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The former mainly consists of intestinal obstruction and 
meconium ileus, pancreatic malfunction, and intestinal 
malabsorption. The latter leads to chronic obstructive pul-
monary disease with recurrent infections and exacerba-
tions, ultimately resulting in respiratory insuffi ciency and 
death ( 2 ). In general, there is a weak correlation between 
genotype and phenotype ( 3 ), which strongly suggests ei-
ther the existence of modifi er genes or a strong infl uence 
of epigenetic factors, such as environment and methyla-
tion/acetylation of DNA and/or proteins. Modifi er genes 
have been the subject of an extensive body of research in 
the last few years (recently reviewed in Refs.  4  and  5 ). Ex-
ploration of epigenetic factors in CF is in its beginning 
stage ( 6 ). This limited correlation makes it diffi cult to esti-
mate the prognosis and evolution of the disease, and to 
optimize treatments and prophylactic actions. The search 
for predictive or prognostic biomarkers has become capi-
tal in the CF fi eld. Biomarkers obtained by rapid, noninva-
sive methods could be used in the earlier detection of CF 
exacerbations or as prognostic indicators. 

 Intense proteomics research to unveil protein markers 
has resulted in fi nding associations between myeloperoxi-
dase, interleukin (IL)-8, cleaved  � -antitrypsin, and S100A8 
(CF antigen) in sputum and the frequency of pulmonary 
exacerbations ( 7 ) or directly in the presence of CFTR muta-
tions ( 8, 9 ), in addition to proteomic signatures in serum 
or corresponding to known infl ammation markers ( 10 ) or 
other proteins differentially expressed in target tissues of 
CF before the appearance of any sign of the disease, like 
annexin-1 ( 11 ), cytosolic phospholipase A2 �  ( 11 ), cytokera-
tins 8 and 18 ( 12 ), and peroxiredoxin 6 ( 13, 14 ). More 
recently, sputum proteomics has revealed that a proline-
glycine-proline (PGP) peptide, an extracellular matrix-
derived neutrophil attractant, is a marker of infl ammatory 
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 Cystic fi brosis (CF) is a genetic disease attributed to mu-
tations in the  CFTR  gene, coding for a widely expressed 
chloride channel ( 1 ). The disease phenotype is mostly 
circumscribed to the digestive and respiratory systems. 
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clinical parameters at both time points. This suggests a po-
tential prognostic value for some of those lipid signatures 
in relation to the progression of CF disease. 

 MATERIALS AND METHODS 

 Ethics statement 
 All protocols were approved by the Ile-de-France II ethical 

committee. All patients involved in the study or their parents or 
legal guardians signed a written consent form. 

 Patient description and sample collection 
 Blood plasma samples were collected from CF patients at 

Hôpital Necker Enfants Malades (Paris, France) using a standard 
clinical protocol. All patients were at a good nutritional status 
and out of exacerbation period at the time of collection. All pa-
tients were receiving vitamins A, D, E, and K supplements as well 
as pancreatic enzymes. Sixteen patients were receiving inhaled 
corticoids. Blood collection was done at fasting. The analysis was 
performed on samples from 44 patients (description of patients 
is presented in   Table 1  ).  Sample collection was carried out with 
appropriate ethical committee approval. Samples were collected 
in VACUETTE® EDTA tubes K3E/EDTA K3 (Greiner Bio-One, 
Kremsmünster, Austria) and centrifuged at 2800  g  for 15 min at 
4°C. Plasma was separated and dispensed into 100 µl aliquots so 
that each aliquot was subjected to a single freezing-thawing cycle. 
Plasma samples were frozen in liquid nitrogen and stored at 
–80°C. 

 Genetic and clinical assessment 
 Patients were chosen according to their  CFTR  mutation geno-

type. All patients were homozygous for F508del. Pulmonary func-
tion test results (FEV1) were expressed as the percentage of the 
predicted value ( 32 ). FEV1 could only be recorded in 29 patients 
at the beginning of the study and in 31 patients three years later. 
In most cases, this was due to the short age of patients. Chronic 
colonization with  Pseudomonas aeruginosa  (defi ned by at least 
three positive sputum cultures within three months) was re-
corded for each patient at the beginning of the study and for 34 
patients three years later. 

 Lipid extraction 
 Aliquots of 100 µl of plasma were subjected to organic extraction 

by addition of six volumes of chloroform-methanol 2:1 (v/v) con-
taining a mixture of internal standards (all from Avanti Polar Lip-
ids, Alabaster, AL, unless stated otherwise); namely, heptadecanoic 
acid (Nu-Chek Prep, Elysian, MN), d 8 -arachidonic acid (Cayman 
Chemicals, Ann Arbor, MI), heptadecenoylethanolamide (synthe-
sized as previously reported ( 33 )), trinonadecenoin (Nu-Chek 
Prep), dinonadienoyl- sn -glycerol (Nu-Chek Prep), monoheptade-
canoyl- sn -glycerol (Nu-Chek Prep), d 8 -2-arachidonoyl- sn -glycerol 
(Cayman Chemicals), 1,2-diheptadecanoyl- sn -glycero-3-phospho-
ethanolamine, 1,2-diheptadecanoyl- sn -glycero-3-phosphoglycerol, 
1,2-diheptadecanoyl- sn -glycero-3-phosphocholine, 1,2-diheptad-
ecanoyl- sn -glycero-3-phosphoserine, 1,2-dipalmitoyl- sn -glycero-
3-phosphoinositol, N-lauroyl-ceramide, N-lauroyl-sphingomyelin, 
and d 7 -cholesterol. 

 LC-MS 
 LC-MS analyses were performed using an Agilent 1200-LC sys-

tem coupled to a 1946D or Ion-Trap XCT detector interfaced 
with ESI or APCI (Agilent Technologies, Wilmington, DE). To 
separate lipids containing one fatty acyl group, a reversed-phase 

exacerbation in CF ( 14 ). In a recent report, a SELDI-based 
screening of serum and nasal cells from patients with CF 
and other respiratory diseases suggested that combina-
tions of peptide ions studied by multivariate analysis have 
a better predictive value than individual species ( 15 ). 

 In addition to proteins and peptides, smaller molecules 
like metabolites and particularly lipids may represent an 
interesting target in the biomarker search. Several pio-
neering metabolomic profi ling studies in CF have been 
reported very recently. The fi rst revealed the presence of a 
high content of metabolites, such as amino acids and lac-
tate, as markers of infl ammation in broncho-alveolar 
fl uid from CF patients ( 16 ). The second unveiled modifi ca-
tions in purinergic signaling, glucose metabolism, and the 
response to oxidative stress in CF cells ( 17 ). The third 
presented volatile organic compounds as markers of 
 Pseudomonas aeruginosa  colonization ( 18 ). 

 With reference to lipids, alterations in the lipid content 
of cells and fl uids of CF patients and models have been 
reported since the early sixties. These alterations include a 
decrease in circulating essential fatty acids ( 19, 20 ), phos-
pholipids, and lysophospholipids ( 21 ); decreased polyun-
saturated fatty acids in lung, intestine, and pancreas of 
mice ( 22, 23 ) and nasal cells of patients ( 24 ), mostly asso-
ciated with an imbalanced n-3/n-6 ratio; and decreased li-
noleic acid ( 19, 25 ) and lipoxin A4 in lung exudates from 
patients ( 26 ). These alterations have been attributed 
largely to malabsorption ( 19 ), increased fl ux through the 
n-6 biosynthetic pathway ( 25, 27, 28 ), and an alteration in 
the methionine-homocysteine cycle ( 29, 30 ). 

 As in protein biomarker research, we have recently 
evoked the usefulness of multivariate analysis in lipidom-
ics ( 31 ). In a recent paper, we have shown altered phos-
pholipid plasma content associated with both the onset 
and severity status of the disease ( 21 ). In the present work, 
we have addressed the same question by analyzing the 
plasma lipid composition of CF patients in a cohort com-
posed exclusively of F508del homozygotes who shared the 
same treatment modalities and follow-up from one clinical 
center. On the basis of previous reports, in this study we 
have covered the main lipid classes by targeting our analy-
sis on phosphatidylcholine (PC) and lysophosphatidylcho-
line (LPC) species, as well as on free fatty acids, cholesterol, 
cholesterol esters, triglycerides, and ceramides. We have 
also addressed for the fi rst time in CF the analysis of fatty 
acyl amides. 

 We have compared these lipid signatures at one time 
point with two clinical parameters. The fi rst parameter was 
the forced respiratory volume in 1 s (FEV1), considered 
today the most reliable marker of respiratory function and 
disease severity in CF. The second parameter was chronic 
infection by  Pseudomonas aeruginosa , the most common 
bacteria in CF patients, a marker of the infl ammation-
infection scenario, and one of the main prognostic indica-
tors of worsening in lung disease. Both parameters were 
measured at two time points, which represent a longitudi-
nal study of disease evolution and a cross-sectional lipid 
screening. As a result, we show the correlation of the 
plasma content of a series of lipid species with relevant 
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100% B in 5 min (75% A to 100% B in 4 min in the case of 
sterol lipids) at a fl ow rate of 1.0 ml/min with column tem-
perature set at 50°C. MS detection was performed both in the 
positive and negative ionization modes. The capillary voltage 
was set at  � 4.0 kV, and the skimmer voltage at 40V. N 2  was 
used as drying gas at a fl ow rate of 10 l/min with temperature 
of 350°C and nebulizer pressure of 60 psi. Helium was used as 
collision gas, and fragmentation amplitude was set at 1.2V. For 
sterol lipids, APCI was set in positive mode, drying gas at 
350°C, fl ow rate of 8 l/min, nebulizer gas pressure at 30 psi, 
vaporizer temperature at 475°C. Capillary voltage was 300V 
with the corona current at 5  � A  . 

 Lipids were identifi ed by comparing their LC retention times 
and MS n  fragmentation patterns with those of authentic stan-
dards as previously described ( 33, 34 ). Because of the coexistence 
of multiple isobaric and isomeric species, not every individual 
molecular species of glycerophospholipids could be quantifi ed. 
For example, the isobars PC(16:1/16:1) and PC(14:0/18:2) were 
quantifi ed together and expressed as PC(32:2). Detection and 
analysis were controlled by Agilent/Bruker Daltonics software 
version 5.2. 

C-18 column packed with conventional porous silica particles of 
small spherical diameter (Zorbax XDB Eclipse C-18 column from 
Agilent Technologies, 50 × 4.6 mm id, 1.8 µm particle size, 80 Å 
pore size) was used. Fatty acyl species were separated by a binary 
liquid chromatography method. Mobile phase A consisted of 
methanol containing 0.25% acetic acid and 5 mM ammonium 
acetate, and mobile phase B corresponded to water containing 
0.25% acetic acid and 5 mM ammonium acetate. Separation was 
performed using a linear gradient from 90% A to 100% B in 2.5 
min at a fl ow rate of 1.5 ml/min with column temperature at 
40°C. ESI was set in the negative mode at  � 4.0 kV capillary volt-
age and 100V fragmentor voltage. N 2  was used as drying gas at a 
fl ow rate of 12 l/min with temperature of 350°C and nebulizer 
pressure of 60 psi. Fatty acids were analyzed monitoring the mass-
to-charge ratio ( m/z ) of the deprotonated molecular ions [M-H]  �   
in selected-ion monitoring mode. 

 To separate glycerolipids, glycerophospholipids, sphingo-
lipids, and sterol lipids, a reversed-phase Poroshell 300SB C-18 
column (2.1 × 75 mm id, coating layer of 0.25 µm on total 
particle diameter of 5 µm, 300 Å pore size; Agilent Technolo-
gies) was used. A linear gradient was applied from 85% A to 

 TABLE 1. Description of patients 

Patient Code
Age at Inclusion

(years)
FEV1%
(t = 0)

FEV1%
(t = 3)

Chronic Colonization
(t = 0)

Chronic Colonization
(t = 3)

Infection 
Evolution Group

1 10 99 74 No No A
2 17 97 60 No ND
3 19 67 70 Yes No D
4 19 24 27 No Yes B
5 3 ND ND No ND
6 4 ND 40 No Yes B
7 17 79 54 No No A
8 12 85 79 No Yes B
9 14 35 30 Yes ND

10 17 50 91 Yes Yes C
11 7 100 88 Yes Yes C
12 7 98 83 No No A
13 8 58 56 Yes Yes C
14 1 ND ND Yes Yes C
15 9 ND 39 No Yes B
16 18 35 54 Yes Yes C
17 41 64 ND No ND
18 13 60 63 Yes ND
19 33 20 ND Yes ND
20 14 34 24 Yes Yes C
21 2 ND ND No Yes B
22 9 88 72 No No A
23 10 94 95 No Yes B
24 17 71 84 No Yes B
25 9 ND ND Yes ND
26 28 31 ND Yes ND
27 2 ND ND No No A
28 1 ND ND No Yes B
29 8 ND 75 No ND
30 15 56 ND No No A
31 1 ND ND No No A
32 13 54 40 No Yes B
33 2 ND ND No ND
34 5 ND ND No No A
35 15 32 22 No Yes B
36 7 99 89 No No A
37 8 100 85 No Yes B
38 5 ND 53 No Yes B
39 9 94 81 No Yes B
40 18 ND 49 Yes Yes C
41 18 54 50 Yes Yes C
42 13 72 56 Yes Yes C
43 16 ND 62 No No A
44 8 86 82 No No A

ND, not determined.
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the C16:1/C16:0 ratio, was also positively correlated with 
FEV1 at t = 3 (n = 31,  r  = 0.4540,  p  = 0.0117).   Fig. 1    shows 
the scatter plots corresponding to the plasma concentra-
tion of two fatty acids, one PUFA (C22:5n-3;  Fig. 1A ) that 
is normally esterifi ed in glycerophospholipids and one 
monounsaturated (C24:1;  Fig. 1B ) that is usually found in 
sphingolipids, against FEV1 data at both t = 0 and t = 3. 
C22:5n-3 is shown as an example of those free fatty acids 
(mostly PUFA) that present a signifi cant correlation with 
FEV1 ( Fig. 1A ) in contrast to C24:1, which shows no cor-
relation ( Fig. 1B ). 

 The potential association of lipid signatures with FEV1 
variation between t = 0 and t = 3 (delFEV1) was also calcu-
lated. In this case, the plasma levels of fatty acid ethanol-
amides, including anandamide, palmitoylethanolamide 
(PEA) and oleoylethanolamide (OEA) were negatively 
correlated with delFEV1 (  Fig. 2  ).  Only the correlation of 
OEA and delFEV1 could be considered signifi cant (n = 17, 
 r  = 0.618,  p  = 0.008). 

 Some lipid signatures are associated with  Pseudomonas 
aeruginosa  colonization 

 At t = 0, those patients colonized by  Pseudomonas aerugi-
nosa  showed signifi cantly lower levels of PC(38:5), PC(32:2) 
and C18:3n-3, and higher levels of cholesterol, cholesterol 
esters, and total triacylglycerols (TAG) than noncolonized 
patients (n = 44,   Fig. 3  ).  Differences between colonized 
and noncolonized patients at t = 3 (n = 34) were limited to 
LPC(18:0), which was signifi cantly lower in patients that 
were colonized at t = 3 (12.6 versus 19.6 nmol/ml,  p  = 
0.013). Interestingly, this lipid was also differentially dis-
played depending on the evolution of infection. The latter 
was studied by grouping patients according to their infec-
tion status at both t = 0 and t = 3 (A: noncolonized, n = 11; 
B: evolved from noncolonized at t = 0 to colonized at t = 3, 
n = 13; C: colonized at both time points, n = 9). As shown 
in   Fig. 4A   (left panel),  LPC(18:0) was signifi cantly lower in 
patient group C than in noncolonized patient group A. 
Accordingly, patients noncolonized at t = 0 but colonized 
at t = 3 (group B) presented intermediate values, although 
not statistically different from groups A and C. This result 
suggested for LPC(18:0) a predictive value concerning 
chronic infection. Another differentially displayed lipid 
signature was TAG, which was signifi cantly increased in 
group C compared with groups A and B ( Fig. 4A , right 
panel), strongly suggesting an association of this lipid class 
with chronic infection. 

 Signature comparisons and statistical analyses 
 Signatures were compared   with clinical parameters recorded 

at the time of sample collection (t = 0) and three years later (t = 
3). Patients 2 and 15 showed abnormally high values for most 
free fatty acids (about 10-fold). Where indicated, these patients 
were excluded from the analysis. For some patients, the analytical 
data corresponding to some lipids are missing due to technical 
problems. Also, some clinical parameters could not be recorded 
at both time points for some patients. The number of data avail-
able is indicated for each test. Data are generally presented as 
means ± SEM. 

 Statistical analysis included univariate and multivariate analy-
ses. All variables showed normal distributions, and parametric 
tests were chosen. Among univariate analyses, Student’s  t -test was 
used to compare two groups of patients, ANOVA to compare 
more than two groups, and Pearson correlation for comparison 
of numeric variables within the cohort. Multivariate analysis in-
cluded multiple regression for numeric dependent variables, lo-
gistic regression for nominal dependent variables, and principal 
component analysis (PCA). Analyses were performed with XL-
Stat, PopTools, and GraphPad InStat software. 

 RESULTS 

 Free fatty acids and fatty acid ethanolamides are 
associated with respiratory function 

 On the basis of our previous results ( 21, 24 ) and reports 
by others ( 35–37 ), we fi rst focused our lipidomic screen-
ing on 50 lipid molecules or entities. After multiple Pear-
son correlation analysis of the lipid values at t = 0 with 
FEV1 measured at sampling time, a series of lipid signa-
tures were found correlated with this respiratory func-
tional parameter (n = 29,  p  < 0.05). These lipid signatures 
corresponded to free fatty acids, including saturated, 
mono-, and polyunsaturated species (  Table 2  ).  

 Interestingly, selected PUFA were signifi cantly correlated 
with FEV1 at t = 3 (n = 31), which confers them a predic-
tive potential on this parameter. This included C20:5n-3, 
C22:5n-3, and C22:6n-3, known as anti-infl ammatory mol-
ecules, and C20:3n-9, the endpoint of the n-9 series. Also, 
two PC species [PC(36:4) and PC(32:2)] were also posi-
tively correlated with FEV1 at t = 3 (n = 31). These lipids 
and their respective correlation values are presented in 
  Table 3  .  In addition, the desaturation index, defi ned by 

 TABLE 2. Lipid species correlated signifi cantly with FEV1 
values obtained at t = 0 

Lipid Species  r    p 

C16:1n-7 0.3919 0.0432
C16:0 0.4702 0.0133
C18:1n-9 0.3873 0.0459
C18:0 0.4857 0.0102
C18:3n-3 0.3817 0.0494
C18:2n-6 0.3732 0.0461
C20:3n-6 0.5208 0.0059
C20:3n-9 0.5735 0.0018
C22:5n-6 0.4148 0.0314
C22:5n-3 0.5633 0.0022
C20:5n-3 0.4035 0.0369
C22:6n-3  a  0.3744 0.0497

The analysis was performed by linear regression ( p  < 0.05).
  a   Patient 2 was excluded due to abnormally high values.

 TABLE 3. Lipid species and ratios signifi cantly correlated with 
FEV1 values measured at t = 3 ( p  < 0.05) 

Lipid Species r p

PC(32:2) 0.3373 0.0269
PC(36:4) 0.3668 0.0424
C20:3n-9a 0.5342 0.0028
C20:5n-3a 0.3979 0.0325
C22:5n-3a 0.5738 0.0011
C22:6n-3b 0.5156 0.0050
C16:1/C16:0 (unsaturation index) 0.4540 0.0117

a Patient 2 was excluded.
b Patients 2 and 15 were excluded due to abnormally high values.
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 Phenotype prediction by multivariate analysis 
 To establish predictive models for FEV1 and bacterial 

colonization, multiple regression and logistic regression 
approaches were used, respectively. The number of inde-
pendent variables was restricted to four, given   the limited 
number of individuals and missing data for some of the 
lipids. Only lipids showing the most signifi cant associa-
tions with any of the clinical parameters by univariate 
analysis were chosen for multiple regression, namely, 
LPC(18:0), C22:5n-3, total TAG, and OEA (designed as B, 
C, D, and E, respectively). Alternatively, a three-variable sys-
tem was considered by excluding OEA, due to the smaller 
number of observations for this lipid (n = 28). 

 Multiple regression models were used to evaluate poten-
tial prediction of FEV1 at t = 0 and t = 3, as well as delFEV1. 
None of the three models was signifi cantly predictive ( p  = 
0.0809,  p  = 0.0881,  p  = 0.1608, respectively). Nevertheless, 
C22:5n-3 contributed signifi cantly to the prediction of 
FEV1 at both t = 0 ( p  = 0.0434) and t = 3 ( p  = 0.0193), and 
OEA contributed signifi cantly to the prediction of delFEV1 
( p  = 0.0379), in accordance with the results of univariate 
analysis. FEV1 at t = 0 and t = 3 were predicted signifi -
cantly by the following two-variable models composed of 
C22:5n-3 and TAG ( p  = 0.0370 and  p  = 0.0323, respec-
tively), with a signifi cant contribution of C22:5n-3 in 
both cases ( p  = 0.0418 and  p  = 0.0106, respectively):  A[FEV1 

 Extremes of phenotype confi rm differences in free fatty 
acids and OEA 

 An additional study was performed by selecting ex-
tremes of phenotype based on FEV1 values. For this analy-
sis the fi ve patients who showed the highest and the fi ve 
patients who showed the lowest FEV1 at each time point 
were chosen. 

 At t = 0, signifi cant differences were found in several 
free fatty acids, including saturated (C16:0 and C18:0), 
middle-chain monounsaturated (C16:1n-7, C18:1n-9), 
n-6 polyunsaturated (C20:3n-6, C20:4n-6, C22:5n-6), n-3 
polyunsaturated (C20:5n-3, C22:5n-3, C22:6n-3), and 
C20:3n-9. In all cases, the best phenotypes presented a 
2-fold increased content with respect to the worst pheno-
types. No changes were observed in saturated and mono-
unsaturated long-chain fatty acids. At t = 3, the same free 
fatty acids were signifi cantly different in the same sense 
and amplitude (2-fold), except for three fatty acids 
(C18:0, C18:1n-9, C20:3n-6). When delFEV1 between t = 
3 and t = 0 was considered, only OEA was signifi cantly 
different ( Fig. 4B , left panel), showing higher values in 
the worst phenotype group, which is in agreement with 
the negative correlation found with the same parameter. 
Concerning the rest of molecules, free C22:6n-3 was 
higher in the best phenotype group and close to signifi -
cance ( p  = 0.05;  Fig. 4B , right panel). 

  Fig.   1.  Plasma free fatty acids are correlated with FEV1. Scatter plots corresponding to the comparison 
between plasma levels of two free fatty acids (C22:5n-3 in panel A and C24.1 in panel B), and FEV1 values at 
t = 0 (left panels) and t = 3 (right panels). C22:5n-3 is positively correlated with FEV1 at both time points, 
while C24:1 presents no signifi cant correlation (n = 28 for t = 0; n = 30 for t = 3; data corresponding to patient 
2 were removed in both cases).   
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ing patients in groups A, B, and C as shown above was not 
signifi cant in a four-variable model ( p  = 0.1112), but it was 
signifi cant in a three-variable model ( p  = 0.0106;  Table 4 ) 
as follows:  A[infection evolution] = 1.269  −  (0.02890 × B)  −  
(0.3470 × C) + (0.2483 × D).  No colinearity was observed 
among the four variables in any of the models. 

 A PCA analysis was performed on the same four inde-
pendent variables that were used in multiple regression 
analyses [LPC(18:0), C22:5n-3, TAG, and OEA]. The results 
of PCA are visualized in   Figs. 5 and 6  ,  which illustrate 
the ensemble of results obtained in other tests and presented 

(t = 3)] = 32.877 + (45.564 × C) + (1.908 × D)  and  A[FEV1 (t = 
0)] = 45.187 + (40.201 × C)  −  (2.543 × D)   . The rest of param-
eters are presented in   Table 4  .  

 As shown in  Table 4 ,  Pseudomonas  colonization at t = 0 
was signifi cantly predicted by the model  A = 0.3889  −  
(0.00778 × B)  −  (0.2071 × C) + (0.2546 × D)  −  (0.0004225 × 
E)  (R 2  = 49.31%,  p  = 0.0120), with the signifi cant contribu-
tion of TAG ( p  = 0.0076). Prediction of bacterial coloniza-
tion at t = 3 was not signifi cant ( p  = 0.1699). These results 
were confi rmed by logistic regression ( p  < 0.0001;   Table 
5  ).  Prediction of bacterial colonization evolution by group-

  Fig.   2.  Plasma endocannabinoids are correlated with delFEV1. Scatter plots corresponding to the com-
parison between plasma levels of three endocannabinoids (anandamide, PEA, and OEA) and the variation 
in FEV1 values between t = 0 and t = 3 (delFEV1). All three endocannabinoids are negatively correlated with 
delFEV1. This correlation is statistically signifi cant ( p  < 0.05) for OEA (n = 17).   

  Fig.   3.  Plasma lipids associated with chronic  Pseudomonas aeruginosa  colonization. Box plots corresponding 
to those lipid species differentially displayed in patients presenting with chronic versus nonchronic  Pseudomo-
nas aeruginosa  infection ( p  < 0.05; n = 44).   
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 Concerning bacterial infection ( Fig. 6 ), most of the 
colonized individuals at t = 0 and t = 3 are represented by 
negative values of F1 ( Fig. 6A, B , respectively), with major 
participation of TAG.  Fig. 6C  shows a PCA in which the 
dependent variable is the evolution of bacterial coloniza-
tion represented by three groups (A, B, and C) as described 
for  Fig. 4A . One individual, represented by D, evolved 
from a colonized to a noncolonized status. F1 separates A 
and C individuals fairly well, while B individuals are ran-
domly distributed with respect to principal components 
F1 and F2. 

above. In  Fig. 5 , the dependent variables are FEV1 at 
t = 0 ( Fig. 5A ), FEV1 at t = 3 ( Fig. 5B ), and delFEV1 ( Fig. 
5C ). The highest FEV1 values at t = 0 ( Fig. 5A ) correspond 
to positive F1, with a major contribution of C22:5n-3 and, 
to a lesser extent, LPC(18:0). These two variables are also 
associated with higher FEV1 at t = 3, as they contribute 
negatively to the eigenvectors represented by F1 and F2 in 
 Fig. 5B . The axis   determined by F2 ( Fig. 5C ) makes a fair 
separation of positive and negative delFEV1. The major 
contribution corresponds to TAG and C22:5n-3 for posi-
tive F2, and OEA for negative F2. 

  Fig.   4.  A: Plasma lipids associated with the evolution of  Pseudomonas aeruginosa  chronic infection. Patients 
were grouped according to their colonization by  Pseudomonas aeruginosa  at t = 0 and t = 3. A: noncolonized 
(n = 11). B: noncolonized at t = 0 but colonized at t = 3 (n = 13). C: colonized at both time points (n = 9). 
ANOVA analysis showed that the three groups were signifi cantly different in terms of LPC(18:0) and TAG 
content ( p  = 0.0492 and  p  = 0.0026, respectively). Post-test showed signifi cant differences between A and C, 
and between B and C for TAG. No post-test differences were found for LPC(18:0) (* p  < 0.05). B: Differences 
in DHA and OEA between extremes of delFEV1. The fi ve patients showing the highest and lowest values for 
delFEV1 were chosen for analysis (n = 5;  p  = 0.0591 for DHA;  p  = 0.0239 for OEA).   

 TABLE 4. Predictive multiple regression models 

Predicted Variable  p R 2  (%) n
Independent 

Variable Coeffi cient SE  95% CI t Ratio Individual  p 

FEV1 (t = 0) 0.0370 25.90 25  a  A 45.187 15.765 12.490 to 77.883 2.866 0.0090
C 40.201 18.602 1.621 to 78.782 2.161 0.0418
D  � 2.543 4.430  � 11.731 to 6.646 0.5740 0.5718

FEV1 (t = 3) 0.0323 25.88 27  a  A 32.877 12.380 7.325 to 58.429 2.656 0.0138
C 45.564 16.427 11.659 to 79.469 2.774 0.0106
D 1.908 3.515  � 5.348 to 9.164 0.5427 0.5923

Infection (t = 0) 0.0120 49.31 23  a  A 0.3889 0.2835  � 0.2066 to 0.9844 1.372 0.1869
B  � 0.0078 0.0116  � 0.0322 to 0.0167 0.6679 0.5126
C  � 0.2071 0.2172  � 0.6635 to 0.2493 0.9532 0.3531
D 0.2546 0.0847 0.07647 to 0.4327 3.003 0.0076
E  � 0.0004 0.0004  � 0.0013 to 0.0004 1.031 0.3163

Infection evolution 0.0106 34.52 30 A 1.269 0.4110 0.4235 to 2.114 3.086 0.0048
B  � 0.0289 0.0152  � 0.0601 to 0.0023 1.902 0.0683
C  � 0.3470 0.3629  � 1.093 to 0.3990 0.9564 0.3477
D 0.2483 0.1300  � 0.0189 to 0.5156 1.911 0.0671

A: Predicted variable; B: LPC(18:0); C: C22:5n-3; D: Total TAG; E: OEA.
  a   Patient 2 excluded due to abnormally high values.
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obtained at one single time point, with a follow-up of their 
longitudinal clinical phenotype after three years. Our ap-
proach, applied for the fi rst time in CF, included two novel 
aspects with respect to previous plasma lipid studies. First, 
it has been performed on a group of individuals present-
ing the same disease genotype. This approach addresses 
the capital issue of the lack of correlation between geno-
type and phenotype characteristic of CF. Second, the 
additional time point for clinical outcome parameters, es-
tablished three years after blood sampling, constitutes a 
fi rst attempt to evaluate the predictive potential of plasma 
lipids toward CF disease progression. 

 Concerning the lipid species covered by our study, a tar-
geted analysis on 50 chemical entities has been performed. 
We have addressed PC and LPC species, because they were 

 DISCUSSION 

 In the present work, we have explored the potential of 
lipid signatures as biomarkers for CF prognosis by compar-
ing the blood plasma lipidome of F508del homozygotes 

 TABLE 5. Predictive logistic regression model for  Pseudomonas 
aeruginosa  colonization at t = 0 

Variable Coeffi cient SE   P Odds Ratio

B  � 3.4947 3185.8691 0.9991 0.0304
C  � 46.1798 20288. 3208 0.9982 0.0000
D 305.5965 25552.1129 0.9981 5.2344
E  � 10.2913 4265.7739 0.9981 0.0000

A: Predicted variable; B: LPC(18:0); C: C22:5n-3; D: Total TAG; E: 
OEA ( p  < 0.0001, n = 24).

  Fig.   5.  Principal component analysis of FEV1 values and plasma lipids. PCA biplots correspond to FEV1 at t = 0 (A), FEV1 at t = 3 (B), 
and delFEV1 (C) as dependent variables. Blue spots and numbers represent FEV1 values. Red spots and lines represent the four indepen-
dent variables selected, namely LPC(18:0), C22:5n-3, TAG, and OEA. In each case, variables are represented by the fi rst and second prin-
cipal components (F1 and F2). Percent contribution of each principal component to total variance is indicated in the respective axis 
title.   
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them were receiving the same nutritional supplements 
and pancreatic enzyme replacement. The only potential 
source of variability was the treatment by inhaled corti-
coids of 16 of them. However, no statistically signifi cant 
impact of this medication was found on any of the lipid 
species analyzed. 

 Our fi ndings concerning free fatty acids can be de-
scribed at several levels. First, a positive correlation was 
found between most of the free fatty acids analyzed and 
the severity status in CF and the evolution of the disease. 
Second, the highest and most signifi cant correlations cor-
responded to n-3 fatty acids. Saturated, monounsaturated, 
and n-6 PUFA presented similar, but not signifi cant, trends 

found differentially displayed in the plasma from patients 
and associated with severity status in our previous study 
( 21 ). We also included free fatty acids, as they represent in 
plasma an important component of what has been tradi-
tionally analyzed in fatty acid profi ling. Two ceramide spe-
cies particularly abundant in plasma were analyzed, as well 
as neutral lipid groups. We also addressed for the fi rst time 
the analysis of fatty acid ethanolamides, including the en-
docannabinoid anandamide, in CF. The results obtained 
are summarized in   Fig. 7  .  Concerning the potential im-
pact of treatments on the plasma content in these lipids, it 
must be pointed out that none of the patients recruited 
were receiving systemic anti-infl ammatory therapy. All of 

  Fig.   6.  Principal component analysis of  Pseudomonas aeruginosa  colonization and plasma lipids. PCA biplots correspond to bacterial colo-
nization at t = 0 (A), bacterial colonization at t = 3 (B), and the evolution of bacterial colonization (C) as dependent variables. Spots labeled 
“0” denote noncolonized individuals; spots labeled “1” denote colonized individuals; spots labeled “A” denote noncolonized individuals at 
either t = 0 or t = 3; spots labeled “B” denote noncolonized individuals at t = 0 that are colonized at t = 3; spots labeled “C” denote colonized 
individuals at both t = 0 and t = 3; the spot labeled “D” represents one individual colonized at t = 0 and noncolonized at t = 3. Red spots and 
lines represent the four independent variables selected, namely LPC(18:0), C22:5n-3, TAG, and OEA. In each case, variables are repre-
sented by the fi rst and second principal components (F1 and F2). Percent contribution of each principal component to total variance is 
indicated in the respective axis title.   
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less, in our study, TAG correlated signifi cantly with age at 
inclusion ( r  = 0.4492,  p  = 0.0032). In fact, TAG was the only 
lipid species in our study showing an association with age. 
This somehow challenges the association of TAG with clin-
ical status, but it discards the potential bias of age when 
addressing lipid analysis. Nevertheless, in the evolution of 
bacterial colonization (groups A, B, and C), the other pa-
rameter signifi cantly associated with TAG was not signifi -
cantly associated with age ( p  = 0.2954). The fact that all 
neutral lipids were increased suggests a potential role of 
lipid mobilization from adipose tissue.   A high and signifi -
cant correlation was found between total cholesterol and 
TAG levels ( r  = 0.7336,  p  < 0.0001), in agreement with the 
data shown by Figueroa et al. ( 42 ). High levels of neutral 
lipids in plasma could be due to greater synthesis rate in 
the liver, to decreased clearance, or both. Clearance of 
TAG from circulation is mainly due to LPL activity. As 
evoked by several authors ( 42, 43 ), one of the factors that 
can lead to increased TAG and cholesterol synthesis is 
higher production of pro-infl ammatory cytokines, such as 
TNF- �  that is associated with chronic infl ammation and 
severe stress, which inhibit LPL activity and potentiate 
hepatic lipogenesis ( 44 ). In our study, which nonetheless 
represents a different scenario, LPL inhibition by TNF- �  
could account, at least in part, for the higher TAG and the 
lower FFA levels in the most severe patients. 

 Another potential factor, although independent of in-
fection, that could contribute to the suggested increase in 
lipogenesis in CF arises from a recent report ( 45 ), where 
CFTR silencing in the intestinal cell model CaCo2/15 led 
to enhanced lipogenesis and delta-7 desaturase activity 
through an increase in the expression of SREBP-1c. Those 
data directly challenged the contribution of CFTR dys-
function to intestinal malabsorption. 

 One of the goals of the present work was to evaluate the 
prognostic potential of plasma lipid signatures by assess-
ing their association with the clinical outcome three years 
after lipid analysis. As commented above, n-3 PUFA and 
Mead acid were positively correlated with FEV1 values at 
t = 3, in addition to two unsaturated chain-containing phos-
pholipids, PC(32:2) and PC(36:4). At t = 3, neutral lipids 
(cholesterol, cholesterol esters, and TAG) were no longer 
associated with chronic infection, unlike LPC(18:0), which 
was signifi cantly increased in individuals noncolonized by 
 Pseudomonas aeruginosa . In our previous study of plasma 
from CF patients and healthy siblings, PC and LPC spe-
cies, including LPC(18:0) and PC(36:4), were suggested to 
be associated with the severity status of patients ( 21 ). Our 
fi ndings in the current work are somehow in accordance 
with those previous data and represent a new dimension 
in that prognostic value is suggested. 

 Time-dependent variation in FEV1 values (delFEV1) 
can be arguably considered the best determinant of disease 
progression in CF. Negative values correspond to a degrada-
tion of respiratory function, while positive values indicate 
the opposite. In our targeted study, after multiple correlation 
analysis, OEA presented a signifi cant negative correlation 
with delFEV1, while PEA and the endocannabinoid anand-
amide showed a similar trend although not statistically sig-

when compared with the FEV1 outcome three years after 
blood testing. Third, the content in Mead acid (C20:3n-9), 
an endpoint of biosynthesis through the n-9 pathway char-
acteristic of essential fatty acid defi ciency, was also corre-
lated with FEV1 at both time points. This fi nding is 
intriguing, as Mead acid and the 16:1/16:0 ratio are usu-
ally increased when PUFA are decreased, unlike in this 
case. Fourth, there is a pool of fatty acids that does not 
present any signifi cant variations associated with the phe-
notype of patients. The latter includes saturated and 
monounsaturated 20- to 26-carbon fatty acids, which are 
usually esterifi ed in sphingolipid molecules. It must be 
pointed out that most of these correlations were obtained 
after excluding patients 2 and 15, who presented remark-
ably high levels of most free fatty acids (about 10-fold). 
These two patients were characterized by a mild pheno-
type; no other biochemical or physiological markers were 
abnormal in them. The ensemble of observed alterations 
point to a particular contribution of free fatty acids origi-
nating from glycerophospholipids, not from sphingolip-
ids. This would suggest a differential phospholipase activity 
of the type A1 and/or A2, as this activity would cleave se-
lectively glycerolipid-bound fatty acids if a concomitant 
variation in lysophospholipids was found, which is not the 
case. Phospholipase activity and expression in CF tissues 
has been addressed but not comprehensively ( 11, 38–40 ). 
In general, CF is associated with higher phospholipase A2 
activity and expression, but this has been only examined in 
cell lines ( 39 ) and mouse models ( 11, 38–40 ). When con-
sidering plasma levels of free fatty acids, lipoprotein lipase 
(LPL) cannot be excluded from the main picture. In fact, 
LPL is known to present phospholipase A1 activity, al-
though its main substrate is the TAG molecule. 

 In our study, TAG and other neutral lipids, such as 
cholesterol and cholesterol esters, are signifi cantly in-
creased in patients presenting with chronic colonization 
by  Pseudomonas aeruginosa . In a recent report, patients of 
acute infection showed lower levels of total cholesterol 
and HDL-cholesterol, as well as higher, though not signifi -
cant, levels of TAG compared with noninfected patients 
with diverse pathologies ( 41 ). In a chronic infection sce-
nario like CF, higher TAG and lower cholesterol levels 
have been found in patients compared with the general 
population ( 42 ). In the same study, a high prevalence of 
hypertriglyceridemia in CF patients was shown, which has 
been attributed to the chronic infection status. Neverthe-

  Fig.   7.  Summary of results. Lipids showing signifi cant correla-
tions with any clinical parameters are shown in bold. Plain text 
denotes positive correlations, and italic text denotes negative 
correlations.   
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cleaved by a NAPE-phospholipase D (NAPE-PLD) into 
OEA ( 33 ). An increase in OEA could be due to either in-
creased NAPE-PLD or to decreased fatty-acid amide hy-
drolase (FAAH), the catabolizing enzyme. Synthesis takes 
place mainly in the liver and adipose tissue and is increased 
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known about its potential synthesis or metabolism in the 
lung. Therefore, it can be argued that in severe CF a harsh 
stress-like scenario may lead to an increase of OEA in 
plasma. OEA binds and activates PPAR- � , TRPV1, and 
GPR119, leading to lipolysis stimulation and ceramidase 
inhibition ( 47 ). Interestingly, cannabinoid derivatives 
have been suggested as potentially therapeutic in CF ( 48 ), 
but they have never been tested in this context. While OEA 
has been used as an anti-infl ammatory molecule ( 49 ), ac-
cording to our present data, it can be speculated that the 
presence of higher levels in blood might be taken as a 
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 An ultimate objective of our study was to provide a lipid 
signature or a set of lipid signatures that may be used as a 
predictive model for CF progression. This is a complex en-
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tiously due to the limited number of individuals enrolled, 
they represent a proof of concept for larger multicentric 
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ther research in CF physiopathology, where the role of fatty 
acid ethanolamides may constitute an exciting new fi eld.  
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