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Abstract. Fatty acids (FAs) play critical roles in health and
disease. The detection of FA imbalances through metabolo-
mics can provide an overview of an individual's health status,
particularly as regards chronic inflammatory disorders. In this
study, we aimed to establish sensitive reference value ranges
for targeted plasma FAs in a well-defined population of healthy
adults. Plasma samples were collected from 159 participants
admitted as outpatients. A total of 24 FAs were analyzed using
gas chromatography-mass spectrometry, and physiological
values and 95% reference intervals were calculated using an
approximate method of analysis. The differences among the
age groups for the relative levels of stearic acid (P=0.005),
the omega-6/omega-3 ratio (P=0.027), the arachidonic
acid/eicosapentaenoic acid ratio (P<0.001) and the linoleic
acid-produced dihomo-gamma-linolenic acid (P=0.046) were
statistically significant. The majority of relative FA levels were
higher in males than in females. The levels of myristic acid
(P=0.0170) and docosahexaenoic acid (P=0.033) were signifi-
cantly different between the sexes. The reference values for
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the FAs examined in this study represent a baseline for further
studies examining the reproducibility of this methodology and
sensitivities for nutrient deficiency detection and investigating
the biochemical background of pathological conditions. The
application of these values to clinical practice will allow for
the discrimination between health and disease and contribute
to early prevention and treatment.

Introduction

Fatty acids (FAs) are major constituents of lipids and play
essential roles in the diverse biological functions of the human
body. They are key components of the cell membrane, provide
an essential source of cellular fuel and energy storage and are
involved in critical signal transduction pathways. Depending on
the chemical structure, an FA can be a saturated FA (SFA), a
monounsaturated FA (MUFA), or a polyunsaturated FA (PUFA).
Apart from the essential PUFAs [i.e., linoleic acid (LA) and
alpha-linolenic acid (ALA)], the human body can synthesize the
majority of FAs. LA and ALA are precursors for omega-3 and
omega-6 FAs, respectively, and can only be obtained from the
diet. LA is metabolized to arachidonic acid (AA) and is mainly
found in meat and eggs from grain-fed animals, vegetable oils,
nuts and seeds (1). ALA and its derivatives, eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), are found in fish
oil, flaxseeds, walnuts, and seeds (2). Eicosanoids are metabo-
lites produced from AA, EPA and DHA under the activity
of cyclooxygenases (COXs), lipoxygenases (LOXs) and cyto-
chrome P450s (CYPs). Eicosanoids play critical roles in the
inflammation process (Fig. 1). The Western diet now provides
a 15:1 ratio of omega-6/omega-3 ratio that is markedly higher
compared with such levels a century ago (3). The consump-
tion of a Westernized diet is associated with a higher risk of
the onset of chronic disease (4,5). An unbalanced omega-6 to
omega-3 ratio results in an increased production of AA and
pro-inflammatory eicosanoids (6). Due to the enzyme competi-
tion, the production of anti-inflammatory EPA/DHA-derived
eicosanoids is reduced. Overall, therefore, this imbalance
promotes a pro-inflammatory profile (7). It is already known
that type-2 diabetes and its complications are associated with


https://www.spandidos-publications.com/10.3892/ijmm.2018.3989
https://www.spandidos-publications.com/10.3892/ijmm.2018.3989

234

lipid metabolism disorder and Farnesoid X receptor (FXR)
plays an important role in regulating lipid and glucose metabo-
lism. Liu et al demonstrated that the activation of FXR in mice
induced the activation of the AMPK-ACC-CPT1 pathway, a
signaling pathway promoting fatty acid oxidation and achieving
its lipid-lowering effect (8). Additionally, it has been established
that in individuals with high-fat diet-induced type 2 diabetes,
monounsaturated free fatty acids (FFAs) can serve as a predic-
tive indicator of vascular restenosis following interventional
therapy (9). Chronic diseases often occur when inflammation is
persistent or has not been effectively resolved (10).

Disorders such as cardiovascular disease, diabetes,
several forms of cancer and autoimmune diseases have the
hallmarks of chronic non-resolving inflammation, and the
altered metabolic pathways play crucial roles that contribute
to the pathogenesis of inflammation (11-14). Genomic studies
have contributed to the identification of genes that can affect
the risk of these diseases. For example, genetic variations of
paraoxonase genes have been shown to be associated with
cardiovascular disease and the differential FA composition in
human adipose tissue (15). However, the clinical application
of these findings is limited due to the fact that genetic altera-
tions do not always manifest as phenotypic variations (16,17).
A more targeted approach includes the study of metabolism,
particularly the use of tools developed for the study of FA
metabolism (18).

The evaluation of the FA status as part of metabolomics
profiling can provide invaluable input for the identification
of metabolic disruption prior to the onset of symptoms, and
can predict disease risk (19-21). Metabolites are products of
gene expression regulated by epigenetic factors (e.g., nutrition,
stress and exercise). Metabolites reflect the current state of
health and provide evidence of previous conditions (22-24).
The simultaneous profiling of distinct biological pathways
that includes many metabolites can provide an overview of
the metabolic status. This approach can be used for the accu-
rate identification of specific biomarkers that correspond to
different clinical conditions (25).

The clinical evaluation of the FA levels associated with
acquired metabolic diseases requires the generation of sensi-
tive reference values (RVs). RVs limited to a narrow range are
necessary for the reliable detection of small differences in FA
levels in a population. Population studies have been used to
examine baseline FA levels in different populations (26-28).
However, variabilities in the evaluation methods used, popu-
lation characteristics and units used to express the results of
FAs (29) hinders the establishment of reference ranges that
could be used as complementary diagnostic tools. To the best
of our knowledge, the concentration of total FAs (TFAs) in the
Greek population has not yet been defined. The findings of a
previous study included only selected unsaturated FAs (30).
The quantification of many FAs and the assessment of their
relative levels can provide a more comprehensive description
of FA metabolism than the study of a few selected FAs (19).

A reliable and valid method with which to evaluate the FA
composition that can be used in large clinical studies as markers
of deficiency or excess is needed (31). Previous clinical studies
on the roles of FAs in health and disease have revealed differ-
ences in factors, including demographics, the background diet
of the study population, the use of supplements, differences
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in FA analysis methods, variability in clinical parameters and
disease background (32,33). Additionally, the levels of FAs
must be comparable to a set of RVs that reflect the sociodemo-
graphic characteristics of the general population, adjusted for
location and dietary habits (34).

As partof atargeted FA profiling approach, we used a highly
sensitive method to detect very low quantities of FA molecules.
The high resolving power of gas chromatography (GC) and
the extended possibility for identification of metabolites
inherent in mass spectroscopy (MS) methods can be applied
in large-scale studies; the use of these methods results in a
short turnaround time for the analysis of samples (35-37). In
a previous population study, we used this approach to analyze
organic acids (OAs) in healthy Greek individuals and found
that we could detect small differences among metabolites (38).

The aim of this study was to evaluate 24 total plasma FAs
(i.e., omega-3 and omega-6 PUFAs, MUFAs and SFAs) to
obtain a comprehensive quantitative and qualitative assess-
ment of FA values.

Materials and methods

Subjects. The 159 participants enrolled in this study were
outpatients admitted to a private clinic in Athens in the period
of January, 2013 to July, 2015. From each of the participants
a blood sample was collected and their medical records were
obtained. Patients were eligible for the study if they were
healthy, not suffering from any chronic disease, non-obese
and fasted. The results of the medical examinations indi-
cated that all study participants were healthy. No chronic
diseases were diagnosed in the population, and none of the
participants used medication or supplements at the time of
the clinic visit. Patients that did not meet the inclusion criteria
(e.g., disease, obesity or non-fasting) were not included in this
study. All procedures performed in studies involving human
participants were under the ethical standards with the 1964
Helsinki declaration and its later amendments, or comparable
ethical standards. An informed consent was obtained from all
participants for this study according to the EU General Data
Protection Regulation (GDPR).

Chemicals. Methyl nonadecanoate (74208, Honeywell Fluka™;
Honeywell, Seelze, Germany) was used as an internal standard. A
mixture of FA methyl esters (47885-U; Supelco-Sigma-Aldrich,
St. Louis, MO, USA) was used for the calibration of the standard
mixture. All other solvents used were of the highest purity avail-
able [methanol, n-hexane (both from Merck KGaA, Darmstadt,
Germany), HCI (301721] and 2,6-i-tert-butyl-4-methylphenol
(BHT, B1378l) (both from Sigma-Aldrich).

Sample preparation. The analysis of TFAs includes the
hydrolysis of the ester bonds and the simultaneous formation
of FA methyl esters that are separated using GC-MS. Blood
samples were obtained from adults following a 12-h fast. The
samples were centrifuged at 1,500 x g at 4°C, and the plasma
specimens were stored at -20°C until analysis, but no longer
than 24 h to avoid degradation. If hemolysis occurred during
collection, the sample was discarded, and blood collection
was repeated. Following the addition of the standard internal
mixture (200 xl methyl nonadecanoate in hexane containing
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Figure 1. Eicosanoid synthesis pathway. Lipid mediators are generated from omega-3 and omega-6 polyunsaturated fatty acids (PUFAs) in the lipoxy-
genase (LOX) and cyclooxygenase (COX) pathways. Conversion of precursor omega-3 and omega-6 PUFAs to their derivatives is facilitated by desaturase
and elongase in the presence of cofactors. Pro-inflammatory 4-series leukotrienes, 2-series prostaglandins, and thromboxane A2 are derived from AA, and
eicosapentaenoic acid (EPA) derived 3-series prostaglandins, and 5-series leukotrienes have reduced inflammatory properties. Pro-resolving lipoxins derive

from AA; resolvins, protectins, and maresins are generated from DHA and EPA.

BHT) to 100 ul plasma, the FAs were hydrolyzed and deriva-
tized into methyl esters by the addition of 5% v/v methanolic
HCI. Transmethylation was performed at 90°C for 60 min. The
samples were then brought to room temperature, and the FA
methyl esters were extracted using hexane and transferred to
GC injection vials with a crimp cap. As previously described,
sample preparation did not include lipid extraction prior to
methylation as MS allows the direct detection and identifica-
tion of FAs in plasma without affecting quantity or quality (39).

GC-MS. The sample injection volume was 1 pl, and helium
was used as a carrier gas. The analysis was performed on an
Agilent 6890/5975C GC-MS operating in electron ionization
mode (Agilent Technologies, Santa Clara, CA, USA). The
separation of FA methyl esters was accomplished using an
HP-5 ms capillary column (30 m x 250 gm x 0.25 pm). The
initial oven temperature was 70°C, the ramp rate was 4°C/min,
and the final temperature was 290°C, held for 4 min. The
acquisition was in the scan mode.

Statistical analysis. The results of the descriptive statis-
tics analysis for the 24 FAs are presented as measures of
tendency, including values for minimum, maximum, median,
quartiles (1st and 3rd), and 90th percentile and dispersion
(95% confidence intervals) were estimated. The sums of the

saturated, unsaturated (e.g., MUFA and PUFA), omega-3 and
omega-6 FAs were calculated. The FA RVs were set using the
approximate 95% confidence intervals for the mean values
(mean + 1.96 x standard deviation). In cases where negative
values were estimated, the lower levels were presented as
below zero (<0). Between-group differences in the FA level
were tested using the non-parametric Mann-Whitney test for
2 groups and the Kruskal-Wallis test for >2 groups. A Dunn's
t-test followed the Kruskal-Wallis test for post hoc bivariate
comparisons. IBM SPSS Statistics V22.0 software (IBM SPSS,
Armonk, NY, USA) was used for the analysis of the data. Levels
of a=0.05 was set as cut-off values for the level of significance.

Results

The evaluation of the FA levels was performed using plasma
samples of 159 healthy adults (males, 44.7%, n=71; females,
55.3%, n=88). The mean age (+ standard deviation) of the
participants was 39.7 (+9.1) years. The age distribution did
not differ significantly between the sexes (P=0.307) (data not
shown). The mean values of BMI and waist circumference
were 25.5 and 73 cm, respectively. The samples were divided
into 4 groups according to age for the statistical analysis [i.e.,
adults <30 years (16.4%), 31-40 years (34.6%), 41-50 years
(37.7%) and >50 years (11.3%)].
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Table I. Descriptive statistics for plasma fatty acid concentrations (xmol/l).

Fatty acids Min 25 Median 75 90 Max 95% LL-95% UL
Total saturated 728.7 1895.3 21690 25252 3022.6 41923 1149.1-3349.5
C12:0 03 64 13.2 22.8 414 66.7 <0-46.7
C14:0 16.7 357 510 711 87.5 183.6 <0-115.8
C15:0 34 100 12.3 153 203 39.8 3.5-230
C16:0 781.3 1306.7 1478.0 17252 2080.4 2704.1 806.1-2291.5
C17:0 85 13.6 16.8 19.6 23.7 455 7.7-26.9
C18:0 85 528.8 625.1 702.5 771.0 1054.7 357.0-885.8
C20:0 35 11.8 14.3 17.3 199 56.8 4.1-25.7
C22:0 7.5 29.7 359 447 50.6 76.2 14.6-59.4
C24:0 14.1 26.1 30.6 384 432 66.6 15.3-49.2
MUFAs 389.0 739.5 980.3 1302.5 17039 2576.1 228.5-1942.4
Cl4:1 00 1.0 1.0 10 2.7 13.2 <0-4.6
C15:1 0.1 1.0 1.0 1.0 133 40.1 <0-15.7
Cl16:1n-7 7.8 309 46.7 72.2 100.0 864.3 <0-206 .4
C18:1n-9cis 310.7 639.2 864.5 11470 1471.7 2365.1 169.6-1734.2
C20:1n-9 0.1 1.0 20 40 7.6 204 <0-9.1
C22:1n-9 0.1 1.0 1.0 10 1.5 26.3 <0-59
C24:1n-9 8.0 59.0 69.0 830 91.8 149.0 33.1-108.8
PUFAs 968.0 1746.1 21237 25749 31343 4262.5 947.6-3528.0
C18:2n-6 588.6 1141.7 1420.5 1804.2 22164 3317.3 520.8-2494.8
C18:3n-3 0.8 2.5 7.7 18.1 294 534 <0-36.2
C18:3n-6 0.6 3.1 92 21.1 322 58.8 <0-40.3
C20:3n-6 24.6 73.5 96.8 1240 160.9 269 4 17.3-187.8
C20:4n-6 188.2 296.3 349.7 443.0 517.7 732.5 160.8-587.3
C22:6n-3 18.9 79.0 113.2 156.1 183.7 437.7 <0-251.2
C20:5n-3 93 279 343 544 914 2453 <0-123.8
C20:3n-3 10 425 61.1 79.6 101.7 180.0 <0-127.8
Ratio AA:EPA 1.8 6.8 10.1 14.1 17.6 26.7 0.0-21.5
Total w6 880.4 1580.1 1896.2 2307.7 2801.7 3894.3 833.1-3161.1
Total w3 474 176.8 217.3 281.3 366.3 774.6 20.9-464.5
w6:03 33 72 8.6 10.7 134 36.2 14-17.3
Total FA 3097.0 4526.1 5240.1 62442 8123.7 10322.8 2639.8-8504.2

Percentiles, tendency values and approximate 95% confidence intervals (95% lower limit (LL) and 95% upper limit (UL) for individual
fatty acids and total saturated fatty acids, MUFAs and PUFAs. MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; AA,

arachidonic acid (20:4n-6); EPA, eicosapentaenoic acid (20:5n-3).

The mean, max, quartiles, 90th percentile and 95% confi-
dence interval of the mean are presented in Table 1. Based
on these measures, the physiological levels of an individual
should be included between 1149.1-3349.5 ymol/l for TFAs,
228.5-1942.4 pmol/l for MUFAs and 947.6-3528.0 ymol/l for
PUFAs. A more detailed list of percentiles and quartiles is
presented in Table SI.

Table II presents the results of the differences in FA
composition among the distinct age groups, expressed as TFA
percentage (% TFAs). There was a decreasing trend in the
mean relative levels of saturated pentadecanoic acid (C15:0;
P=0.031) and stearic acid (C18:0; P=0.005) in the adults from
the different age groups. The highest values were found in

adults <30 years of age. Conversely, the relative levels of cis-10
pentadecanoic acid (C15:1; P=0.011) increased considerably
with age. In other two monosaturated fatty acids there was
a statistically significant difference (P<0.05) when median
values instead of means were compared. These acids were:
Myristoleic acid (C14:1; P=0.050) and dihomo-gamma-lino-
lenic acid (C20:3n6; P=0.046). The decreasing fact with age,
was not observable when mean values were presented.
Between ratios the omega-6/omega-3ratios, examined as
medians, revealed a significant difference between age groups
(P=0.027). The decreasing age trend was not clear when mean
ratios were presented. with a decreasing trend with the stron-
gest statistically significant finding found for the comparison
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Table II. Age group differences in measured FAs as % total FA composition.
Age groups®
<30 years 31-40 years 41-50 years =51 years
Fatty acids (n=26) (n=55) (n=60) (n=18) P-value
Total saturated 413 (44) 41.5(5.0) 40.1 (5.6) 409 (7.4) 0.566
C12:0 0.3(0.3) 0.3(0.3) 0.3(0.3) 0.3(0.3) 0.722
C14:0 1(04) 1(04) 1.1 (0.4) 0.9(0.2) 0.193
C15:0 0.3(0.1) 0.2(0.1) 0.2 (0.1) 0.2(0.1) 0.031
C16:0 28.5(3.0) 28.4(3.5) 274 (5.5) 274 (5.1) 0.189
C17:0 0.3(0.1) 0.3(0.1) 0.3(0.1) 0.3(0.1) 0.090
C18:0 13.5(3.1) 12.6 (4.2) 10.8 (3.6) 112 (4.2) 0.005
C20:0 0.3(0.1) 0.3(0.1) 0.3(0.1) 0.3(0.1) 0.105
C22:0 0.6 (0.3) 0.7(0.2) 0.7 (0.1) 0.7(0.2) 0.719
C24:0 0.6 (0.2) 0.6 (0.2) 0.6 (0.1) 0.6 (0.1) 0.825
MUFAs 179 4.1) 189 (4.1) 19.6 (3.8) 193 (3.9) 0.144
Cl4:1 0.03 (0.02) 0.03 (0.02) 0.02 (0.02) 0.02 (0.01) 0.050
Cl15:1 0(0.1) 0.1(0.1) 0.1(0.2) 0.1(0.1) 0.011
Cl16:1n-7 1(0.5) 1.3(2.3) 1.1 (0.6) 0.8(0.3) 0.156
C18:1n-9cis 15.6 (3.9) 164 (3.9) 173 (3.7) 17.1 (3.9) 0.161
C20:1n-9 0.1 (0) 0.1 (0) 0.1 (0.1) 0.1 (0.1) 0.219
C22:1n-9 0.05 (0.04) 0.06 (0.4) 0.05 (0.05) 0.07 (0.06) 0.009
C24:1n-9 1.3(0.4) 1.2(04) 1.2(0.4) 1.3(0.3) 0.545
PUFAs 409 (3.5) 396 (44) 40.3 (4.5) 39.8 (4.6) 0.807
C18:2n6 27.5(3.8) 264 (5) 27.2(4.5) 269 (5.3) 0.835
C18:3n3 0.2 (0.1) 0.2(0.2) 0.2(0.2) 0.2(0.2) 0913
C18:3n6 0.2 (0.1) 0.2(0.2) 0.2(0.2) 0.2(0.2) 0.745
C20:3n6 177 (0.7) 2(0.7) 1.8 (0.6) 1.6 (0.5) 0.046
C20:4n6 7.1 (0.9) 7.1(14) 6.6 (1.8) 64 (1.1) 0.053
C22:6n3 22(1) 2 (0.8) 23(1.1) 2.6(0.7) 0.051
C20:5n3 0.9 (0.7) 0.6 (0.3) 1(0.7) 1(0.6) 0.006
C20:3n3 1.1 (0.5) 1.2(0.5) 1(0.5) 1(0.5) 0.057
Ratio AA:EPA 0.2 (0.1) 0.3(0.1) 02(0.1) 0.2(0.1) <0.001
Total w6 36.5(3.7) 35.6 (4.8) 3594.3) 35.1(4.9) 0914
Total w3 44(14) 4.1(1.2) 44(1.7) 48(1.2) 0.244
Ratio w6:03 0.2 (0.1) 0.2(0.1) 0.2 (0.1) 0.2(0.1) 0.027

FA, fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; AA, arachidonic acid (20:4n-6); EPA, eicosapentaenoic
acid (20:5n-3). *Data for the FA measurements in the age groups are presented as the means (SD).

between the AA/EPA ratio and age (P<0.001); there was a
trend in an increasing value in the ratio until 40 years of age,
and then a decline in the older participants. The total rela-
tive levels of the SFAs, MUFAs and PUFAs expressed as the
% ratio of the TFAs were not markedly altered with age in
males or females (Fig. 2). Statistically significant differences
between the FA composition and sex were found for myristic
acid (C14:0; P=0.017 and DPA (C22:6n3; P=0.033) (Table III).

A comparative analysis of the relative FA levels (% TFAs)
was performed for our population dataset and a group of
Canadian adults (n=826) (27). The interquartile ranges (1st
and 3rd quartile) were estimated, and similar levels were found
for myristic acid (C14:0), pentadecanoic acid (C15:0), palmitic

acid (C16:0) and stearic acid (C18:0) (Fig. 3). Further analysis
of the mean relative FA levels compared with the results from
374 healthy Greek individuals from the ATTICA health and
nutrition survey revealed similar levels in the majority of the
FA groups (30) (Table S2).

Discussion

In the present study, metabolomic profiling of 24 FAs,
including omega-3 and omega-6 PUFAs, MUFAs and SFAs
was performed on a Greek population of 159 healthy adults
to estimate sensitive RV ranges Metabolomic analysis has
extensive application in the identification of variations in


https://www.spandidos-publications.com/10.3892/ijmm.2018.3989
https://www.spandidos-publications.com/10.3892/ijmm.2018.3989

238

TSOUKALAS et al: FATTY ACIDS AND THEIR METABOLITES IN HEALTHY ADULTS

Table III. Sex group differences in measured fatty acids as % total fatty acid composition.

Sex
Female (n=88) Male (n=71)
Fatty acids Mean (SD) Median Mean (SD) Median P-value
Total saturated 40.6 (5.7) 3948 41.3(5.1) 41.0 0.308
C12:0 0.3(0.2) 0.2 04 (0.3) 03 0.094
C14:0 1.0(04) 09 1.1(04) 1.0 0.017
C15:0 0.2 (0.1) 0.2 0.2(0.1) 0.2 0.246
C16:0 27.7(5.2) 27.0 282 (3.4) 27.8 0.281
C17:0 0.3 (0.1) 03 0.3 (0.1) 03 0.254
C18:0 114 (3.9) 10.3 12.5(3.8) 12.8 0.077
C20:0 0.3 (0.1) 03 0.3 (0.1) 03 0.846
C22:0 0.7 (0.2) 0.7 0.7 (0.2) 0.7 0.458
C24:0 0.6 (0.1) 0.6 0.6 (0.2) 0.6 0.058
MUFAs 18.8 (3.8) 18.6 194 (4.2) 190 0.528
Cl4:1 0(0.0) 0.0 0(0.0) 0.0 0.657
C15:1 0.1 (0.1) 0.0 0.1(0.2) 0.0 0.402
C16:1n-7 1(04) 0.9 1.22.1) 0.8 0.568
C18:1n-9cis 16.6 (3.7) 164 16.8 (3.9) 16.7 0.726
C20:1n-9 0.1 (0.1) 0.0 0.1 (0.1) 0.0 0.849
C22:1n-9 0.1 0.0 0(0.0) 0.0 0.300
C24:1n-9 1.2(04) 1.2 1.304) 1.2 0.935
PUFAs 40.6 (4.4) 41.3 394 (4.3) 39.7 0.057
C18:2n6 2754 4) 27.7 26.2 (4.8) 26.3 0.072
C18:3n3 0.2(0.2) 0.1 0.2(0.2) 0.2 0.337
C18:3n6 0.2(0.2) 0.2 0.2(0.2) 0.2 0.291
C20:3n6 1.8 (0.6) 1.8 1.9 (0.6) 1.9 0.188
C20:4n6 6.8 (1.5) 6.7 6.9 (1.5) 6.8 0.572
C22:6n3 2.3(0.9) 2.3 2.1(1.0) 1.9 0.033
C20:5n3 0.9 (0.6) 0.7 0.8 (0.6) 0.6 0.469
C20:3n3 1(0.5) 1.1 1.1 (0.5) 1.1 0.148
Ratio AA:EPA 0.2 (0.1) 0.2 0.2 (0.1) 0.2 0.392
Total w6 36.3 (4.4) 36.8 352 (4.5) 353 0.127
Total w3 44(1.5) 42 4214 4.0 0.186
w6:03 0.2 (0.1) 0.2 0.2 (0.1) 0.2 0.318

MUFA, mono unsaturated fatty acid; PUFA, poly unsaturated fatty acid; AA, arachidonic acid (20:4n-6); EPA, eicosapentaenoic acid (20:5n-3).

metabolite levels caused by nutritional deficiencies or inflam-
mation (19,23,40). It thus can be a valuable tool for assessing
the metabolic background of chronic inflammatory disorders
prior to the onset of symptoms (41,42).

The approach used in this study focused on the quantifica-
tion of 24 FAs and evaluation of their relative levels. Thus,
it allowed the estimation of intake via different sources and
provided a reliable assessment of nutritional status and dietary
habits. Unlike dietary frequency questionnaires, FA profiling
enables the estimation of dietary intake and endogenous FA
synthesis (6). The clinical importance of measuring FAs is
associated with their essential roles in inflammation (43).

An analysis of PUFA levels in 1,123 healthy adults by
Ferrucci et al revealed a strong negative correlation between

omega-6/omega-3 ratiosand IL-10, an anti-inflammatory
cytokine; omega-3 levels positively correlated with the levels
of anti-inflammatory cytokines (44). The results of studies of
the associations between omega-3 intake and inflammation
suggested that these FAs are associated with the prevention of
cardiovascular disease (45,46), Parkinson's symptoms and meta-
bolic state (47). The omega-6/omega-3 ratio has long been used
as a representative measure of dietary fat intake with multiple
implications for chronic disease severity (48). Most interventional
studies on the supplementation of omega-3 FAs in patients with
chronic disorders have examined the beneficial anti-inflammatory
properties of these FAs, particularly for theumatoid arthritis (49).
However, dietary recommendations on omega-3 FA intake are not
consistent and vary in FA source and dose (33).



L
£ il w

| 341 g

- T .

Total PUFA Total MUFA Total Saturated FA

Figure 2. Composition of fatty acids. Percentage total fatty acids per age
group in males and females. MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; AA, arachidonic acid (20:4n-6); EPA, eicosapen-
taenoic acid (20:5n-3).

The roles of omega-6 FAs are not yet fully under-
stood (50,51). LA, the major omega-6 FA, has long been
regarded as harmful and atherogenic. However, LA may be
highly beneficial as part of a low-SFA diet (50). LA is the
precursor of many bioactive molecules, including pro-inflam-
matory eicosanoids and inflammation suppression molecules.
By contrast, the LA-produced dihomo-gamma-linolenic
acid (DGLA) mostly acts as a substrate for anti-inflammatory
molecules. However, at high levels, it is desaturated to
AA to participate in the formation of inflammatory eico-
sanoids (52). Increased levels of DGLA are associated with
high insulin levels and insulin resistance in patients with
type 2 diabetes (53,54). Our study revealed DGLA RVs of
73.5-124 ymol/l in a healthy population. Tissue sensitivity
to insulin is associated with the AA/EPA ratio. Thus, AA
production is regulated in an insulin-dependent manner. EPA
is an AA antagonist and a substrate for anti-inflammatory
eicosanoid production (i.e., series-3 prostaglandins, throm-
boxanes, and 5-series leukotrienes). Therefore, the AA/EPA
ratio is a sensitive marker of the balance between omega-6
and omega-3 and the trend in pro-inflammatory eicosanoid
production (55). High AA/EPA levels are associated with arte-
rial stiffness in patients with obesity and dyslipidemia (56)
and acute coronary syndrome; this ratio may be useful as
a diagnostic marker for cardiovascular disease (57,58). Our
results indicated that the range in values for the AA/EPA ratio
was 6.8-14.1 for a healthy population; these values were likely
associated with modern dietary habits. Omega-9 MUFAs
are produced endogenously from SFAs and are subsequently
catalyzed by the delta-9 desaturase. When insulin levels or
insulin resistance are elevated, the inhibition of desaturase
results in elevated levels of palmitic and stearic acid. Hence,
FA composition and desaturase activity are associated with
insulin resistance (54). Compared with intake of a diet high
in carbohydrates, the consumption of a MUFA-rich diet is
associated with beneficial effects on values for metabolic
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Figure 3. Total saturated fatty acids. Levels of total saturated fatty acids 14:0,
15:0 (upper panel) and 16:0, 18:0 (bottom panel) in our population and in
healthy Canadian adults [marked with an asterisk (*) (27)].

parameters including blood pressure, glycemic levels, and
serum lipids (59).

One strength of this study was the presentation of RV
results as FA concentrations. These results can be compared
and applied in future clinical studies. To eliminate differences
in total FA levels among individuals that could affect the FA
profiling results, differences among age groups and sex were
evaluated using relative values within the FA pool. In most
similar studies, RVs are reported as percent composition; the
value of each FA depends on the relative levels of the other
measured FAs. However, this type of approach is more appro-
priate for nutrition studies or comparisons between groups in
a well-defined population in which FA values are affected by
total FAs. The use of concentration values is a more reliable
approach for the study of the direct associationbetween a
specific FA and a biological mechanism or outcome, and thus
can be used as biomarkers (60).

The assessment of FA composition can be performed
in adipose tissue, erythrocytes, platelets, whole blood and
plasma (29). Circulating FAs mainly reflect the dietary intake
several weeks before sampling. FA values obtained from eryth-
rocytes and adipose tissue reveal habits of months and years,
respectively. Plasma contains all lipid fractions, including
triglycerides, cholesteryl esters and free FAs. To achieve an
overall evaluation of FA levels, the total FA composition
should be assessed (61). Consistent with this requirement, we
used a GC-MS method in this study; the lipid fractions were
hydrolyzed, and the FAs were esterified to methylesters, which
allowed estimation of the total FAs contained in plasma (37).

This study had some limitations. As the population consisted
of Greek individuals, the results should be interpreted with
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caution when applied to individuals from other geographical
areas. In a systematic review, Stark et al found wide fluc-
tuations in physiological blood FA levels between individuals
around the globe, particularly for EPA and DHA; different
dietary habits accounted for most of the differences (26).
FA levels are primarily affected by dietary habits. This
association can be illustrated by the elevated levels of stearic
acid (P=0.005) and omega-6/omega-3 ratios (P=0.027) found
in the participants <30 years of age (Table I). Adults in this
age group tend to consume carbohydrate-rich diets with a low
or no intake of vegetables, fruits, nuts, fish and other sources
of beneficial fats (62). Compared with the male participants,
female participants in the age group >30 years had lower total
SFA and increased MUFA levels (Fig. 2). However, there were
no between-group differences in PUFA levels for age or sex.
The differences in the AA/EPA ratio (P<0.0001) and in DGLA
(P=0.046) also indicated the effects of diet on the metabolic
profile results (63). Many of the plasma FA concentrations
found in a study of healthy adults in Canada were similar to
the RV results observed in our population (27). The results for
myristic acid, pentadecanoic acid, palmitic acid, and stearic
acid were almost identical between the two datasets (Fig. 3).
Therefore, despite demographic differences, the levels of some
FAs may be similar among populations and can thus be used
as biomarkers.

In the healthy Greek population examined in the ATTICA
study, the results for the relative levels of the major FAs were
also very similar to the results of our study (30). The mean
relative values for total omega-6 (33.75%) and total omega-3
(2.66%) were identical to the values for our population set
(35.74 and 4.32%), respectively. The results for AA (5.17%) and
DHA (1.56%) were also not markedly different from the results
obtained in our study (6.82 and 2.2%, respectively) (Table S2).
The ATTICA sample size was larger, and the FAs were evalu-
ated using a different laboratory method. However, the results
of this comparison with the results of the ATTICA study
emphasizes the strength of the metabolomics approach and the
consistency among population sets. Even though we cannot
extrapolate our findings to other populations, results from
previous and present studies highlight the value of metabolo-
mics and FAs for biomarker identification.

In conclusion, the identification of FA imbalances through
metabolomics analysis will allow the early detection of metab-
olism dysfunction. Its application may be useful for both the
diagnosis and prevention of chronic inflammatory diseases.
The data of this study contribute to the establishment of sensi-
tive RVs for FAs. These RVs can be combined with the RVs for
organic acids (38) and can be examined in clinical studies to
assess their validity and reliability as biomarkers for various
chronic diseases in different populations. For successful
application to clinical practice, further research based on the
current approach is required in order to develop a standardized
methodology and RVs for panels of FAs.
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