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Abstract: Polyunsaturated fatty acids are involved in a wide variety of biological functions. Linoleic
acid and alpha-linolenic acid are two essential fatty acids that the body cannot synthesize. The
conversion rates in the body depend on FADS2 genetic variants. Certain variations in this gene are
directly responsible for the low levels and poor conversion efficiency of the delta-6 desaturase enzyme,
resulting in low circulating levels of docosahexaenoic acid. In this study, we evaluated the impact
of the rs526126 FADS2 gene polymorphism on fatty acid levels in a group of two hundred children
(n = 95 males, n = 105 females) aged 7–18 years, with obesity defined by BMI > +2 SD. Fatty acid
quantification was performed by LC-MS/MS while genotyping for genetic variants was performed
using a custom-made hotspot sequencing panel of 55 SNPs. Our results suggest that rs526126 FADS2
gene polymorphism specifically impacts the plasma levels of free n-3 polyunsaturated fatty acids.
Finally, the presence of the minor allele G of rs526126 could have beneficial effects, as it was associated
with higher levels of free docosahexaenoic acid in plasma, especially in children with low n-3 intakes.

Keywords: long chain polyunsaturated fatty acids (LC-PUFAs); FADS2 gene; pediatric obesity;
dietary intake

1. Introduction

Obesity in children represents a public health issue, being primarily linked to dietary
intake and genetic patterns. Nowadays, the young population has easy access to high-
calorie and taste-appealing foods that contribute to chronic metabolic diseases when
included in dietary and lifestyle choices [1]. The systemic inflammation caused by the

Appl. Sci. 2021, 11, 9845. https://doi.org/10.3390/app11219845 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9040-2297
https://orcid.org/0000-0002-2647-4234
https://orcid.org/0000-0002-2652-0931
https://orcid.org/0000-0003-4648-025X
https://orcid.org/0000-0003-4295-7487
https://orcid.org/0000-0001-9560-5595
https://doi.org/10.3390/app11219845
https://doi.org/10.3390/app11219845
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11219845
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11219845?type=check_update&version=1


Appl. Sci. 2021, 11, 9845 2 of 11

adipose tissue through various chemokines, especially adipokines, is directly responsible
for the chronic damage to the endocrine, cardiovascular, hepatobiliary, neurological, and
musculoskeletal systems [2].

The persistence of obesity into adulthood is directly correlated with a greater risk
for heart and autoimmune diseases, cancer, altered brain plasticity, and poorer motor
skills [3,4]. Such risks are higher with increasing body mass index (BMI) of over 30 kg/m2 [5].
Although BMI is most often considered while determining the extent of obesity-induced
dysfunctions, other adiposity measurements such as visceral and central adiposity should
be considered [3]. Additionally, several studies have demonstrated that high visceral and
central adiposity is associated with a higher risk for cardio-metabolic diseases, independent
of BMI [5].

The increased intake of saturated fatty acids in children leads to impairment in physi-
cal and cognitive functions [6]. Therefore, beneficial dietary habits that recommend using
polyunsaturated fatty acids (PUFAs), such as DHA, can help counter the adverse effects
of obesity. In early life, due to children’s development and growth, large amounts of
arachidonic acid (ARA) and docosahexaenoic acid (DHA) are mobilized for the growing tis-
sues [7]. As such, adequate intakes of these nutrients are essential for healthy development
during childhood. Data show that imbalances in the dietary intake of polyunsaturated
fatty acids (PUFAs) and their metabolism contribute to the early onset of obesity and
its associated comorbidities [8]. Environmental aspects also bring variable population
background through genetics and dietary habits [1].

The plasma levels of fatty acids are influenced by diet, genome, and their interaction.
PUFAs, mainly through their long-chain metabolites (LC-PUFAs), are involved in a wide
variety of biological functions, ranging from blood clotting and blood pressure to the
optimal functioning of the immune and nervous system [9–11]. The LC-PUFAs cannot be
synthesized de novo, and their blood levels depend on nutrition and conversion pathways
from the two precursors, namely n-6 linoleic acid (LA) and n-3 α–linolenic acid (ALA).
The n-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are synthesized
from ALA, while n-6 arachidonic acid (ARA) is from LA [12]. Green plants, seeds, and
vegetable oils represent ALA and LA intake sources, while seafood mainly provides
the EPA and DHA supply. ARA is contained in a large variety of animal foods [12,13].
Studies have shown the substantial health-related benefits of the n-3 LC-PUFAs intake [14].
Maintaining the ratio between n-3 and n-6 fatty acids is extremely important. Lately, a
shift has been observed in overweight children due to the western diet’s decreased n-3
intake [15]. Besides nutrition, the conversion pathway rate from ALA offers essential
differences between n-3 LC-PUFAs levels. The synthesis of EPA and DHA is provided
through desaturation and elongation processes, catalyzed by a group of enzymes known
as desaturases. This mechanism is dependent on the expression of the fatty acid desaturase
2 gene (FADS2)-encoded delta-6 desaturase (D6D) enzyme [16].

Genetic variants of the FADS gene cluster have an essential role in lipid profiles and
glucose homeostasis [15,17]. Furthermore, gene-diet interactions emphasize the role of
FADS polymorphisms on health [7].

Single-nucleotide polymorphisms in FADS1 and FADS2 genes can alter their gene
products and increase the risk of obesity and dyslipidemia [18]. A consistent association
between FADS1 and FADS2 loci and serum lipid traits has been reported in European,
East Asian, Afro-American, and Hispanic populations. Nakayama et al. noticed that the
effects of FADS1/FADS2 polymorphisms on plasma lipid profiles in the Asian population
are influenced by their dietary habits. Lower levels of triglycerides, total cholesterol, and
LDL-C were associated with the presence of the C minor allele in the FADS2 gene (rs174617)
in the Tunisian population [19,20].

Maguolo et al. indicated that BMI is higher in children carrying the major A al-
lele of rs1535 in the FADS2 gene and minor C allele of rs2236212 in the ELOVL2 gene.
The association between rs1535 and BMI was also reported in a GWAS study including
35,669 children. [21].
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This study aimed to evaluate the association between FADS2 gene variants and the
levels of free PUFAs in plasma in overweight children while taking into account their
dietary habits.

2. Materials and Methods
2.1. Participants

This study included 200 children (95 males, 105 females) aged 7–18 years, with obe-
sity defined by body mass index (BMI) > +2 SD. Exclusion criteria were: diagnosis of
cancer or medical history of cancer; any psychiatric disorder; blood coagulation disor-
ders; endocrine-induced obesity (Cushing syndrome, hypothyroidism, growth hormone
deficit); hypothalamus-induced obesity (Babinski–Fröhlich syndrome); genetic syndromes
(Prader–Willi, achondroplasia, Bardet–Biedl, Fanconi, Turner, etc.), and personal history
for convulsive disorders, nephrotic syndrome, or asthma with corticoid treatment. Four
individuals (females) were excluded due to incomplete data assessment.

For each participant, their parents or legal guardians were informed about the aims
and methods of the study. Informed consent was obtained verbally from the participating
children and in writing from their parents or legal guardians. The study was approved by
the Ethics Committee of the “Victor Babes” University of Medicine and Pharmacy (6/20
June 2016), Timis, oara, Romania, and conducted in accordance with the Declaration of
Helsinki. The study was registered at ClinicalTrials.gov (NCT02837367).

2.2. Anthropometric Measurement

Anthropometric measurements were performed, following international guidelines as
previously described [22]. Weight and height were measured using an electronic scale with
a stadiometer. Measurements for height and weight were recorded to the nearest 0.5 cm
and 0.5 kg, respectively. BMI was calculated as kg/m2.

2.3. Food Intake

Food intake was evaluated using five-pass 24 h dietary recalls as previously de-
scribed [22]. The dietary recalls were performed four times for each participant. For
younger participants, they were addressed to both a parent and the child. The declared
amounts of food were converted to energy and macro- and micronutrient intakes using a
web application (Nutritio, Bucharest, Romania, https://nutritioapp.com (accessed on 10
August 2021)), and average daily intakes were computed and used in subsequent analyses.

2.4. Hematological and Biochemical Tests

Biochemical analysis for determination of total cholesterol, high-density lipoprotein
(HDL) cholesterol, triglycerides, total plasma concentrations of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and C reactive protein (CRP) was performed on an
Ortho Clinical Vitros 350 Chemistry System (Ortho Clinical Diagnostics Inc, Raritan, NJ,
USA), following the manufacturer’s protocols. Homocysteine was measured by the ELISA
method on an Epoch Microplate Spectrophotometer (BioTek Instruments Inc., Winooski,
VT, USA).

2.5. Analysis of Genetic Variants

Genotyping was performed on a MiSeq sequencer (Illumina, San Diego, CA, USA)
using a custom-made hotspot sequencing panel for 55 single nucleotide polymorphisms
(SNPs) within 14 genes selected as previously being associated with increased lipids,
non-alcoholic fatty liver, or cardiovascular disease [22].

Sequence alignment to the reference genome and sequence quality filtering was
performed using the Illumina MiSeq Reporter v2.6 platform. The sequences were aligned
with Burrows-Wheeler Aligner (BWA), and variant calling was performed with Genome
Analysis Toolkit (GATK) using the human reference sequence assembly hg19/GRCh37.

ClinicalTrials.gov
https://nutritioapp.com
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2.6. Fatty Acids Quantification

N-3 and n-6 PUFAs–ALA, EPA, DHA, and LA and ARA, respectively–were measured
in their free form in plasma samples using high-performance liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS), following the method described by
Serafim et al. [22].

2.7. Statistical Analysis

The data were analyzed using IBM-SPSS version 25 (IBM, Armonk, NY, USA). The
Shapiro–Wilk test was used to determine whether the variables were normally distributed.
Correlations between the quantitative values were assessed using Spearman’s rho. The
Mann–Whitney U test was used to evaluate the differences between genders in all vari-
ables studied.

The Kruskal–Wallis test was performed using PUFA measurements in plasma as de-
pendent variables and with each of 55 SNPs as predictors. Where the tests gave significant
results, the Mann–Whitney test was used for pairwise evaluation of differences in PUFA
levels between genotypes.

For evaluating joint variability of FADS2 genotypes and n-3 PUFA dietary intake on
plasma-free PUFAs, data were grouped according to n-3 dietary intakes (coding variables).
For this purpose, medians for PUFAs intakes were used to create groups coded with 1 for
50% lowest values and 2 for 50% highest values. Boxplot graphics were used to display the
distribution of PUFAs between FADS2 genotypes. The GG genotype, represented by six
subjects or less, was not included in the statistical analyses to avoid erroneous results (see
also Discussion).

3. Results

Descriptive statistics on anthropometric data, biochemical analysis, free PUFAs con-
centrations in plasma, and dietary intakes are presented in Table 1.

Table 1. Descriptive statistics for anthropometric data, biochemical analysis, measurements of free PUFA in plasma, and
dietary intakes.

Variables
All n = 196 Females

n = 101
Males
n = 95 p Value * (Males

vs. Females)
Median IQR Median IQR Median IQR

Anthropometric data

Age (years) 12 5 12.00 5.0 12.00 4.75 0.787
zBMI 3.13 1.20 2.83 1.21 3.44 1.37 0.001 *

Biochemical analysis

TC (mg/dL) 174.00 54.00 166.00 52.00 182.50 55.50 0.109
TG (mg/dL) 129.00 86.50 125.00 88.00 133.00 99.75 0.237

HDL (mg/dL) 46.00 18.00 43.00 19.00 48.00 6.75 0.085
AST (U/L) 29.00 14.00 29.00 14.00 29.50 15.50 0.127
ALT (U/L) 32.00 15.00 31.00 16.00 33.50 14.75 0.167

CRP (mg/dL) 4.70 7.90 4.80 8.70 4.75 7.72 0.315
Homocysteine

(µmoL/L) 14.78 8.78 14.16 8.08 15.33 9.28 0.398

Measurements of free PUFA in plasma

ALA (µmol/L) 3.72 4.27 3.24 3.95 4.09 4.54 0.145
EPA (µmol/L) 0.23 0.14 0.2 0.13 0.26 0.14 0.008 *
DHA (µmol/L) 6.26 4.82 5.88 4.01 6.76 6.09 0.217
LA (µmol/L) 137.2 122.12 126.39 105.35 159.08 124.62 0.215

ARA (µmol/L) 7.15 4.44 6.8 4.05 7.78 4.82 0.025 *
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Table 1. Cont.

Variables
All n = 196 Females

n = 101
Males
n = 95 p Value * (Males

vs. Females)
Median IQR Median IQR Median IQR

Selected daily nutrient intakes evaluated in 24 h dietary recalls

Kilocalories 1201.59 494.72 1201.49 440.11 1205.77 580.32 0.889
Protein (g) 66.60 22.11 66.63 23.00 66.48 23.80 0.832
Lipids (g) 44.59 25.08 44.17 22.99 45.67 28.42 0.781

Carbohydrates (g) 135.93 58.15 138.52 51.27 129.93 61.29 0.266
Water (g) 21.96 829.49 2146.43 749.58 2280.80 912.78 0.207

Cholesterol (mg) 260.54 157.94 255.68 129.83 274.79 158.47 0.853
ALA (mg) 77.16 217.21 57.29 196.85 87 272.44 0.280
DHA (mg) 10.63 24 10.16 19.47 10.95 24.74 0.547
EPA (mg) 3.4 5.99 3.09 5.81 4.00 6.20 0.971
LA (mg) 943.08 2306.07 953.40 2072.57 943.08 2334.76 0.527

Legend: PUFA, polyunsaturated fatty acid; IQR, interquartile range (IQR = Q3–Q1); zBMI, standardized body mass index (BMI) to
account for age and gender; TC, total cholesterol; TG, triglycerides, HDL; high density cholesterol; g, grams; mg, milligrams; µmol/L,
micromoles/liter; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CRP, C reactive protein; ALA, alpha-linolenic acid;
ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid. * p value < 0.05.

The frequencies of FADS2 gene single nucleotide polymorphisms studied within 196
subjects are shown in Table A1.

There were significant differences in the levels of plasma free EPA and ARA between
males and females (p = 0.008 and p = 0.025 respectively), with males having higher levels
of these fatty acids than females.

Spearman’s rho test results are presented in Table 2, indicating the degree of correlation
between plasma free PUFAs species and the corresponding estimated intake amounts.
Positive correlations were found between EPA and DHA intakes, between ALA and EPA
levels in plasma, between ALA and DHA levels in plasma, and between EPA and DHA
in plasma.

Table 2. Spearman’s rho. results. Plasma fatty acids were quantified in their free form using
LC-MS/MS. Food intake was evaluated using five-pass 24 h dietary recalls and converted into
micronutrients based on USDA) Food and Nutrient Database.

EPA
Plasma

DHA
Plasma

ALA
Intake

EPA
Intake

DHA
Intake Age

ALA plasma rho 0.519 ** 0.523 ** 0.093 0.159 * 0.069 −0.237 **
p-value <0.001 <0.001 0.227 0.037 0.37 0.001

EPA plasma rho 0.682 ** 0.108 0.13 0.056 −0.217 **
p-value <0.001 0.158 0.089 0.469 0.002

DHA plasma rho −0.003 0.182 * 0.159 * −0.195 **
p-value 0.973 0.017 0.038 0.007

ALA intake rho 0.195 ** 0.117 −0.074
p-value 0.01 0.126 0.337

EPA intake rho 0.769 ** −0.122
p-value <0.001 0.109

* Correlation is significant at ≤0.05 (2-tailed), ** Correlation is significant at ≤0.01 level (2-tailed). Legend: ALA,
alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid, rho–Spearman coefficient.

Significant differences in the distribution of free DHA levels were noted between the
rs526126 FADS2 genotypes, with heterozygotes having higher levels of this fatty acid as
compared with the CC genotype (Figure 1A). Following data grouping according to DHA
and EPA dietary, significant differences in DHA plasma levels were found between GC
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and CC genotypes, specifically for EPA and DHA dietary intakes below medians, for all
participants (3.45 mg for EPA and 10.56 mg for DHA).

Boxplot representations of DHA distribution are shown in Figure 1.

Figure 1. Distribution of plasma-free DHA levels grouped by FADS2 rs526126 for the entire group
(A), grouped according to EPA (B) and DHA (C) dietary intakes. Mann–Whitney test was used to
assess statistical significance between groups, the brackets marked with * indicating the two groups
for which these differences were identified. Horizontal lines within each boxplot indicate minimum,
first quartile (Q1), median, third quartile (Q3), and maximum. Legend: DHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; FADS2, fatty acid desaturase 2 gene.

4. Discussion

This study evaluated the differences in plasma free omega-3 PUFAs in relation to
FADS2 gene variants in a group of overweight children, taking into account their respective
dietary intakes. The results showed that the low-frequency G allele of rs526126 was
associated with higher levels of plasma DHA only for DHA and EPA intakes lower than
10.56 mg and 3.45 mg, respectively.

The basic steps of the n-3 LCPUFAs synthesis are shown in Figure 2.
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Figure 2. ALA, alpha–linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FADS2,
fatty acid desaturase 2 gene; FADS1, fatty acid desaturase 1 gene; ELOVL2, fatty acid elongase 2;
ELOVL5, fatty acid elongase 5.

Since only six subjects had the GG genotype overall, out of which only three partici-
pants had complete datasets, the data for GG genotype were not included in the statistical
analysis for dietary intakes-grouped datasets.

Initially, data grouping according to dietary PUFAs intakes was made by quartiles,
results indicating that the differences in plasma DHA levels between FADS rs526126
genotypes were found within ALA intakes Q1 and Q2 and DHA Q3. Having established
that plasma DHA was influenced mainly in lower quartiles, grouping for genotype-based
analysis was then performed using EPA and DHA medians as cut-off values.

In previous studies, rs526126 was found to be associated with lower D5 desaturase
activity, while the other SNPs in the FADS2 gene were found to be associated with higher D6
desaturase activity [23]. However, no effect on D4 desaturase activity was observed. Until
now, only in-vitro studies have demonstrated that FADS2 can regulate D4 desaturation
to yield DHA [24,25]. Interestingly, neither ARA levels nor the ratio between LA and
ARA was associated with FADS2 variants, suggesting that no significant D6 desaturation
occurred in this case (data not shown).

In contrast to the previous reports [26], we did not find any association between
rs526126 variant and C-reactive protein (CRP) levels, nor between any of the investigated
free PUFAs and CRP (data not shown).

Our data indicated that DHA plasma levels were more closely associated with rs526126
than EPA plasma levels. This can be explained by the fact that DHA is the final product
of the desaturation cascade and thus is more likely to be influenced by FADS2 activity.
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Moreover, the plasma levels of free DHA were higher than the ALA and EPA, leading to
the conclusion that a significant amount of DHA is synthesized endogenously, in addition
to their respective intakes. Differences were even more evident when the EPA and DHA
dietary intakes were low, leading to the hypothesis that FADS2 activity is dependent on
them and that the presence of rs526126 low-frequency allele (G) may result in increased
desaturation activity.

Esterified FAs from plasma and red blood cells were also investigated, but no associ-
ation with FADS2 variants was found (data not shown), which may indicate that FADS2
action on n-3 can only be observed over short periods of time. In addition, the fact that
the blood was collected after overnight fasting may indicate that the FADS2 acts on n-3
PUFA only when the substrate competition is low. Furthermore, this study aligns with the
previously reported fact that FA plasma composition can be used as an indicator of recent
fat intake [27].

Even if the correlation between free n-3 PUFAs plasma levels and EPA/DHA intakes
was low, it still provides reliable data on how the short-term diets impact the plasma
lipid profiles and directed us to evaluate the rs526126 activity separately by grouping the
subjects according to the EPA and DHA intakes.

Although no other relevant clinical outcome is associated with the presence of the
low-frequency allele rs526126, its presence and the higher levels of free DHA in plasma
could have long-term benefits. The ability of free DHA to readily cross the blood-brain
barrier [28] and be incorporated in the cell membrane phospholipids [29] is considered an
essential process for brain development in childhood and adolescence.

Additionally, studies show that despite a higher dietary PUFAs intake, obese children
show lower levels of DHA than normal-weight children, possibly due to the metabolic
dysfunction in the synthetic pathway of the n-3 PUFAs [30].

An essential role of DHA as a modulator in the process of inflammation response is car-
ried by resolvins, protectins, and maresins by inhibiting the neutrophil migration, enhanc-
ing the macrophage phagocytosis of apoptotic neutrophils, and by the pro-inflammatory
cytokines and chemokines suppression [31].

Furthermore, DHA is involved in several signaling processes, translating into a better
brain function throughout the lifespan [32].

In this study, DHA and EPA were not found to be associated with cholesterol, triglyc-
erides, and HOMA-IR, as previously reported [33]. This finding may be due to the mea-
surement of FFA in plasma instead of the whole blood. Nevertheless, we can conclude that
rs526126 and free n-3 PUFAs were not associated with diabetes and insulin resistance in
this cohort.

In a previous study [34], we demonstrated that genetic signatures in PEMT and
MTHFR genes are associated with fatty acids composition in red blood cells, including
DHA. Therefore, this study adds to the knowledge that the blood’s fatty acids composition
is influenced by genetic variations at different stages in lipid metabolism. To further
highlight the role of genetic influences on the complex lipid metabolism and to add to the
existing evidence thereof, this study included the results from a separate analysis of free
FAs in plasma.

The main limitation of this study was represented by the absence of a comparison
of relevant parameters in normal-weight children vs. overweight children. In addition,
the underreporting in the assessment of the dietary intake using 24 h recalls could have
brought limitations. Therefore, we cannot conclude that the FADS2 variation’s related
changes in n-3 PUFA levels are specific to overweight children. A longitudinal analysis of
the status of free PUFAs over a longer period could have provided more insight.

5. Conclusions

Results from this study indicated that the FADS2 gene polymorphism impacts the
plasma levels of free n-3 PUFAs, specifically at lower EPA and DHA intakes. We found
that the presence of rs526126 low frequency allele in the FADS2 gene was associated with
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higher plasma levels of free DHA, differences being more evident when the dietary intake
of n-3 PUFAs was low. However, further research is needed to confirm the extent of this
association and if rs526126 minor allele has a protective role in subjects with low intakes of
n-3 PUFAs.
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Appendix A

Table A1. The frequencies of FADS2 gene single nucleotide polymorphisms studied within 196 subjects.

Gene Rs Chr Position
GRCh37 AA/AB/BB AA% AB% BB%

FADS2 rs2526678chr1161623793 GG/GA/AA 82.1 17.9 0.0
rs526126chr1161624885 GG/GC/CC 3.1 26.3 70.6

Legend: Gene name as per international nomenclature HUGO Gene Nomenclature Committee (HGNC); Chr, chro-
mosome position reference genome GRCh37; AA, homozygous for one allele; AB, heterozygous; BB, homozygous
for the other allele; FADS2, fatty acid desaturase 2.
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