUFA
Associations with PFTs
Linear regressionmodels were run, separately
by EA or AA in each cohort, to estimate n-3
PUFA associations with PFTs (see online
supplement). Models were extended to
include interaction terms to assess effect
modification by smoking status and sex.
Fixed-effects meta-analysis was used to
combine cohort- and ancestry-specific
estimates of n-3 PUFA–PFT associations
and n-3 PUFA interactions with smoking
status and sex (29). Smoking-stratified
meta-analyses were also performed, and
heterogeneity at the cohort level was
examined (see online supplement).

Statistical Analysis for Genome-Wide
Interaction with n-3 PUFAs on PFTs
Genome-wide interactions with n-3 PUFAs
were studied using joint 2df meta-analyses
(30) under a fixed-effects model, as done
before in single ancestry (31) and cross-
ancestry genome-wide meta-analyses (32).
Robust standard error estimation and
inverse variance weighting were applied
(33), similar to the prior genome-wide
variant3 smoking study for PFTs in
CHARGE (24). The same covariates were
adjusted (see online supplement) along
with ancestral principal components.
Cohort- and ancestry-specific coefficients
of SNP/indel (henceforth, collectively
referred to as SNP) additive dosage (bSNP)
and SNP3 n-3 PUFA interaction
term (bSNP3n-3 PUFA interaction) in the four
discovery cohorts were combined using
METAL with genomic control applied (N =
11,962; 11,165 EA participants, 797 AA
participants; Table 1). The standard a priori
level of genome-wide significance was used
(P, 53 1028) for the discovery meta-
analysis (34), as done in our prior study
(24). CARDIA was reserved for replication

(N = 1,687; 1,141 EA participants, 546 AA
participants; Table 1). The threshold for
declaring significance in the replication
phase was 0.05 given that only one SNP in
one model was tested. To characterize
top SNP findings, we pursued three
additional analyses across the discovery
and replication cohorts: smoking-stratified
and sex-stratified joint 2df meta-analyses
to examine selected SNP3 n-3 PUFA
interactions; and standard 1df meta-analyses
to assess evidence of SNP associations
without considering n-3 PUFA interaction.

Bioinformatics Analysis
Follow-up analyses were conducted to assess
SNP regulatory potential and gene function.
In silico analyses used HaploReg v4.1 (35),
Roadmap Epigenomics (36), Genotype-
Tissue Expression Project (GTEx, version
7) (37), and GeneMANIA (38) (see online
supplement).

Results

Characteristics of cohort participants and
their n-3 PUFA distributions are provided
in Table 1 (see additional details online
supplement, Table E6, and Figure E1). There
was little correlation (jrj, 0.2) between the
n-3 PUFAs (ALA, EPA, DPA, or DHA) with
pack-years, and average levels were similar
across smoking strata, except for DHA,
which showed a relatively consistent pattern
across cohorts with the highest levels in
never smokers, followed by former smokers,
and then current smokers (Table E7).

Meta-analysis of Associations of n-3
PUFAs and Interactions with Smoking
and Sex on PFTs
For FEV1 and FVC, cross-ancestry meta-
analyses revealed positive associations of
DHA and DPA at P, 0.05 (Figures 1, E2,
and E3 and Table E8). To convey the
impact of differences in n-3 PUFA levels,
we estimated that 1 SD higher DHA
(z1.3% of plasma total FAs) was associated
with 18.6-ml higher FEV1 (P = 6.13 1026)
and 10.9-ml higher FVC (P = 0.02) and that
1 SD higher DPA (z0.2% of plasma total
FAs) was associated with 7.9-ml higher
FEV1 (P = 0.0006) and 6.5-ml higher FVC
(P = 0.01) (for sensitivity analysis, see online
supplement). A positive association was also
indicated between ALA and FVC: 1 SD
higher ALA (0.07% of plasma total FAs)
was associated with 8.4-ml higher FVC

(P = 0.023). This ALA finding was mainly
driven by AA (Table E8).

Smoking status significantly
modified the DHA–FEV1 association
(PDHA3current smoking interaction = 0.02;
Figure E4) such that the magnitude of the
association was larger in current smokers.
To further interpret the DHA interaction
with smoking status on FEV1, b coefficients
for current, former, and never smokers were
estimated (bDHA1 bDHA3smoking interaction).
Across all cohorts, a 1% higher DHA
was associated with a 39-ml higher FEV1

(P = 0.0001) in current smokers; this effect
size was about threefold the magnitude
observed for former (13 ml; P = 0.010) and
never smokers (11 ml; P = 0.012) (Figure 2).

For FEV1/FVC, the cross-ancestry
and EA-specific meta-analyses revealed
associations with EPA and ALA (P,
0.02) and with DHA among current
smokers (P, 0.0001) (Figure E4).
However, because the effect sizes were
small (,1% increase in FEV1/FVC with
1 SD higher n-3 PUFA; Tables E8 and E9),
further analyses focused on FEV1 and FVC.
No significant interaction of smoking status
with DPA was observed for any PFT
outcome (P = 0.06–0.35).

Sex was an effect modifier in the
DPA–FVC association (PDPA3sex interaction =
0.035) such that the magnitude of the
DPA association was larger in males
(1 SD [z0.2%] higher DPA had a greater
association with FVC [by 10 ml] in
males than in females). Sex modification,
however, was not observed for DPA–FEV1,
DHA–FEV1, or DHA–FVC associations
(Pinteraction = 0.17–0.83).

Genome-Wide Interaction Analyses of
n-3 PUFAs on PFTs
DHA and DPA were carried forward to
genome-wide interaction analyses because
each was associated at P, 0.05 in both the
EA-specific and the cross-ancestry meta-
analyses. Because the ALA association was
primarily driven by AA participants, which
represented a small portion of the total
sample size used for the n-3 PUFA-PFT
analysis (z16%), ALA was not carried
forward. Genome-wide joint 2df interaction
analyses with n-3 PUFAs captured 7.2
million genotyped and 1000 Genomes–
imputed SNPs with minor allele frequency
.5% across 11,165 EA participants and
797 AA participants (Table 1). There was
no indication of genomic inflation bias
(lgc = 1.02–1.03; Figures E5–E8).
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Two novel loci were identified at cross-
ancestry meta-analysis P2df, 53 1028

(Figures E6 and E7). For FEV1, rs79992631,
a downstream C8orf4 SNP on chromosome
8p11, was identified when accounting for
DPA interaction. However, because the
signal was driven by a single cohort with
suboptimal imputation quality at this SNP
(R2 = 0.65) and was not supported by other
cohorts in the discovery meta-analysis with
better imputation quality at this SNP,
rs79992631 was not tested further, as it is
likely a false positive. For FVC, rs11693320,
a dipeptidyl peptidase–like 10 (DPP10)
intronic SNP on chromosome 2q14
(Figure 3), was identified when accounting
for DHA interaction. Meta-analysis across
all discovery cohorts revealed that
rs11693320 was associated with FVC at
P2df = 4.53 1028 (Table 2). The
rs11693320–FVC association was tested for
replication in CARDIA (1,141 EA
participants, 546 AA participants; Table 1)
and found to be associated at P2df = 0.045
with consistent directions of association
(Table 2), and an overall P2df = 9.43 1029

across all cohorts, which passed a stringent
Bonferroni-corrected cutoff of 1.253 1028

that takes into account all four genome-
wide interaction models (DHA and DPA
with FEV1 and FVC). The rs11693320-A
allele, which has a similar frequency across
ancestries (81% in EA participants, 79% in
AA participants), was associated with
reduced FVC (bSNP =2161.0 ml, PSNP =
2.13 1029); this association was attenuated
by higher DHA levels (bSNP3DHA interaction =
136.2 ml per 1% DHA of total FAs,
PSNP3DHA interaction = 2.13 1027). In the
discovery cohorts, the rs11693320 and
rs116933203DHA interaction effect sizes
were larger in AAs (bSNP =2186.4 and
bSNP3DHA interaction = 39.7 in the single AA
cohort compared with bSNP =2155.8 and
bSNP3DHA interaction = 34.0 in the EA-
specific meta-analysis; Table 2). The
same pattern was observed between
AA and EA participants in the
replication cohort (Table 2). Although
not passing genome-wide significance,
consistent directions were observed for
the association of rs11693320 and its
interaction with DHA on FEV1 (meta-
analysis bSNP [SE] =295.2 [23.9], b
SNP3DHA interaction [SE] = 19.9 [6.0], and
P2df = 2.13 1024).

We also used our genome-wide
results to look up previous GWAS-identified
SNPs associated with n-3 PUFA

phenotypes and PFTs. Results are shown in
the online supplement and Tables E10 and
E11.

DPP10 SNP Interaction with n-3 PUFA
Biomarkers by Smoking Status and
Sex
The joint 2df meta-analyses accounting for
rs116933203DHA interaction on FVC
was further explored in models stratified by
smoking status, which suggested that the
interaction was mainly driven by former
smokers (N = 5,373; bSNP =2218.5 ml,
PSNP = 8.33 1026; bSNP3DHA interaction =
153.8 ml, PSNP3DHA interaction = 6.73 1026).
The directions of association were
consistent in current and never smokers,
but with weaker statistical evidence (current
smokers: N = 3,944; bSNP =2130.4 ml,
PSNP = 0.15; bSNP3DHA interaction =121.8
ml, PSNP3DHA interaction = 0.45; and never
smokers: N = 4,332; bSNP =293.7 ml,
PSNP = 0.030; bSNP3DHA interaction =116.4 ml,
PSNP3DHA interaction = 0.13).

When stratified by sex, the
rs116933203DHA interaction finding
on FVC was mainly driven by males
(N = 6,231; bSNP =2223.0 ml, PSNP =
2.53 1025; bSNP3DHA interaction =155.8 ml,
PSNP3DHA interaction = 6.13 1025). The
directions of association were consistent
in females, but with weaker statistical
evidence (N = 7,418; bSNP =260.3 ml,
PSNP = 0.09; bSNP3DHA interaction =111.6 ml,
PSNP3DHA interaction = 0.20).

Follow-up Bioinformatics Analysis
According to HaploReg v4.1 (35), three
variants in high linkage disequilibrium
(r2. 0.8) with rs11693320 are located
within putative enhancer elements in
lung tissue. Functional annotations of
rs11693320 and variants with r2. 0.8
(1000 Genomes EUR) are provided (Table
E12). Rs11693320 is a putative expression
quantitative trait locus for DPP10 in GTEx
lung tissue, with its A allele being associated
with lower expression (P = 0.036, N = 383)
(37). To better characterize DPP10 gene
function, we used GeneMANIA to create a
network of genes biologically related to
DPP10 (Figures 4 and E9). Within this
network of 20 genes, 5 genes were
coexpressed (P, 0.05) with DPP10 in
GTEx lung tissue: DPP4, FMN2, FABP4,
and VAT1L were positively associated with
DPP10 expression, whereas ADAM20 was
inversely associated.

Discussion

Our study tested the associations of n-3
PUFA biomarkers with PFTs combining
data across multiple cohorts, which showed
positive associations of DHA and DPA with
FEV1 and FVC. The FEV1 outcome had
slightly larger magnitudes of association
with n-3 PUFAs, consistent with the
pattern observed in the only previous
study that investigated plasma n-3 PUFA
associations with PFTs in adults (22).
Importantly, we found, to our knowledge
for the first time, that the association of
FEV1 with DHA differed by smoking status
(PDHA3smoking interaction = 0.02), with the
magnitude of the association for current
smokers (b = 39 ml per 1% [z1 SD] higher
DHA) being about threefold larger than the
association in never (b = 11 ml) and former
(b = 13 ml) smokers. We also found a
significant interaction of DHA with current
smoking on FEV1/FVC, although the
magnitude of the association was negligible
(,1% increase per 1% higher DHA). In
addition, we found a DPA3 sex interaction
such that the magnitude of the DPA
association with FVC was larger in males
than in females (larger by 10 ml per 1 SD
[0.2%] higher DPA).

In genome-wide interaction meta-
analyses, we identified the DPP10 SNP
rs11693320-A allele for its novel association
with FVC (bSNP =2161.0 ml), which
was attenuated by higher DHA levels
(binteraction =136.2 ml) (Table 2). To
put the magnitude of the DPP10–FVC
association into context, rs11693320-A was
associated with 88.6-ml lower FVC at DHA
level = 2% of total FAs (z1 SD below the
average DHA level), whereas rs11693320-A
was associated with 16.2-ml lower FVC at
DHA level = 4% of total FAs (slightly above
the average DHA level). In comparison,
1 year of age-related FVC decline isz30 ml
in US adults from the general population
(39). Our findings indicate that nutrient
biomarker levels might influence genetic
factors underlying pulmonary function.

The only prior study to directly
investigate n-3 PUFA biomarkers and PFTs
in adults (N = 593) reported suggestive
positive associations of DHA with
percentage predicted FEV1 and FVC, and a
positive association of DPA with percentage
predicted FVC in men only (22). Our study
included large numbers, tested smoking
interactions for the first time, and found a
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larger magnitude of the DHA association
with FEV1 in current smokers compared
with former and never smokers. The
positive associations of DHA and DPA
with PFTs are biologically plausible and
may be mediated by metabolic derivatives
such as resolvins and protectins, which
regulate the resolution of inflammation
via mechanisms including the inhibition
of proinflammatory gene expression and
the clearance of inflammatory cells by
macrophages (17). DHA-derived Resolvin
D1 was shown to have anti-inflammatory
effects in mice and human cell lines with
cigarette smoke exposure (40).

The rs11693320 association with FVC
was evident only by considering interaction
with DHA. Rs11693320 did not attain
genome-wide significance in standard 1df
meta-analysis without DHA interaction
in the model (P = 1.73 1024; Table 2).
Similarly, rs11693320 was not identified in
previous GWASs of PFTs (6–12, 41). Our
top DPP10 SNPs, some of which were
available as HapMap-imputed SNPs in a
previous GWAS of FVC with a larger
sample size (N = 52,253) (10), achieved
only borderline nominal significance
(P = 0.06–0.1) (Table E13). Moreover,
rs11693320 had no association with DHA

in our study (P = 0.57 across the five
cohorts), and nearby HapMap-imputed
DPP10 SNPs also were not associated with
the DHA phenotype in a CHARGE GWAS
meta-analysis of plasma n-3 PUFAs (Table
E13) (41).

DPP10 was previously identified as a
candidate gene for asthma (42–45), and a
single study of asthma candidate genes
suggested that major alleles of DPP10 SNPs
were associated with both FEV1 and
FVC decline under a recessive mode of
inheritance (46). Similarly, in our study, we
found that the major allele of rs11693320
on DPP10 was associated with lower FEV1
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Figure 1. Forest plots of the meta-analysis of omega-3 fatty acid biomarkers on FEV1 and FVC. Associations are presented for (A) docosahexaenoic acid
(DHA)–FEV1, (B) docosapentaenoic acid (DPA)–FEV1, (C) DHA–FVC, and (D) DPA–FVC. b (ml) denotes the coefficient from the fixed-effects meta-analysis
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solid squares. Sample size of each cohort is shown in parenthesis. *FHS has omega-3 fatty acid biomarkers measured in red blood cells, rather than
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Rotterdam (Netherlands) Study.
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and FVC, although only the finding for
FVC reached genome-wide significance.
Prior GWAS for FVC similarly identified
loci that were not detected in GWAS of
FEV1, suggesting that these correlated, but
clinically different, measures have both
shared and unique genetic risk factors (10).
Previous speculation about the biological
mechanism through which DPP10 affects
asthma relates to conduction of electric
signals in the nervous system, which could
affect the activity of airway smooth muscle
(e.g., contraction) via neural regulation
(44). DPP10 is highly expressed in brain
neurons (47) and slightly expressed in lung
tissues (48). It encodes one member of the
S9B family of serine proteases, which could
be released to the extracellular space (49).
The DPP10-encoded protein can bind to
the voltage-gated potassium (K1) channel
and facilitate the trafficking of K1 channel
protein to the cell membrane (47).

Using the public bioinformatics tools
GeneMANIA (38) and GTEx (37), we
found five genes related to DPP10 function
and four of them positively coexpressed
with DPP10 in lung tissue. Based on
previous evidence (49–53), only FABP4 and
DPP4 play a role in pulmonary function
and may potentially interact with DHA in
this regard. The FABP4 gene is a putative
biomarker for systemic inflammation
in patients with COPD, and FABP4
circulating level was associated with lower
PFTs in patients with COPD (50) and
nondiseased individuals (51). A small

clinical trial (N = 14) reported that DHA1
EPA supplementation, which increased
serum DHA, led to a concurrent decrease
in FABP4 level (52). The other DPP10-
related gene, DPP4, plays a role in
asthma pathogenesis, as DPP10 does,
albeit through a different mechanism
(i.e., immunosuppression) (49). A study in
diabetic patients directly linked DPP4 to the
DHA biomarker; the efficacy of a DPP4
inhibitor on glycemic control was positively
correlated with DHA nutriture (r = 0.73)
(53). Thus, DHA may play a beneficial role
in pulmonary function, potentially through
influencing DPP10, DPP4, and FABP4, but
further research is needed to investigate the
interplay between these genes and DHA.

Given that n-3 PUFAs are postulated
to mitigate inflammatory responses brought
about by cigarette smoking, we performed
smoking-stratified analyses and found that
the rs11693320 effect size was largest in
former smokers, when considering its
interaction with DHA, suggesting potential
effect moderation by cigarette smoking. A
study of human fetal lung tissue reported
that in utero smoking exposure was
associated with methylation changes in
DPP10 (54). Our findings suggest an
inverse association of DPP10 SNPs with
PFTs that are mitigated by circulating DHA
levels, and the interplay among DPP10,
DHA, and smoking status needs further
investigation. We posit that current
smoking, as compared with former
smoking, induces additional perturbations

to lipid homeostasis (e.g., lipid peroxidation
of cell membranes of vulnerable cells such
as airway epithelial cells expressing
DPP10) via oxidative stress and epigenetic
changes (including DNA methylation,
histone modifications, and/or micro-RNA
dysregulation), which might affect the
beneficial effects of n-3 PUFAs and their
attenuation of genetic risk factors on
FVC. Moreover, the association pattern
among former smokers may also underlie
our observed sex-stratified results,
whereby the largest effect sizes for
rs11693320 and its interaction with
DHA occurred in men, who are more
likely to have smoked, smoked more
heavily, and reported being more
severely dependent on nicotine in
their current and past smoking
histories as compared with women
(55, 56).

Our findings are likely to have strong
external validity, and thus they are expected
to generalize well to adult populations in
the United States and Europe. Overall,
average FEV1/FVC of the included cohorts
was in the expected 70–80% range for
healthy US adults (Table E6), and the
prevalence of COPD is expected to be
similar to the US prevalence (z6.1%) (57).
Participant selection bias is expected to be
minimal given that all the measurements
(spirometry, n-3 PUFA biomarkers, and
genetic data) were collected either in all
cohort participants or in a random set of
participants. Finally, only 1,343 AAs
contributed data for the genome-wide
interaction analysis, which led us to
combine EA and AA participants in
cross-ancestry meta-analyses (total
N = 13,649) to increase power. Even though
the rs11693320 and rs116933203DHA
interaction effect sizes were larger in
AA than EA participants, which has
been observed for other reported SNP
associations with complex traits (e.g.,
CHRNA5 SNP rs16969968 with cigarettes
smoked per day) (58), drawing an inference
of ancestral differences for this SNP was
limited given fewer AA participants
(total N = 1,343) than EA participants (total
N = 12,306) available for study. Although
the cross-sectional design prohibits direct
causal inferences, these findings are
strengthened by the internal consistency
of findings across cohorts with different
contexts. Future studies that investigate
longitudinal PFTs and the complex interplay
of fatty acid components are needed to
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further strengthen the causal inference of
associations observed in our study.

This study has several strengths. First,
we used objectively measured n-3 PUFA
biomarkers, instead of self-reported dietary
intake, as the exposures. The n-3 PUFA
biomarkers reflect intake as well as

interindividual differences in absorption and
incorporation into phospholipids (for n-3
PUFAs from dietary sources) and metabolic
efficiency (for n-3 PUFAs from endogenous
biosynthesis). Therefore, it is a more reliable
measure of n-3 PUFA nutrients that are
available to tissues/organs, compared with

self-reported dietary intake of n-3 PUFAs.
Second, we conducted association analyses
of n-3 PUFAs on PFTs across multiple
cohorts that together had sufficient sample
size to examine effect modification
by smoking and by sex. Third, we
investigated the genome-wide variant3
nutrient interactions on PFTs via joint
2df meta-analyses and discovered a novel
genetic association with pulmonary
function, when considering the interaction
with n-3 PUFAs, which was not identified
previously using the standard GWAS
approach with even larger sample sizes.

We found positive associations of DHA
and DPA biomarkers with PFTs, specifically
FEV1 and FVC, and the magnitude of the
DHA–FEV1 association was about threefold
larger in current smokers. This suggested
a greater beneficial effect of n-3 PUFAs,
especially DHA, on pulmonary function
in current smokers. We also identified
the DPP10 locus, where the intronic
rs11693320-A was inversely associated with
FVC, and a higher DHA level attenuated
this effect. Few genome-wide studies
investigate how nutrient status and genetic
predisposition can influence each other
and affect PFTs, and the results of this
study are important in contributing to
the evidence base needed to provide
targeted dietary advice for COPD
prevention. n
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Figure 4. GeneMANIA network built around DPP10. Twenty genes are included in this network. Five of the network genes were coexpressed with DPP10

in GTEx v7 lung tissue (N = 383), after adjustment of sex, age, and three genotyping principal components. The associations (coefficient estimate, SE, and
P value) with DPP10 expression in GTEx lung tissue are shown in the table portion of the figure (all P, 0.05).
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et al. The relation between dietary intake of individual fatty acids,
FEV1 and respiratory disease in Dutch adults. Thorax 2008;63:
208–214.

22. Kompauer I, Demmelmair H, Koletzko B, Bolte G, Linseisen J, Heinrich J.
Association of fatty acids in serum phospholipids with lung function
and bronchial hyperresponsiveness in adults. Eur J Epidemiol
2008;23:175–190.

23. Shahar E, Boland LL, Folsom AR, Tockman MS, McGovern PG,
Eckfeldt JH; The Atherosclerosis Risk in Communities Study
Investigators. Docosahexaenoic acid and smoking-related chronic
obstructive pulmonary disease. Am J Respir Crit Care Med 1999;
159:1780–1785.

24. Hancock DB, Soler Artigas M, Gharib SA, Henry A, Manichaikul A,
Ramasamy A, et al. Genome-wide joint meta-analysis of SNP and
SNP-by-smoking interaction identifies novel loci for pulmonary
function. PLoS Genet 2012;8:e1003098.

25. Imboden M, Kumar A, Curjuric I, Adam M, Thun GA, Haun M, et al.
Modification of the association between PM10 and lung function
decline by cadherin 13 polymorphisms in the SAPALDIA cohort: a
genome-wide interaction analysis. Environ Health Perspect 2015;
123:72–79.

26. Liao SY, Lin X, Christiani DC. Gene-environment interaction effects on
lung function—a genome-wide association study within the Framingham
heart study. Environ Health 2013;12:101.

27. Xu JY, Bartz TM, Eiriksdottir G, Frazier-Wood AC, Gudnason V,
Lahousse L, et al. Meta-analysis of the association of omega-3 fatty
acids biomarkers with pulmonary function [abstract]. FASEB J 2017;
31:167.5.
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