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Abstract

Rationale COPD is the third leading cause of death in the United States. Sphingolipids, structural
membrane constituents that play a role in cellular stress and apoptosis signalling, may be involved in lung
function.

Methods In the Cardiovascular Health Study, a prospective cohort of older adults, we cross-sectionally
examined the association of plasma levels of 17 sphingolipid species with lung function and COPD.
Multivariable linear regression and logistic regression were used to evaluate associations of sphingolipid
concentrations with forced expiratory volume in 1 s (FEV;) and odds of COPD, respectively.

Results Of the 17 sphingolipids evaluated, ceramide-18 (Cer-18) and sphingomyelin-18 (SM-18) were
associated with lower FEV; values (-0.061 L per two-fold higher Cer-18, p=0.001; —0.092 L per two-fold
higher SM-18, p=0.002) after correction for multiple testing. Several other associations were significant at
a 0.05 level, but did not reach statistical significance after correction for multiple testing. Specifically, Cer-
18 and SM-18 were associated with higher odds of COPD (odds ratio per two-fold higher Cer-18 1.29,
p=0.03 and SM-18 1.73, p=0.008). Additionally, Cer-16 and SM-16 were associated with lower FEV;
values, and Cer-14, SM-14 and SM-16 with a higher odds of COPD.

Conclusion In this large cross-sectional study, specific ceramides and sphingomyelins were associated with
reduced lung function in a population-based study. Future studies are needed to examine whether these
biomarkers are associated with longitudinal change in FEV; within individuals or with incident COPD.

Introduction

COPD, which affects an estimated 30 million Americans, is the third leading cause of death in the United
States [1]. A number of COPD risk factors, such as smoking (including secondhand smoke inhalation), air
pollution and occupational hazards, have been identified [2]. Lesser known are the biochemical
mechanisms that lead to the characteristic inflammation and tissue injury in the lungs.

Sphingolipids, a class of lipids comprised of a sphingosine backbone with an attached fatty acid and various
head groups, perform various roles within the cell, from serving as structural membrane constituents to
ligands in intracellular signalling [3]. One family of sphingolipids, the ceramides [4], has been shown to
play a role in cellular stress and apoptosis signalling pathways [5]. Another class of sphingolipids,
sphingomyelins, are cell membrane components that can also be metabolised to ceramides. Ceramides and
sphingomyelins of different fatty acyl chain lengths may exhibit different biological activities [6] and have
been implicated in pathways leading to inflammation, oxidative stress and cell death [3].
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Limited prior research suggests that sphingolipids may play a role in the pathophysiology of COPD and its
risk factors. A report within the Multi-Ethnic Study of Atherosclerosis (MESA) cohort showed that higher
total plasma sphingomyelin concentrations were associated with higher risk of emphysema [7]. In this
study, we examined 17 sphingolipid species for their association with lung function and COPD in a large
biracial population-based cohort, the Cardiovascular Health Study (CHS).

Methods

Study design and data collection

The CHS is a prospective cohort study of risk factors for cardiovascular disease in older adults (aged
>65 years) selected randomly from Medicare beneficiary lists. Participants were recruited from four field
centres; institutional review boards at each of the four field centres approved the CHS, and all study
participants provided written, informed consent. Between 1989 and 1999, participants underwent annual
study examinations that included personal interviews, physical examinations, laboratory assessments and
diagnostic tests. These included height, weight and blood pressure measurement, questions about tobacco
and alcohol use, and medical history. A more detailed description of the study design and procedures can
be found elsewhere [8]. The study examination from which sphingolipids were measured (1994-1995)
formed the study baseline for this analysis, and participant characteristics were drawn from that examination.

Sphingolipid measurement

Ceramide and sphingomyelin species were measured at the 1994-1995 examination, using fasting
EDTA-plasma samples; samples were stored in a freezer at —70°C until they were extracted. Sphingolipids
were then quantified by liquid chromatography—tandem mass spectrometry. A complete description of
sphingolipid measurement methods and quality control, including details of lipid extraction, sample
plating, instrumentation, internal standards and normalisation, has been described previously [9]. In total,
17 sphingolipid species were examined: six ceramide species (with acylated fatty acid chain lengths of 14,
16, 18, 20, 22 and 24 carbons), six sphingomyelin species (of chain lengths 14, 16, 18, 20, 22 and 24),
three hexosylceramide species (of chain lengths 16, 22 and 24), and two lactosylceramide species (of chain
lengths 16 and 24) were assayed. Specifically, we measured ceramide (Cer) and sphingomyelin (SM) with
myristic acid (Cer-14 and SM-14), with palmitic acid (Cer-16 and SM-16), with stearic acid (Cer-18 and
SM-18), with arachidic acid (Cer-20 and SM-20), with behenic acid (Cer-22 and SM-22) and with
lignoceric acid (Cer-24 and SM-24), with Cer-24 being computed as the sum of two ceramide species with
distinct “d181” and “d182” sphingoid backbones. Three hexosylceramide (HexCer) species (HexCer-16,
HexCer-22 and HexCer-24), and two lactosylceramide (LacCer) species (LacCer-16 and LacCer-24) were
also measured as byproducts of the assay. Absolute sphingolipid concentrations are listed in supplementary
table S1.

Spirometry measurement and COPD definition

Forced expiratory volume in 1s (FEV;) and forced vital capacity (FVC) were measured by spirometry
performed by trained technicians using a standard spirometry system meeting or exceeding the American
Thoracic Society (ATS) spirometer recommendations during the 1996-1997 examinations, as described
previously [10]. COPD was defined as a FEV/FVC ratio of <0.7 and FEV; <80% of the predicted
value [11].

Statistical analyses

For this study, only CHS participants who had sphingolipid measurements at year 7 of the study (1994—
1995 examination) and spirometry measurements at year 9 (1996-1997) were included in analyses
(n=2675 participants). Linear regression models with robust standard error estimates were used to assess
the association between sphingolipid levels and FEV; values. Logistic regression models with robust
standard error estimates were used to assess association between sphingolipid levels and COPD. All
sphingolipid concentrations were log base 2 transformed to reduce spread.

For each of the FEV; and COPD analyses, we adjusted the regression models for age, race, sex, clinic site,
height, weight, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol, weekly
alcohol intake, diabetic status, smoker status and pack-years of smoking. Missing LDL values (n=128),
missing HDL values (n=78) and missing weight measurements (n=13) were multiply imputed using
information about age, race, sex, height, weight, alcohol intake, diabetic status and smoker status. 20
chained imputations were used for each analysis. To account for multiple tests examining 17 lipid species,
we used a Bonferroni correction to set a statistical significance threshold of 0.003 (0.05/17), and nominal
significance was set as a threshold of 0.05.
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In secondary analyses, we tested for an interaction of several factors (smoker status, age, race and sex) on
the association of sphingolipids with lung function by inclusion of multiplicative interaction terms in the
respective regression models.

Institutional review board approval

Each field centre’s institutional review board approved the CHS study, and at the time of enrolment all
participants provided informed written consent to participate in the CHS study and for their blood
specimen to be used in future studies. The use of specimens and data from CHS is covered by a University
of Washington Human Subject Committee approval (STUDY00000109). The present study was conducted
on de-identified blood specimens and data and not human subjects.

Results

Participant characteristics

The CHS participants examined (n=2675) were older adults (mean age 77 years), mostly white (84%) and
female (59%), and few (9%) were current smokers (figure 1). The study participants had a median FEV,
1.84 L (range 0.39-3.89 L); 317 (12%) met criteria for COPD, of whom 63 (20%) had been previously
diagnosed with asthma. Higher concentrations of LDL cholesterol were associated with higher plasma
levels of all 17 sphingolipid species in univariate analysis, whereas association with age, sex, race and
other clinical factors differed by sphingolipid species type (figure 1 and supplementary tables S2—S4).

Association with FEV; and odds of COPD

Of the 17 species examined, Cer-18 and SM-18 were significantly associated with lung function, with each
doubling of the respective sphingolipid species associated with lower FEV; values (-0.061 L for Cer-18,
p=0.001; and —0.092 L. for SM-18, p=0.002) (figure 2 and supplementary table S5). Cer-16 and SM-16
were nominally associated with lower FEV; values (figure 2). The remaining 13 ceramides,
sphingomyelins, hexosylceramides and lactosylceramide species were not associated with FEV;
(supplementary table S5).

Ceramides Cer-14 and Cer-18 and sphingomyelins SM-14, SM-16 and SM-18 were all nominally
associated with higher odds of COPD (figure 3 and supplementary table S6), although no association
remained significant after adjustment for multiple testing. A two-fold increase in the plasma concentration
of these five sphingolipids was nominally associated with 1.28-2.03 times higher odds of having COPD,
depending on the sphingolipid examined (figure 3).

In secondary analysis, we found no significant interaction of smoker status, age, race or sex on the
association between any sphingolipid and either FEV; or COPD (supplementary tables S8 and S9).

The two sphingolipids significantly associated with lung function, Cer-18 and SM-18, were highly
correlated with each other (r=0.7) (supplementary figure S1). Inclusion of both lipid species in the same
regression model attenuated the point estimate for both species, suggesting an association of both with

Cer-14 Cer-16 Cer-18 SM-14 SM-16 SM-18

Trend Q1,Q4 Trend Q1,Q4 Trend Q1,Q4 Trend Q1,Q4 Trend Q1,Q4 Trend Q1,Q4
Age, years 1745 o 16,77 o 76,77 M 16,77 ", 11,76 " 76,77 *™\, 77,76
Male 41 S 43,360 T 43,36 Swmey 52,31 S, 58,29 S, 52,31 S 59,24
White 84 S0 82,85 et 81,86 Y 93,73 7591 e 91,72 Y™, 95,63
Height, cm 16559 % 165,164 " 166,164 " 167,163 ", 167,163 ", 167,163 "~ 167,162
Weight, lb 167481 s 171,161 . 170,165 ...~ 163,173 " 172,161 . 174,163 = .~ 169,170
HDL, mg-dL-! 5314 _* 51,57 ", 56,51 S~ 55,51 <" 49,57 4" 48,59 _+" 50,56
LDL, mg-dL-1 128433 _+="*120,137 =" 115,139 _a=+* 119,137 " 113,143 _=" 111,143 _=" 114,143
Alcohol consumption, drinks per week 245 & 2,2 N 3,2 SN, 31 7~ 2,3 NS 2,2 S 22
Prevalent diabetes 19 S 23,15 " 12,27 N, 23,17 ™, 24,15 -~ 18,20
Never-smoker 46 SNt 44,47 St 44,48 L v 45,47 e 43,417 4 43,49
Ex-smoker 44 e 46,42 SN 47,41 . 44,43 SN, 49,40 TN, 47,40
Current smoker 9 8,9 8,11 " 10,9 e 8yl 79,10

FIGURE 1 Baseline characteristics of study participants are shown as quartile trends for six sphingolipid species. A blue line indicates a statistically
significant positive trend in univariate analyses. A red line indicates a statistically significant negative trend in univariate analyses. A grey line
indicates no significant trend. Data are presented as meantsp or %, unless otherwise stated. HDL: high-density lipoprotein; LDL: low-density
lipoprotein; Cer: ceramide; SM: sphingomyelin.
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Sphingolipid species Difference, L (95% Cl) p-value
Cer-14 —— -0.042 (-0.088-0.004) 0.076
Cer-16 — -0.071 (-0.30--0.012) 0.018
Cer-18 —— -0.064 (-0.098--0.029) <0.001
Cer-20 ——i -0.037 (-0.078-0.004) 0.074
Cer-22 — -0.028 (-0.076-0.019) 0.245
Cer-24 — -0.001 (-0.058-0.057) 0.986
SM-14 —— 0.004 (-0.047-0.054) 0.886
SM-16 L L | -0.138 (-0.235--0.041) 0.006
SM-18 — -0.094 (-0.154--0.035) 0.002
SM-20 — 0.033 (-0.039-0.106) 0.370
SM-22 — 1 -0.050 (-0.118-0.017) 0.144
SM-24 — -0.033 (-0.092-0.025) 0.266

r T T T T T T 1
-0.25 -0.20 -0.15 -0.10 -0.05 0 0.05 0.10 0.15
Difference in FEV, (L)

FIGURE 2 Ceramide (Cer) and sphingomyelin (SM) associations with forced expiratory volume in 1s (FEV;). A
forest plot of 12 sphingolipid concentrations (six ceramides and six sphingomyelins) on the vertical axis are
plotted against the corresponding difference in absolute FEV; value measured in litres. Differences in FEV; (L)
are shown for a two-fold change for each sphingolipid species. Associations with p<0.05 are shown in black.

lung function (supplementary table S7). Moreover, SM-20, a sphingomyelin highly correlated with SM-18
(r=0.8), showed no evidence of association with either FEV; or COPD, further suggesting that individual
sphingolipids play distinct roles in COPD pathophysiology.

Discussion

In this study, sphingolipids with 18 carbons, Cer-18 and SM-18, were associated with worse lung function
as assessed by lower FEV; values, and nominally associated with higher odds of COPD. Several other
ceramides (Cer-14 and Cer-16) and sphingomyelins (SM-14 and SM-16) were also nominally associated
with FEV; or obstructive lung disease.

Our findings, which are consistent with basic and population data, suggest that sphingolipids are involved
in pathological mechanisms of obstructive lung disease. In mice and human studies, ceramides of shorter
chain lengths (<20-carbon fatty acid chain) have been observed to be present at increased levels in patients
with inflammatory obstructive lung disease, cystic fibrosis, especially in the epithelial lining of the lower
airways [12]. These findings suggest that increased levels of specific ceramides in the lung are associated
with destructive airway disease.

Sphingolipid species OR (95% Cl) p-value
Cer-14 —— 1.45 (1.04-2.01) 0.029
Cer-16 e 1.30(0.88-1.92) 0.187
Cer-18 —— 1.29(1.03-1.63) 0.030
Cer-20 —H—— 1.21(0.92-1.58) 0.169
Cer-22 —— 1.23(0.91-1.66) 0.188
Cer-24 e 1.44 (1.00-2.08) 0.052
SM-14 —— 1.50 (1.07-2.10) 0.019
SM-16 L ® i 2.05 (1.07-3.95) 0.031
SM-18 —_—————— 1.73 (1.15-2.60) 0.008
SM-20 —— 1.04 (0.64-1.68) 0.875
SM-22 — 1.15(0.74-1.79) 0.531
SM-24 1 1.16 (0.78-1.72) 0.459

T T 1
0.50 1.0 2.0 4.0
COPD OR

FIGURE 3 Ceramide (Cer) and sphingomyelin (SM) associations with odds of COPD. A forest plot of 12
sphingolipid concentrations (six ceramides and six sphingomyelins) on the vertical axis are plotted against the
corresponding odds ratio for COPD. Odds ratios are shown for a two-fold change for each sphingolipid species.
Associations with p<0.05 are shown in black.
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Previous studies have also reported on the association of plasma sphingomyelins with COPD. A study in
the MESA cohort showed that each 1-sp higher total plasma sphingomyelin was associated with a 0.12%
higher risk of emphysema per year of the study [7]. Another study has shown that levels of blood serum
sphingomyelins are higher among COPD patients than among those of pneumonia patients [13]. However,
these studies did not differentiate between sphingomyelin species with various acylated fatty acids.

The ceramides Cer-16 and Cer-24 have been found in mice lungs and human lung cells in culture, and in
both systems, Cer-16 shows evidence of lung toxicity, while Cer-24 may be protective [14, 15]. In mice,
inhibition of CerS2, the ceramide synthase mostly responsible for the production of Cer-24, results in
decrease in lung Cer-24, but also a compensatory increase in Cer-16, resulting in airway inflammation and
increased lung volumes [14]. Furthermore, CerS2~'~ mice are also more susceptible to cigarette smoke
toxicity than wild-type mice [15]. In cultured human lung cells, it was found that Cer-16 produced from
SM-16 by sphingomyelinase amplified mitochondrial damage from cigarette smoking [15]. While smoking
was uncommon in CHS, our findings of an association of both Cer-16 and SM-16 with lower FEV, and
SM-16 with COPD, generally agrees with these basic experiments.

Smoking and inhalation of other respiratory irritants, known risk factors for lung damage and COPD, have
been associated with increased levels of neutral sphingomyelinase (NSMase) activation in bronchial
epithelial cells [16], an enzyme (along with other members of the sphingomyelinase family) that converts
sphingomyelin into ceramide. The fact that elevated NSMase concentration leads to an increased level of
ceramides in bronchial epithelial cells [1] suggests a potential link between upregulation of ceramides, as
observed in our study, and inflammatory/obstructive respiratory diseases such as COPD as reported in a
murine model [17]. Interestingly, N-acetyl cysteine, an antioxidant, has been shown to reduce NSMase
levels [18] and its use may reduce acute exacerbations in patients with COPD [19]. Taken together, our
results identify specific sphingolipids such Cer-18 and SM-18 as putative therapeutic targets for reducing
the burden of obstructive lung disease.

Interestingly, our findings do not agree with a report from the COPDGene study where plasma SM-14 and
SM-16 were inversely associated with emphysema severity among 129 current and former smokers [20].
Differences in age, smoking and population characteristics may explain differences in findings.

Our study was cross-sectional and we cannot determine the directionality of the sphingolipid-COPD
associations. We and others have shown associations of Cer-16 and SM-16 with higher risk of cardiovascular
outcomes and mortality [21-24]. Given the known association of COPD with higher risk of heart disease, it
will be interesting to investigate whether Cer-16 and SM-16 mediate the risk associated with COPD.

Our study has a number of strengths. First, this is the largest study to date examining the relationship between
sphingolipid species and lung function. Second, our study was conducted in a large biracial population-based
cohort, reducing the concern of selection bias. Third, individual sphingolipids were assayed, providing us with
the opportunity to identify specific species associated with impaired lung function.

Several weaknesses deserve consideration. The biracial population (majority white with an African
American minority) of older adults does not fully capture racial nor age diversity and findings may not be
generalisable to other ethnic populations or younger individuals. Measurement error in covariates may have
resulted in incomplete adjustment. Additionally, there was no replication cohort to validate our findings.
We defined COPD based on commonly accepted criteria of reduced FEV; and presence of airflow
obstruction, which did not include subjects with preserved ratio impaired spirometry. Finally, this is an
observational study examining the cross-sectional association between sphingolipids and lung function;
underlying causal roles cannot be inferred.

In conclusion, this large study identified several distinct sphingolipid species linked to reduced lung
function and elevated odds of COPD. Future studies are needed to examine whether these molecules are
associated with longitudinal change in FEV; and incident COPD, investigate the mechanisms elevated
Cer-18 and SM-18 levels lead to impaired pulmonary function, and explore the consequences of
modulating these sphingolipid species as a potential therapeutic in obstructive lung disease.
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