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Abstract  42 

Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease and a leading 43 

cause of mortality and morbidity worldwide. The aim of this study was to investigate the 44 

gender dependency of circulating metabolic profiles in COPD. Serum from healthy never-45 

smokers (Healthy), smokers with normal lung function (Smokers), and smokers with COPD 46 

(COPD; GOLD I-II/A-B) from the Karolinska COSMIC cohort (n=116) was analyzed with 47 

our non-targeted liquid chromatography-high resolution mass spectrometry metabolomics 48 

platform. Pathway analyses revealed that several altered metabolites are involved in oxidative 49 

stress. Supervised multivariate modeling showed significant classification of Smokers from 50 

COPD (p=2.8×10-7). Gender stratification indicated that the separation was driven by females 51 

(p=2.4×10-7) relative to males (p=4.0×10-4). Significantly altered metabolites were 52 

quantitatively confirmed using targeted metabolomics. Multivariate modeling of targeted 53 

metabolomics data confirmed enhanced metabolic dysregulation in women with COPD 54 

(p=3.0×10-3), relative to men (p=0.10). The autotaxin products lysoPA(16:0) and 55 

lysoPA(18:2) correlated with lung function (FEV1) in men with COPD (r=0.86; p<0.0001), 56 

but not women, potentially related to observed dysregulation of the miR-29 family in the 57 

lung. These findings highlight the role of oxidative stress in COPD, and suggest that gender-58 

enhanced dysregulation in oxidative stress and potentially the autotaxin-lysoPA axis are 59 

associated with disease mechanisms and/or prevalence. 60 

 61 

Abstract Word count: 199 62 

Key words: Metabolomics, COPD, Autotaxin, Oxidative Stress, Lysophospholipids,  63 

Text Word count: 3016 64 

Take home message (120 character): Oxidative stress and the autotaxin-lysoPA axis 65 

evidence gender-associated metabotypes in the serum of COPD patients.   66 
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Introduction 67 

Chronic obstructive pulmonary disease (COPD) is an umbrella diagnosis that is characterized 68 

by airflow obstruction and permanent reduction of the forced expiratory volume [1]. COPD-69 

related mortality is estimated to reach one billion people by the end of the 21st century [2]. 70 

The early diagnosis of COPD is challenging due to disease heterogeneity and lack of 71 

predictive molecular markers. The diagnosis is based solely on spirometry, while lung 72 

function, symptoms and exacerbation history are used for disease staging. Decline in lung 73 

function over time is accepted as a reliable index of disease progression; however, the 74 

mechanisms underlying different COPD sub-phenotypes and their relationship with prognosis 75 

are still unclear [3]. For example, evidence of gender differences with higher mortality in 76 

women, even after correction for smoking has emerged [4]. Smoking also results in greater 77 

impairment in lung function in women, especially post-menopause [5, 6].  78 

Cigarette smoking exerts extensive airway epithelial damage and is an important 79 

component driving the onset of COPD [7]. However, not all smokers develop COPD and the 80 

disease severity varies amongst smoking COPD individuals. Other risk factors include 81 

genetics, asthma, environmental exposures, premature birth and persistent respiratory 82 

infections in early childhood [8, 9]. COPD pathogenesis may also be linked to oxidative stress 83 

resulting from the overproduction of oxidants/reactive oxygen species (ROS), arising either 84 

endogenously (e.g., from mitochondrial respiration or immune cells), or exogenously (e.g., 85 

tobacco smoke) [10, 11].  86 

The aim of the current study was to employ a non-targeted high-resolution mass 87 

spectrometry (HRMS) metabolomics approach to identify molecular markers of metabolic 88 

dysregulation in COPD using the Karolinska COSMIC cohort [12-15]. A particular focus of 89 

the COSMIC study is to evaluate the role of gender in the etiology of COPD. Accordingly, 90 

our statistical analysis focused on gender-specific shifts in the observed metabolic pathways.  91 
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 92 

Materials and Methods 93 

Subjects and study design 94 

The Karolinska COSMIC cohort (www.clinicaltrials.gov/ct2/show/NCT02627872) is a three-95 

group cross-sectional study designed for investigating molecular gender differences in early-96 

stage COPD, including 40 never-smokers (“Healthy”), 40 smokers with normal lung function 97 

(“Smokers”) and 38 individuals with COPD (GOLD stage I-II/A-B; FEV1=51-97%; 98 

FEV1/FVC<70%; 27 current-smokers [“COPD”] and 11 ex-smokers [“COPD-ExS”]) [12-15]. 99 

Of the 118 recruited individuals, two never smokers did not provide a blood sample and were 100 

excluded from the analysis. The remaining 116 subjects were matched for age, gender and 101 

current smoking status - and history where relevant (Table 1 and Table E1). Blood was drawn 102 

between 7-9 AM from fasting individuals by venipuncture and allowed to stand at room 103 

temperature for at least 30 min before centrifugation at 1695×g for 10 min at room 104 

temperature, and stored at -80°C until use. Bronchoalveolar lavage (BAL) was performed and 105 

bronchial epithelial cell (BEC) brushings were collected during the same visit as the blood 106 

sample was taken. Detailed methods as well as study inclusion and exclusion criteria are 107 

provided in the online supplement. The study was approved by the Stockholm Regional 108 

Ethical Board (Case No. 2006/959-31/1) and participants provided their informed written 109 

consent.  110 

 111 

Mass spectrometry analysis 112 

Sample processing and analyses were performed as previously published [16] and are 113 

described in the online supplement. Briefly, for non-targeted metabolomics, 50 µL of serum 114 

was used for both hydrophilic interaction liquid chromatography (HILIC) and reversed-phase 115 

(RP) chromatography. Samples were analyzed on an Ultimate 3000 UHPLC coupled to a Q-116 
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Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen). Mass spectrometry 117 

data were acquired (full scan mode) in both positive and negative ionization. Molecular 118 

features were extracted using the software XCMS 119 

(https://metlin.scripps.edu/xcms/index.php). Putative metabolite annotation was performed 120 

using the Human Metabolome Database (HMDB) [17], and output matched to an in-house 121 

accurate mass/retention time library of reference standards [18]. Metabolite identity was 122 

described as confirmed following a match to reference standards and/or MS/MS. Targeted 123 

metabolite quantification was performed using the Biocrates AbsoluteIDQ p180 kit (Biocrates 124 

Life Sciences AG, Austria) on a Xevo TQ-S triple quadrupole (Waters Corporation, Milford). 125 

 126 

miRNA profiling 127 

miRNA from BAL cells, BEC, and exosomes from BAL fluid from a subset of the COSMIC 128 

cohort based upon sample availability (n=45; 5-13 subjects per group and gender) were 129 

analyzed as described in the online supplement. Statistical analyses were performed on probe 130 

intensities from a subset of 4 miRNAs of interest, selected using TargetScan release 7.1 (June 131 

2016): miR-29a-3p, miR-29b-3p, miR-29c-3p targeting autotaxin (ENPP2), and miR-218-5p 132 

targeting N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD).  133 

 134 

Statistical analysis 135 

Due to the confounding effects of smoking, stratification by smoking status was applied in 136 

both univariate and multivariate statistical analyses. Accordingly, the smoking population 137 

(Smokers and COPD) and non-smoking population (Healthy and COPD-ExS) were analyzed 138 

separately. Statistical analysis was applied to metabolites present in ≥70% of the samples in at 139 

least one group, with a coefficient of variation <30% in quality control (QC) samples [19]. 140 

The percent of missing values was compared across all clinical groups prior to removal to 141 
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ensure that a metabolite was not erroneously removed due to being absent completely in one 142 

or more groups. Metabolites with an RSDQC >25% were deemed not suitably reproducible 143 

and removed from further analysis; this value was chosen based on literature reports [20] and 144 

our choice of chromatography (RP and HILIC). Four samples were not analyzed in HILIC 145 

positive mode due to lack of material, for which missing values were imputed using k-nearest 146 

neighbors (k=10) imputation [21]. 147 

Univariate statistics was performed on filtered data using the Mann-Whitney test 148 

and the Storey q-value (MATLAB vR2015a, Mathworks, MA, USA). Correction for p-values 149 

with regards to age and smoking history between Smokers and COPD groups was performed 150 

in STATA v12 (StataCorp, TX, USA) (Table E2). 151 

Multivariate statistical modeling was performed on log transformed, mean-centered 152 

and pareto scaled data using SIMCA v14.0 (MKS Umetrics, Sweden). Orthogonal projections 153 

to latent structures-discriminant analysis (OPLS-DA) was performed using metabolites that 154 

passed quality control. OPLS-DA models were optimized using variable selection criteria of 155 

|p(corr)|≥0.4 (loadings scaled as correlation coefficient between model and original data) and 156 

variable importance in projection (VIP)≥1.0 as previously described [22]. Shared-and-157 

Unique-Structure (SUS) analysis correlating p(corr) values between models was performed as 158 

previously described [23]. A short tutorial on the multivariate methods is provided in the 159 

online supplement. Pathway enrichment analysis on structurally confirmed metabolites was 160 

performed using integrated pathway-level analysis (IMPaLA) [24]. In addition, we performed 161 

stratification by gender prior to univariate and multivariate statistical analyses to facilitate 162 

investigation of inter- and intra-group gender differences. Investigations of the effects of 163 

menopause were also performed by construction of multivariate models including and 164 

excluding pre-menopausal women, and correlating these models through SUS-based analysis. 165 

 166 
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Results  167 

Smokers vs. COPD using non-targeted metabolomics 168 

Univariate statistical data analysis  169 

A metabolite is described as “putative” following an accurate mass match to the HMDB 170 

database [17]. A metabolite is described as “confirmed” following a match to reference 171 

standards and/or MS/MS spectrum. A total of 1153 putative metabolites were extracted from 172 

the non-targeted metabolomics raw data, of which 959 passed quality control. These putative 173 

metabolites were subjected to both gender-combined and gender-stratified comparisons of 174 

Smokers vs. COPD. Of the 959 putative metabolites, 184 were significant at p<0.05 and 175 

selected for structural confirmation. Of these 184 metabolites, 67 were structurally confirmed 176 

by MS/MS and/or matching to reference standards, and the corresponding p-value, Storey’s q-177 

value, and fold change are provided in Table E2. All non-targeted metabolomics data 178 

presented in this study refer to these 67 structurally confirmed metabolites. 179 

 180 

Multivariate statistical modeling  181 

Multivariate statistical modeling of Smokers vs. COPD was performed using OPLS-DA on 182 

the 67 confirmed metabolites. The joint gender OPLS-DA model for classifying Smokers vs. 183 

COPD showed significant group separation (R2Y=0.45, Q2=0.38, p=2.8×0-7, Figure E1), with 184 

the receiver operating curve (ROC) area under the curve (AUC) of 0.90. Gender stratification 185 

revealed that the group separation between Smokers vs. COPD was more robust in females 186 

(R2Y=0.73, Q2=0.65, p=2.4×0-7, AUC=1.0) relative to males (R2Y=0.49, Q2=0.38, p= 4.0×0-4, 187 

AUC=0.89) (Figure 1). Permutation tests confirmed the robustness of the models (Y-intercept 188 

[500 permutations]: Females: R2Y=0.24, Q2=-0.18; males: R2Y=0.20, Q2=-0.26; figure not 189 

shown). Only 13 metabolites overlapped between all three models (Figure E2).  190 
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Correlations were performed for all significantly altered metabolites with lung 191 

function parameters (FEV1(%) and FEV1/FVC) using Spearman’s correlation, as well as 192 

group-wise using PLS multivariate correlation (Figure E3). Lysophosphatidic acid (lysoPA) 193 

(16:0) and lysoPA(18:2) correlated the strongest with FEV1(%), and were further stratified by 194 

gender, evidencing strong correlations in male COPD patients (PLS inner relation: r=0.86, 195 

p<0.0001) (Figure 2), but not females (r=0.44, p=0.15). Based upon these findings, the serum 196 

levels of lysoPA(16:0) and lysoPA(18:2) were examined and found to exhibit greater 197 

increases in females with COPD relative to Smokers (p=0.0003, p=0.0005, respectively) than 198 

the corresponding males (p=0.04, p=0.03, respectively) (Figure 2). 199 

All females in the COPD group were post-menopausal, while 40% (n=8) female 200 

Smokers were pre-menopausal. To investigate the role of menopausal status, OPLS-DA 201 

models including only post-menopausal subjects were constructed, and correlated with the 202 

original model based on all female subjects using SUS analyses. The high correlation between 203 

the two models (R2=0.92) indicates that no substantial differences in metabolite levels were 204 

observed due to menopausal status (Figure E4). 205 

 206 

Pathway enrichment analysis 207 

Pathway analysis of the COPD-associated metabolic perturbations from the non-targeted 208 

metabolomics data identified significant shifts (p≤0.05) in eight biochemical pathways (Table 209 

2), with COPD-associated increase in metabolites of the TCA cycle, glycerophospholipids, 210 

cAMP signaling, endocannabinoids, sphingolipid and fatty acid metabolism. Gender-stratified 211 

pathway analyses established that the fatty acid and sphingolipid pathways were enhanced in 212 

females, whereas shifts in cAMP signaling, and endocannabinoid, and tryptophan metabolism 213 

pathways were enhanced in males. The altered metabolic changes based upon the pathway 214 

analysis also highlight a strong oxidative stress state in COPD.  215 

Page 21 of 111 European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 10 of 26 

 216 

Confirmation of oxidative stress results by targeted mass spectrometry 217 

Metabolites related to oxidative stress were identified as one of the primary drivers for 218 

differentiating the Smokers and COPD groups (Table E2). A targeted mass spectrometry 219 

platform (Biocrates AbsoluteIDQ p180 kit) was applied to confirm this finding. Among the 220 

188 analyzed metabolites, 9 were excluded from further statistical analysis due to ≥70% 221 

missing values and/or values below the limit of detection. Measured concentrations of each 222 

metabolite as well as the corresponding p-value and q-value are shown in Table E3. The 223 

greatest differences were observed for the female comparisons (Smokers vs. COPD, 26 224 

metabolites p<0.05) relative to the males (Smokers vs. COPD, 11 metabolites p<0.05), 225 

confirming the results of the non-targeted metabolomics platform.  226 

OPLS-DA analysis based on the targeted data confirmed significant separation 227 

between the Smokers and COPD groups (R2Y=0.29, Q2=0.19, p=2.0×10-3). Gender 228 

stratification confirmed that the separation between Smokers and COPD was driven by the 229 

female population (R2Y=0.45, Q2=0.34, p=3.0×10-3), with no significant model for males 230 

(p=0.10) (Figure E5). 231 

The relative level of fatty acid β-oxidation was estimated by the ratio of carnitine to 232 

acylcarnitine using the sum of short, medium and long chain carnitines. The ratios between 233 

medium and long chain carnitines were significantly downregulated in the female COPD 234 

group vs. Smokers (p=0.01 and p=0.02, respectively), but not the corresponding male 235 

population (Figure 3a and 3b). 236 

Perturbations in nitric oxide synthesis were examined via metabolites of the 237 

arginine pathway. The ratios of acetyl-ornithine/ornithine and arginine/(citrulline+ornithine) 238 

were significantly lower in females with COPD vs. Smokers (p=0.006 and p=0.01, 239 

respectively; Figure 4a and 4b), but not the corresponding males. Conversely, the ratio of 240 
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asymmetric and symmetric dimethylarginine (ADMA+SDMA) to arginine as well as ADMA 241 

alone was significantly upregulated in females with COPD (p=0.04 and p=0.04, respectively; 242 

Figure 4c and 4d), with no differences in the males. 243 

 244 

Correlation to miRNA expression in the lung 245 

Aberrant expression of miRNAs has been associated with several pulmonary disorders 246 

including COPD [25-27]. We therefore performed microarray profiling of the miR-29-3p 247 

family (-29a, -29b, and -29c), which are putative regulators of autotaxin (lysophospholipase 248 

D, ENPP2). We found that these miRNA were present at levels substantially above the limit 249 

of detection in BAL and BEC cells in both the Smokers and COPD groups (average 250 

expression level: 28-211), but not in exosomes isolated from BAL fluid. The miR-29 family 251 

was significantly upregulated in male COPD patients compared to Smokers both in BAL cells 252 

(p=0.004-0.056, fold change 1.5-2.7, Figure 2d and E6) and BEC cells (p=0.03-0.06, fold-253 

change 2.0-2.8, Figure E6), while no alteration was detected in the corresponding female 254 

cohort (BAL: p=0.78-0.90; BEC, p=0.22-0.29). Levels of miR-218-5p, a putative regulator of 255 

NAPEPLD (an alternative route of lysoPA production) previously reported to be involved in 256 

the pathogenesis of COPD [27], were below the limit of quantification in all three lung 257 

compartments (BAL cells, BEC, and BALF exosomes).  258 

 259 

Healthy vs. COPD-ExS 260 

An OPLS-DA model comparing the non-smoking population (Healthy vs. COPD-ExS) was 261 

correlated to the OPLS-DA model of Smokers vs. COPD groups described above to 262 

investigate whether the metabolite shifts related to COPD were independent from current 263 

smoking status. SUS correlation analysis between the models describing the non-smoking- 264 

and smoking populations was highly correlated (R2=0.73), suggesting that the alterations 265 
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observed due to COPD in the smoking population are independent of current smoking status 266 

(Figure E7).  267 

 268 

Discussion 269 

The objective of the current study was to investigate systemic shifts in metabolism in early 270 

stage COPD. Using our suite of HRMS-based non-targeted and targeted metabolomics 271 

platforms, we observed systemic molecular shifts in serum from Smokers and early stage 272 

COPD patients. Further stratification revealed gender-associated metabotypes, with a subset 273 

of metabolites significantly separating female Smokers and female COPD patients (p=2×10-274 

7). This corresponds well with our previous findings of a female-associated molecular sub-275 

phenotype of COPD in this cohort [12, 15].  276 

The majority of the observed COPD-related metabolic shifts were associated with 277 

oxidative stress (Figure 5). The lungs are constantly exposed to ROS, and dysregulation of 278 

oxidative stress related pathways has been well implicated in airway disease [28, 29]. The 279 

observed elevation in circulating levels of acylcarnitines in COPD suggests an amplified 280 

energy demand that is reflected in the increased transfer of acetyl CoA to the TCA cycle 281 

(Figure 5a). In this capacity, free carnitine acts as a fatty acid carrier between the 282 

mitochondria and cytosol, and reduced levels of free carnitine in lung tissue have been 283 

reported to associate with progressive emphysema [30]. Upregulation of the TCA cycle leads 284 

to increased ATP production (Figure 5a), and increased extracellular ATP levels in the airway 285 

lumen have been associated with COPD pathogenesis via the recruitment and activation of 286 

inflammatory cells, accelerating inflammation and tissue degradation [31]. 287 

Following gender stratification, we observed that the majority of the oxidative 288 

stress-related shifts were more pronounced in women with COPD. These findings were 289 

confirmed by targeted analysis, identifying gender-associated metabotypes of COPD. It has 290 
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been postulated that antioxidant genes are down-regulated in smoking-induced COPD in 291 

females. In an elegant mouse study, Tam and colleagues showed that long-term exposure to 292 

smoking was associated with increased small airway remodeling and distal airway resistance, 293 

as well as down-regulation of a range of antioxidant genes and increased oxidative stress in 294 

female, but not male or ovariectomized mice [32]. These effects were attenuated by 295 

Tamoxifen treatment, indicating that female sex hormones play an important role in the 296 

sensitivity to smoking, with an impaired antioxidant defense being a contributing factor. In 297 

our study, enhanced β-oxidation, purine degradation and endocannabinoid production as well 298 

as the ratios of free carnitine to medium and long chain acylcarnitines were significantly 299 

increased in females relative to males (Figure 3a and 3b). These findings provide a strong 300 

molecular signature that substantiates the findings of Tam et. al. [32], further supporting the 301 

theory of systemic dysregulation of the antioxidant defense in a female-dominated COPD 302 

sub-phenotype [12, 15]. Reactive nitrogen species (RNS) also contribute to oxidative damage 303 

in COPD. The arginine pathway is one of the major sources of RNS and is involved in 304 

maintaining airway tone [33]. ADMA and SDMA are endogenous nitric oxide synthase 305 

(NOS) inhibitors that are associated with COPD prognosis and airway remodeling [34, 35] as 306 

well as airway obstruction in asthma [36] The observed gender-selective alterations in the 307 

arginine pathway metabolites (Figure 4) suggest that in female COPD, oxidative damage is 308 

both ROS- and RNS-mediated. These findings further support the hypothesis that nitrosative 309 

stress may be involved in the progression of COPD, with eNOS expression previously 310 

reported to increase in the bronchial submucosa of smokers [37]. 311 

While a number of metabolites shifted between Smokers and COPD, both lysoPA 312 

species correlated strongest with lung function (Figure E3). The enzyme autotaxin 313 

(lysophospholipase D) is the primary source of lysoPA lipid mediators in blood [38], and has 314 

been suggested as a promising target for COPD treatment [39]. The serum lysoPA levels only 315 
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correlated with lung function in male COPD patients (Figure 2c), suggesting a gender-316 

associated dysregulation in the autotaxin-lysoPA pathway. These findings were supported by 317 

greater increases in the levels of autotaxin-regulating miRNA in BAL cells and BEC of male 318 

COPD patients relative to females (Figure 2d). Interestingly, levels of miR-29b-3p, the family 319 

member with the highest alterations, correlated with FEV1 in male COPD patients (r=0.62, 320 

p=0.07, data not shown), but not female COPD (r=0.48, p=0.16), male Smokers (r=0.33, 321 

p=0.33), or female Smokers (r=0.25, p=0.75). The miR-29 family was selected for 322 

investigation based upon a TargetScan query for autotaxin; however, there are no reports of 323 

miR-29 interacting with autotaxin in the literature, suggesting that this is a new area of 324 

investigation. While we observed a strong upregulation in BAL cells and BEC in male COPD 325 

patients for the entire miR-29 family, a decrease in miR-29-b has been previously reported in 326 

BAL cells from COPD patients [25]. However, the previous study did not register or control 327 

for glucocorticoid treatment, and the authors reported that it is likely that the COPD patients 328 

in their cohort were taking inhaled corticoids (ICS), while in the Karolinska COSMIC cohort 329 

ICS use was not permitted, with a minimum 3-month washout period. Solberg and colleagues 330 

[40] previously reported 1.7-2.8-fold decreases of all three miR-29’s in ICS-using asthmatics 331 

compared to healthy controls. Accordingly, the observed discrepancies in miR-29 levels are 332 

likely due to differences in ICS treatment. While the role of miR-29 in COPD is unclear, it 333 

has been shown to have important functions in pulmonary fibrosis [41] and lung cancer [42, 334 

43], suggesting that it plays a role in lung injury and highlighting the interest in targeting this 335 

pathway.  336 

Upregulation of the autotaxin-lysoPA axis has been associated with a number of 337 

inflammatory lung conditions, including hyperoxic lung injury [44], fibrosis [45] and asthma 338 

[46, 47]. Gender differences in the autotaxin-lysoPA axis have been reported, with both 339 

autotaxin [48] and lysoPA [49] plasma levels higher in females relative to males. Platelet 340 
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activation can also lead to increased serum lysoPA levels via autotaxin activity [38], and 341 

platelet involvement is supported by the observed increased in serum levels of the 12-342 

lipoxygenase product 12-hydroxyeicosatetraenoic acid (12-HETE, q=0.01 in females, q=0.3 343 

in males). 12-HETE plays a critical role in platelet aggregation and thrombosis [50, 51]. 344 

Based upon these observations, it is possible that the up-regulation of miR-29 exhibits a 345 

protective role against oxidative stress-mediated shifts in the autotaxin-lysoPA axis in male, 346 

but not female, COPD patients — potentially in combination with increased platelet 347 

activation in females. However, the potential interaction between miR-29 levels in the lung 348 

with circulatory lysoPA levels is unclear. Exosomal regulation is one potential mechanism; 349 

however the miR-29 exosome levels were below the limit of quantification. In order to 350 

investigate the potential mechanism, further work should determine autotaxin levels in 351 

circulation and the airways as well as quantify the full panel of lysoPA species in both 352 

compartments. It would be of particular interest to examine the autotaxin mRNA as well as 353 

protein levels in the BAL cells in order to better understand the relationship between message, 354 

protein and metabolite profiles. The current findings suggest that the autotaxin-lysoPA should 355 

be further investigated in the pathobiology of COPD, but that studies should be designed for 356 

gender-stratification. 357 

This study highlights a number of interesting metabolic shifts with COPD and 358 

gender; however, there are limitations that should be considered when interpreting the results. 359 

While the Karolinska COSMIC cohort is a large study with regards to the invasive sampling 360 

through bronchoscopy, the group sizes are relatively small from a statistical standpoint. 361 

Accordingly, even though the cross-validated multivariate models gave robust classification 362 

models, an independent validation cohort is required to confirm our findings. Furthermore, 363 

given our choice to only include confirmed metabolites in the analysis, it is likely that other 364 

metabolic shifts occur in the pathobiology of COPD that are not observed with the current 365 
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metabolite panel. In addition, the longitudinal stability of these metabolite signatures needs to 366 

be confirmed. Importantly, the relationship between miRNA levels in the lung compartment 367 

and lysoPA levels in circulation is unclear, and as lysoPA can also be released from platelets 368 

during the clotting process, this mechanistic information should be interpreted with caution. 369 

To summarize, this study highlights the role of oxidative stress in the pathobiology 370 

of COPD. Of particular interest is that even in early stage COPD, strong systemic alterations 371 

were observed in oxidative stress-associated metabolic pathways. These findings further 372 

highlight the gender differences in COPD, emphasizing the importance of gender-373 

stratification in future studies. While oxidative stress appears to be more strongly upregulated 374 

in females with COPD, as previously reported [32] the effects may also be due to an increase 375 

in the antioxidant pathways in the corresponding male population. For example, the selective 376 

increase in miR-29b in two lung compartments in males could potentially account for the 377 

observed gender differences in the autotaxin-lysoPA axis and its associated pathology. In 378 

addition, it has recently been reported that autotaxin binds to steroids [52], further opening the 379 

potential for interactions between sex hormones and the autotaxin-lysoPA axis. Finally, as 380 

with the previous studies from the Karolinska COSMIC cohort, the majority of the observed 381 

alterations were more pronounced in the female population, providing further molecular 382 

evidence of a female driven sub-phenotype of COPD. 383 
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Table 1: Clinical parameters of individuals from the Karolinska COSMIC cohort included in the current study 

 

Parameters Healthy never-smokers Smokers COPD COPD Ex-smokers 

Gender ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ 

Number 20 18 20 20 15 12 5 6 

Age 62.0 (51.5, 64.0) 55.5 (47.8, 62.0) 52.5 (49.0, 56.0) 54.0 (48.0, 58.0) 61.0 (55.0, 63.0) 59.0 (57.0, 63.0) 64.0 (58.0, 65.5) 58.0 (53.8, 65.0) 

BMI 25.6 (23.5, 27.9) 26.5 (23.3, 30.6) 25.0 (21.9, 26.2) 24.2 (22.6, 25.9) 24.2 (21.3, 28.7) 23.5 (20.8, 26.0) 29.1 (24.0, 31.0) 27.6 (22.3, 29.6) 

Smoking 
[packyears] 

N.A. N.A. 33.5 (30.0, 40.0) 33.0 (27.3, 40.0) 42.0 (36.0, 50.0) 40.5 (35.8, 47.3) 30.0 (21.5, 39.5) 28.5 (19.3, 37.8) 

Menopause 
(no/yes) 

N.A. 12/6 N.A. 8/12 N.A. 0/12 N.A. 1/5 

GOLD Stage 
(1/2) 

N.A. N.A. N.A. N.A. 7/7 6/6 2/3 4/2 

GOLD-2011 
(A/B/C) 

N.A. N.A. N.A. N.A. 11/4 9/3/0 3/1/1 4/2/0 

Blood leucocytes 
[×109/L] 

5.8 (4.8, 6.7) 5.6 (5.0, 6.8) 7.4 (6.9, 8.3) 6.8 (6.3, 8.0) 7.8 (6.4, 9.2) 8.2 (5.9, 10.2) 6.6 (5.5, 7.5) 7.0 (6.5, 9.3) 

Blood platelets 
[×109/L] 

216.0 (193.3, 246.8) 267.5 (244.5, 307.8) 239.0 (209.0, 272.0) 287.5 (241.5, 346.3) 264.0 (224.0, 345.0) 280.5 (235.8, 329.5) 199.0 (196.0, 
285.0) 

244.5 (207.0, 327.8) 

Serum albumin 
[g/L] 

40.0 (38.0, 42.0) 40.0 (37.8, 41.0) 39.0 (38.0, 41.0) 39.0 (37.3, 39.8) 38.0 (37.0, 38.0) 39.5 (38.0, 41.0) 38.0 (36.5, 39.5) 41.0 (39.3, 42.0) 

Antitrypsin [g/L] 1.4 (1.3, 1.5) 1.4 (1.3, 1.5) 1.4 (1.3, 1.6) 1.6 (1.4, 1.7) 1.6 (1.4, 1.7) 1.6 (1.4, 1.7) 1.4 (1.3, 1.7) 1.4 (1.2, 1.6) 

FEV1 [%] 119.0 (104.0, 127.5) 120.5 (111.0, 127.3) 107.0 (103.3, 118.5) 110.0 (98.3, 116.0) 78.0 (73.0, 84.0) 78.5 (74.3, 93.5) 72.0 (58.0, 91.0) 83.5 (73.8, 90.8) 

FEV1/FVC [%] 80.0 (76.3, 84.8) 82.5 (76.8, 84.3) 77.0 (74.3, 80.0) 79.0 (74.3, 82.5) 64.0 (56.0, 66.0) 61.5 (53.8, 63.5) 59.0 (48.5, 68.0) 64.0 (56.5, 66.3) 

Emphysema 
(no/yes) 

N.A. N.A. 10/10 7/13 5/10 1/11 1/4 4/2 

Chronic 
bronchitis 
(no/yes) 

N.A. N.A. 13/7 13/7 13/2 7/5 1/4 5/1 

Definition of abbreviations: BMI = body mass index, CB = chronic bronchitis, COPD = chronic obstructive pulmonary disease, FEV1 = forced expiratory 
volume in one second, FVC = forced vital capacity, GOLD = Global Initiative for Obstructive Lung Disease, N.A. = not applicable.  
Values are presented as median and IQR 
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Table 2: Metabolic pathways significantly altered in COPD* 

Pathway name(s) 
Number of 
metabolites 
in pathway 

Smokers vs. COPD 

♀♂ ♀ ♂ 

Hits p(FDR†) Hits p(FDR) Hits p(FDR) 

Alterations in both genders        

Citrate cycle (TCA cycle) 20 3 0.0009(0.005) 3 0.0006(0.005) 2 0.005(0.01) 

Glycerophospholipid metabolism 52 3 0.002(0.009) 3 0.002(0.007) 4 <0.0001(0.0001) 
Pyruvate metabolism 31 2 0.03(0.05) 2 0.03(0.04) 2 0.01(0.02) 

Gender-enhanced: Female COPD 
       

Fatty acid biosynthesis 50 3 0.0002(0.002) 2 0.006(0.01) 0 1.0(1.0)
 ‡ 

Sphingolipid metabolism 25 2 0.02(0.05) 2 0.02(0.03) 0 1.0(1.0)
 ‡
 

Gender-enhanced: Male COPD        

cAMP signaling pathway 40 2 0.03(0.05) 2 0.02(0.03) 2 0.009(0.02) 
Retrograde endocannabinoid 
signaling 

19 2 0.02(0.04) 2 0.01(0.02) 2 0.005(0.02) 

Tryptophan metabolism   80 2 0.5(1.0)
 ‡
 0 1.0(1.0)

 ‡
 2 0.04(0.05) 

 

* Pathway analysis was performed using Integrated pathway-level analysis (IMPaLa) [24] 

† False discovery rate (FDR) values are calculated using Benjamini and Hochberg method with a cut-off value of p<0.3  

‡ Pathways did not pass the FDR cut-off value 
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Figure Legends 

 

Figure 1. Optimized OPLS-DA multivariate models using non-targeted metabolomics data. a) 

Upper panel is the scores plot of male Smokers vs. males with COPD (R2Y=0.49, Q2=0.38, 

p=4.0 ×10-4, blue closed circle = male Smokers and blue open box = males with COPD). The 

lower panel is the loadings of confirmed metabolites that were the most prominent for driving 

the separation between male Smokers vs. males with COPD. b) Upper panel is the scores plot 

of female Smokers vs. females with COPD (R2Y=0.73, Q2=0.65, p=2.4 ×10-7, orange closed 

circle = female Smokers and orange open box= females with COPD). The lower panel is the 

loadings of confirmed metabolites that were the most prominent for driving the separation of 

female Smokers vs. females with COPD. For ease of display, Figures 1a lower panel and 1b 

lower panel, exclude metabolites whose SE crossed the x-axis. The complete list of loadings 

is shown in Figure E8. Definition of abbreviations: 12(13)EpODE = 12(13)-

Epoxyoctadecadienoic acid, 12-HETE = 12-Hydroxyeicosatetraenoic acid, 15-HEDE =15-

Hydroxyeicosadienoic acid, 4-HDoHE = 4-Hydroxydocosahexaenoic acid, 5(6)-EpETrE = 

5(6)-Epoxyeicosatrienoic acid, AEA = N-arachidonoylethanolamine, Asp-Leu = Aspartic acid-

Leucine, LysoPA = Lyso-phosphatidic acid, OEA = N-oleoylethanolamine, PEA = N-

palmitoylethanolamide. 

 

Figure 2. The lysoPA-autotaxin axis was attenuated in males with COPD. a) Serum lysoPA 

(16:0) levels in Smokers vs. COPD, b) Serum lysoPA (18:2) levels in Smokers vs. COPD, c) 

LysoPA(16:0) and lysoPA(18:2) metabolites correlated with lung function (FEV1) in male 

COPD patients (r=0.84, p<0.0001). No correlation was observed in the corresponding female 

COPD population (r=0.44, p=0.15); d) Levels of miR-29b in BAL cells from male and female 

Smokers and COPD patients. RFU=relative fluorescence units, LLOD=lower limit of 

detection. Values for the other members of the miR-29 family are shown in Figure E6. Blue 
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symbols indicate males and orange symbols females. LysoPA data are from the non-targeted 

metabolomics platform and are presented as log2 of arbitrary units (A.U.). 

 

Figure 3. Beta-oxidation related metabolite ratio of carnitine with acylcarnitines in relation to 

gender and disease status for smoking subjects. a) Ratio of carnitine with sum of the medium 

chain carnitines, and b) Ratio of carnitine with sum of the long chain carnitines. Subjects are 

divided into smokers with normal lung function (Smokers, filled circles) and smokers with 

COPD (COPD, open boxes). Blue symbols indicate males and orange symbols females. 

Significance is indicated by the non-parametric Mann-Whitney test. Data are from the 

targeted metabolomics method (Biocrates). 

 

Figure 4. Serum levels of analytes involved in arginine/nitric oxide pathway. a) Ratio of 

acetyl-ornithine to ornithine, b) Ratio of total arginine to the inferred activity of the NOS 

enzyme expressed as arginine/(ornithine+citrulline), c) Ratio of endogenous NOS inhibitors 

(sum of asymmetric and symmetric dimethylarginine, ADMA and SDMA) with arginine, and 

d) Concentration of the endogenous NOS inhibitor ADMA. Significance is indicated by the 

non-parametric Mann-Whitney test. Subjects are divided into smokers with normal lung 

function (filled circles) and smokers with COPD (open boxes). Blue symbols indicate males 

and orange symbols females. Data are from the targeted metabolomics method (Biocrates). 

 

Figure 5. Representative pathway outline for the altered metabolites involved in oxidative 

stress metabolism in COPD : a) fatty acid β-oxidation pathway, b) purine degradation 

pathway and c) Land’s cycle/ phospholipid metabolism. Red-boxed metabolites are 

upregulated, green-boxed metabolites are downregulated. Dashed arrow metabolites are 

originating from protein methylation. Definitions of abbreviations: AMP =adenosine mono 

Page 33 of 111 European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 22 of 26 

phosphate, ATP = adenosine tri-phosphate, IMP = inosine mono phosphate, lysoPA = 

lysophosphatidic acid, NAPE-PLD= N-acyl phosphatidylethanolamine phospholipase D, 

TCA = tri-carboxylic acid. 
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Figure 1. Optimized OPLS-DA multivariate models using non-targeted metabolomics data. a) Upper panel is 
the scores plot of male Smokers vs. males with COPD (R2Y=0.49, Q2=0.38, p=4.0 ×10-4, blue closed circle 

= male Smokers and blue open box = males with COPD). The lower panel is the loadings of confirmed 
metabolites that were the most prominent for driving the separation between male Smokers vs. males with 
COPD. b) Upper panel is the scores plot of female Smokers vs. females with COPD (R2Y=0.73, Q2=0.65, 

p=2.4 ×10-7, orange closed circle = female Smokers and orange open box= females with COPD). The lower 
panel is the loadings of confirmed metabolites that were the most prominent for driving the separation of 
female Smokers vs. females with COPD. For ease of display, Figures 1a lower panel and 1b lower panel, 

exclude metabolites whose SE crossed the x-axis. The complete list of loadings is shown in Figure E8. 
Definition of abbreviations: 12(13)EpODE = 12(13)-Epoxyoctadecadienoic acid, 12-HETE = 12-

Hydroxyeicosatetraenoic acid, 15-HEDE =15-Hydroxyeicosadienoic acid, 4-HDoHE = 4-
Hydroxydocosahexaenoic acid, 5(6)-EpETrE = 5(6)-Epoxyeicosatrienoic acid, AEA = N-

arachidonoylethanolamine, Asp-Leu = Aspartic acid-Leucine, LysoPA = Lyso-phosphatidic acid, OEA = N-
oleoylethanolamine, PEA = N-palmitoylethanolamide.  
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Figure 2. The lysoPA-autotaxin axis was attenuated in males with COPD. a) Serum lysoPA (16:0) levels in 
Smokers vs. COPD, b) Serum lysoPA (18:2) levels in Smokers vs. COPD, c) LysoPA(16:0) and lysoPA(18:2) 
metabolites correlated with lung function (FEV1) in male COPD patients (r=0.84, p<0.0001). No correlation 

was observed in the corresponding female COPD population (r=0.44, p=0.15); d) Levels of miR-29b in BAL 
cells from male and female Smokers and COPD patients. RFU=relative fluorescence units, LLOD=lower limit 

of detection. Values for the other members of the miR-29 family are shown in Figure E6. Blue symbols 
indicate males and orange symbols females. LysoPA data are from the non-targeted metabolomics platform 

and are presented as log2 of arbitrary units (A.U.).  
Figure 2  
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Figure 3. Beta-oxidation related metabolite ratio of carnitine with acylcarnitines in relation to gender and 
disease status for smoking subjects. a) Ratio of carnitine with sum of the medium chain carnitines, and b) 
Ratio of carnitine with sum of the long chain carnitines. Subjects are divided into smokers with normal lung 
function (Smokers, filled circles) and smokers with COPD (COPD, open boxes). Blue symbols indicate males 
and orange symbols females. Significance is indicated by the non-parametric Mann-Whitney test. Data are 

from the targeted metabolomics method (Biocrates).  
Figure 3  
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Figure 4. Serum levels of analytes involved in arginine/nitric oxide pathway. a) Ratio of acetyl-ornithine to 
ornithine, b) Ratio of total arginine to the inferred activity of the NOS enzyme expressed as 

arginine/(ornithine+citrulline), c) Ratio of endogenous NOS inhibitors (sum of asymmetric and symmetric 

dimethylarginine, ADMA and SDMA) with arginine, and d) Concentration of the endogenous NOS inhibitor 
ADMA. Significance is indicated by the non-parametric Mann-Whitney test. Subjects are divided into 
smokers with normal lung function (filled circles) and smokers with COPD (open boxes). Blue symbols 

indicate males and orange symbols females. Data are from the targeted metabolomics method (Biocrates).  
Figure 4  
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Figure 5. Representative pathway outline for the altered metabolites involved in oxidative stress metabolism 
in COPD : a) fatty acid β-oxidation pathway, b) purine degradation pathway and c) Land’s cycle/ 
phospholipid metabolism. Red-boxed metabolites are upregulated, green-boxed metabolites are 

downregulated. Dashed arrow metabolites are originating from protein methylation. Definitions of 
abbreviations: AMP =adenosine mono phosphate, ATP = adenosine tri-phosphate, IMP = inosine mono 

phosphate, lysoPA = lysophosphatidic acid, NAPE-PLD= N-acyl phosphatidylethanolamine phospholipase D, 
TCA = tri-carboxylic acid.  
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Materials and Methods: 
 
Subjects and study design 

This study examined subjects from the Karolinska COSMIC cohort 

(www.clinicaltrials.gov/ct2/show/NCT02627872). The COSMIC study is a three group cross 

sectional study in which each group was stratified by gender with the aim of investigating the 

differentiation between the genders in early stage COPD [1-4]. A total of 40 never-smokers, 

40 smokers with normal lung function and 38 patients with COPD were recruited with the 

intent to collect peripheral blood. Of the 118 recruited individuals, two never smokers did not 

provide a blood sample and were excluded from the analysis. The study was accordingly 

performed on 116 subjects from the Karolinska COSMIC cohort (Table 1) matched for age 

and gender from the groups of healthy never-smokers, smokers with normal lung function, 

and COPD patients with mild to moderate disease (GOLD stage I-II/A-B; FEV1=51-97%; 

FEV1/FVC<70%). 

Study participants were recruited from individuals performing spirometry during “The 

World Spirometry Day,” through advertisements in the daily press and via primary care 

centers. The majority of the individuals with COPD were smokers who were found to have an 

obstructive spirometry upon screening. Participants had no history of allergy or asthma, did 

not use inhaled or oral corticosteroids and had no exacerbations for at least 3 months prior to 

study inclusion. In vitro screenings for the presence of specific IgE antibodies (Phadiatop; 

Pharmacia Corp) were negative. Reversibility was tested after inhalation of two doses of 0.25 

mg terbutaline (Bricanyl; Turbuhaler®; AstraZeneca). Medications (including oral 

contraceptives, estrogen replacement and NSAIDs or other potential lipid mediator-modifying 

drugs) were recorded by means of a questionnaire. Lung function parameters were calculated 

as post-bronchodilator percent of predicted using the European Community of Coal and Steel 

(ECCS) normal values. COPD patients and smokers were matched in terms of smoking 
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history (>10 pack years) and current smoking habits (>10 cigarettes/day the past 6 months). 

Current smokers were asked to refrain from smoking at least 8 hr prior to sampling by 

venipuncture and bronchoalveolar lavage, which was confirmed by measurement of the level 

of exhaled carbon monoxide [5]. The COPD group consisted of both current smokers and ex-

smokers (>2 years since smoking cessation). The current study was approved by the 

Stockholm Regional Ethical Board (COSMIC cohort: Case No. 2006/959-31/1) and 

participants provided their informed written consent.  

 

Sample collection and preparation 

Blood was drawn between 7-9 AM from fasting individuals by venipuncture and allowed to 

stand at room temperature for at least 30 min before centrifugation at 1695×g for 10 min at 

room temperature, and stored at -80°C until use. High sensitive C-reactive protein, platelets 

and leukocytes counts were measured according to standard methods at the Department of 

Clinical Chemistry, Karolinska University Hospital. 

Airway epithelial brushings as well as bronchoalveolar lavage (BAL) samples were 

collected by means of fiberoptic bronchoscopy as previously described [6-8]. BAL samples 

were collected from the middle-lobe bronchus using 5×50 mL of phosphate buffered saline 

(PBS, 37°C). The combined aspirates were filtered and centrifuged at 400 g for 5 min at 4°C. 

Supernatant was isolated and 2 mL aliquots were kept in -80ºC until analysis. 

 

Sample preparation and mass spectrometric analysis for non-targeted metabolomics 

Hydrophilic interaction liquid chromatography (HILIC) sample extraction: On the day of 

analysis samples were thawed on ice. Serum protein was precipitated using 200 µL of HPLC 

grade acetonitrile (Rathburn Chemicals) in 50 µL of serum. Samples were vortexed for 5 sec, 

left to stand on ice for 10 min before centrifuging (Eppendorf Centrifuge 5430 R) at 15000×g 
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for 10 min at 4°C. 150 µL of supernatant were then transferred to a clean eppendorf tube and 

stored at -20°C until the day of analysis. A 50 µL aliquot of the HILIC extract was transferred 

to a Chromacol vial (03-FISV Thermo Fisher) on the day of analysis and capped with a pre-

slit PFTE caps (03-FISV Thermo Fischer 9-SC(B)-ST1X). Quality control (QC) samples were 

prepared by pooling aliquots of 20 µL of each sample and an extraction blank was prepared 

by replacing serum with water (Milli-Q, Millipore). Both blank and QC samples were 

prepared along with the study samples following the same extraction procedure.  

 

Reversed phase (RP) sample extraction: On the day of analysis, samples were thawed on ice 

and serum protein was precipitated using 150 µL of ice-cold (-20°C) HPLC grade methanol 

(Rathburn Chemicals) in 50 µL of serum. Samples were vortexed for 5 sec, left to stand on ice 

for 10 min before centrifuging (Eppendorf Centrifuge 5430 R) at 15000×g for 10 min at 4°C. 

Samples were vortexed for 5 sec, left to stand at -20°C for 2 hr before centrifuged (Eppendorf 

Centrifuge 5430 R) at 15000×g for 10 min at 4°C. The supernatant was transferred to a clean 

eppendorf tube and stored in -80°C until the day of analysis. On analysis day, 20 µL of the 

extract were diluted 1:1 with HPLC grade water (Milli-Q, Millipore) and transferred to a 

Chromacol vial (03-FISV Thermo Fischer) and capped with a pre-slit PFTE caps (03-FISV 

Thermo Fischer 9-SC(B)- ST1X). The QC samples were prepared by pooling aliquots of 20 

µL of each sample, and an extraction blank was prepared, replacing serum with water (Milli-

Q, Millipore). Both blank and QC samples were prepared along with the study samples 

following the same extraction procedure.  

 

HILIC LC-HRMS analysis: Study samples, QC, blanks and external identification standard 

mixtures were analyzed on a Thermo Ultimate 3000 UHPLC and Thermo Q-Exactive 

Orbitrap mass spectrometer as previously described [9]. 12 µL of sample were injected on a 
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Merck-Sequant ZIC-HILIC column (150×4.6 mm, 5 µm particle size) fitted with a Merck 

Sequant ZIC-HILIC guard column (20×2.1 mm). A 40 min gradient (0.3 mL/min flow rate, 

23°C column oven) using 0.1% formic acid in HPLC water (mobile phase A) (Milli-Q, 

Millipore) and 0.1% formic acid in HPLC acetonitrile (mobile phase B) (Rathburn Chemicals) 

was applied. The gradient started at 80% B, reducing to 20% B after 30 min, followed by 

immediate return to initial conditions and a 10 min column re-equilibration. Mass 

spectrometry data were acquired (full scan mode) in both positive and negative ionization 

modes (an independent run for each polarity), using a mass range of 75 and 1000 m/z with a 

resolution of 140,000 at 400 m/z. In positive mode, the spray voltage was 4.0 kV with a 

capillary temperature of 350°C, a sheath gas flow of 30 and an auxiliary gas flow of 10 

(arbitrary units by vendor). In negative mode, the spray voltage was 3.6 kV with a capillary 

temperature of 350°C, a sheath gas flow of 30 and an auxiliary gas flow of 12 (arbitrary units 

by vendor). Samples were randomized across the whole sequence to prevent potential 

confounding signal drift. Five laboratory reference serum samples were used at the beginning 

of each sequence for conditioning and every six randomized clinical samples were bracketed 

by a QC sample. 

 

RP LC-HRMS analysis: Study samples, QC and blanks were analyzed on a Thermo ultimate 

3000 HPLC and Thermo Q-Exactive Orbitrap mass spectrometer as previously described [9]. 

20 µL of samples were injected on a Thermo Accucore aQ RP C18 column (150 × 2.1 mm, 

2.7 µm particle size). A 27 min gradient was used with a flow rate of 0.65 mL/min, a column 

temperature of 40°C, 0.1% formic acid in HPLC water (Milli-Q, Millipore) as mobile phase A 

and 0.1% formic acid in HPLC acetonitrile (Rathburn Chemicals) as mobile phase B. The 

gradient started with a 3 min isocratic flow 0.1% B, followed by a linear increase to 99.9% B 

at 19 min, then a 3 min isocratic flow and a rapid restoration of starting conditions and 
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column re-equilibration for 5 min. The flow was split post-column 1:1 (source:waste) using 

an adjustable flow splitter (Scantec Lab, AB, Gothenburg). Mass spectrometry data were 

acquired (full scan mode) in both positive and negative ionization modes, an independent run 

for each polarity, using a mass range of 130-900 with 70,000 mass resolution at 400 m/z. In 

positive mode, the spray voltage was 4.0 kV with a capillary temperature of 350°C, a sheath 

gas flow of 30 and an auxiliary gas flow of 10 (arbitrary units by vendor). In negative mode 

the spray voltage was 3.6 kV, with a capillary temperature of 350°C, a sheath gas flow of 40 

and an auxiliary gas flow of 12 (arbitrary units by vendor). Samples were randomized across 

the whole sequence to prevent potential confounding signal drift. Five laboratory reference 

serum samples were used at the beginning of each sequence for conditioning and every six 

randomized clinical samples were bracketed by a QC sample. 

 

Data Processing 

The raw files were converted to mzXML and centroid using MSconvert. All chromatograms 

were evaluated using the open source software package XCMS performed under the package 

R. The mzXML files were organized in the working directory by sample class. Peak picking 

was performed using the centwave method, allowing the de-convolution of closely eluting or 

partially overlapping peaks. The peak width range parameter was set to (3-25 sec) for RP and 

(10-50 sec) for HILIC.  

 

Putative Metabolite Annotation Method  

Metabolite suggestions for significant metabolite peaks were identified by initially querying 

the m/z values using the Human Metabolome Database’s MS search functionality with the 

“molecular weight tolerance” set to 0.001 Da for HILIC peaks and 0.005 Da for RP peaks 

[10]. If these settings failed to yield an annotation, a broader search was performed in both the 
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Kyoto Encyclopedia of Genes and Genomes (KEGG) and Lipid Maps databases using the 

“putative ionization product” interface of the annotation tool MZedDB 

(http://maltese.dbs.aber.ac.uk:8888/hrmet/search/addsearch0.php) using a mass accuracy of 

20 ppm for both HILIC and RP. Once metabolite suggestions had been generated, annotation 

was performed in two steps. Where possible, the first step was to try to determine the 

molecular formula of the underlying metabolite matching the isotope ratio observed for the 

annotated peak, and the 6 expected isotope ratios for the suggested metabolites. The second 

step aimed to narrow the metabolite suggestions to a single metabolite annotation. For HILIC 

and RP peaks, published literature and metabolite databases were interrogated, to ascertain 

whether metabolite suggestions had been reported in blood or other human biofluids, and if 

the suggested metabolite ID was plausible within the given biological context.  

 

Metabolite annotation with in-house library  

Metabolic features from the XCMS output were matched to an in-house accurate 

mass/retention time library of reference standards to increase the accuracy of the metabolite 

annotation. The library consisted of several compound classes ranging from polar to non-polar 

(e.g., carboxylic acids, amino acids, biogenic amines, polyamines, nucleotides, vitamins and 

coenzymes, sugars, carnitines, fatty acids, phospholipids, sphingolipids, ceramides and 

steroids) [9]. Metabolites were annotated by matching the accurate mass in HILIC (+/-0.0005 

Da) and in RP (+/- 0.004 Da) and retention time (+/- 30 sec in HILIC and +/-10 sec in RP) of 

analyte peaks.  

 

Metabolite selection and statistical analysis 

The annotated metabolites from both putative and accurate mass/retention time (irrespective 

of HILIC and RP analyses) were combined into a single file to perform metabolite selection 
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and statistics. Four samples were not analyzed in HILIC positive mode due to lack of 

material. For the purpose of the statistical analysis, the corresponding missing values were 

imputed using k-nearest neighbors imputation [11]. The chromatographic signal drift (if any) 

was normalized with a QC normalization algorithm in MATLAB vR2015a (Mathworks, 

Natick, MA, USA) [12]. Statistical analysis was applied only to those metabolites that were 

present in ≥70% of the samples in any group and had a coefficient of variance <30% in the 

QC samples.  

Univariate statistics was performed on the filtered data using the non-parametric 

Mann-Whitney test, and Storey’s q-values were estimated using MATLAB vR2015a 

(Mathworks, Natick, MA, USA). Because age and smoking packyears differed significantly 

between the healthy smokers and COPD groups (Table E1), p-values were adjusted 

correspondingly using STATA v12 (StataCorp, Texas, USA).  

SIMCA v14.0 (MKS, Sweden) was used on the filtered data for multivariate statistical 

analysis. The missing values (below the method detection limit) were replaced with the 1/3 of 

the lowest intensity for each corresponding metabolite. Data were log transformed and pareto 

scaled. Principal component analysis and orthogonal projections to latent structures with 

discriminant analysis (OPLS-DA) were performed on the filtered metabolites. An OPLS-DA 

model was built for each comparison (Smokers vs. COPD, female Smokers vs. COPD, and 

male Smokers vs. COPD) in order to identify metabolites that differed between the healthy 

individuals and COPD populations. Variable selection was performed on the initial OPLS-DA 

models in order to identify those metabolites that exhibited the strongest association with 

COPD. As previously described, metabolites with p(corr) values (the scaled loadings of the 

predictive component of the OPLS-DA model) ≥0.4 and variable importance in projection 

(VIP) values ≥1.0 were selected and used to generate new OPLS-DA models [13]. This 

process was performed iteratively, with performance monitored using the 7-fold cross-
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validated ANOVA p-value (CV-ANOVA) [14]. If the CV-ANOVA p-value decreased, then 

the variable selection step was regarded as beneficial; however, if the p-value increased, then 

the variable selection round was rejected. The final OPLS-DA models were constructed using 

the MS/MS and/or standard confirmed metabolites (described below). 

 

Metabolite confirmation 

Metabolites that were significant via univariate analysis (Mann Whitney test p<0.05) were 

combined with the metabolites from multivariate analysis (|p[corr]|≥0.4 and VIP≥1.0) to 

generate a single list of metabolites for confirmation. An MS/MS experiment was performed 

on all selected metabolites (univariate and multivariate) with three different collision energy 

(15 eV, 35 eV and 50 eV) applying the same LC-HRMS conditions. Simultaneously the 

corresponding analytical standards (when available) were injected to confirm the accurate 

mass/retention time and MS/MS.  

	
  

Targeted metabolomics using Biocrates Kit 

Targeted metabolite quantitation was performed using the Biocrates AbsoluteIDQ p180 kit 

(Biocrates Life Sciences AG, Austria). The experiment was performed according to the 

Biocrates instructions for a Waters Xevo TQS triple quadrupole (direct flow injection analysis 

and LC-MS/MS) for the quantitation of 188 metabolites including amino acids, acylcarnitines, 

sphingomyelins, phosphatidylcholines, hexose (glucose) and biogenic amines. A full list of 

metabolites is available on the manufacturer’s homepage 

(http://www.biocrates.com/products/research-products/absoluteidq-p180-kit). For the direct 

flow injection analysis, a 10 µL loop was used instead of the 20 µL loop recommended by the 

manufacturer. The assay was based on phenylisothiocyanate-derivatization in the presence of 

isotopically labeled internal standards followed by direct flow injection analysis tandem mass 
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spectrometry (acylcarnitines, lipids, and hexose) as well as LC-MS/MS (amino acids and 

biogenic amines). Multiple reaction monitoring (MRM) detection was used for quantitation. 

Concentrations of all analyzed metabolites were reported in µM. An HSS T3 (2.1×100 mm, 

1.8 µm) column was used. The gradient and flow rate were adjusted according to the column 

length and the retention time for each metabolite using the test mixtures supplied by the 

manufacturer. Briefly, the flow rate decreased to 0.6 mL/min, the gradient started with 100% 

mobile phase A (0.2% formic acid in water), decreasing to 85% A to 2.5 min, followed by 

another linear decrease to 30% A to 5 min, reaching 100% B (0.2% formic acid in 

acetonitrile) at 5.30 min. From 5.30 to 7.00 min the gradient remained isocratic with 100% B. 

At 7.10 min the gradient was returned to initial conditions and maintained until 8.50 min. MS 

conditions were as recommended by the manufacturer. Both univariate (non-parametric 

Mann-Whitney test and Storey’s q-value) and multivariate statistical analysis (SIMCA v14.0) 

were performed on the targeted profiling data sets using the methods as described above. 

 

MiRNA profiling 

As described previously [15], RNA was extracted and separated into small RNA (including 

miRNAs, 18-200 nt) and large RNA (>200 nt) fractions by using Nucleospin miRNA, 

according to the manufacturer’s instructions. RNA quality was assessed by using UV 260/280 

and 230/260 absorbance ratios obtained by using Nanodrop (Thermo Scientific, Wilmington, 

DE), resulting in a mean 260/280 ratio of 1.95. RNA size distribution was examined on RNA 

Pico LabChips (Agilent Technologies, Palo Alto, CA) processed on the Agilent 2100 

Bioanalyzer small RNA electrophoresis program. An aliquot of 1 mL was used for validation 

by means of quantitative RT-PCR, and the rest was concentrated (SpeedVac, Thermo Fisher) 

to a volume of 4 mL and used for amplification. RNA was labeled with Cy3-CTP by using the 

miRCURY LNA microRNA power labeling kit (Exiqon, Woburn, MA), according to the 
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manufacturer’s protocol. Labeled RNA was hybridized to 1-color Agilent custom UCSF 

miRNA v3.5 multi-species 8x15K Ink-jet arrays (Agilent Technologies) containing 894 

different miRNAs.  

miRNA from BAL cells, BEC, and exosomes from BAL fluid were only analyzed 

from a subset of the Karolinska COSMIC cohort based upon sample availability (n=45; 5-13 

subjects per group and gender). For the BAL cells, sub-group sizes were n=9-13, and thereby 

represent approximately half of the total study. The potential for selection bias was evaluated 

by examining the distribution of the subjects in PCA scores plot based on metabolic profiles 

or clinical data (data not shown). Based upon these parameters, it was determined that there 

was no selection bias in the measured sub-cohort. For the BEC cells, sub-group sizes were 

n=5-13. Due to the smaller sample numbers in the BEC subgroups, the correlation analyses 

presented in the study were only performed for the BAL cells. As evident from Figure E6, the 

large difference in miRNA levels between female and male smokers is apparent in spite of the 

relatively small subgroup sizes. 
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Brief tutorial on multivariate projection methods used in this study: 

Overview 

Multivariate statistical modelling methods are a set of tools aimed at reducing the 

dimensionality of the complex, multidimensional data structures encountered within 

metabolomics and other ‘omics-based disciplines [16, 17]. The common denominator is that 

these experimental platforms generate so-called “short-and-wide” data tables with a large 

number of variables (hundreds to thousands) measure in a limited number of subjects. These 

types of data sets are recalcitrant to analysis with standard univariate approaches. As a 

complement to standard univariate statistical methods, these high dimensional data can be 

analysed and interpreted by multivariate models. There are multiple multivariate methods 

available, and it is beyond the scope of the text here to expand upon them all. Interested 

readers are directed to basic texts [18]. Instead, we will focus on the methods used in the 

current study: Principal component analysis (PCA) [19], partial least-squares to latent 

structures (PLS) [20, 21] and orthogonal projections to latent structures (OPLS) [22-24]. 

Collectively, these approaches include efficient and robust methods for analysis, and 

visualization of complex chemical and biological data. 

 

Principal component analysis (PCA) 

Principal component analysis forms the basis for multivariate data analysis. The starting point 

for PCA is a matrix of data with N rows (observations, here study subjects from which the 

serum samples have been collected) and K columns (variables, here metabolites), often 

referred to as the X-matrix. The most important use of PCA is to represent a multivariate data 

table as a low-dimensional plane, usually consisting of 2 to 5 dimensions, which provides an 

overview of the data. This approach quickly reduces a high-dimensional dataset to a low-

dimensional plane consisting of a few latent variables that can be more easily comprehended. 
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This overview may reveal groups of observations, trends, and outliers, serving as a useful data 

quality control step. This overview also uncovers the relationships between observations, 

which are displayed in the scores plot, and variables, which are displayed in the loadings plot.  

 

Scaling 

Prior to multivariate modeling, data are often pre-treated in order to transform the data into a 

form suitable for analysis. In metabolomics, the variables (metabolites) often have 

substantially different dynamic concentration ranges. A metabolite (variable) with a large 

range has a large variance, whereas a metabolite (variable) with a small range has a small 

variance. Since PCA is a maximum variance projection method, it follows that a metabolite 

(variable) with a large variance will drive the model compared to a low-variance metabolite 

(variable) similar to how a high concentration sample will drive the correlation curve in a 

standard curve for e.g., protein quantification methods The most common form of pre-

treatment is mean centering and scaling. In mean centering, the average value of each 

metabolite across all subjects is calculated and then subtracted from that of each individual 

value. In terms of scaling, the most common technique in univariate modeling is the unit 

variance (UV) scaling, sometimes referred to as auto-scaling. Following mean centering, each 

individual metabolite value is divided by the standard deviation (SD) for the metabolite across 

all subjects in the study. Subsequently, each scaled variable then has equal (unit) variance. 

Taken together, mean centering and scaling to unit variance removes the influence of 

metabolite abundance in the model, so that alterations of low abundance metabolites are 

equally important as alterations in high abundance metabolites, which represents a 

biologically more valid approach. 
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PCA model calculations 

Consider again the X-matrix with N samples and K metabolites. For this matrix, we construct 

a metabolic space with as many dimensions as there are metabolites. Each metabolite 

represents one co-ordinate axis. For each metabolite, the length has been standardized 

according to the chosen scaling criterion, normally by scaling to unit variance. In the next 

step, each sample (each row) of the X-matrix is placed in the K-dimensional metabolic space. 

Consequently, the samples in the data table together form a swarm of points in this space as 

the metabolite concentrations for each sample (row) make up the coordinates in this K-

dimensional metabolic space. The mean-centering of the data corresponds to a re-positioning 

of the swarm of points to the origin.  

After mean-centering and UV scaling, the dataset is ready for the computation of the 

first latent variable, or principal component (PC1). This component is the line that represents 

the largest variance in the K-dimensional metabolic space. This line goes through the origin 

(average metabolic profile). Each sample (point in this K-dimensional space) is thereafter 

projected onto this principal component line, which becomes its co-ordinate value along this 

PC-line. This co-ordinate value for each sample is known as a score, and collectively for all 

samples they are termed scores. Usually, one principal component line is insufficient to model 

the systematic variation of a multi-dimensional metabolite dataset, and a second principal 

component, PC2, which is orthogonal (perpendicular) to PC1, is calculated. This line also 

passes through the average point, and improves the approximation of the X-data as much as 

possible. Again, each sample is projected onto this second principal component line, and its 

co-ordinate value is the second score value, generating a second set of scores for all of the 

metabolites. 

When two principal components have been derived, they together define a plane, or a 

“cross-section” of the K-dimensional metabolite space. The projection of all the samples onto 
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this two-dimensional sub-space is the scores values, and by plotting the results as a two-

dimensional scatter plot (PC1 vs. PC2), it is possible to visualize the structure of the 

metabolite dataset. The co-ordinate values of the samples (scores) are plotted and the plot is 

therefore known as a scores plot. The scores plot provides information on the individual 

clinical samples (e.g., patients); however, there is a corresponding plot for the metabolites 

called the loadings plot. This plot reveals how the metabolites contribute to the structure of 

the scores plot, and is essential for model interpretation. The loadings plot can be used to link 

information between individual variables (e.g., metabolites) and clinical samples, for 

example, it can help understand which metabolites are driving an observed separation of 

samples in the scores plots. In a similar fashion, a second set of loading coefficients expresses 

the direction of PC2 in relation to the original variables. The residual matrix E contains the 

residuals for each sample between its point in K-dimensional space and its point on the model 

plane. The residuals are important for detection of outliers and for defining the model 

boundaries. 

 

Orthogonal Projections to Latent Structures-Discriminant Analysis (OPLS-DA) 

In contrast to the more commonly used PCA modeling, orthogonal projections to latent 

structures (OPLS) analysis is a supervised method designed to separate structured noise 

unrelated (orthogonal) to the predictive variance of interest (e.g., Healthy vs. COPD). [25]. In 

its simplest form, OPLS is used as a discriminant analysis (OPLS-DA) method to evaluate the 

ability to classify known groups of subjects (e.g., Smokers with normal lung function vs. 

COPD patients). This additional class information is defined in a second data set, the Y-

matrix. The filtering of the variation in the X-data, of the within-class variance (also known 

as orthogonal or uncorrelated variation) from the class-separating variance (also known as 

predictive variation) greatly increases the interpretability of the multivariate model, 
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particularly in terms of deriving the observed group separation back to the variables 

(metabolites) of interest. In addition, the OPLS method can also be used to predict the class 

belonging of new unknown samples. The predictive power can be estimated through cross-

validation (please see below). 

 

Model statistics 

For PCA and OPLS-DA models, the amount of modeled variation is defined as the goodness 

of fit (R2), where an R2 value of 1.0 indicates that all variation in the data is modeled, and a 

value of 0.0 means that no variation in the data is modeled: 

Goodness of fit: R2(Y) = 1 – SS(F)/SS(Y) 

However, as R2 only relates to the goodness of fit for the dataset at hand, a goodness of 

prediction (Q2) is also reported. The Q2 is calculated is the based on cross validation [26]; a 

subset of the subjects are left out and a new classification model is constructed based on the 

remaining subjects. The group belonging to the excluded subjects is then predicted based on 

the new model. This process is repeated until all subsets have been excluded and predicted.  

Q2 values of 1.0 reflect perfect predictive precision, while values equal to or below 0.0 

indicate that a random guess is more accurate than the model’s own predictions: 

Goodness of prediction: Q2(Y) = 1 - PRESS/SS(Y) 

 PRESS: predictive error sum of squares 

For supervised approaches such as OPLS-DA, analysis of variance analysis (ANOVA) 

formally compares two (or several) models fitted to the same data by the size of their fitted 

residuals. ANOVA is made on the size of the sum of squares (SS(d)) and (SS(e)), and uses an 

F-test for the significance test (hypothesis test) of the null hypothesis of equal residuals of the 

two models. The F-tests assume that the residuals of the two compared models are 

approximately normally distributed. The corresponding mean squares (MS), or variances, are 
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obtained by dividing each SS by the respective degrees of freedom. The F-test, based on the 

ratio MS regression/MS residual, then formally assesses the significance of the model. The p-

value indicates the probability level for a model with this F-value being the result of just 

chance.  

Herein, we have used a recent extension, CV-ANOVA [14], based on cross-

validated predictive residuals to provide a significance metric for multivariate regression 

models, including OPLS-DA models. The CV-ANOVA diagnostic corresponds to a 

hypothesis test of the null hypothesis of equal cross-validated predictive residuals of the two 

compared models. Naes and co-workers [27] have shown that cross-validated residuals are 

relevant and work well in the context of ANOVA, and are more reliable than ordinary 

ANOVA. This is particularly important in multivariate OPLS-DA models where the number 

of X-variables is often large. 

 

Group classification and biomarker selection using OPLS 

One of the major strengths of supervised methods, particularly OPLS, is its application in 

variable selection. Variable selection is an essential step in identifying and evaluating the 

performance of subsets of variables for classification of patient subgroups (e.g., biomarker 

discovery). In MVA the question of which variables are of interest, corresponding to 

determining significance in univariate statistics, is not trivial. General rules for where to apply 

the cutoff in the continuous variable ranking, such as p<0.05 in univariate statistics, have not 

yet been established. The use of a Variable Influence on Projection (VIP; also referred to as 

Variable Importance in Projection) score>1.0 is common in publications. VIP is a metric that 

summarizes the importance of each variable in driving the observed group separation [28]. 

However, VIP>1.0 only implies that the variable contributes more than average to the model, 

and the VIP>1.0 cutoff results in selection of up to 50% of the variables. In addition, the VIP 
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score is a relative ranking term that changes with each iteration of variable selection, 

rendering it somewhat of a moving target. It is therefore often difficult to determine the 

optimal model based solely upon VIP values. An alternative and complementary parameter is 

the p(corr) value. P(corr) is the loadings scaled as a correlation coefficient, thereby 

standardizing the range from -1.0 to 1.0. The p(corr) values remain stable during iterative 

variable selection and are comparable between models. There is no consensus on what p(corr) 

cutoff represents significance, but an absolute p(corr)>0.4-0.5 is often used [29-33]. For 

variable selection, we recommend the use of a combination of p(corr) and VIP. A constant 

p(corr) can be used as a cutoff point for variable selection if the aim is to maximize the 

statistical power. Alternatively, if the goal is to select a subset of biomarkers, several 

iterations of variable selections can be performed as long as the Q2 and CV-ANOVA p-value 

continue to increase.  

Overfitting is an inherent risk in OPLS analysis, and determining the appropriate 

number of components is essential, but not always trivial. The default automatic fitting in 

SIMCA extracts the maximal number of significant components, which in most cases results 

in an overfitted model. The result is an inflated R2, but a lowered Q2 because the overfitting 

occurs at the expense of the predictive power. The optimal number of components is at the 

break point where Q2 decreases with the addition of more components. The CV-ANOVA p-

value can be used as a complement to the Q2 for determining the optimal number of 

components (an increasing p-value due to addition of a component implies overfitting). 

 

Summary 

Technical aspects of the OPLS algorithm (the basis for OPLS-DA) have been described fully 

by Trygg and Wold [22]. A technical description of OPLS-DA, together with application 

studies, has been provided by Bylesjö et al. [34]. Examples of the application of multivariate 
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statistical analysis (MVA) to ‘omics-based analyses in respiratory disease can be found for 

asthma [30-32, 35-37], COPD [4, 29, 38-44], pulmonary hypertension [45] and sarcoidosis 

[46]. For a description of the challenges and necessary metrics in interpreting multivariate 

models, interested readers are referred to a number of recent papers [17, 47, 48]. It is 

anticipated that the use and application of these multivariate modeling approaches will 

continue to increase in ‘omics based science in biomedicine. It is therefore important that the 

biomedical research community becomes familiar with these statistical approaches. 
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Supplementary Figures  

 

 
 

Figure E1: Joint gender multivariate model for Smokers vs. COPD. a) OPLS-DA scores plot 
for Smokers vs. COPD groups (n=58 metabolites, R2Y= 0.45, Q2= 0.38, p=2.8×10-7) with the 
predictive component along the y-axis. Because no orthogonal components were required, the 
x-axis merely represents a numeric ordering (Num) of the samples (open box, individuals with 
COPD; closed circle, Smokers; blue symbols indicates male and orange symbols indicate 
females). The receiver operating characteristic (ROC) curve for classification of smokers with 
normal lung function from smokers with COPD had an AUC=0.90; b) Loadings plot of 
verified metabolites prominent for driving the separation between Smokers vs. COPD. 
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The panel displays the 13 metabolites common to all groups. 

Figure E2: Venn diagram, showing overlap and unique metabolite distribution for the joint 
gender (Smokers vs. COPD, n=58 metabolites, R2Y=0.45, Q2=0.38, p=2.8 ×10-7), male 
gender (male Smokers vs. male COPD, n=26 metabolites, R2Y=0.49, Q2=0.38, p= 4.0 ×10-4) 
and female gender (female Smokers vs. female COPD, n=49 metabolites, R2Y=0.73, Q2=0.65, 
p=2.4 ×10-7). 
 

Definition of abbreviation: 12-HETE = 12-Hydroxyicosatetraenoic acid, 4-HDoHE = 4-
Hydroxydocosahexaenoic acid, OH = Hydroxy, LysoPA= Lysophosphatidic acid.	
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Figure E3: A heat map generated using the spearman rank correlation rho value. The 
correlation was performed between lung parameters (FEV1 (%) predicted and FEV1/FVC (%)) 
and 58 significant circulating metabolites with altered levels due to COPD. Definition of 
abbreviations: 12(13)EpODE = 12(13)-Epoxyoctadecadienoic acid, 12-HETE = 12-
Hydroxyicosatetraenoic acid, 15-HEDE =15-Hydroxyeicosadienoic acid, 4-HDoHE = 4-
Hydroxydocosahexaenoic acid, 5(6)-EpETrE = 5(6)-Epoxyeicosatrienoic acid, AEA = N-
arachidonoylethanolamine, Asp-Leu = Aspartic acid-Leucine, Leu-Pro = Leucine-Proline, 
LysoPA = Lyso-phosphatidic acid. LysoPC = Lysophosphatidylcholine, LysoPE = 
Lysophosphatidylethanolamine, OEA = N-oleoylethanolamine, PC = Phosphatidylcholine, PE 
= Phosphatidylethanolamine, PEA = N-palmitoylethanolamide, S-1P = Sphingosine-1-
phosphate, Sn-1P = Sphinganine-1-phosphate.   
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Figure E4: Shared and Unique Structures (SUS) analysis examining the effects of 
menopausal status upon observed COPD-associated effects on metabolite levels. A SUS plot 
displays the correlation between two OPLS models, displaying whether any metabolites have 
behavior that is unique for one of the OPLS models, or if metabolites behave the same 
(shared) in both models (15). The closer the metabolite distribution is to a perfect diagonal 
(R2=1.0), the more shared structure in the models. This figure compares the OPLS models 
between all female Smokers vs. females with COPD (x-axis, n=49 metabolites, R2Y= 0.73, 
Q2= 0.65, p=2.4 ×10-7) and female postmenopausal Smokers vs. female postmenopausal 
individuals with COPD (y-axis, n=49 metabolites, R2Y= 0.75, Q2= 0.67, p=9.6 ×10-6). The 
strong diagonal distribution of the metabolites indicates that all metabolites are behaving 
similarly in both models, thus demonstrating that there is no unique behavior for pre- vs. 
postmenopausal individuals with COPD. Models were generated using the non-targeted 
metabolomics data. 
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Figure E5: Optimized multivariate model using metabolites from the targeted metabolomics 
platform (Biocrates kit). a) Optimized OPLS-DA model for female Smokers vs. female COPD 
patients (metabolites=47, R2Y= 0.45, Q2= 0.34, p=0.003, filled circle = Smokers and open 
box = COPD individuals) with the predictive component along the y-axis. Because no 
orthogonal components were required, the x-axis merely represent a numeric ordering (Num) 
of the samples and the receiver operating curve AUC=0.89. b) Loadings of confirmed 
metabolites prominent for driving the separation between female Smokers vs. female COPD. 
The optimized model parameters for male Smokers vs. male COPD comparison for 54 
metabolites are R2Y= 0.38, Q2= 0.11, p=0.1.  
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Figure E6. Levels of the miR-29 family in BAL cells and BEC from male and female Smokers and individuals with COPD. Subjects are divided 
into smokers with normal lung function (Smokers, filled circles) and smokers with COPD (COPD, open boxes). Blue symbols indicate males and 
orange symbols females. Significance is indicated by the non-parametric Mann-Whitney test. 
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Figure E7: Shared and Unique Structures (SUS) analysis examining the COPD-specific 
effects upon metabolite levels. A SUS plot displays the correlation between two OPLS 
models, displaying whether any metabolites have behavior that is unique for one of the OPLS 
models, or if metabolites behave the same (shared) in both models (15). The closer the 
metabolite distribution is to a perfect diagonal (R2=1.0), the more shared structure in the 
models. This figure compares the OPLS-DA joint gender models of Healthy vs. COPD-ExS 
(x-axis, n=58 metabolites, R2Y= 0.17, Q2= 0.04, p =4.0 ×10-2) and Smokers vs. COPD (y-
axis, n=58 metabolites, R2Y= 0.45, Q2= 0.38, p=2.8 ×10-7). Although the small number of 
Ex-smoker COPD patients included in the study resulted in limited power for the non-smoker 
model, the tight clustering around the diagonal indicates that the same metabolites are altered 
due to COPD, regardless of current smoking status. Models were generated using the non-
targeted metabolomics data. 
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Figure E8. Loadings plot displaying all selected variables from the optimized multivariate 
models using non-targeted metabolomics from Figure 1. a) Loadings of verified metabolites 
most prominent for driving the separation between male Smokers vs. male COPD; b) 
Loadings of the verified metabolites most prominent for driving the separation of female 
Smokers vs. females with COPD.  
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Table E1: Significance analysis on the clinical parameters of subjects included in 
statistical analyses. 

	
  

Parameters Smoker vs. COPD Healthy vs.  
COPD Ex-S ♀♂ ♀ ♂ 

Age 3.0×10-5 8.0×10-4 1.0×10-3 0.1 
BMI 1.0 0.7 0.8 0.7 
Smoking (packyears) 2.0×10-3 0.1 0.1 N.A. 
Blood leucocytes (x109/L) 0.2 0.2 0.9 0.04 
Blood platelets (x109/L) 0.3 0.8 0.1 1.0 
Serum albumin (g/L) 0.2 0.4 1.0×10-4 0.5 
Serum antitrypsin (g/L) 4.0×10-3 0.4 5.0×10-3 0.6 
FEV1 (%) 1.7×10-14 3.7×10-6 1.5×10-9 2.7×10-7 
FEV1/FVC (%) 1.1×10-14 2.7×10-6 2.6×10-9 3.7×10-6 

 
Definition of abbreviations: BMI = body mass index, COPD= chronic obstructive pulmonary 
disease, FEV = forced expiratory volume, FVC = forced vital capacity, N.A. = not applicable. 
 
Statistical analysis was performed applying Mann Whitney test. 
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Table E2: List of confirmed significant metabolites from the non-targeted metabolomics platform for each comparison with the 
corresponding p-value, q-value, corrected p-value and fold change. 

Metabolites 
Smokers vs. COPD 

♀♂ ♀ ♂ 
p*(q†) p‡ FC p (q) p FC p (q) p FC 

12(13)EpODE§ 0.008 (0.06) 0.006 1.3 0.03 (0.2) 0.01 1.4 0.2 (0.5) 0.2 1.2 
12-HETE§ <0.0001 (0.002) 0.0004 3.4 0.0005 (0.01) 0.004 4.7 0.02 (0.3) 0.06 2.5 
15-HEDE§ 0.01 (0.06) 0.03 1.3 0.2 (0.3) 0.2 1.3 0.02 (0.3) 0.07 1.4 
17-β-estradiol-glucuronide§ 0.01 (0.07) 0.01 1.9 0.04 (0.2) 0.2 2.2 0.2 (0.5) 0.03 1.7 
4-HDoHE§ <0.0001 (0.0006) <0.0001 2.9 0.0005 (0.01) 0.0001 3.2 0.002 (0.2) 0.006 2.7 
5(6)-EpETrE§ 0.01 (0.06) 0.3 1.3 0.3 (0.4) 0.4 1.1 0.007 (0.2) 0.03 1.5 
5-Methoxyindoleacetate§ 0.8 (0.5) 0.8 -1.1 0.06 (0.2) 0.05 2.7 0.03 (0.3) 0.01 -3.0 
5'-Methylthioadenosine§ 0.3 (0.3) 0.3 1.2 0.04 (0.2) 0.1 1.6 0.7 (0.6) 0.5 -1.0 
AEA§ 0.03 (0.1) 0.03 1.3 0.02 (0.1) 0.006 1.4 0.6 (0.5) 0.9 1.1 
Allantoin§ 0.02 (0.08) 0.07 1.3 0.02 (0.1) 0.1 1.3 0.3 (0.5) 0.3 1.3 
Asp-Leu** 0.009 (0.06) 0.03 1.3 0.05 (0.2) 0.1 1.3 0.09 (0.4) 0.1 1.2 
Carnitine(C10:0)** 0.06 (0.2) 0.02 1.3 0.1 (0.3) 0.008 1.4 0.4 (0.5) 0.7 1.3 
Carnitine(C10:1)** 0.09 (0.2) 0.006 1.2 0.03 (0.2) 0.001 1.4 0.8 (0.6) 0.9 1.1 
Carnitine(C12:0)** <0.0001 (0.003) 0.0002 1.3 0.0004 (0.01) <0.0001 1.4 0.07 (0.4) 0.2 1.1 
Carnitine(C12:1)** 0.05 (0.1) 0.009 1.3 0.03 (0.2) 0.001 1.4 0.7 (0.6)  0.7 1.2 
Carnitine(C14:0)** 0.0009 (0.01) 0.004 1.4 0.06 (0.2) 0.04 1.3 0.007 (0.2) 0.05 1.4 
Carnitine(C14:0-OH)** 0.05 (0.1) 0.01 1.3 0.008 (0.07) 0.004 1.5 0.8 (0.6) 0.4 1.1 
Carnitine(C14:1)** 0.005 (0.04) 0.004 1.7 0.05 (0.2) 0.002 2.4 0.05 (0.4) 0.2 1.3 
Carnitine(C16:0)§ 0.01 (0.06) 0.009 1.2 0.2 (0.3) 0.2 1.1 0.02 (0.3) 0.03 1.3 
Carnitine(C16:1)** 0.003 (0.03) 0.0004 1.4 0.06 (0.2) 0.008 1.3 0.04 (0.4) 0.02 1.5 
Carnitine(C18:0)§ 0.02(0.1) 0.04 1.2 0.4 (0.4) 0.5 1.1 0.04 (0.3) 0.05 1.4 
Carnitine(C18:0-OH)** 0.07 (0.2) 0.1 1.2 0.4 (0.4) 0.9 1.0 0.08 (0.8) 0.09 1.3 
Carnitine(C18:1)§ 0.0002 (0.005) 0.0001 1.6 0.03 (0.2) 0.02 1.3 0.002 (0.2) 0.002 1.8 
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Carnitine(C18:2)** 0.004 (0.04) 0.0008 1.4 0.04 (0.2) 0.007 1.3 0.05 (0.4) 0.02 1.5 
Cortisone§ 0.2 (0.3) 0.6 1.1 0.03 (0.1) 0.07 1.2 0.6 (0.5) 0.4 -1.0 
Dityrosine** 0.0003 (0.006) 0.04 1.4 0.0002 (0.01) 0.08 1.6 0.1 (0.5) 0.3 1.2 
Erythronicacid§ <0.0001 (0.001) 0.002 1.3 0.0002 (0.01) 0.0003 1.4 0.01 (0.3) 0.4 1.2 
Estrone-glucuronide** 0.07 (0.2) 0.09 1.3 0.05 (0.2) 0.04 1.6 0.6 (0.5) 0.4 1.1 
Glyco-chenodeoxycholate-S** 0.04 (0.1) 0.008 1.8 0.1 (0.3) 0.08 1.8 0.2 (0.5) 0.04 1.8 
Gulose** 0.02 (0.1) 0.005 -1.3 0.2 (0.3) 0.1 -1.2 0.06 (0.4) 0.01 -1.4 
Hippurate§ 0.5 (0.4) 1.0 1.2 0.03 (0.2) 0.2 2.1 0.2 (0.5) 0.2 -1.5 
Hypoxanthine§ 0.002 (0.02) 0.03 1.2 0.004 (0.05) 0.03 1.8 0.1 (0.4) 0.3 -1.1 
Inosine§ 0.005 (0.04) 0.1 1.4 0.008 (0.07) 0.3 1.5 0.2 (0.5) 0.3 1.3 
Isocitrate§ 0.04 (0.1) 0.1 1.1 0.004 (0.05) 0.001 1.3 0.9 (0.6)  0.5 -1.0 
Leu-Pro** 0.0008 (0.01) 0.002 -1.2 0.1 (0.3) 0.2 -1.1 0.001 (0.2) 0.002 -1.3 
LysoPA(16:0) § <0.0001 (0.001) 0.0004 2.0 <0.0001 (0.01) 0.0001 2.4 0.03 (0.3) 0.1 1.6 
LysoPA(18:2)** 0.001 (0.02) 0.004 1.7 0.0003 (0.01) 0.002 2.1 0.2 (0.5) 0.1 1.4 
LysoPC(15:0)** 0.003 (0.03) 0.01 1.3 0.001 (0.02) 0.001 1.4 0.2 (0.5) 0.4 1.2 
LysoPC(16:0)§ 0.02 (0.09) 0.005 1.3 0.08 (0.2) 0.04 1.2 0.1 (0.5) 0.05 1.4 
LysoPC(18:2)** 0.8 (0.5) 0.01 1.2 0.6 (0.5) 0.008 1.4 0.8 (0.6)  0.7 1.0 
LysoPE(16:1)** 0.01 (0.06) 0.03 1.2 0.05 (0.2) 0.03 1.3 0.1 (0.5)  0.3 1.2 
Malate§ <0.0001 (0.002) 0.0003 1.7 0.0004 (0.01) 0.0002 2.0 0.008 (0.2) 0.06 1.5 
Methylhippurate§ 0.01 (0.06) 0.08 1.2 0.05 (0.2) 0.3 1.1 0.06 (0.4) 0.2 1.2 
Myristoylglycine** 0.04 (0.1) 0.08 1.1 0.003 (0.04) 0.005 1.3 0.9 (0.6) 0.4 -1.1 
N-methyl-D-aspartic acid§ 0.01 (0.08) 0.05 1.3 0.1 (0.2) 0.5 1.2 0.09 (0.4) 0.05 1.3 
N-Oleoyl-L-serine§ 0.0003 (0.006) 0.0003 1.6 0.0002 (0.01) 0.0001 2.0 0.1 (0.5) 0.9 1.2 
OEA§ 0.04 (0.1) 0.03 1.2 0.02 (0.1) 0.005 1.3 0.5 (0.5) 0.7 1.1 
OH-androstenone-S** 0.09 (0.2) 0.1 1.8 0.06 (0.2) 0.2 2.6 0.7 (0.6) 0.3 1.2 
OH-cholestenone** 0.3 (0.3) 0.9 -1.2 0.02 (0.1) 0.03 -1.9 0.7 (0.6) 1 1.4 
OH-hexadecanoic acid** <0.0001 (0.003) 0.001 1.2 0.02 (0.1) 0.002 1.2 0.003 (0.2) 0.09 1.2 
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OH-octadecanoic acid** 0.005 (0.05) 0.0006 1.5 0.09 (0.2) 0.002 1.5 0.03 (0.3) 0.03 1.5 
Oleic Acid§ 0.01(0.07) 0.003 1.4 0.04 (0.2) 0.004 1.5 0.1 (0.5) 0.1 1.3 
Palmitic Acid§ 0.02 (0.09) 0.008 1.3 0.04 (0.2) 0.004 1.4 0.2 (0.5) 0.3 1.2 
Palmitoleic Acid§ 0.004 (0.04) 0.002 1.8 0.03 (0.2) 0.005 1.9 0.07 (0.4) 0.07 1.7 
PC(14:1/15:0)** 0.03 (0.1) 0.07 1.7 0.03 (0.2) 0.02 1.8 0.3 (0.5) 0.8 1.7 
PC(15:0/22:6)** 0.4 (0.4) 0.1 -1.1 0.2 (0.3) 0.04 -1.3 0.7 (0.6) 0.9 1.1 
PC(16:1/P-18:1)** 0.002 (0.03) 0.2 -1.2 0.2 (0.3) 0.3 1.1 0.004 (0.2) 0.1 -1.7 
PE(18:2/P-18:1)** 0.4 (0.4) 0.8 -1.1 0.8 (0.6) 0.3 1.2 0.03 (0.3) 0.1 -1.5 
PEA§ 0.02 (0.08) 0.2 1.4 0.04 (0.2) 0.002 1.4 0.2 (0.5) 0.2 1.4 
Phenylpropionylglycine** 0.001 (0.02) 0.005 1.3 0.002 (0.04) 0.001 1.4 0.2 (0.5) 0.3 1.2 
Sorbitol§ 0.007 (0.06) 0.04 1.7 0.3 (0.4) 0.4 1.3 0.01 (0.2) 0.06 2.2 
Sorbose§ 0.03 (0.1) 0.02 -1.1 0.3 (0.4) 0.2 -1.0 0.04 (0.4) 0.04 -1.1 
S-1P§ 0.003 (0.03) 0.03 1.2 0.0004 (0.01) 0.02 1.3 0.3 (0.5) 0.3 1.1 
Sn-1P§ 0.01 (0.06) 0.2 1.1 0.0001 (0.01) 0.0009 1.3 1.0 (0.6) 0.8 1.0 
Succinate§ <0.0001 (0.001) 0.0004 1.3 0.0003 (0.01) 0.0004 1.4 0.005 (0.2) 0.2 1.2 
Succinyladenosine 0.04 (0.1) 0.2 1.1 0.05 (0.2) 0.2 1.2 0.3 (0.5) 0.6 1.1 
Tryptophan§ 0.04 (0.1) 0.03 -1.1 0.7 (0.5) 0.7 -1.0 0.01 (0.2) 0.005 -1.2 
Uracil§ 0.05 (0.1) 0.5 1.2 0.04 (0.2) 0.2 1.2 0.5 (0.5) 0.7 1.2 

 
* = p-value from Mann Whitney test, † = Storey’s q value, ‡ = p-value corrected for age & packyears, § = metabolites confirmed with standard 
& MS/MS, ** = metabolites confirmed with MS/MS 
 
Definition of abbreviations: 12(13)EpODE = 12(13)-Epoxyoctadecadienoic acid, 12-HETE = 12-Hydroxyicosatetraenoic acid, 15-HEDE =15-
Hydroxyeicosadienoic acid, 4-HDoHE = 4-Hydroxydocosahexaenoic acid, 5(6)-EpETrE = 5(6)-Epoxyeicosatrienoic acid, AEA = N-
arachidonoylethanolamine, Asp-Leu = Aspartic acid-Leucine, FC = fold change, OH = Hydroxy, S = sulfate, Leu-Pro = Leucine-Proline, 
LysoPA = Lyso-phosphatidic acid. LysoPC = Lysophosphatidylcholine, LysoPE = Lysophosphatidylethanolamine, OEA = N-
oleoylethanolamine, PC = Phosphatidylcholine, PE = Phosphatidylethanolamine, PEA = N-palmitoylethanolamide, S-1P = Sphingosine-1-
phosphate, Sn-1P = Sphinganine-1-phosphate. 
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Table E3: Metabolite list from targeted Biocrates metabolomics analysis with concentration (µM) for each group and corresponding p-

value and q-value. 
 

Metabolites Female 
Smoker 

Female 
COPD 

Male 
Smoker 

Male COPD Smoker vs. COPD 
 
♀♂ p*(q†) ♀ p(q) ♂ p(q) 

Acetyl-ornithine 6.7±1.1 6.5±1.3 6.2±0.9 6.9±0.9 N.S. N.S. 0.03(0.3) 
Asymmetric dimethylarginine 0.5±0.1 0.5±0.1 0.4±0.1 0.5±0.1 N.S. 0.04(0.2) N.S. 
Alanine 349.9±77.5 393.8±95.9 347.4±77.9 385.7±70.8 0.05(0.1) N.S. N.S. 
α-Aminoadipic acid 0.9±0.3 0.9±0.2 1.0±0.3 1.0±0.3 N.S. N.S. N.S. 
Arginine 144.8±22.9 143.2±23.2 138.9±22.4 153.4±18.2 N.S. N.S. 0.05(0.3) 
Aspartate 21.7±4.9 26.6±5.3 22.3±4.8 26.9±3.8 0.001(0.02) 0.03(0.2) 0.01(0.3) 
Carnitine (C0) 50.4±11.8 51.1±11.2 55.8±12.7 58.7±11.3 N.S. N.S. N.S. 
Carnitine (C10:0) 0.3±0.1 0.4±0.2 0.4±0.1 0.5±0.2 0.009(0.05) 0.02(0.1) N.S. 
Carnitine (C10:1) 0.2±0.05 0.2±0.1 0.2±0.1 0.2±0.1 0.002(0.03) 0.002(0.05) N.S. 
Carnitine (C10:2) 0.05±0.01 0.1±0.01 0.1±0.01 0.1±0.02 0.01(0.06) 0.02(0.1) N.S. 
Carnitine (C12:0) 0.1±0.04 0.1±0.1 0.1±0.1 0.2±0.1 0.01(0.05) 0.01(0.1) N.S. 
Carnitine (C12:1) 0.1±0.04 0.2±0.1 0.2±0.1 0.2±0.1 0.001(0.02) 0.001(0.04) N.S. 
Carnitine (C12-DC) 0.1±0.01 0.1±0.005 0.1±0.01 0.1±0.01 N.S. N.S. N.S. 
Carnitine (C14:0) 0.02±0.01 0.04±0.01 0.03±0.01 0.03±0.01 0.001(0.02) 0.001(0.03) N.S. 
Carnitine (C14:1) 0.05±0.01 0.1±0.02 0.1±0.02 0.1±0.02 0.001(0.02) 0.001(0.03) N.S. 
Carnitine (C14:1-OH) 0.01±0.002 0.01±0.003 0.01±0 0.01±0.01 N.S. 0.03(0.2) N.S. 
Carnitine (C14:2) 0.02±0.01 0.03±0.01 0.02±0.01 0.03±0.01 0.04(0.1) 0.02(0.1) N.S. 
Carnitine (C14:2-OH) 0.01±0.003 0.01±0.002 0.01±0 0.01±0.002 0.008(0.05) 0.04(0.2) N.S. 
Carnitine (C16) 0.1±0.02 0.1±0.02 0.1±0.05 0.1±0.03 0.003(0.03) 0.01(0.1) N.S. 
Carnitine (C16:1) 0.02±0.005 0.03±0.01 0.03±0.01 0.03±0.01 0.002(0.03) 0.01(0.1) N.S. 
Carnitine (C16:1-OH) 0.02±0.002 0.01±0.003 0.02±0 0.02±0.004 N.S. N.S. N.S. 
Carnitine (C16:2) 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.008(0.05) 0.02(0.1) N.S. 
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Carnitine (C16:2-OH) 0.02±0.004 0.01±0.004 0.02±0 0.02±0.003 0.004(0.04) 0.02(0.1) N.S. 
Carnitine (C16-OH) 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.001(0.02) 0.006(0.1) N.S. 
Carnitine (C18:0) 0.05±0.02 0.1±0.01 0.1±0.02 0.1±0.02 N.S. N.S. N.S. 
Carnitine (C18:1) 0.1±0.03 0.1±0.03 0.1±0.05 0.1±0.04 0.03(0.1) N.S. N.S. 
Carnitine (C18:1-OH) 0.01±0.002 0.01±0.003 0.01±0 0.01±0.002 0.01(0.06) 0.01(0.1) N.S. 
Carnitine (C18:2) 0.03±0.01 0.03±0.01 0.03±0.01 0.04±0.01 N.S. N.S. N.S. 
Carnitine (C2:0) 5.4±2 6.1±2 6.2±2.5 7.5±4.2 N.S. N.S. N.S. 
Carnitine (C3:0) 0.3±0.1 0.3±0.1 0.3±0.1 0.4±0.1 N.S. N.S. N.S. 
Carnitine (C3:1) 0.01±0.001 0.01±0.001 0.01±0 0.02±0.002 N.S. N.S. N.S. 
Carnitine (C3-DC/C4-OH) 0.04±0.02 0.1±0.03 0.1±0.04 0.1±0.1 0.03(0.1) N.S. N.S. 
Carnitine (C3:0-OH) 0.02±0.004 0.02±0.004 0.02±0 0.02±0.004 N.S. N.S. N.S. 
Carnitine (C4:0) 0.2±0.1 0.2±0.1 0.2±0.1 0.2±0.05 N.S. N.S. N.S. 
Carnitine (C4:1) 0.03±0.01 0.02±0.004 0.03±0 0.02±0.003 0.006(0.04) N.S. 0.02(0.3) 
Carnitine (C5:0) 0.1±0.03 0.1±0.02 0.1±0.03 0.1±0.03 N.S. N.S. N.S. 
Carnitine (C5:1) 0.1±0.01 0.05±0.01 0.1±0.01 0.05±0.02 0.01(0.06) N.S. N.S. 
Carnitine (C5:1-DC) 0.04±0.01 0.03±0.01 0.04±0.01 0.04±0.01 0.005(0.04) N.S. 0.03(0.3) 
Carnitine (C5-DC/C6-OH) 0.03±0.01 0.03±0.004 0.03±0 0.03±0.004 N.S. N.S. N.S. 
Carnitine (C5:0-M-DC) 0.04±0.02 0.04±0.01 0.04±0.01 0.04±0.01 N.S. N.S. N.S. 
Carnitine (C5-OH/C3-DC-M) 0.03±0.01 0.03±0.01 0.03±0 0.03±0.004 N.S. N.S. N.S. 
Carnitine (C6:0/C4:1-DC) 0.1±0.03 0.1±0.03 0.1±0.03 0.1±0.03 0.008(0.05) 0.03(0.1) N.S. 
Carnitine (C6:1) 0.03±0.01 0.02±0.01 0.03±0.01 0.03±0.01 0.006(0.04) 0.02(0.1) N.S. 
Carnitine (C7:0-DC) 0.03±0.01 0.04±0.02 0.04±0.01 0.04±0.02 N.S. N.S. N.S. 
Carnitine (C8:0) 0.2±0.1 0.3±0.1 0.3±0.1 0.3±0.1 0.01(0.06) 0.03(0.1) N.S. 
Carnitine (C9:0) 0.03±0.01 0.03±0.01 0.03±0.01 0.04±0.02 0.05(0.1) 0.01(0.1) N.S. 
Citruline 38.8±10 41.4±6.7 39.4±9.7 36.6±9.1 N.S. N.S. N.S. 
Creatinine 83.3±13.3 80.3±18.4 99.9±16 96.4±19.8 N.S. N.S. N.S. 
Glutamine 645.7±69.2 718.7±108.6 681.6±116.4 702.1±128.8 N.S. N.S. N.S. 
Glutamic acid 100.4±32.9 89.9±32.5 96.4±29.5 99.6±50.4 N.S. N.S. N.S. 
Glycine 338.4±116.8 373.5±139.9 269.6±49.2 276.7±58.7 N.S. N.S. N.S. 
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Sugars 6086±818.1 6312±1225.1 6442.1±951.5 6230.1±1072.8 N.S. N.S. N.S. 
Histidine 94.1±10.1 95.2±10.5 93.7±9.9 96.6±13.8 N.S. N.S. N.S. 
Isoleucine 71.7±14.9 72.1±14.7 83.9±17.9 89.7±28.4 N.S. N.S. N.S. 
Kynurenine 2.3±0.9 2.7±0.7 2.5±1 2.2±0.6 N.S. N.S. N.S. 
Leucine 127.4±21.4 139.4±22.6 158.4±26.5 160.5±40.3 N.S. 0.04(0.2) N.S. 
Lysine 183.3±35.6 193.4±27.6 187.1±32.3 182.9±20.4 N.S. N.S. N.S. 
LysoPC (C14:0) 5.8±1.1 6.2±0.7 5.5±0.8 5.8±0.8 0.04(0.1) 0.05(0.2) N.S. 
LysoPC (C16:0) 137.6±25.7 144.4±27.8 138.1±29.9 149.4±29.2 N.S. N.S. N.S. 
LysoPC (C16:1) 4.7±2.3 5.1±1.5 4.3±1.8 5.9±3.1 0.05(0.1) N.S. N.S. 
LysoPC (C17:0) 2.8±0.5 2.7±0.6 2.4±0.5 2.6±0.7 N.S. N.S. N.S. 
LysoPC (C18:0) 42.2±7.6 44.6±7.9 41.5±8.6 45.1±8.7 N.S. N.S. N.S. 
LysoPC (C18:1) 35.6±11.6 37.2±10.2 37.3±10.7 42.6±16.4 N.S. N.S. N.S. 
LysoPC (C18:2) 43.5±23.8 39.4±10.6 48±15.3 43.2±11.1 N.S. N.S. N.S. 
LysoPC (C20:3) 3.3±1 3.5±1 3.7±1.2 3.9±1.1 N.S. N.S. N.S. 
LysoPC (C20:4) 7.2±1.5 7.6±2.2 8.8±2.8 9.3±2.9 N.S. N.S. N.S. 
LysoPC (C24:0) 0.4±0.1 0.5±0.2 0.5±0.1 0.5±0.2 N.S. N.S. N.S. 
LysoPC (C26:0) 0.6±0.3 0.7±0.3 0.7±0.3 0.8±0.6 N.S. N.S. N.S. 
LysoPC (C26:1) 0.4±0.2 0.5±0.2 0.4±0.2 0.5±0.3 N.S. N.S. N.S. 
LysoPC (C28:0) 0.7±0.2 0.8±0.3 0.7±0.2 0.7±0.4 N.S. N.S. N.S. 
LysoPC (C28:1) 0.9±0.3 1±0.2 0.8±0.3 0.8±0.3 N.S. N.S. N.S. 
Methiotine 24.2±3 25.9±5.4 29.2±4.8 28.4±7.7 N.S. N.S. N.S. 
Methionine-Sulfoxide 1.2±0.7 0.8±0.7 1.1±0.6 0.7±0.3 0.006(0.04) N.S. N.S. 
Ornithine 80.4±18.2 97.4±20.8 88.2±24 81.3±22.2 N.S. 0.008(0.1) N.S. 
PC (C24:0) 0.2±0.1 0.2±0.1 0.2±0.1 0.2±0.2 N.S. N.S. N.S. 
PC (C26:0) 1.1±0.5 1.2±0.4 1.1±0.5 1.3±0.9 N.S. N.S. N.S. 
PC (C28:1) 4.5±0.9 4.3±0.8 3.3±0.6 3.5±0.6 N.S. N.S. N.S. 
PC (C30:0) 5.7±1.9 6.3±1.3 4.5±1.5 5±1.8 N.S. N.S. N.S. 
PC (C32:0) 15.5±3.2 16.7±2.5 13.7±3.2 15.2±4.2 N.S. N.S. N.S. 
PC (C32:1) 25.1±17.1 27.5±10.9 20.2±11.1 31.6±22.5 N.S. N.S. N.S. 
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PC (C32:3) 0.6±0.1 0.6±0.1 0.5±0.1 0.5±0.1 N.S. N.S. N.S. 
PC (C34:1) 212.2±19 209±14.4 197.8±23.1 210.5±28.1 N.S. N.S. N.S. 
PC (C34:2) 213.1±15.4 205.7±14.2 199.5±19.1 208.4±23.4 N.S. N.S. N.S. 
PC (C34:3) 20.7±7.9 21.3±5.6 17±4 21.9±10.3 N.S. N.S. N.S. 
PC (C34:4) 1.9±0.8 2.1±0.5 1.6±0.6 1.9±0.8 N.S. N.S. N.S. 
PC (C36:0) 5.9±1.6 5.5±1.7 4.9±1.3 4.9±1.5 N.S. N.S. N.S. 
PC (C36:1) 81.7±20 85.2±19.7 68.4±16.2 80.3±25.8 N.S. N.S. N.S. 
PC (C36:2) 186.9±15.2 178.4±15.2 174.7±14.4 183.1±19.8 N.S. N.S. N.S. 
PC (C36:3) 137.7±27.4 137.4±25.7 124.6±22.3 139.6±30.5 N.S. N.S. N.S. 
PC (C36:4) 179.5±26.7 181.5±20.6 167.8±37.5 183±41.1 N.S. N.S. N.S. 
PC (C36:5) 39.9±15.6 45.7±44.7 30±17.4 31.8±17 N.S. N.S. N.S. 
PC (C36:6) 1.4±0.5 1.4±0.8 1±0.5 1.1±0.4 N.S. N.S. N.S. 
PC (C38:0) 3.4±0.8 3.5±0.9 2.9±0.6 2.9±0.6 N.S. N.S. N.S. 
PC (C38:3) 50.4±11.1 55.1±7.9 45.4±12.5 51.5±9.9 N.S. N.S. N.S. 
PC (C38:4) 82.9±19.4 88.4±12.7 78.2±21.7 92±27.7 N.S. N.S. N.S. 
PC (C38:5) 60.2±17.1 64.6±30.1 49.2±14.4 56.1±20.7 N.S. N.S. N.S. 
PC (C38:6) 90.7±22.9 84.9±28.3 61.6±17.1 80.7±25 N.S. N.S. N.S. 
PC (C40:1) 0.6±0.1 0.6±0.2 0.6±0.1 0.5±0.1 N.S. N.S. N.S. 
PC (C40:2) 0.7±0.2 0.8±0.5 0.7±0.3 0.6±0.2 N.S. N.S. N.S. 
PC (C40:3) 1±0.2 1.2±0.5 1±0.3 0.9±0.2 N.S. N.S. N.S. 
PC (C40:4) 3.4±0.8 3.6±0.9 3.4±1 3.9±1.2 N.S. N.S. N.S. 
PC (C40:5) 10.2±3 11±3.1 8.8±2.4 11±4.1 N.S. N.S. N.S. 
PC (C40:6) 28.5±7.5 29.5±11.4 20.2±6.6 28.4±9.6 N.S. N.S. N.S. 
PC (C42:0) 0.6±0.1 0.6±0.1 0.5±0.1 0.5±0.1 N.S. N.S. N.S. 
PC (C42:1) 0.3±0.1 0.4±0.1 0.3±0.1 0.3±0.1 N.S. N.S. N.S. 
PC (C42:2) 0.4±0.1 0.4±0.2 0.4±0.1 0.3±0.1 N.S. N.S. N.S. 
PC (C42:4) 0.4±0.1 0.4±0.3 0.4±0.1 0.3±0.1 N.S. N.S. N.S. 
PC (C42:5) 0.5±0.1 0.5±0.2 0.4±0.1 0.5±0.1 N.S. N.S. N.S. 
PC (C42:6) 0.6±0.1 0.7±0.3 0.6±0.1 0.6±0.2 N.S. N.S. N.S. 
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PC (C30:0) 0.6±0.1 0.6±0.1 0.5±0.1 0.5±0.1 N.S. N.S. N.S. 
PC (C30:1) 0.2±0.1 0.3±0.1 0.2±0.1 0.2±0.1 N.S. N.S. N.S. 
PC (C30:2) 0.2±0.05 0.2±0.1 0.2±0.05 0.2±0.1 N.S. N.S. N.S. 
PC (C32:1) 2.8±0.4 3±0.4 2.5±0.5 2.5±0.4 N.S. N.S. N.S. 
PC (C32:2) 0.8±0.1 0.9±0.2 0.7±0.1 0.7±0.2 N.S. N.S. N.S. 
PC (C34:0) 2.1±0.4 2.1±0.4 1.6±0.5 1.8±0.5 N.S. N.S. N.S. 
PC (C34:1) 11.1±1.8 11.4±1.7 9.2±1.7 10.1±2.1 N.S. N.S. N.S. 
PC (C34:2) 11.4±1.8 11.2±2.2 10.2±2.1 9.4±1.7 N.S. N.S. N.S. 
PC (C34:3) 7.8±1.6 7.5±1.8 6.9±1.4 6.2±1.4 N.S. N.S. N.S. 
PC (C36:0) 1.5±0.5 1.8±0.5 1.3±0.4 1.6±0.7 N.S. N.S. N.S. 
PC (C36:1) 18.1±3.9 17.1±4.3 14.7±3.3 14.4±3.2 N.S. N.S. N.S. 
PC (C36:2) 14.7±2.6 13.5±3 11.3±1.1 11.5±2 N.S. N.S. N.S. 
PC (C36:3) 7.1±1.4 7.1±1.1 6.7±1.4 6.3±1.2 N.S. N.S. N.S. 
PC (C36:4) 13.4±4.2 13.6±2.2 14±3.7 13.6±2.6 N.S. N.S. N.S. 
PC (C36:5) 11.2±3 11.6±3.8 11±2.9 10.4±2 N.S. N.S. N.S. 
PC (C38:0) 2.5±0.6 2.4±0.7 1.9±0.6 1.9±0.6 N.S. N.S. N.S. 
PC (C38:1) 2±0.8 2.1±2.1 2.1±1.1 1.4±0.8 0.04(0.1) N.S. N.S. 
PC (C38:2) 2.7±0.9 2.6±1.8 2.8±1 2.1±0.9 0.006(0.04) N.S. 0.04(0.3) 
PC (C38:3) 8.2±2.9 7.7±5 8±3.3 5.9±1.6 0.04(0.1) N.S. N.S. 
PC (C38:4) 10.6±2.1 10.9±1.8 10.8±2.7 10±1.7 N.S. N.S. N.S. 
PC (C38:5) 13.4±2.5 14.1±2.4 13.8±3.1 13.6±1.9 N.S. N.S. N.S. 
PC (C38:6) 7.4±1.8 7.6±2.7 6.3±1.6 6.3±1.1 N.S. N.S. N.S. 
PC (C40:1) 1.4±0.3 1.3±0.3 1.2±0.3 1.2±0.3 N.S. N.S. N.S. 
PC (C40:2) 3.2±0.6 3±0.8 2.6±0.7 2.6±0.6 N.S. N.S. N.S. 
PC (C40:3) 3±1.4 2.8±2.5 3.1±1.5 2±0.8 N.S. N.S. N.S. 
PC (C40:4) 2.9±1.1 2.8±1.5 3.1±1.2 2.3±0.6 N.S. N.S. N.S. 
PC (C40:5) 4.9±2 4.5±2.4 4.7±1.8 3.6±1 N.S. N.S. N.S. 
PC (C40:6) 4.5±1 4.4±0.9 3.6±0.8 3.7±0.7 N.S. N.S. N.S. 
PC (C42:0) 0.6±0.1 0.6±0.2 0.5±0.1 0.6±0.1 N.S. N.S. N.S. 

Page 79 of 111 European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 37 of 42	
  

PC (C42:1) 0.4±0.1 0.5±0.2 0.5±0.2 0.4±0.1 N.S. N.S. N.S. 
PC (C42:2) 0.7±0.1 0.7±0.2 0.6±0.1 0.6±0.1 N.S. N.S. N.S. 
PC (C42:3) 1±0.2 1±0.4 0.9±0.2 0.8±0.2 N.S. N.S. N.S. 
PC (C42:4) 1±0.2 1.1±0.4 1±0.2 0.9±0.2 N.S. N.S. 0.04(0.3) 
PC (C42:5) 2.3±0.5 2.3±0.8 2.3±0.6 2±0.4 N.S. N.S. N.S. 
PC (C44:3) 0.2±0.1 0.2±0.1 0.2±0.1 0.2±0.05 N.S. N.S. N.S. 
PC (C44:4) 0.4±0.1 0.5±0.1 0.4±0.1 0.4±0.1 N.S. N.S. N.S. 
PC (C44:5) 1.4±0.3 1.6±0.4 1.5±0.3 1.5±0.3 N.S. N.S. N.S. 
PC (C44:6) 1.1±0.2 1.2±0.2 1±0.2 1±0.2 N.S. N.S. N.S. 
Phenylalanine 72.8±11 78.6±12.8 81.5±9.7 82.6±9.2 N.S. N.S. N.S. 
Proline 188.2±28.9 215.8±38.3 225.9±42.3 248.2±74 N.S. N.S. N.S. 
Putrescine 0.1±0.05 0.2±0.04 0.2±0.04 0.2±0.1 N.S. N.S. N.S. 
Sarcosine 18.3±3.8 19.8±3.4 18±3.1 20.1±3.3 0.05(0.1) N.S. N.S. 
Symmetric dimethylarginine 0.6±0.1 0.6±0.1 0.6±0.1 0.6±0.1 N.S. N.S. N.S. 
Serine 142.1±23.6 146±27.8 140.7±23.7 138.2±16.3 N.S. N.S. N.S. 
Serotonin 0.8±0.4 0.9±0.5 0.8±0.2 0.9±0.3 N.S. N.S. N.S. 
SM (C14:1-OH)  10.7±1.9 10.2±2.2 7.6±1.1 7.8±2.1 N.S. N.S. N.S. 
SM (C16:1-OH)  6.9±1.4 6.8±1.4 5.1±0.7 5.1±1.3 N.S. N.S. N.S. 
SM (C22:1-OH)  48.7±8 49.1±7.6 37.6±6.2 36.7±8.9 N.S. N.S. N.S. 
SM (C22:2-OH)  58±9.5 58.4±11.1 41±5.8 41.9±8.6 N.S. N.S. N.S. 
SM (C24:1-OH)  2.3±0.4 2.5±0.5 2±0.4 2±0.5 N.S. N.S. N.S. 
SM (C16:0) 198.8±22.4 222.5±32.7 179.6±26.5 183.5±31.9 N.S. N.S. N.S. 
SM (C16:1) 28.6±4.2 32±4.6 24.2±4 25±3.8 N.S. 0.05(0.2) N.S. 
SM (C18:0) 58.9±12 60.6±6.1 46.9±7.1 45.9±6.6 N.S. N.S. N.S. 
SM (C18:1) 23.9±6 25.5±4.5 18.7±3.4 18.1±2.2 N.S. N.S. N.S. 
SM (C20:2) 0.9±0.2 0.8±0.2 0.6±0.1 0.7±0.1 N.S. N.S. 0.05(0.3) 
SM (C24:0) 47.7±7.4 53.4±9.3 45.5±8.2 42.8±8.9 N.S. N.S. N.S. 
SM (C24:1) 202.2±32.7 225.2±40.2 183.3±31.7 200.5±44.4 0.05(0.1) N.S. N.S. 
SM (C26:0) 0.4±0.1 0.5±0.1 0.4±0.1 0.3±0.1 N.S. N.S. N.S. 
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SM (C26:1) 0.8±0.2 0.9±0.2 0.7±0.1 0.7±0.2 N.S. N.S. N.S. 
trans4-OH-Proline 14.8±7.1 12.6±6.2 13.8±6.1 19.4±12.3 N.S. N.S. N.S. 
Taurine 131.3±24.6 150.9±34.7 118.8±25.4 139.6±37.1 N.S. N.S. N.S. 
Threonine 122±17.8 134.4±42.6 131.3±28.2 149.5±54.4 N.S. N.S. N.S. 
Trptophan 90.7±20.6 82±13.4 94.9±14.1 78.9±10.2 0.003(0.03) N.S. 0.001(0.04) 
Tyrosine 73.3±12.4 81.3±14.6 83.4±14.9 81.3±11.8 N.S. N.S. N.S. 
Valine 271.2±32.9 255.1±28.3 281.3±27.9 271.1±30.4 N.S. N.S. N.S. 

 
* = p-value from Mann Whitney test, † = Storey’s q-value, concentrations are presented as mean ± standard deviation 
Definition of abbreviations: LysoPC= lysophosphatidylcholine, N.S. = not significant, OH= hydroxyl, PC= phosphatidylcholine, SM= 
sphingomyelin. 
 
Data were acquired using the Biocrates AbsoluteIDQ p180 kit. 
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