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Abstract
Background High omega-6/omega-3 intake ratio in westernized world is of concern. FADS genes variants are associated with
plasma long-chain polyunsaturated fatty acids (LC-PUFA) in diverse ethnicities and might modulate plasma omega-6/omega-3 net
balance. Therefore, the objective of this study was to evaluate the relationships between FADS genetic variants with dietary fat
and macronutrient intake, plasma phospholipid fatty acid pro�le, estimated plasma desaturase activity and cardiometabolic risk
factors, in a sample of Serbian subjects.

Methods Non-smoking adult volunteers (>28 years), free of acute or chronic disease were included. Food and nutrient data were
compiled through 24h recalls for non-consecutive days. Plasma phospholipid fatty acid content was assessed by gas-
chromatography. Selection of FADS2 variants (rs174593, rs174616 and rs174576) was based on its positional and functional
aspect, and evidence-based data. Genotyping was performed by using Real-Time PCR. Estimated desaturase activities were
calculated as conversion rates towards LC-PUFA in omega-6 pathway. Multivariable-adjusted general linear were applied and the
contribution of minor alleles to the variability of physiological parameters was analyzed by multivariable hierarchical multiple
regression models.

Results Sample included 34 men and 54 women, mean age=40±7years, with 70% being overweight (BMI>25). Minor allele
frequencies were 33%, 36% and 51% for rs174593, rs174576 and rs174616, respectively, in line with other populations. None of the
three variants was associated with food or nutrient intake, serum lipids, or obesity (p>0.05). Irrespective of gender, age, total daily
polyunsaturated/saturated fatty acid intake and obesity, rs174593, rs174616 and rs174576 were associated with lower
arachidonic acid (AA, C20:4 n-6, p<0.001) and estimated desaturase-5 activity (p<0.001) in plasma phospholipids. The rs174576
associations with AA withstood multiple testing and additional adjustments for other variants.

Conclusion We observed inverse associations between FADS2 variants and plasma phospholipid AA but not omega-3 fatty acids
in a sample of Serbian adults, and larger cohorts should con�rm the associations. In our study FADS2 rs174576 exhibited the
strongest associations, and future gene-dietary studies with varying omega-6/omega-3 intake should validate its suitability for
precision nutrition strategies aimed at PUFA recommendations in Serbian population.Trial registration This is a cross-sectional
study, forming part of larger intervention study registered at ClinicalTrials.gov as NCT02800967.

Background
Fatty acids are with prominent role in health and disease. Essential fatty acids include dietary linoleic acid (LA, C18:2 n-6) and
alpha-linolenic fatty acid (αLNA, C18:3 n-3), and humans are incapable of endogenously synthesizing them. The LA and αLNA
thus must be ingested through food and are further metabolically converted towards long-chain polyunsaturated fatty acids (LC-
PUFA). The LC-PUFA include arachidonic acid (AA, C20:4 n-6) with claimed proin�ammatory properties [1], eicosapentaenoic acid
(EPA, C20:5 n-3) with known anti-thrombotic, anti-arrhythmic, vasodilatory and other protective function [2], as well as
docosahexaenoic acid (DHA, C22:6 n-3) with a crucial role in neuroplasticity and signal transduction [3]. The LC-PUFA function is
associated with metabolic syndrome [4], cardiovascular disease [5], blood pressure [6] and allergies [7] across world-wide
populations.

Essential fatty acids are metabolized to LC-PUFA by a set of metabolic steps, shared between omega-6 (n-6) and omega-3 (n-3)
pathway, and critical steps are catalyzed by desaturase-5 and desaturase-6 enzymes [8]. Desaturase-6 is encoded by the FADS2
(fatty acid desaturase) gene and catalyzes the �rst downstream step from dietary LA and α-LNA to γ-linolenic (C18:3 n-6) and
stearidonic acid (C18:4 n-3), respectively [8, 9]. Desaturase-5 is encoded by the FADS1 gene and catalyzes rate-limiting conversion
to AA and EPA from dihomo-γ-linolenic (DGLA; C20:3 n-6) and C20:4 n-3, respectively [9]. The desaturase-6 is also utilized to
produce DHA from EPA in a microsomal-peroxisomal pathway [9]. Tissue-speci�c LC-PUFA net balance thus depends on habitual
diet, genetic function and gene-dietary interaction [10].

FADS1 and FADS2 variants (single nucleotide polymorphism – SNP) are associated with various health implications: reduced
in�ammation and cardiovascular disease risk [11], overweight and serum lipids, atopic disease, cognitive function and child-
maternal health [12]. Minor allele presence in FADS gene cluster has repeatedly been linked with a decreased substrate-to-product
ratio in fatty acid n-3 and n-6 pathways [12, 13]. Pivotal genome-wide association studies reported associations between variants
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in FADS1-2 genes and LC-PUFA in plasma and red blood cells [14, 15]. The �rst FADS candidate gene study in 727 Caucasians
identi�ed associations between minor allele presence and LC-PUFA content in serum phospholipids [13]. Variants in FADS1 and
FADS2 genes are associated with levels of LC-PUFA and desaturase activities in plasma and red blood cell phospholipids among
310 middle-aged healthy adults of mixed ethnicity [16]. Studies in Caucasian and East-Asian adults report FADS gene associations
with estimated desaturation rates in serum [17, 18]. The importance of investigating associations between common FADS variants
and intermediary and clinical phenotypes in different populations in light of emerging precision nutrition practice, is summarized
recently [10]. Taken together, variants in FADS genes modulate fatty acid levels and concomitant disease risk, conferring the role of
the FADS variants as suitable nutrigenetic biomarkers.

Aside essential fatty acids, preformed LC-PUFA are ingested from food such as �sh, nuts, eggs and meat. Ancestral dietary
patterns presented with n-6 to n-3 intake ratio of less than 4:1. During the preceding decades, westernization of dietary patterns led
to dramatic increase in the ratio, resulting in 15:1 and higher n-6/n-3 composition of habitual intake in contemporary populations,
mostly attributed to cooking practices based on immense utilization of n-6 LA-rich vegetable oils, such as corn, soybean and
canola oil [19]. In addition, westernized diet is low in n-3 rich fatty �sh. Disturbed dietary n-6/n-3 ratio leads to metabolic shift
towards long-chain n-6 products in place of long-chain n-3 products, which affects cardiometabolic risk such as obesity [20].
Lower levels of LC-PUFA metabolic products are associated with detrimental effects with regards to brain [3], immune function and
in�ammation [21]. Variants in FADS genes might alleviate health risk of the high n-6/n-3 ratio, by shifting endogenous conversion
towards a more favorable balance. Precision nutrition concept suggests tailoring of recommendations for PUFA supply in subjects
or groups with speci�c FADS hallmarks [11, 12].

Ethnic-speci�c FADS1 and FADS2 gene effects have been demonstrated [22–24], but no study investigated FADS variants and its
effects on fatty acid metabolism and cardio-metabolic risk factors in Serbian population. Therefore, the purpose of this study was
to evaluate the FADS2 genetic variants: rs174593, rs174616 and rs174576 as candidates for nutrigenetic-based precision nutrition
practice, by investigating their relationship with dietary fat and macronutrient intake, plasma phospholipid fatty acid pro�le,
estimated plasma desaturase activity and cardiometabolic risk factors (serum lipids and obesity), in a sample of Serbian adults.
Based on literature data, we hypothesize that the minor allele within the variants will be associated with lower product-to-precursor
ratio in fatty acid metabolic cascades.

Subjects And Methods

Ethical Clearance and Study Population
Current study formed part of a larger interventional study registered at ClinicalTrials.gov as NCT02800967. The study protocol
adhered to the regulations of the 1975 Declaration of Helsinki and is approved by the Clinical Hospital Center in Zemun (Belgrade,
Serbia), Ethics Committee Approval, No: 2125, 2013. Study subjects were recruited by means of newspaper advertisement, word of
mouth or at the clinic. Interested volunteers who were non-smoking adults (> 28 years) with no signs of clinical disease were
considered eligible. Exclusion criteria were presence of any acute or chronic illness, smoking, lactation and pregnancy, allergies,
regularly prescribed medication use related to cardiovascular risk factors (including statins) and unwillingness to participate in a
genetic study. None of the herein variants studied succumbs necessary reporting due to incidental �ndings [25]. Following an
informed interview with the study team, eligible volunteers were asked to sign the informed consent form, approved together with
the study protocol. Informed participation included willingness to participate in a candidate-gene study.

Assessment of dietary and clinical data
Dietary intake was assessed with repeated 24 h recalls for two non-consecutive days to allow correction for within-subject food
consumption variability. In-depth face-to-face interviews were conducted by trained researchers according to a standardized
multiple-pass methodological approach. Dietary assessment was complemented with a variety of self-reported socio-
demographic, lifestyle and other related data and performed in the study examination site. Questionnaires were analyzed by Diet
Assess & Plan nutritional platform for standardized food consumption data collection and diet evaluation [26]. We calculated total
daily caloric and nutrient intake using Serbian Food Composition Database, compliant with EuroFIR standards [27]. Subjects
consumed no n-3 dietary supplementation in any nutraceutical form. Thus, reported n-3 intake is due to the food intake solely.
Among food groups, we analyzed �sh and nuts as recognized n-3 dietary sources.
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Anthropometry parameters were measured in a private room, and subjects were asked to stay in light clothing. Height and weight
were measured with a precision to the nearest 0.1 cm and 0.1 kg, respectively. Height was measured by a portable stadiometer,
and weight was assessed by bioimpedance analyzer TANITA UM072 balance (TANITA Health Equipment H.K. LTD). Waist
circumference was evaluated by �exible measurer. The BMI was calculated as weight (kg)/(height[m])2.

Blood samples collection and analysis
After an overnight fast of 10 hours refraining from food and beverage, blood samples were collected in tubes with
ethylenediaminetetraacetic acid as an anticoagulant. Blood collection was performed between 7–8 a.m. by venepuncture of the
antecubital vein. Serum lipid parameters and glucose concentration were determined on the same day when collected by use of
Roche Diagnostics’ kits and clinical chemistry analyzer Cobas c111 (Roche Diagnostics, Basel, Switzerland), according to the
manufacturer’s instructions.

Fatty acid concentrations were determined by gas chromatography, as previously described in [28] with slight modi�cations.
Brie�y, total plasma lipids were extracted according to the method of Folch [29] by chloroform-methanol mixture (2:1). Among total
lipid pool, phospholipids were further separated on thin-layer chromatography silica plate using the system of petroleum ether,
diethyl ether and glacial acetic acid (87:12:1, by volume). The phospholipid fraction was scraped into glass tubes and fatty acid
methyl-esters obtained by direct trans-methylation. Resulting fatty acid methyl esters were analyzed by gas chromatography on
Shimadzu chromatograph GC 2014, Tokyo, Japan equipped with a �ame ionization detector and a Rtx 2330 fused silica gel
capillary column (60 m × 0.25 mm id × 0.2 µm �lm thickness) (Restek Co., Bellefonte, PA, USA). The adequate separation was
obtained with an initial temperature of the column of 140 °C for 5 min, then increased to 220 °C, at 3 °C/min rate, and �nal
temperature held for 20 min. We compared the peak retention times to certi�ed calibration mixtures after 51 min (PUFA-2, Supelco,
Bellefonte, PA, USA, and 37 FAMEs mix, Sigma Chemical Co., St. Louis, MO, USA), and areas under curves were calculated. For the
purposes of current study we identi�ed following fatty acids as percentage of total phospholipid pool in plasma: palmitic acid
(C16:0), palmitoleic acid (C16:1 n-7), staeric acid (C18:0), vaccenic acid (C18:1 n-7), oleic acid (18:1n-9), LA, DGLA, AA, adrenic acid
(C22:4n-6), EPA, docosapentaenoic acid (C22:5n-3), and DHA. Estimated desaturase activities were calculated based on the
conversion rates towards long-chain unsaturated products in n-6 pathway [30]. Thus, we predicted desaturase-5 activity by use of
AA/DGLA ratio in plasma phospholipids. For estimation of desaturase-6 activity we used an aggregate enzymatic index of
DGLA/LA to include additional elongation step.

SNP selection and genotyping
During SNP selection we accounted for its positional and functional aspect, together with evidence-based data on SNP relevance.
We �nally selected SNPs located in different introns of FADS2 gene: rs174576 (intron 1), rs174593 (intron 5) and rs174616 (intron
7), after analysis of data from the above-mentioned studies and taking into account all following criteria: 1) consistent effect of
each SNP on LC-PUFA plasma/serum levels across the analyzed studies; 2) signi�cant association (with correction for multiple
testing where appropriate) between each stated SNP and LC-PUFA plasma/serum levels after adjustment for age, gender, ethnicity,
BMI, dietary LC-PUFA and energy intake from fat 3) from a pair of the quoted SNPs if linkage disequilibrium (LD) was found to be
high (r2 ≥ 0.8) (pairwise LD between SNPs was calculated using SNP Annotation and Proxy Search (SNAP) database:
https://omictools.com/snp-annotation-and-proxy-search-tool, [31]), we selected one SNP for which we revealed a high
RegulomeDB score (score categories 1 and 2, out of 6), predicting a SNP position within transcriptional regulatory DNA element
(http://www.regulomedb.org, [32]). Selected SNPs were each with a minor allele frequency of above 10% within European
populations, according to SNP database of National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/snp/) and
comparable to the data from 1000 Genome Study project.

Genomic DNA was isolated from whole peripheral blood samples collected with ethylenediaminetetraacetic acid, by a method
based on phenol-chloroform extraction [33]. TaqMan® SNP genotyping assays (Applied Biosystems Inc, Foster City, CA, USA) were
used for detection of the selected FADS2 intronic variants: C___2575520_10 (rs174576), C___2575513_10 (rs174593) and
C___2268923_10 (rs174616), according to the manufacturer’s instructions. The 7500 Real-Time PCR System with SDS v1.4.0
software (Applied Biosystems Inc, Foster City, CA, USA) was employed for the performance of PCR and determination of
genotypes.

Statistical Analysis
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Statistical analysis was performed by SPSS ver. 24 (Chicago Il), and probability threshold of 0.05 was relevant. Normally
distributed data are presented as mean ± SD, otherwise median (interquartile range). Distribution of genotypes was tested using
Chi-square test with 1 df, to evaluate deviations from Hardy-Weinberg equilibrium, with probability threshold set at 0.05. Two
subjects were with missing dietary data. Missing data were completely at random and were included in the analyses by intention-
to-treat principle, accounted for in a statistical syntax. For each SNP, dominant model was applied to group subjects according to
presence of at least one minor allele at a single group and compare with null allele homozygotes. We then applied general linear
models, adjusted for age, gender, energy intake and obesity, to evaluate whether there are different distributions of parameters
between major allele homozygotes and minor allele carriers. The outcome variables were structured based on their physiological
and clinical relevance on parameters of food and nutrient intake, fatty acid pro�le in plasma phospholipids, fatty acid conversion
indices and cardio-metabolic parameters, and the results are presented accordingly. If a biomarker exhibited signi�cantly different
distribution in the dominant genetic model, we applied additive genetic model to test associations with intermediary phenotype
and cardiometabolic risk factors with addition of a minor allele per variant. In order to evaluate the contribution of minor alleles to
the variability of selected physiological parameters we applied hierarchical multiple regression models, fully adjusted for gender,
age and total daily polyunsaturated/saturated fatty acid intake and obesity. We visually inspected the distribution of residuals to
satisfy the rule of linearity, and log-transformed variables if necessary. If upon multivariable regression analyses variants were
signi�cantly associated with an outcome, we additionally adjusted for the remaining two variants to check for the independent
gene effects. To account for multiple testing in regression analysis, we applied conservative Bonferroni correction for 3 exposure
variants, hence p-value of less than 0.017 denoted level of statistical signi�cance.

Results

Study subjects’ characteristics
The study sample included 54 women and 34 men, mean age of 40.49 ± 7.03 years (Table 1). In the complete sample, there were
70.5% overweight subjects. Subjects were with balanced macronutrient intake, with median daily energy intake of 44.24%, 15.95%,
40.18% from carbohydrates, proteins and fats, respectively. Estimated median percentage contributions of monounsaturated,
polyunsaturated and saturated fatty acids to daily energy intake were 12.55%, 10.07%, and 12.82%, respectively.
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Table 1
Characteristics of study subjects across tertiles (median [interquartile range]) of omega-6/omega-3 habitual intake

  Complete Sample, n
88
16.29 [12.31, 24.56]

Tertile 1, n 28
11.04 [7.90, 12.31]

Tertile 2, n 29
15.93 [14.02, 18.63]

Tertile 3, n 29
26.62 [24.09, 35.49]

p-
value

Women, n (%) 54 (61.4) 16 (57.1) 19 (65.5) 18 (62.1) 0.810

Age, years 40.49 ± 7.03 41.05 ± 8.03 41.45 ± 6.99 39.72 ± 5.69 0.616

Overweight, n (%) 62 (70.5) 17 (60.7) 22 (75.9) 21 (72.4) 0.433

Energy intake,
kcal/day

1916.13 [1596.20,
2408.33]

1875.45 [1521.93,
2387.69]

1911.91 [1607.02,
2254.82]

2066.71 [1588.13,
2589.06]

0.576

Dietary and nutrient intake, g/day

Carbohydrates 212.95 [176.47,
259.98]

187.90 [164.91,
245.15]

197.49 [176.81,
257.60]

227.19 [199.78,
285.12]

0.101

Protein 78.88 [62.74, 96.90] 78.80 [62.04, 99.51] 79.89 [65.72, 94.48] 78.69 [60.32, 95.03] 0.945

Fat 84.70 [65.73,
113.11]

87.44 [68.54,
114.23]

84.17 [65.60,
108.46]

82.71 [60.35,
115.00]

0.927

MUFA 25.37 [21.42, 36.06] 26.48 [21.59, 35.73] 24.31 [21.09, 35.20] 26.17 [19.47, 37.66] 0.885

PUFA 22.24 [15.36, 30.48] 26.21 [18.31, 31.15] 19.94 [15.06, 30.54] 21.74 [13.93, 26.52] 0.502

SFA 27.00 [21.10, 37.26] 27.22 [19.21, 34.94] 26.19 [21.93, 37.12] 27.56 [20.69, 39.19] 0.692

PUFA/SFA 0.72 [0.60, 1.05] 0.93 [0.61, 1.29] 0.68 [0.57, 1.05] 0.70 [0.61, 0.91] 0.200

Lauric acid, 12:0 0.94 [0.55, 1.26] 0.72 [0.36, 1.21] 0.91 [0.66, 1.23] 1.08 [0.65, 1.69] 0.158

Myristic acid, 14:0 2.16 [1.53, 3.26] 1.71 [1.20, 3.25] 2.22 [1.80, 2.87] 2.35 [1.52, 3.64] 0.600

Palmitic acid, 16:0 13.51 [10.68, 18.63] 13.52 [10.04, 18.02] 13.47 [11.34, 18.64] 13.54 [10.89, 19.93] 0.770

Stearic acid, 18:0 6.52 [4.61, 8.70] 6.50 [4.39, 7.92] 6.06 [4.42, 8.56] 7.57 [5.38, 10.35] 0.230

Oleic acid, 18:1 n-9 21.03 [17.00, 29.12] 20.81 [17.27, 28.94] 20.32 [16.61, 28.89] 22.59 [16.12, 32.42] 0.873

Linoleic acid, 18:2
n-6

17.81 [13.97, 23.04] 18.44 [15.03, 22.05] 16.49 [13.95, 21.58] 19.11 [13.04, 26.77] 0.329

α-linolenic acid,
18:3 n-3

0.74 [0.50, 1.20] 1.21 [0.75, 1.48] 0.73 [0.56, 1.15] 0.50 [0.40, 0.76] 0.001

DGLA, 20:3 n-6 0.01 [0.00, 0.01] 0.00 [0.00, 0.01] 0.01 [0.01, 0.02] 0.01 [0.01, 0.01] 0.108

Arachidonic acid,
20:4 n-6

0.13 [0.09, 0.21] 0.11 [0.08, 0.17] 0.15 [0.10, 0.24] 0.18 [0.10, 0.21] 0.135

EPA, 20:5 n-3 0.03 [0.01, 0.14] 0.23 [0.06, 0.57] 0.02 [0.01, 0.07] 0.01 [0.00, 0.06] 0.001

DHA, 22:6 n-3 0.17 [0.09, 0.43] 0.45 [0.17, 0.81] 0.14 [0.10, 0.34] 0.09 [0.04, 0.17] 0.001

Omega-6 17.94 [14.16, 23.24] 18.52 [15.11, 22.21] 16.62 [14.17, 21.69] 19.21 [13.17, 26.99] 0.334

Data are presented as mean ± SD or median [interquartile range], depending on the distribution, and categorical variables are
presented as percentage of whole. P values denote probability trends upon general linear model and Kruskal-Wallis analyses,
for parametric and non-parametric approach, respectively; testing difference between parameter distributions across tertiles of
daily omega-6 to omega-3 intake ratio [g]. Bolded text denotes statistical signi�cance.

DGLA, dihomo-γ-linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; Omega-
6, Total Omega-6 intake; Omega-3, Total Omega-3 intake; Marine omega-3, Cumulative intake of EPA and DHA; MUFA, Intake of
monounsaturated fatty acids; PUFA, Intake of polyunsaturated fatty acids; SFA, Intake of saturated fatty acids; HDL-c, High
density lipoprotein cholesterol; LDL-c, Low density lipoprotein cholesterol; TAG, triglycerides.
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  Complete Sample, n
88
16.29 [12.31, 24.56]

Tertile 1, n 28
11.04 [7.90, 12.31]

Tertile 2, n 29
15.93 [14.02, 18.63]

Tertile 3, n 29
26.62 [24.09, 35.49]

p-
value

Omega-3 1.06 [0.75, 1.69] 1.95 [1.33, 2.76] 1.07 [0.84, 1.37] 0.68 [0.48, 0.91] 0.001

Marine omega-3 0.19 [0.10, 0.65] 0.72 [0.19, 1.27] 0.18 [0.11, 0.42] 0.11 [0.07, 0.21] 0.001

Fish 28.34 [0.00, 70.30] 66.67 [11.75,
141.66]

26.67 [0.00, 74.17] 0.00 [0.00, 46.67] 0.001

Nuts 9.26 [2.15, 20.83] 15.59 [2.57, 28.20] 12.68 [4.30, 20.11] 7.10 [2.15, 13.21] 0.358

Fatty acids in plasma phospholipids, % of total pool

Palmitic acid, 16:0 30.32 ± 2.10 30.24 ± 1.80 30.65 ± 2.65 30.11 ± 1.78 0.622

Palmitoleic acid,
16:1 n-7

0.54 [0.42, 0.72] 0.51 [0.41, 0.66] 0.61 [0.45, 0.79] 0.61 [0.42, 0.77] 0.576

Stearic acid, 18:0 16.60 ± 1.49 16.54 ± 1.36 16.69 ± 1.73 16.47 ± 1.36 0.860

Oleic acid, 18:1 n-9 7.76 [7.24, 8.69] 7.67 [7.26, 8.21] 8.19 [7.26, 9.06] 7.81 [7.23, 8.82] 0.380

Vaccenic acid, 18:1
n-7

2.43 [2.10, 2.78] 2.44 [2.12, 2.78] 2.45 [2.06, 2.82] 2.39 [2.13, 2.71] 0.993

Linoleic acid, 18:2
n-6

23.99 ± 3.24 24.02 ± 3.13 23.29 ± 3.12 24.63 ± 3.56 0.328

DGLA, 20:3 n-6 2.97 ± 0.91 2.66 ± 0.83 3.29 ± 0.80 3.02 ± 1.01 0.033

Arachidonic acid,
20:4 n-6

10.91 ± 2.11 11.28 ± 1.69 10.61 ± 2.14 10.69 ± 2.40 0.432

EPA, 20:5 n3 0.30 [0.21, 0.43] 0.37 [0.26, 0.43] 0.30 [0.22, 0.49] 0.26 [0.18, 0.38] 0.177

Adrenic acid, 22:4
n-6

0.42 [0.35, 0.51] 0.40 [0.34, 0.48] 0.43 [0.33, 0.56] 0.42 [0.35, 0.56] 0.279

DPA, 22:5 n-3 0.56 [0.46, 0.66] 0.61 [0.48, 0.77] 0.53 [0.48, 0.65] 0.55 [0.44, 0.62] 0.201

DHA, 22:6 n-3 2.85 ± 0.88 3.09 ± 0.90 2.90 ± 1.01 2.57 ± 0.65 0.091

Desaturase-6 0.12 [0.09, 0.15] 0.10 [0.08, 0.15] 0.14 [0.12, 0.17] 0.12 [0.09, 0.14] 0.070

Desaturase-5 3.71 [2.97, 4.88] 4.35 [3.25, 5.93] 3.06 [2.71, 3.93] 3.67 [2.77, 4.88] 0.023

AA/EPA 34.53 [26.23, 51.73] 31.09 [25.05, 42.87] 33.40 [16.74, 52.74] 39.74 [28.64, 57.43] 0.240

AADHA 3.91 [3.29, 4.93] 3.86 [3.04, 4.70] 3.51 [3.12, 4.84] 3.99 [3.47, 4.95] 0.531

Clinical parameters

Glucose, mmol/L 4.87 [4.59, 5.31] 4.77 [4.49, 5.28] 4.94 [4.58, 5.40] 4.92 [4.68, 5.19] 0.554

TAG, mmol/L 1.12 [0.75, 1.52] 1.18 [0.77, 1.43] 1.28 [0.76, 1.86] 0.98 [0.67, 1.44] 0.111

Total Cholesterol,
mmol/L

5.24 ± 1.01 5.58 ± 1.08 5.52 ± 0.97 4.70 ± 0.73 0.001

Data are presented as mean ± SD or median [interquartile range], depending on the distribution, and categorical variables are
presented as percentage of whole. P values denote probability trends upon general linear model and Kruskal-Wallis analyses,
for parametric and non-parametric approach, respectively; testing difference between parameter distributions across tertiles of
daily omega-6 to omega-3 intake ratio [g]. Bolded text denotes statistical signi�cance.

DGLA, dihomo-γ-linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; Omega-
6, Total Omega-6 intake; Omega-3, Total Omega-3 intake; Marine omega-3, Cumulative intake of EPA and DHA; MUFA, Intake of
monounsaturated fatty acids; PUFA, Intake of polyunsaturated fatty acids; SFA, Intake of saturated fatty acids; HDL-c, High
density lipoprotein cholesterol; LDL-c, Low density lipoprotein cholesterol; TAG, triglycerides.
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  Complete Sample, n
88
16.29 [12.31, 24.56]

Tertile 1, n 28
11.04 [7.90, 12.31]

Tertile 2, n 29
15.93 [14.02, 18.63]

Tertile 3, n 29
26.62 [24.09, 35.49]

p-
value

HDL-c, mmol/L 1.60 [1.30, 1.89] 1.70 [1.31, 1.95] 1.56 [1.30, 1.87] 1.52 [1.28, 1.94] 0.947

LDL-c, mmol/L 3.54 ± 0.99 3.91 ± 1.07 3.76 ± 0.96 3.03 ± 0.67 0.001

Weight, kg 81.60 [71.08, 97.75] 80.80 [65.38, 97.75] 84.80 [71.45,
106.10]

80.70 [72.05, 93.75] 0.374

Waist, cm 92.00 [81.25,
103.75]

88.50 [80.00,
103.50]

93.00 [83.50,
105.00]

93.00 [81.00,
102.00]

0.522

BMI, kg/m2 26.86 [24.43, 31.24] 26.34 [24.21, 30.53] 27.38 [24.99, 32.48] 26.45 [24.41, 31.68] 0.267

Data are presented as mean ± SD or median [interquartile range], depending on the distribution, and categorical variables are
presented as percentage of whole. P values denote probability trends upon general linear model and Kruskal-Wallis analyses,
for parametric and non-parametric approach, respectively; testing difference between parameter distributions across tertiles of
daily omega-6 to omega-3 intake ratio [g]. Bolded text denotes statistical signi�cance.

DGLA, dihomo-γ-linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; Omega-
6, Total Omega-6 intake; Omega-3, Total Omega-3 intake; Marine omega-3, Cumulative intake of EPA and DHA; MUFA, Intake of
monounsaturated fatty acids; PUFA, Intake of polyunsaturated fatty acids; SFA, Intake of saturated fatty acids; HDL-c, High
density lipoprotein cholesterol; LDL-c, Low density lipoprotein cholesterol; TAG, triglycerides.

In the total sample, median n-6/n-3 intake ratio was 16.29 (Table 1). Daily consumption of macronutrients and fat groups was
equally distributed across tertiles of n-6/n-3 intake. Intake of individual n-3 fatty acids, αLNA, EPA and DHA, decreased with
increasing tertiles of the ratio (p < 0.001), while no differences in distribution were seen among dietary n-6 fatty acid. Intake of �sh
decreased across the tertiles, with as much as 69% of the subjects in the highest tertile eating no �sh at all. Among fatty acids in
plasma phospholipids only DGLA increased with increasing tertiles of n-6/n-3. Other plasma fatty acids were equally distributed
across the tertiles of n-6/n-3 consumption, although DHA tended to decrease without reaching signi�cance (p = 0.091). The
predicted activity of desaturase-5 decreased with increasing tertiles of the ratio (p = 0.023) (Table 1). Increased n-6/n-3 intake ratio
was followed by lower total and LDL-c cholesterol levels (p = 0.001 for both, Table 1).

For the three selected FADS2 SNPs, distribution of minor allele carriers was equal across the tertiles of the n-6/n-3 intake ratio
(Supplementary Table 1).

FADS2 allele and genotype distribution
Genotype frequencies of the three selected FADS2 variants conformed to Hardy-Weinberg balance (Table 2). Allele and genotype
frequencies are presented in Table 2. Minor allele frequencies were 0.33, 0.36 and 0.51 for rs174593, rs174576 and rs174616,
respectively.
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Table 2
Allele and genotype distribution of the FADS2 genetic variants in 88 Serbian adults

  Chromosome
Position

Major allele
homozygote
n (%)

Heterozygote
n (%)

Minor allele
homozygote
n (%)

Minor
allele
carriers
n (%)

Minor Allele
Frequency
Our
Study/1000Genome

Chi-
sq

p-
value

rs174593,
T > C

11:61851359 TT
37 (42)

TC
44 (50)

CC
7 (8)

TC + 
CC
51 (58)

0.33/0.21 1.71 0.191

rs174616,
G > A

11:61861650 GG
18 (20)

GA
50 (57)

AA
20 (23)

GA + 
AA
70
(79.5)

0.51/0.48 1.99 0.158

rs174576,
C > A

11:61836038 CC
33 (37.5)

CA
46 (52)

AA
9 (10)

CA + 
AA
55
(62.5)

0.36/0.36 1.72 0.189

Chi-sq associated with test of compliance with Hardy-Weinberg equilibrium of balanced distribution of genotypes. p value is
associated with Chi-sq.

Distribution of food and nutrient intake with regards to FADS2 genotypes
There were no differences in daily consumption of any macronutrient, fat group, individual fatty acids, �sh or nut intake,
dependent on FADS2 minor alleles’ presence (Supplementary Table 2).

Distribution of fatty acids and conversion factors in plasma phospholipids with regards to FADS2 genotypes

Subjects carrying minor rs174593 C allele presented with lower palmitoleic (p = 0.046) and higher stearic acid (p = 0.034) in
comparison with major allele homozygotes (Table 3). Subjects carrying minor rs174576 A allele tended to be with lower
palmitoleic acid (p = 0.056).
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Table 3
Distribution of fatty acids in plasma phospholipids according to FADS2 genotypes in Serbian adults.

  rs174593 rs174616 rs174576

  TT
n 37

TC + CC
n 51

p-
value

GG
n 18

GA + AA
n 70

p-
value

CC
n 33

CA + AA
n 55

p-
value

Palmitic acid,
16:0

30.3 ± 
1.80

30.31 ± 
2.31

0.950 30.41 ± 
2.35

30.30 ± 
2.06

0.788 30.29 ± 
1.88

30.34 ± 
2.24

0.843

Palmitoleic acid,
16:1 n-7

0.64
[0.48,
0.78]

0.50
[0.41,
0.67]

0.046 0.61
[0.53,
0.68]

0.53
[0.41,
0.75]

0.987 0.64
[0.50,
0.77]

0.50
[0.40,
0.67]

0.056

Stearic acid, 18:0 16.32 ± 
1.65

16.80 ± 
1.33

0.034 17.03 ± 
1.65

16.51 ± 
1.44

0.246 16.84 ± 
1.66

16.45 ± 
1.36

0.693

Oleic acid, 18:1
n-9

7.69
[7.09,
8.36]

7.81
[7.31,
8.79]

0.342 7.63
[7.32,
8.36]

7.79
[7.08,
8.73]

0.569 7.65
[7.24,
8.32]

7.77
[7.23,
8.81]

0.933

Vaccenic acid,
18:1 n-7

2.44
[2.17,
2.68]

2.37
[2.04,
2.83]

0.738 2.63
[2.13,
2.83]

2.36
[2.08,
2.78]

0.691 2.44
[2.12,
2.67]

2.38
[2.02,
2.85]

0.570

Linoleic acid,
18:2 n-6

23.24 ± 
3.13

24.53 ± 
3.24

0.184 22.44 ± 
2.64

24.33 ± 
3.28

0.063 22.65 ± 
3.00

24.82 ± 
3.13

0.005

DGLA, 20:3 n-6 2.89 ± 
0.92

3.03 ± 
0.90

0.197 2.84 ± 
1.06

3.00 ± 
0.88

0.519 2.90 ± 
0.98

3.02 ± 
0.87

0.348

Arachidonic acid,
20:4 n-6

12.03 ± 
1.78

10.10 ± 
1.97

0.001 11.73 ± 
1.66

10.73 ± 
2.17

0.122 12.12 ± 
1.97

10.16 ± 
1.84

0.001

EPA, 20:5 n3 0.29
[0.21,
0.41]

0.33
[0.22,
0.47]

0.284 0.34
[0.26,
0.43]

0.29
[0.21,
0.43]

0.255 0.29
[0.21,
0.40]

0.34
[0.22,
0.46]

0.744

Adrenic acid,
22:4 n-6

0.46
[0.35,
0.53]

0.41
[0.32,
0.49]

0.456 0.40
[0.34,
0.48]

0.42
[0.35,
0.52]

0.948 0.46
[0.34,
0.56]

0.41
[0.35,
0.47]

0.089

DPA, 22:5 n-3 0.57
[0.46,
0.66]

0.55
[0.45,
0.66]

0.817 0.64
[0.48,
0.67]

0.53
[0.45,
0.65]

0.172 0.57
[0.45,
0.67]

0.55
[0.47,
0.65]

0.091

DHA, 22:6 n-3 2.88 ± 
0.83

2.82 ± 
0.91

0.506 2.94 ± 
0.81

2.83 ± 
0.89

0.855 2.91 ± 
0.78

2.81 ± 
0.94

0.447

Data are presented as mean ± SD or median [interquartile range], depending on the distribution. P values denote probability
trends upon general linear model of difference in parameter distribution between major homozygote and minor allele carriers.
Models are adjusted for age, gender, PUFA/SFA [g] and BMI. Bolded text denotes statistical signi�cance.

DGLA, dihomo-γ-linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.

The rs174576 minor allele carriers were with signi�cantly higher LA content than major allele homozygotes (p = 0.005), and
rs174616 minor A allele carriers tended to be with higher LA levels (p = 0.063).

The AA content in plasma phospholipids was signi�cantly lower in minor allele carriers for rs174593 and rs174576 (p 0.001 for
both), while for rs174616 difference did not reach signi�cance.

Other individual fatty acids were homogenously distributed across FADS2 genotypes in dominant genetic model.

The activity of rate-limiting desaturase-5 enzyme was lower in rs174593 and rs174576 minor allele carriers (p 0.001 and p = 0.001,
respectively). The same subjects, presented with lower AA/EPA ratio in plasma phospholipids (p = 0.007 and 0.034, respectively)
(Table 4).
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Table 4
Distribution of fatty acid metabolic conversion factors according to FADS2 genotypes in Serbian adults

  rs174593 rs174616 rs174576

  TT
n 37

TC + CC
n 51

p-
value

GG
n 18

GA + AA
n 70

p-
value

CC
n 33

CA + AA
n 55

p-
value

D6D 0.12 [0.09,
0.17]

0.13 [0.10,
0.15]

0.595 0.11 [0.09,
0.17]

0.12 [0.09,
0.15]

0.960 0.12 [0.09,
0.17]

0.12 [0.10,
0.15]

0.576

D5D 4.19 [3.13,
5.70]

3.32 [2.78,
4.27]

0.001 4.83 [3.02,
5.89]

3.67 [2.88,
4.81]

0.108 4.80 [3.13,
5.70]

3.37 [2.79,
3.97]

0.001

AA/EPA 35.42
[29.47,
57.43]

29.30
[20.27,
44.16]

0.007 33.44
[28.76,
35.42]

35.75
[23.53,
55.31]

0.735 35.26
[29.85,
59.39]

29.18
[20.58,
44.48]

0.034

AA/DHA 4.46 [3.57,
4.97]

3.52 [3.06,
4.63]

0.123 3.99 [3.56,
4.69]

3.91 [3.18,
4.93]

0.678 4.16 [3.56,
4.93]

3.61 [2.97,
4.89]

0.167

Data are as median [interquartile range]. P values denote probability trends upon general linear model of difference in
parameter distribution between major homozygote and minor allele carriers. Models are adjusted for age, gender, PUFA/SFA [g]
and BMI. Bolded text denotes statistical signi�cance.

AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; D6D, desaturase-6; D5D, desaturase-5.

Distribution of cardiometabolic parameters across FADS2 genotypes
With regards to minor allele presence, there were no variations in distributions of cardio-metabolic risk factors within the subjects,
inclusive of serum lipids and anthropometric parameters (Supplementary Table 3).

Association between FADS2 genotypes and fatty acid status in plasma
phospholipids
In further regression models we analyzed individual plasma fatty acids and conversion factors that showed signi�cant distribution
variability in a dominant genetic model (Table 3, 4, Supplementary Table 2, 3), as following: palmitoleic acid, LA, AA, desaturase-5
and AA/EPA.

Upon multivariable-adjusted sequential regression models, minor allele addition of rs174616 tended to be (p = 0.077) and
rs174576 was associated (p = 0.003) with 0.99 and 1.64 higher LA content, respectively (Table 5, Fig. 1). Addition of minor allele
was associated with lower AA and desaturase-5 levels, for each individual FADS2 variant examined, remaining signi�cant upon
Bonferroni correction for multiple testing (Table 5). The associations were independent of gender, age, ratio of polyunsaturated to
saturated fat intake and obesity. Irrespective of demographics, fat intake and obesity, addition of rs174593 and rs174576 minor
allele was associated with lower AA/EPA ratio, however not withstanding multiple testing (p = 0.022 and p = 0.026, respectively)
(Table 5, Fig. 1).



Page 12/22

Table 5
Associations between FADS2 variants and plasma phospholipid fatty acids and conversion factors in Serbian adults

  Palmitoleic acid,
16:1 n-7

Linoleic acid, 18:2
n-6

Arachidonic acid,
20:4 n-6

Desaturase-5 AA/EPA  

  β (95%CI) p-
value

β (95%CI) p-
value

β (95%CI) p-
value

β (95%CI) p-
value

β
(95%CI)

p-
value

                     

M1: ∆R2 0.015   0.024   0.242   0.176   0.067  

rs174593 -0.04
(-0.12,
0.03)

0.278 0.81
(-0.33,
1.96)

0.161 -1.67
(-2.32,
-1.01)

0.001 -0.11
(-0.16,
-0.06)

0.001 -0.10
(-0.19,
-0.02)

0.019

M2: ∆R2 0.089   0.071   0.025   0.153   0.036  

rs174593 -0.03
(-0.10,
0.05)

0.467 0.78
(-0.37,
1.93)

0.179 -1.63
(-2.30,
-0.96)

0.001 -0.12
(-0.17,
-0.07)

0.001 -0.10
(-0.19,
-0.02)

0.022

Age 0.01 (0.00,
0.02)

0.031 -0.05
(-0.16,
0.06)

0.369 0.02
(-0.05,
0.08)

0.590 0.00
(-0.01,
0.00)

0.302 0.00
(-0.01,
0.01)

0.957

Gender 0.00
(-0.10,
0.10)

0.975 -0.36
(-1.86,
1.14)

0.632 0.12
(-0.76,
1.00)

0.785 -0.06
(-0.13,
0.00)

0.064 -0.08
(-0.19,
0.04)

0.171

PUFA/SFA -0.04
(-0.12,
0.04)

0.348 -0.70
(-1.97,
0.57)

0.278 -0.14
(-0.89,
0.60)

0.702 0.07
(0.01,
0.12)

0.017 -0.04
(-0.13,
0.06)

0.467

BMI 0.01 (0.00,
0.02)

0.255 -0.10
(-0.25,
0.05)

0.199 0.06
(-0.03,
0.15)

0.164 -0.01
(-0.02,
0.00)

0.003 0.00
(-0.01,
0.01)

0.789

                     

M1: ∆R2 0.008   0.059   0.120   0.090   0.015  

rs174616 -0.03
(-0.10,
0.04)

0.439 1.19 (0.13,
2.25)

0.028 -1.11
(-1.78,
-0.44)

0.001 -0.07
(-0.13,
-0.02)

0.006 -0.05
(-0.13,
0.04)

0.268

M2: ∆R2 0.091   0.052   0.030   0.143   0.039  

rs174616 -0.01
(-0.09,
0.06)

0.737 0.99
(-0.11,
2.08)

0.077 -1.09
(-1.79,
-0.39)

0.003 -0.08
(-0.13,
-0.03)

0.002 -0.05
(-0.13,
0.04)

0.262

Age 0.01 (0.00,
0.02)

0.026 -0.05
(-0.16,
0.06)

0.357 0.03
(-0.04,
0.10)

0.403 0.00
(-0.01,
0.00)

0.513 0.00
(-0.01,
0.01)

0.869

Gender 0.00
(-0.10,
0.10)

0.966 -0.55
(-2.04,
0.94)

0.463 0.39
(-0.56,
1.34)

0.417 -0.04
(-0.11,
0.03)

0.239 -0.06
(-0.18,
0.05)

0.274

p-values associated with multivariable hierarchical regression analysis examining associations between FADS2 variants and
selected fatty acids in the additive genetic model. Bolded text denotes statistical signi�cance.

AA, arachidonic acid; EPA, eicosapentaenoic acid; PUFA/SFA, ratio between daily intake of polyunsaturated to saturated fat;
M1, M2, Model 1, 2.

AA/EPA and Desaturase-5 were log transformed to comply with normality of residuals for linear regression.
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  Palmitoleic acid,
16:1 n-7

Linoleic acid, 18:2
n-6

Arachidonic acid,
20:4 n-6

Desaturase-5 AA/EPA  

PUFA/SFA -0.04
(-0.13,
0.04)

0.305 -0.52
(-1.78,
0.74)

0.414 -0.41
(-1.22,
0.39)

0.311 0.05
(-0.01,
0.11)

0.110 -0.05
(-0.15,
0.05)

0.318

BMI 0.01
(-0.01,
0.02)

0.279 -0.08
(-0.23,
0.07)

0.287 0.04
(-0.05,
0.14)

0.375 -0.01
(-0.02,
0.00)

0.002 0.00
(-0.01,
0.01)

0.683

                     

M1: ∆R2 0.031   0.113   0.299   0.192   0.064  

rs174576 -0.06
(-0.13,
0.01)

0.112 1.70 (0.64,
2.77)

0.002 -1.81
(-2.43,
-1.19)

0.001 -0.11
(-0.16,
-0.06)

0.001 -0.10
(-0.18,
-0.02)

0.022

M2: ∆R2 0.090   0.061   0.045   0.130   0.035  

rs174576 -0.05
(-0.13,
0.02)

0.153 1.64 (0.56,
2.72)

0.003 -1.86
(-2.48,
-1.23)

0.001 -0.11
(-0.16,
-0.07)

0.001 -0.10
(-0.18,
-0.01)

0.026

Age 0.01 (0.00,
0.02)

0.022 -0.06
(-0.16,
0.04)

0.267 0.04
(-0.02,
0.10)

0.215 0.00
(-0.01,
0.00)

0.682 0.00
(-0.01,
0.01)

0.796

Gender 0.01
(-0.09,
0.11)

0.813 -0.77
(-2.22,
0.68)

0.295 0.63
(-0.21,
1.48)

0.137 -0.03
(-0.09,
0.04)

0.395 -0.05
(-0.17,
0.06)

0.382

PUFA/SFA -0.05
(-0.13,
0.04)

0.268 -0.50
(-1.71,
0.72)

0.415 -0.44
(-1.14,
0.27)

0.219 0.05
(-0.01,
0.10)

0.089 -0.05
(0.15,
0.04)

0.284

BMI 0.01
(-0.01,
0.02)

0.307 -0.08
(-0.22,
0.07)

0.281 0.04
(-0.04,
0.12)

0.345 -0.01
(-0.02,
-0.01)

0.001 0.00
(-0.01,
0.01)

0.638

p-values associated with multivariable hierarchical regression analysis examining associations between FADS2 variants and
selected fatty acids in the additive genetic model. Bolded text denotes statistical signi�cance.

AA, arachidonic acid; EPA, eicosapentaenoic acid; PUFA/SFA, ratio between daily intake of polyunsaturated to saturated fat;
M1, M2, Model 1, 2.

AA/EPA and Desaturase-5 were log transformed to comply with normality of residuals for linear regression.

With regards to the included confounder, BMI showed an inverse association with the activity of desaturase-5, independent of the
FADS2 variants.

Sensitivity analysis: Implications for precision nutrition approach
Multivariable regression models were additionally adjusted for individual FADS2 variants, to test whether the observed
relationships of FADS2 variants were independent on each other. Only the rs174576 remained associated with levels of AA
(multivariable-adjusted β= -1.14 (95%CI: -2.25, -0.43), p = 0.004), in an additive genetic model (Fig. 2). The model explained 37% of
plasma AA variability. The rs174576 also remained associated with higher LA levels (multivariable-adjusted β = 1.98 (95%CI: 0.40,
3.56), p = 0.015), upon adjustment for the other two variants. No other associations survived, except for rs174593 remaining
borderline related with estimated desaturase-5 activity (p = 0.045).

Discussion
Results from the current candidate-gene study in Serbian subjects comply with previous results from larger cohorts in other
populations, showing link between minor allele presence within FADS genes and extensive metabolic conversion towards long-
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chain fatty acid products. In our study, FADS2 variants: rs174593, rs174616 and rs174576, were associated with LA, AA and
estimated desaturase-5 activity, as well as AA/EPA ratio in a sample of Serbian adults with no clinical sign of disease. Presence of
the variants in FADS2 gene was associated with lower plasma levels of AA and desaturase-5 activity, but higher LA levels. The
associations were independent of age, gender, ratio between intake of total polyunsaturated to saturated fats and obesity. We
failed to demonstrate associations with n-3 very long-chain DHA, in line with previous studies that reported FADS1-2 gene
associations with AA and found no associations with DHA [11, 13]. The rs174576 exhibited the strongest associations, putting into
focus the variant’s utilization in nutrigenetic-based precision nutrition strategies.

In our study rs174593, rs174616 and rs174576 variants explained 26.7%, 15% and 34.4% of AA variability in plasma
phospholipids, respectively, which is in line with previously reported 28% of serum phospholipid AA variability explained by FADS1-
FADS2 cluster in a population of 727 Caucasian adults (20–64 years) [13]. Genome-wide association study from Framingham
Heart Study’s Offspring Cohort, examined the associations between 2.5M variants with RBC content of LC-PUFA (AA, EPA and
DHA) in 2633 subjects [34]. This study showed AA levels to be signi�cantly associated with as much as 82 variants, including
FADS, which explained 13% of AA variability in RBC membranes [34]. Verona Heart Project reported associations between FADS1-3
genes and AA content in RBC and serum phospholipids in Italian middle-aged adults, while failed to demonstrate the associations
with EPA and DHA [22]. In a recent paper, strong genetic background of AA variability, and to some extent weak link with EPA and
DHA ratio is outlined as recurring theme [35]. Although we observed no FADS2 genotype-dependent differences in plasma EPA and
DHA, the multivariable adjusted regression showed lower AA/EPA levels with the addition of rs174593 and rs174576 rare alleles, in
line with metabolic competition between n-3 and n-6 anabolism. Similar to our �ndings, FADS candidate-gene study in healthy
Caucasian adults, reported AA serum phospholipid content to be strongly genetically predetermined, but also failed to demonstrate
associations with DHA [13]. Yet in another study, DHA/EPA conversion factor was associated with rs174576 [18] in females of
Caucasian descent. Unlike quantitative measurements [18], we reported semi-quantitative plasma ratios of individual fatty acids
expressed as a percentage of the total pool, potentially blurring the association with very LC-PUFA inclusive of DHA. However,
metabolic conversion from dietary ALA towards ultimate n-3 products and DHA is known to be substantially low [36], and DHA
tissue levels result from nutritional intake [13], supporting initiatives towards intensive n-3 intake, independently on genetic
background.

Our �ndings comply with results from larger cohorts enrolling diverse ethnicities. The rs174593 variant carriers presented with
lower plasma AA and higher LA levels in 878 subjects from Europe and Far East [37]. Concordant with our results, in 1144
European adolescents, rs174616 minor allele presence was associated with higher LA and lower AA serum levels and lower
desaturase-5 activity [38]. In the same study none of the 11 examined FADS variants was associated with DHA [38], compliant with
our results. In Caucasian young adults residing in Canada, rs174576 minor allele carriers presented with signi�cantly lower AA/LA
levels in plasma, and lower desaturase-5 activity [17], similar to our �ndings. Contrary to reported previously [11, 14] we observed
no associations with EPA levels. Lack of associations with long-chain n-3 metabolic products in our study, might result from
baseline low n-3 intake. Namely, our subjects consumed a daily median of 190 mg of total marine fatty acids below the
recommended combined EPA + DHA intake of 500 mg for cardiac health and other health bene�ts, according to the 2004
International Society for the Study of Fatty Acids and Lipids expert opinion. Previously, FADS1 rs174537 minor allele carriers were
with lower desaturase-5 activities at baseline, which however increased with increasing �sh oil supplementation dose upon 6
months [16]. The �nding indicates important nutrigenetic implication of protective FADS variants, penetrating with enhanced n-3
intake, ultimately supporting n-3 policies.

We found no differences in distributions of cardiometabolic risk factors with regards to minor alleles’ presence in FADS2 gene. Our
study group included non-diabetic subjects with no signs of clinical disease. In the complete sample, there were 15.9%, 18.2% and
17% of study subjects with elevated fasting glucose, triglycerides and total cholesterol respectively, while 13.6% of the subjects
had decreased HDL-c. Narrow ranges for cardiometabolic risk factors, might to some extent underpin the absence of the
associations, and future research is warranted in larger groups of dyslipidemic subject and those suffering from metabolic
syndrome. Similar to our results, there were no signi�cant associations among three selected FADS1-FADS2 variants [rs174537,
rs174561 and rs3834458] and total cholesterol, LDL-c, HDL-c and triglycerides [16], although minor allele carriers were presented
with lower plasma LC-PUFA levels and desaturase activities [16], examined in healthy subjects of mixed origin. Another study
examined the relationship between 8 FADS variants (in FADS1, FADS2 and FADS3 genes), total cholesterol and triglycerides
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among ~ 500 control subjects free of coronary artery disease [39]. Although no associations were found for triglyceride
distribution, FADS2 rs174575 minor allele homozygotes were with signi�cantly lower total cholesterol levels in comparison with
major homozygotes [39]. The latter study was conducted in Chinese Han population, and the ethnic-speci�c context is of
detrimental role in studying FADS associations [8, 17]. Notably, previous genome-wide association studies con�rm relationship
between FADS cluster and total cholesterol, HDL-c and LDL-c [40, 41]. Hence lack of the associations in our study must be
considered with caution as serum lipids represent complex polygenic traits and our study might have lacked su�cient power to
detect the link.

We found no differences in cumulative marine fatty acid, n-3, n-6 intake and respective ratio, between major homozygotes and
minor allele carriers for FADS2 variants. We also observed no differences in intake distribution for individual fatty acids, with
regards to minor allele presence across the three SNPs. Balanced habitual intake across FADS2 genotypes adds value to the
independence of the FADS2 associations observed in our study.

Our �ndings challenge precision nutrition perspectives. In our study mean AA plasma levels were 10.91 ± 2.11. The addition of
minor allele for rs174593, rs174616 and rs174576 resulted in -1.63, -1.09 and − 1.81 lower AA levels, indicating physiologically
relevant associations between FADS2 variants and circulating AA levels. The AA is with pro-in�ammatory power, but its ultimate
role appears to be dependent on eicosanoid balance [1]. Thus, the FADS2 variants associated with AA levels might modulate
in�ammation-triggered disease, as also indicated previously [11]. In our study rs174576 exhibited the strongest association, and
its validation in larger cohorts is warranted for use in precision nutrition practice when prescribing balanced PUFA consumption
(Fig. 2). The genotype aids in assigning individuals carrying minor allele as lower and major allele homozygotes as higher
converters. Aside from genotype, personalized dietary practice must account for other lifestyle factors, starting with habitual n-6/n-
3 dietary ratio and plasma levels of LC-PUFA (Fig. 2). Controversy remains whether n-3 dietary supplementation would be of
prominent power to overcome potential proin�ammatory properties of AA-derived prostaglandins among null allele carriers [42].

Population subgroups might bene�t from precision nutrition strategies. In our study, FADS2 variants and BMI were inversely
associated with desaturase-5, indicating the potential of genetically-determined enhanced fatty acid conversion in weight
management strategies. Within the Mediterranean population at high cardiovascular risk, desaturase-5 is inversely and
desaturase-6 activity adversely associated with the risk of metabolic syndrome [43], and con�rmatory FADS2 gene studies in
subjects who are overweight are needed. Lower AA levels and desaturase-6 activity were previously reported in obese children
carrying Thr54 variant in FABP2 gene [44], the latter known to be expressed in enterocytes regulating fatty acid absorption. The
relevance of FADS2 gene in dramatically increasing pediatric obesity is to be con�rmed. EPIC-Potsdam Study cohort study reports
that estimated desaturase-5 and desaturase-6 activities are associated in the opposite direction with insulin resistance and
diabetic risk in European populations [45]. The same was con�rmed among middle-aged men participating Kuopio Ischemic Heart
Disease Risk Factor Study [46], indicating that diabetic subjects carrying at least one variant allele might bene�t more from n-3
dietary interventions. Further on, non-alcoholic steatohepatitis affects liver desaturase enzyme activities [47], an example of the
reverse in�uence of disease towards endogenous fatty acid distribution. Results from Uppsala Longitudinal Study of Adult Men
report that changes in fatty acid composition and desaturase activities occur long before the onset of metabolic syndrome [48].
Taken together, the results indicate the importance of intermediary phenotype management for primary prevention and support the
use of genetically-determined fatty acid levels as predictive biomarkers in chronic disease management. A recent review paper
indicates perspectives in precision nutrition based on tailoring PUFA supply according to genetic structure, among individuals or
subpopulations [12].

Our study results support FADS2 rs174576 gene variation as a potential nutrigenetic hallmark to be used in the precision nutrition
concept. In practical terms, subjects who are homozygotes for rs174576 major allele linked with higher endogenous AA levels,
might bene�t more from n-3 based dietary interventions, especially if their habitual intake inclines towards higher n-6/n-3 ratio
(Fig. 2). Previous studies encourage provision of personalized genetic advice for improvement of dietary habits with relation to
omega-3 intake [49, 50]. Acknowledgment of genetic information was associated with raised awareness on health-promoting
power of n-3 intake [49]. Due to recognized health bene�ts of EPA and DHA intake [51, 52], yet its low intake in developed and
developing countries [53], alternative measures of motivating people to increase n-3 intake are highly desirable [49] and
nutrigenetic FADS information might have a leveraging effect in personalized dietary modi�cations.
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Strengths and limitations
Limited sample size constraints us in commenting on the generalizability of our results in Serbians, and larger gene-associations
studies are warranted in the population. We acknowledge the inherent limitations of 24 h recall, as retrospective dietary
assessment method based on the subjective report. In order to improve report accuracy several strategies were employed:
intensive training of the interviewers, non-hurried pace of interview, application of pre-tested probing questions and multiple-pass
approach. The cause-effect relationship could not be claimed in our study, nor may residual confounding be ruled out. We however
included homogenous sample, with all subjects apparently healthy, of Serbian ethnicity and residing in urban area. In the
regression models we controlled for age, gender and intake of fat, thus minimizing possible effect modi�cation due to
uncontrolled factors. Due to the 70% subjects who are overweight in our sample, we also controlled for obesity.

Conclusion
To the best of our knowledge, we are the �rst to report associations between FADS variants and fatty acid metabolism in Serbians.
In our study, FADS2 rs174593, rs174616 and rs174576 variants were associated with higher linoleic, but lower arachidonic acid,
arachidonic acid to eicosapentaenoic acid ratio and estimated desaturase-5 activity in plasma phospholipids. Subjects carrying
FADS2 null alleles were with higher conversion capacity towards long-chain products and might bene�t more from omega-3
dietary interventions. Given low �sh intake in our country, a�rmative strategies towards omega-3 enforcement are highly desirable.
In light with the previous, our study indicates rs174576 in FADS2 gene as a potential nutrigenetic biomarker for precision nutrition
actions aimed at PUFA supply. Future larger cohorts and intervention studies with varying omega-6/omega-3 intake ratio should
validate the biomarker and examine its associations with disease.
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Figure 1

Associations between FADS2 variants and plasma phospholipid fatty acids and conversion factors in Serbian adults.
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Figure 2

FADS2 rs174576 as candidate genetic variant for nutrigenetic-based precision nutrition practice for primary prevention
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