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ing that the minor allele of rs968567 is associated with a higher 
 FADS2  promoter activity.   These results suggest that rare al-
leles of several SNPs in the  FADS  gene cluster are associated 
with higher D6D activity and lower D5D activity in European 
adolescents.  —Bokor, S., J. Dumont, A. Spinneker, M. Gonzalez-
Gross, E. Nova, K. Widhalm, G. Moschonis, P. Stehle, 
P. Amouyel, S. De Henauw, D. Molnàr, L. A. Moreno, A. 
Meirhaeghe, and J. Dallongeville.  Single nucleotide polymor-
phisms in the  FADS  gene cluster are associated with delta-5 and 
delta-6 desaturase activities estimated by serum fatty acid 
ratios.  J. Lipid Res . 2010.  51:  2325–2333.   
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glyceride • arachidonic acid 

 Long-chain PUFA (LCPUFA) have a key role in main-
taining biological functions in humans; they are compo-
nents of the cell membrane, serve as substrates for the 
synthesis of infl ammatory eicosanoids (leukotrienes and 
prostaglandins), act as signaling molecules, and regulate 
gene expression ( 1, 2 ). The FA composition of plasma and 
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activity (7.2E-44  ≤   P   ≤  4.4E-5). All haplotypes carrying the 
rs174546 minor allele were associated with lower D5D activity, 
suggesting that this SNP is in linkage disequilibrium with a 
functional SNP within  FADS1 . In contrast, only the rs968567 
minor allele was associated with higher D6D activity ( P  = 
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 The HELENA Study receives funding from the European Union’s Sixth RTD 
Framework Program (contract FOOD-CT-2005-007034), the Spanish Ministry 
of Education (EX-2007-1124, AGL2007-29784-E/ALI; AP-2005-3827), Uni-
versidad Politécnica de Madrid (CH/018/2008), and Cognis GmbH (Ger-
many). The writing group takes sole responsibility for the content of this article 
and the European Union is not liable for any use that may be made of the infor-
mation contained herein. This work was supported by the Conseil Régional du 
Nord-Pas de Calais, ERDF (European Regional Development Fund) in the frame 
of the CPER Cardio-diabete (convention 09220016). 

 Manuscript received 17 February 2010 and in revised form 28 April 2010. 

  Published, JLR Papers in Press, April 28, 2010  
  DOI 10.1194/jlr.M006205  

 Single nucleotide polymorphisms in the  FADS  
gene cluster are associated with delta-5 and delta-6 
desaturase activities estimated by serum fatty 
acid ratios  

  Szilvia   Bokor,  *   Julie   Dumont,  *   Andre   Spinneker,   †    Marcela   Gonzalez-Gross,   §    Esther   Nova,  **  
 Kurt   Widhalm,   ††    George   Moschonis,   §§    Peter   Stehle,   †    Philippe   Amouyel,  *   Stefaan   De Henauw,  ***  
 Dènes   Molnàr,   †††    Luis A.   Moreno,   §§§    Aline   Meirhaeghe,  *  and  Jean   Dallongeville,   1, *   on behalf of 
the HELENA Study Group  

 Inserm U744 * ; Institut Pasteur de Lille;  Univ Lille Nord de France; UDSL ; 59019 Lille,  France ;  Institut für 
Ernährungs- und Lebensmittelwissenschaften-Ernährungphysiologie,  †  53115 Bonn,  Germany ; Department 
of Health and Human Performance, §  Faculty of Physical Activity and Sport Sciences- INEF,  Universidad 
Politécnica de Madrid , Madrid,  Spain ; Department of Metabolism and Nutrition,**  Instituto del 
Frío-ICTAN , CSIC 10 28040 Madrid,  Spain ; Department of Pediatrics, ††  Division of Clinical Nutrition and 
Prevention,  Medical University of Vienna , 1090 Vienna,  Austria ; Department of Nutrition and Dietetics, §§  
 Harokopio University , Athens,  Greece ; Department of Public Health,*** Faculty of Medicine and Health 
Sciences,  Ghent University , 9000 Ghent,  Belgium ; Department of Paediatrics, †††   University of Pècs , 7623 
Pècs,  Hungary ; and GENUD Research Group, §§§  Escuela Universitaria de Ciencias de la Salud,  Universidad 
de Zaragoza , 50009 Zaragoza,  Spain  

 Abbreviations: BMI, body mass index; D5D, delta-5 desaturase; 
D6D, delta-6 desaturase; LCPUFA, long-chain PUFA; SNP, single nucle-
otide polymorphism; TG, triglyceride. 

  1  To whom correspondence should be addressed.  
   e-mail: Jean.Dallongeville@pasteur-lille.fr 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of fi ve tables. 



2326 Journal of Lipid Research Volume 51, 2010

terized the association between the genetic variability 
in this cluster and surrogate estimates of D5D and D6D 
activities separately in a sample of 1,144 European 
adolescents. 

SUBJECTS AND METHODS

 The HELENA study 
 The recruitment and phenotyping of the adolescents partici-

pating in the HELENA cross-sectional study (“Healthy Lifestyle 
in Europe by Nutrition in Adolescence,” www.helenastudy.com) 
have been described previously ( 20 ). Briefl y, a total of 3,865 ado-
lescents were recruited between 2006 and 2007. Data were col-
lected in a total of 10 centers from 9 European countries. Subjects 
were randomly selected from schools by using a proportional 
cluster sampling methodology and taking age into account. One-
third of the classes were randomly selected for blood collection; 
this resulted in a total of 1,155 blood samples. The body mass 
index (BMI) was available for 1,144 adolescents (i.e., the fi nal 
sample in the present study). 

 Data were collected on a detailed case report form in accor-
dance with standardized procedures. In each center, trained re-
searchers carried out complete physical examinations, including 
weight, height, and blood pressure measurements. The protocol 
was approved by the appropriate investigational review board for 
each investigating center. Written, informed consent was ob-
tained from each adolescent and both of his/her parents or legal 
representatives. Participation in the study was voluntary. The sub-
jects’ clinical characteristics are presented in   Table   1  . 

 Venous blood samples were drawn after a 10 h overnight 
fast. Blood samples were sent to a central laboratory (the Ana-
lytical Laboratory at the University of Bonn, Bonn, Germany). 
Serum TGs, HDL, and LDL cholesterol and glucose levels 
were enzymatically assayed on the Dimension RxL clinical 
chemistry system (Dade Behring, Schwalbach, Germany). 
Blood for DNA extraction was collected in EDTA K3 tubes, 
stored at the Analytical Laboratory at the University of Bonn, 

body tissues has been associated with certain pathologies, 
such as obesity, metabolic syndrome, cardiovascular dis-
ease, diabetes, immune system diseases, and psychiatric 
disorders ( 3, 4 ). However, the mechanisms underlying 
these associations have not been clearly established. 

 Tissue LCPUFA levels are determined by both dietary 
intake and endogenous synthesis via the successive elonga-
tion and desaturation of dietary FA precursors (  Fig. 1  ). 
Delta-5 desaturase (D5D) and delta-6 desaturase (D6D), 
two enzymes required for the synthesis of LCPUFA in 
mammals ( 5 ), are respectively encoded by the  FADS1  and 
 FADS2  genes (located in a cluster on chromosome 11q12-
13.1). Although both desaturases are expressed in most 
human tissues, the highest expression levels are observed 
in the liver ( 6 ). In mice, deletion of the  FADS2  gene abol-
ishes the initial step in the metabolic cascade and results 
in the absence of linoleic and  � -linolenic acid derivatives 
and eicosanoid synthesis, inhibition of platelet aggrega-
tion and thrombus formation, and alterations in repro-
ductive function ( 7 ). 

 Many studies have reported associations between 
genetic variants in the  FADS1 - FADS2  gene cluster and 
plasma or erythrocyte LCPUFA levels ( 8–15 ). The ob-
served associations between several single nucleotide 
polymorphisms (SNPs) on one hand and high levels of 
linoleic acid levels and low levels of arachidonic acid on 
the other suggested a defect in desaturase activity in 
adults. Other investigations have found a consistent as-
sociation between  FADS1-FADS2  gene cluster SNPs and 
low levels of LDL- and HDL-cholesterol and high levels 
of triglycerides (TG), suggesting that alterations in 
desaturase activities also affect plasma lipoprotein levels 
( 9, 13, 16–19 ). At present, it is not known which desatu-
rase (i.e., D5D, D6D, or both) is involved in these 
associations. To address this question, we further charac-

  Fig.   1.  Pathways for LCPUFA synthesis from n-6 
and n-3 essential FAs. ALA:  � -linoleic acid; ARA: 
arachidonic acid; DGLA: dihomo- � -linoleic acid; 
DHA: docosahexaenoic acid; EPA: eicosapentaenoic 
acid; GLA:  � -linoleic acid; LA: linoleic acid; SA: stear-
idonic acid.   
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 Haplotype analysis 
 Haplotype analysis was performed using a two-step strategy 

similar to that described by Tregouet et al. ( 24 ). Briefl y, haplo-
type frequencies derived from all the studied polymorphisms 
were fi rst estimated independently of any phenotype. On the ba-
sis of the inferred haplotype structure and the 2  K  -1 possible com-
binations of 1 to  K  polymorphisms, we computed a minimal set of 
polymorphisms (called HtSNPs) that was suffi cient for character-
izing all haplotypes with a frequency  �  0.01. The HtSNPs were 
then used to test for associations between  FADS1  and  FADS2  gene 
haplotypes and LCPUFA levels and ratios. To reduce the haplo-
type dimension and select the most informative and parsimoni-
ous haplotype configuration when predicting phenotypic 
variability, we applied the maximum likelihood model to all pos-
sible 1 to  k -loci combinations of polymorphisms that could be 
derived from the set of  k  HtSNPs. For each model (including one 
with no polymorphisms), an information criterion ( AIC ) was cal-
culated ( 25 ). All  AIC  values were rescaled by subtracting the 
smallest  AIC  value obtained in the set of models. According to a 
rule derived by extensive Monte Carlo simulation, all models 
with a rescaled  AIC   �  2 could be considered as “equivalent” to 
the model with the lowest min AIC . The most parsimonious of the 
latter (corresponding to the minimal haplotype confi guration) 
was selected. Haplotype analyses were performed using the The-
sias software package (http://ecgene.net/genecanvas) ( 26 ) and 
were adjusted for age, gender, BMI, and center. 

 Statistical methods 
 Statistical analyses were performed with SAS software (SAS In-

stitute Inc., Cary, NC). Departure from Hardy-Weinberg equilib-
rium within the study groups was evaluated using a Chi-square 
test. Inter-locus linkage disequilibrium was assessed using Haplo-
view software. The C18:3n-6, C18:3n-3, C18:4n-3, C20:5n-3, and 
C22:6n-3 values were log-transformed before analysis to achieve a 
normal distribution. The association between genotypes and 
quantitative variables was estimated with a general linear regres-
sion model (GLM procedure) assuming an allele-dose effect. 
The extent of inter-center heterogeneity was assessed using a 
genotype × center interaction term in the GLM procedure. All 
tests were adjusted for age, gender, BMI, and center. Bonferroni 
correction was applied to take multiple testing into account 
[ P -value threshold = 0.0003 (i.e., 0.05/165 tests (11 SNPs × 15 
traits)]. 

 Power calculations were performed using Quanto v1.2.4 ( 27 ). 
On the basis of the effects reported in genome-wide association 
studies and with a MAF of 31% (such as for rs174546, for exam-
ple), the statistical power values needed to detect a signifi cant 
association ( P  < 0.0045; i.e., 0.05/11 SNPs) with serum HDL-
cholesterol ( �  =  � 0.09 mmol/l) ( 17 ), LDL-cholesterol ( �  = 
 � 0.09 mmol/l) ( 19 ), and TG ( �  = +0.06 mmol/l) ( 17 ) levels in 
our study were 99%, 63%, and 69%, respectively. 

 RESULTS 

 Genetic data and selection of relevant SNPs for 
association studies 

 Thirteen SNPs in  FADS1  and  FADS2  were genotyped. 
The characteristics of the SNPs (including their position, 
genotype frequency, and MAF) are presented in   Table   2  . 
The mean genotyping success rate was 99.5%. All geno-
type distributions conformed to Hardy-Weinberg propor-
tions and genotype distribution did not differ signifi cantly 
across the different geographic regions (supplementary 

and then sent to the Genomic Analysis Laboratory at the Insti-
tut Pasteur de Lille (Lille, France). DNA was extracted from 
white blood cells with the Puregene kit (QIAGEN, Courta-
boeuf, France) and stored at  � 20°C. 

 After Folch extraction performed on serum samples, the 
phospholipid fraction was separated using thin-layer chroma-
tography. The phospholipid band was scraped off and the FAs 
were converted into their methyl esters by transesterifi cation 
with methanol/hydrochloric acid. The phospholipid frac-
tion’s FA methyl esters were analyzed using gas chromatogra-
phy (Model 3900, Varian GmbH, Darmstadt, Germany) on a 
30 m × 0.25 mm × 0.25 µm polyethylene glycol column (Ze-
bron ZB-WAXplus, Phenomenex Ltd, Aschaffenburg, Ger-
many). Peaks of interest were identifi ed by comparison with 
authentic FA methyl ester standards (Sigma-Aldrich, Deisen-
hofen, Germany). FAs were expressed as a percentage area by 
integrating the area under the peak and dividing the results by 
the total area for all FAs. The coeffi cients of variations were 
<4.4% for all FA analyses. 

 Although C18:3 n-6 is the immediate product of D6D, it is rap-
idly elongated to C20:3n-6 ( 21 ) resulting in very low C18:3n-6 
concentrations (mean = 0.088 ± 0.034%). Therefore, as previ-
ously described ( 22 ), (C20:3n-6):(C18:2n-6) and (C20:4n-
6):(C20:3n-6) ratios were used as surrogate estimates of the D6D 
and D5D activities, respectively. 

 SNP selection and genotyping 
 With the criteria used in our SNP selection procedure [a 

minor allele frequency (MAF) over 0.1 and tag SNPs with an 
 r  2  value above 0.8], the November 2008 release 24 of the Hap-
Map database described fi ve haplotype blocks and fi ve inde-
pendent SNPs that span the whole  FADS1-FADS2  gene cluster. 
In the present study, we selected one SNP from each of the 
haplotype blocks (block 1: rs174546; block 2: rs174589; block 
3: rs2072114; block 4: rs174611; block 5: rs174616) and the fi ve 
independent SNPs (rs174570, rs174602, rs498793, rs968567, 
and rs526126). The SNP rs965867 was of particular interest, 
because it was recently shown to be functional ( 23 ). To cover 
the full range of genetic variability, we also used the NCBI da-
tabase to select three SNPs (rs174572, rs2072113 and rs174587) 
whose linkage disequilibrium status with the other SNPs was 
unknown. Subjects were genotyped on an Illumina system (using 
VeraCode technology for rs174589 and GoldenGate technology 
for the other SNPs). 

 TABLE 1. Characteristics of the sample 

HELENA Study

Number of subjects 1,144
Boys/girls 549/595
Age (years) 14.7(1.4)
Total cholesterol (mmol/l) 4.16(0.71)
HDL (mmol/l) 1.43 (0.28)
LDL (mmol/l) 2.44 (0.63)
TG (mmol/l) 0.78 (0.38)
BMI (kg/m 2 ) 21.3(3.8)
n-6 FAs*
Linoleic acid (C18:2n-6) 22.1 (2.5)
 � -Linolenic acid (C18:3n-6) 0.088 (0.037)
Dihomo- � -linolenic acid (C20:3n-6) 2.98 (0.68)
Arachidonic acid (C20:4n-6) 9.67 (1.63)
n-3 FAs * 
 � -linolenic acid (C18:3n-3) 0.14 (0.08)
Stearidonic acid (C18:4n-3) 0.052 (0.08)
Eicosapentaenoic acid (C20:5n-3) 0.49 (0.32)
Docosahexaenoic acid (C22:6n-3) 2.95 (0.94)

Data are mean (SD). * FA measurements are available for 1,034 
subjects. Results for FAs are presented in percent of total FAs.
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 Association of FADS SNPs with LCPUFA, desaturase 
activities, serum lipid levels, and BMI 

 The minor alleles of all SNPs except rs498793 and 
rs526126 were signifi cantly associated with higher levels of 
C18:2n-6 (1.9E-18  �   P   �  6.1E-5) (  Fig. 3   and supplemen-
tary  Table II ). In contrast, only the rs174546 minor allele 
was signifi cantly associated with lower levels of C18:3n-6 
( P  = 0.0001). The minor alleles of fi ve SNPs (rs174546, 
rs968567, rs174572, rs174589, and rs174611) were signifi -
cantly associated with higher levels of C20:3n-6 (3.1E-18  �  �  
 P   �  0.0002). The minor alleles of all SNPs except rs498793 
were associated with lower levels of C20:4n-6 (7.1E-69  �  

 Table I ). The minor allele frequencies ranged from 0.11 
to 0.48. The SNPs’ linkage disequilibrium patterns were 
assessed by using both the D’ and  r  2  values (  Fig. 2  ). Two 
SNPs from the NCBI database (rs174587 and rs2072113) 
were in strong linkage disequilibrium with two different 
SNPs reported in the HapMap database. The rs174587 
SNP was in strong linkage disequilibrium with rs174589 
(block 2) ( r  2  = 0.97) and rs2072113 was tagged by the 
rs2072114 SNP (block 3) ( r  2  = 0.93). Hence, we included 
the following 11 SNPs in our analyses: rs174546, rs968567, 
rs174570, rs174572, rs2072114, rs174589, rs174602, 
rs498793, rs526126, rs174611, and rs174616. 

  Fig.   2.  Structure of the  FADS  gene cluster and linkage disequilibrium patterns for the 13 investigated  FADS  
SNPs. The red scale is for D’ values and numbers are for  r  2  values. Only the rs498793 SNP is in negative link-
age disequilibrium (D’<0) with the others.   

 TABLE 2. Main characteristics of the SNPs and the genotype distribution in the HELENA Study 

Position Alleles (1/2) GSR (%) 11 12 22 MAF HW

FADS1
 rs174546 3 ′ UTR C/T 99.8 555 (0.49) 479 (0.42) 108 (0.09) 0.31 0.752
FADS2
 rs968567 5 ′ UTR C/T 99.9 803 (0.70) 303 (0.27) 37 (0.03) 0.16 0.204
 rs174570 intron 1 C/T 100 910 (0.79) 217 (0.19) 17 (0.02) 0.11 0.328
 rs174572 intron 1 C/T 100 677 (0.59) 407 (0.36) 60 (0.05) 0.23 0.908
 rs2072113 intron 1 C/T 99.8 918 (0.80) 207 (0.18) 17 (0.02) 0.11 0.179
 rs2072114 intron 1 A/G 100 906 (0.79) 220 (0.19) 18 (0.02) 0.11 0.274
 rs174587 intron 4 C/T 100 743 (0.65) 358 (0.31) 43 (0.04) 0.20 0.988
 rs174589 intron 5 C/G 97.0 715 (0.64) 352 (0.32) 43 (0.04) 0.20 0.969
 rs174602 intron 5 T/C 98.6 693 (0.61) 373 (0.33) 62 (0.06) 0.22 0.209
 rs498793 intron 6 T/C 99.8 419 (0.37) 532 (0.46) 191 (0.17) 0.40 0.317
 rs526126 intron 6 C/G 99.2 735 (0.65) 355 (0.31) 45 (0.04) 0.20 0.795
 rs174611 intron 7 T/C 100 599 (0.52) 464 (0.41) 81 (0.07) 0.27 0.490
 rs174616 intron 7 G/A 99.8 311 (0.27) 574 (0.50) 257 (0.23) 0.48 0.800

GSR: genotyping success rate; Major allele: 1; Minor allele: 2; HW:  P -value for Hardy-Weinberg equilibrium. 
Data are n (frequency).
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 P   �  1.3E-5). In the n-3 FA family, the minor alleles of all 
SNPs except rs2072114, rs174602, rs498793, rs526126, and 
rs174616 were associated with signifi cantly higher levels of 
C18:3n-3 (0.0002  �   P   �  2.0E-13) but none showed an as-
sociation with the C18:4n-3 product (  Fig. 4   and supple-
mentary  Table II ). The rare alleles of three SNPs (rs174546, 
rs174572, and rs174589) were associated with signifi cantly 
lower levels of C20:5n-3 (4.2E-6  �   P   �  0.0002), but none 
showed an association with C22:6n-3. 

 We calculated the (C20:3n-6):(C18:2n-6) and (C20:4n-
6):(C20:3n-6) ratios as surrogate estimates of the D6D and 
D5D activities, respectively (see “Methods”). Only the 
rs968567 rare allele was signifi cantly associated with higher 
D6D activity ( P  = 1.5E-6) (  Table 3  ). In contrast; the minor 
alleles of all SNPs except rs498793 and rs526126 were as-
sociated with lower D5D desaturase activity (7.4E-44  �   P   �  
4.4E-5) ( Table 3 ). Because the plasma levels of C20:4n-3 
were not available in the present study, the D6D and D5D 
activities could not be estimated from n-3 LCPUFA. 

 The mean serum total cholesterol, HDL-cholesterol, 
LDL-cholesterol, and TG levels and BMI are shown by 
genotype in supplementary  Table III . We did not detect 
signifi cant associations between the SNPs and these 
parameters. 

 Association of FADS haplotypes with LCPUFA and 
desaturase activities, lipid levels, and BMI 

 We performed haplotype analyses with the 11 SNPs to 
assess associations with LCPUFA and lipid levels, desatu-
rase activities, and BMI. The 18 observed haplotypes (with 
a frequency ranging from 0.01 to 0.27) accounted for 
 � 80% of all possible haplotypes (supplementary  Table IV , 
upper panel). This haplotype structure could be fully char-
acterized by a subset of seven HtSNPs (rs174546, rs968567, 
rs174602, rs498793, rs526126, rs174611, and rs174616) 
(supplementary  Table IV , lower panel). However, 14 of 
the 18 haplotypes have frequencies below 5%, precluding 
the possibility to analyze the associations with suffi cient 
statistical power. Therefore, we further selected the most 
informative and parsimonious haplotype confi gurations 
with respect to the C18:2n-6 and C20:4n-6 levels as well as 
D5D and D6D activities, as described above (see “Meth-
ods”). The most informative haplotype confi guration gen-
erated from this selection was the model including 
rs174546, rs968567, and rs174602 (see supplementary Ta-
ble V). 

 We performed haplotype analysis using Thesias software 
( 26 ) with this three-SNP combination (  Table   4  ). The hap-
lotype carrying the rs174602 minor allele (underlined) in 
combination with the frequent alleles of the rs174546 and 
rs968567 SNPs (CC C ) was associated with neither LCPUFA 
levels nor D6D and D5D activities. In contrast, two of the 
four haplotypes carrying the minor allele of the rs174546 
SNP ( T C C  and  TT T) were associated with higher levels of 
the precursor C18:2n-6 (+15% and +8%, respectively). 
The two haplotypes bearing the minor alleles of the 
rs174546 and rs968567 SNPs ( TT T and  TTC ) were associ-
ated with higher levels of the D6D product C20:3n-6 (+20% 
and +33%, respectively) but only  TTC  was consistently as-

  Fig.   3.  Association of  FADS  genotypes with variations in n-6 LCPUFA 
levels (%). In each graph and for each SNP, the fi rst bar represents 
the reference value [the mean level (± SD) of the n-6 LCPUFA in 
homozygotes for the major allele]. The second and third bars indi-
cate the n-6 LCPUFA level in heterozygote and homozygotes for 
the minor allele, respectively, calculated as a percentage of the ref-
erence value. White and black bars represent heterozygotes and 
homozygotes, respectively. All tests were adjusted for age, gender, 
BMI, and center. Signifi cant associations ( P  < 0.0003) are indicated 
by boxes around the SNP.   
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22%, and –17%, respectively) and lower D5D activity 
(–33%, –24%, –38%, and –42%, respectively). Similar re-
sults were obtained when performing the haplotype analy-
sis with rs174546 and rs968567 only (i.e., the best haplotype 
model with respect to D5D activity) (supplementary Table 
V). All the haplotypes carrying the rs174546 minor allele 
( T C and  TT ) were associated with higher levels of C18:2n-6 
(precursor), lower levels of C20:4n-6 (product), and lower 
D5D activity (data not shown). Additionally, only the  TT  
haplotype carrying the rs968567 minor allele was consis-
tently associated with a higher D6D activity and higher lev-
els of its product, C20:3n-6. 

 Regarding the n-3 LCPUFA (data not shown), two hap-
lotypes carrying both the rs174546 and rs968567 minor 
alleles ( TT T and  TTC ) were associated with higher pre-
cursor (C18:3 n-3) levels (+30%,  P  = 4.8E-5 and +71%, 
 P  = 6.0E-6, respectively). However, only the  T C C  haplo-
type, which was associated with a lower D5D activity, was 
consistently associated with lower C20:5n-3 and C22:6 n-3 
(products) levels ( � 20%,  P  = 6.4E-5 and –19%,  P  = 5.1E-5, 
respectively). 

 Because signifi cant associations between  FADS  haplo-
types and LCPUFA levels were detected, the haplotype 
analysis was next extended to lipid levels and BMI ( Table 
4 ). None of the haplotypes was associated with total cho-
lesterol, HDL-cholesterol, or LDL-cholesterol levels or 
BMI. In contrast, the haplotype carrying the minor allele 
of the rs174546 SNP ( T CT) was signifi cantly associated 
with higher TG levels ( P  = 1.8E-4). 

DISCUSSION

 The present study revealed the presence of strong asso-
ciations between nine SNPs in the  FADS  cluster and D5D 
activity determined as the ratio of C20:4n-6 to C20:3n-6 in 
serum phospholipids. Haplotypes carrying the rs174546 
minor allele were consistently associated with both lower 
C20:4n-6 levels and lower D5D activity, suggesting that 
rs174546 could be in linkage disequilibrium with a func-
tional SNP that affects  FADS1 . Furthermore, we found that 
the minor allele of rs968567 was associated with higher lev-
els of D6D activity determined as the ratio of C20:3n-6 to 
C18:2n-6 in serum phospholipids. These data suggest that 
the genetic variability in the  FADS  gene cluster that affects 
LCPUFA levels is explained by both higher D6D activity 
and lower D5D activity in European adolescents. 

 The present study showed that the minor alleles of 
the rs174546, rs968567, rs174570, rs174572, rs2072114, 
rs174589, rs174602, rs174611, and rs174616 SNPs were as-
sociated with higher levels of C18:2n-6 and lower levels of 
C20:4n-6. Previous studies have typically used the C20:4n-6/
C18:2n-6 ratio as an index of overall desaturase activity 
without distinguishing between D6D and D5D activities 
( 11, 14 ). Using the C20:3n-6/C18:2n-6 and C20:4n-6/
C20:3n-6 ratios, we were able to estimate the D6D and 
D5D activities separately ( 22 ). We found that the minor 
alleles of all SNPs except rs498793 (which is in negative 
linkage disequilibrium with the others) and rs526126 were 

sociated with higher D6D activity (+25%). All the haplo-
types carrying the rs174546 minor allele ( T CT,  T C C ,  TT T, 
and  TTC ) were consistently associated with signifi cantly 
lower levels of the D5D product C20:4n-6 (–26%, –25%, 

  Fig.   4.  Association of  FADS  genotypes with variations in n-3 LCPUFA 
levels (%). In each graph and for each SNP, the fi rst bar represents 
the reference value [the mean level (±SD) of the n-3 LCPUFA in 
homozygotes for the major allele]. The second and third bars indi-
cate the n-3 LCPUFA level in heterozygote and homozygotes for 
the minor allele, respectively, calculated as a percentage of the ref-
erence value. White and black bars represent heterozygotes and 
homozygotes, respectively. All tests were adjusted for age, gender, 
BMI, and center. Signifi cant associations ( P  < 0.0003) are indicated 
by boxes around the SNP.   
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disequilibrium ( r  2  > 0.80) with the rs3834458 [T/del] pro-
moter SNP ( 8 ). In an in vitro study of a patient with D6D 
defi ciency, the presence of the T nucleotide was associated 
with a  � 6-fold lower promoter activity and D6D activity 
and lower plasma C20:4n-6 levels ( 28 ). However, this fi nd-
ing was not replicated in a recent study ( 23 ), suggesting 
that the earlier fi nding could be spurious, as also suggested 
by Baylin et al. ( 13 ). The rs174546 SNP is also in complete 
linkage disequilibrium with rs174547 ( r  2  = 1, according to 
HapMap CEU), a SNP located within  FADS1  and the mi-
nor allele of which has been associated with lower  FADS1  
transcript levels in the human liver ( 17 ). 

 In contrast, only the rs968567 minor allele was associ-
ated with higher D6D activity. This SNP is located 299 bp 

associated with lower D5D activity. Only rs968567 was as-
sociated with higher D6D activity. 

 Of the nine SNPs associated with D5D activity, the larg-
est effects were observed for rs174546 and rs968567 ( �  = 
 � 0.63 and  � 0.62, respectively). All the SNPs are in partial 
linkage disequilibrium and are located within an 80 kbp 
haplotype block containing both  FADS1  and  FADS2 . 
Hence, these associations very likely refl ect the same sig-
nal. Haplotypes carrying the rs174546 minor allele were 
consistently associated with lower D5D activity. It is note-
worthy that the latter SNP is the only one located within 
 FADS1  (3 ′  untranslated region). The rs174546 SNP may be 
in linkage disequilibrium with a functional SNP affecting 
D5D activity. For example, rs174546 is in strong linkage 

 TABLE 3. D6D and D5D activities according to genotypes 

11 12 22  P* 

D6D activity
 rs 174546 0.14 (0.04) 0.14 (0.04) 0.14 (0.04) 0.04
 rs968567 0.13 (0.04) 0.15 (0.04) 0.15 (0.03) 1.5E-06
 rs 174570 0.14 (0.04) 0.13 (0.04) 0.11 (0.05) 0.01
 rs 174572 0.14 (0.04) 0.14 (0.04) 0.14 (0.03) 0.01
 rs2072114 0.14 (0.04) 0.14 (0.04) 0.14 (0.06) 0.55
 rs 174589 0.14 (0.04) 0.14 (0.04) 0.14 (0.03) 0.01
 rs 174602 0.14 (0.04) 0.14 (0.04) 0.13 (0.04) 0.03
 rs498793 0.14 (0.04) 0.14 (0.04) 0.14 (0.04) 0.25
 rs526126 0.14 (0.04) 0.14 (0.04) 0.13 (0.04) 0.76
 rs174611 0.14 (0.04) 0.14 (0.04) 0.14 (0.04) 0.24
 rs174616 0.14 (0.04) 0.14 (0.04) 0.14 (0.04) 0.98
D5D activity
 rs 174546 3.82 (1.07) 3.14 (0.85) 2.61 (0.72) 7.4E-44
 rs968567 3.64 (1.06) 2.95 (0.77) 2.51 (0.74) 4.6E-27
 rs 174570 3.49 (1.06) 3.16 (0.95) 3.02 (0.63) 1.2E-06
 rs 174572 3.70 (1.09) 3.06 (0.81) 2.60 (0.69) 6.1E-31
 rs2072114 3.53 (1.06) 3.06 (0.88) 2.41 (0.69) 3.0E-12
 rs 174589 3.63 (1.07) 3.12 (0.87) 2.50 (0.70) 2.8E-21
 rs 174602 3.52 (1.09) 3.29 (0.95) 3.15 (0.95) 4.4E-05
 rs498793 3.39 (1.08) 3.40 (0.99) 3.54 (1.09) 0.23
 rs526126 3.53 (1.06) 3.23 (0.97) 3.29 (1.10) 0.0003
 rs174611 3.64 (1.09) 3.22 (0.94) 2.99 (0.93) 1.0E-12
 rs174616 3.70 (1.11) 3.38 (0.97) 3.21 (1.05) 1.5E-08

Major allele: 1, minor allele: 2 . Data are mean (SD). (C20:3n-6):(C18:2n-6) and (C20:4n-6):(C20:3n-6) ratios 
were used as estimates of D6D and D5D desaturase activities, respectively ( 22 ). * P -values were adjusted for age, 
gender, BMI and center.

 TABLE 4. Haplotype frequencies and association with serum n-6 LCPUFAs, desaturase activities, lipids, and BMI 

Haplotype CCT CC C  T CT  T C C  TT T  TTC 

Frequency 0.605 0.091 0.061 0.077 0.113 0.052
(n-6) LCPUFAs profi le
 C18:2n-6 (%)  p * 10.69 reference 0.44 0.03 0.75 0.0009 1.64 <E-06 0.88 4.0E-06 0.59 0.05
 C18:3n-6 (%)  p * 0.047 reference  � 0.003 0.83  � 0.007 0.05  � 0.009 0.03  � 0.008 0.04  � 0.006 0.37
 C20:3n-6 (%)  p * 1.43 reference  � 0.06 0.31 0.20 0.0001  � 0.04 0.46 0.28 <E-06 0.47 <E-06
 C20:4n-6 (%)  p * 5.22 reference  � 0.23 0.04  � 1.33 <E-06  � 1.31 <E-06  � 1.16 <E-06  � 0.90 <E-06
Desaturase activities
 D6D  p * 0.069 reference  � 0.006 0.10 0.004 0.18  � 0.012 0.002 0.007 0.023 0.017 3.0E-05
 D5D  p * 1.91 reference  � 0.04 0.64  � 0.63 <E-06  � 0.46 3.0E-05  � 0.72 <E-06  � 0.81 <E-06
Lipids and BMI
 Total cholesterol (mmol/l)  p * 2.08 reference 0.09 0.12 0.02 0.82  � 0.07 0.14  � 0.06 0.18 0.03 0.67
 HDL-cholesterol (mmol/l)  p * 0.72 reference 0.03 0.14  � 0.03 0.23  � 0.01 0.59  � 0.02 0.22 0.00 0.98
 LDL-cholesterol (mmol/l)  p * 1.21 reference 0.06 0.24 0.06 0.37  � 0.06 0.29 0.00 0.93 0.06 0.36
 TG (mmol/l)  p * 0.39 reference 0.01 0.76 0.11 0.0002  � 0.04 0.28  � 0.01 0.59 0.06 0.13
 BMI (kg/m 2 )  p * 10.68 reference 0.32 0.29  � 0.45 0.24  � 0.07 0.79 0.07 0.77  � 0.38 0.38

Order of htSNPs used for the analysis: rs174546, rs968567, and rs174602. Minor alleles for each SNP are underlined. Values are the mean 
effects estimated for each haplotype by comparison to the reference haplotype combining the most frequent allele at each site. (C20:3n-6):(C18:2n-6) 
and (C20:4n-6):(C20:3n-6) ratios were used as estimates of D6D and D5D desaturase activities, respectively ( 22 ). * P -values were adjusted for age, 
gender, BMI, and center.
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more likely to reliably reveal genetic associations. More-
over, we assessed the impact of 11 tag-SNPs in order to 
cover the cluster’s whole, common, genetic variability. 
Nevertheless, the selection of tag-SNPs with a MAF > 0.10 
may prevent the identifi cation of rare alleles with poten-
tially stronger infl uences. For the fi rst time, this study 
separately reports the association of  FADS  cluster poly-
morphisms with D6D and D5D activities. However, we 
used the ratio between individual serum FAs as surrogate 
of desaturase activities, because direct measures of enzyme 
activities are not feasible in large epidemiological studies. 
Although the study was performed in 10 centers from 9 
countries, we found no evidence for heterogeneity of the 
association between the SNPs and the biochemical and an-
thropometric variables (data not shown). Another poten-
tial limitation relates to the fact that the dietary FA status 
was not recorded in the HELENA study. However, in an 
earlier study ( 13 ), dietary FAs did not differ signifi cantly 
according to the  FADS  genotype. Lastly, our results would 
benefi t from replication with an independent sample of 
adolescents. 

 In conclusion, our results strongly suggest that the SNPs 
that contribute to inter-individual variability in serum 
LCPUFA levels may affect not only D6D but also D5D activ-
ity. In parallel with recent data that have shown an infl u-
ence of rs968567 in  FADS2  gene transcription, our results 
also provide a rationale for performing additional func-
tional studies on the  FADS1  gene.  

 The authors acknowledge Dr. Louisa Goumidi for her help 
with haplotype analyses. 
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