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Abstract
Background  Obesity and excessive body fat lead to metabolic and inflammatory disturbances. The fat mass index 
(FMI) has recently been recognized as a more sensitive measure of obesity than body mass index (BMI). Therefore, we 
investigated the relationship between higher FMI and alterations in platelet phospholipid fatty acid (FA) composition, 
oxidative stress, and inflammation.

Methods  Cross-sectional study of adults aged 18–49 years attended an outpatient clinic National Osteoporosis 
Center from May 2023 till June 2024, who agreed to participate in the study. Exclusions: major chronic diseases, active 
cancer, pregnancy, weight-affecting medications, thyroid/adrenal disorders, and diabetes. The total body composition 
was assessed via DXA; FMI (kg/m²) was categorized as fat deficit, normal, excess fat, or obesity. Fasting blood was 
analysed for glucose, total cholesterol, LDL-cholesterol, HDL-cholesterol, triglycerides, CRP, and insulin; serum 
malondialdehyde (MDA) by HPLC; platelet phospholipid FA profile by GC/MS. FMI group differences were tested with 
Kruskal–Wallis and Mann–Whitney. The Spearman coefficient was used to evaluate the associations.

Results  The study included 169 participants (36.3 ± 6.25 years; 64.5% female). Across ascending FMI groups (fat-deficit 
to obesity), adverse metabolic shifts were observed: HDL-cholesterol declined from 1.8 to 1.3 mmol/L (p < 0.001), 
whereas triglycerides rose from 0.7 to 1.4 mmol/L (p < 0.001) and CRP from 0.3 to 2.4 mg/L (p < 0.001). In platelet 
phospholipid membrane, the proportion of polyunsaturated FAs increased with FMI (from 2.5% to 4.8%; p = 0.002), 
including ω3 (from 1.1% to 2.0%; p = 0.003) and ω6 (from 7.5% to 11.4%; p = 0.016). The ω6/ω3 ratio showed a weak 
positive association with LDL-cholesterol (ρ = 0.166; p = 0.040). Serum MDA increased across FMI groups (from 95.5 to 
104.3 µg/L; p = 0.019) and correlated with the polyunsaturated FAs (ρ = 0.178, p = 0.027).

Conclusions  An elevated FMI is associated with altered platelet FA composition and increased OS. These 
changes may be early markers for metabolic and inflammatory dysregulations that underlie the pathogenesis of 
cardiometabolic risk. Moreover, platelet FA profiling could provide additional value for risk stratification in overweight 
individuals.
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Background
Obesity is a chronic condition characterized by exces-
sive accumulation of body fat, which can substantially 
increase the risk of developing metabolic syndrome, 
cardiovascular diseases, and certain cancers [1]. Excess 
adiposity, lipid metabolism, and oxidative stress (OS) 
are involved in the pathogenesis of this condition. The 
fat mass index (FMI), which standardizes fat mass in 
relation to height, provides a qualitative assessment of 
adiposity and its metabolic implications, unlike the com-
monly used body mass index (BMI), which does not dis-
tinguish between fat mass and lean mass [2]. FMI offers 
several advantages over traditional body adiposity mea-
sures like BMI and percent body fat, making it a supe-
rior and valuable tool in scientific research for assessing 
and understanding body fat and its health implications. 
FMI provides an absolute fat mass normalized to height, 
offering a clearer quantification [3]. Studies show FMI 
correlates more strongly with metabolic syndrome com-
ponents, insulin resistance, and cardiovascular risk fac-
tors than BMI [4, 5]. By adjusting fat mass for height, 
FMI facilitates comparisons across individuals and popu-
lations of different sizes, ages, and sexes more accurately 
than fat mass or percent body fat alone [3]. Percent body 
fat can be misleading in very lean or obese individuals 
due to variations in lean mass [6]. Recent data indicate 
that platelet membranes are targets of oxidation because 
of their high polyunsaturated fatty acid (PUFA) content. 
These structural lipids are substrates to produce bioactive 
lipid mediators of inflammation and thrombosis. Plate-
let activation in the presence of enhanced OS can lead 
to membrane lipid peroxidation, changes in fatty acids 
(FAs) associated with membrane structure, and increased 
generation of activated platelet-leukocyte aggregates, all 
of which may contribute to vascular injury, inflammation, 
and the growth of atherosclerotic lesions [7, 8]. However, 
studies confirming the effects of oxidative processes on 
platelets are lacking.

OS is defined by the excessive production of reactive 
oxygen species (ROS), which can induce damage to cells 
by attacking biomolecules, such as lipids and proteins. 
This process can result in cellular malfunction, apoptosis, 
and increased inflammation. These studies underscore 
the existence of a bidirectional relationship between 
body fat content, OS, and platelet FA changes. Individu-
als with higher FMI tend to have greater systemic OS 
and altered FA distribution in the platelet membrane, 
which may impact platelet reactivity and be associated 
with disease risk [9–14]. These processes highlight the 
importance of the fat mass–OS–platelet axis in health 
and disease. Therefore, in this study, we sought to test 
the hypothesis that increased FMI is related to significant 
changes in platelet phospholipid membrane FA compo-
sition and elevated OS, both of which are metabolic and 

inflammatory conditions that may eventually contribute 
to increased cardiometabolic risk.

Methods
Study design
This cross-sectional study included adults aged 18–49 
years who attended the outpatient clinic National Osteo-
porosis Center, Vilnius, Lithuania, between May 2023 
and June 2024 and who volunteered to participate in 
the study. The exclusion criteria were chronic nonin-
flammatory diseases, active cancer, pregnancy, the use 
of medications altering body mass, a history of previ-
ous diagnosis and/or treatment of thyroid and adrenal 
pathologies, and diabetes mellitus. Written consent was 
obtained from all volunteers after they were informed 
about the study. The study protocol was approved by the 
Vilnius Regional Biomedical Research Ethics Committee 
(No. 2021/2–1309−787), and all national regulations of 
biomedical research ethics were followed correctly.

For all participants, medical history was evaluated 
and clinical examination was performed. Weight (kg) 
was measured using electronic medical scales (Radwag, 
Poland), with an accuracy of 50  g. Participants were 
weighed wearing only underwear, without shoes. A stan-
dard vertical height meter (Harpenden Stadiometer, 
“Holtain limited”, UK) was used to measure height (mm). 
Height was measured without shoes, standing with feet 
together and leaning against a wall with heels, buttocks 
and back, and the head held horizontally. BMI was cal-
culated via the following formula: body mass (kg)/height 
(m²). Body composition was assessed using dual-energy 
X-ray absorptiometry (DXA) (GE Healthcare Lunar 
iDXA) [3, 15]. The duration of the total body scan was 
5–15 min, the radiation dose – less than 3 µG. The data 
were processed using the enCore software. The results of 
the body component measurements (total and regional 
fat mass, lean mass, bone mineral mass) were expressed 
in absolute numbers or percentages (kg, g/cm2, %) [15]. 
The FMI was calculated via the following formula: fat 
mass (kg)/height (m²), followed by classification accord-
ing to The Official Positions of the International Society 
for Clinical Densitometry into one of four groups based 
on FMI values: fat deficit (FMI < 5  kg/m² for females, 
FMI < 3  kg/m² for males), normal (FMI 5–9  kg/m² for 
females, FMI 3–6  kg/m² for males), excess fat (FMI 
9–13 kg/m² for females, FMI 6–9 kg/m² for males), and 
obesity (FMI > 13  kg/m² for females, FMI > 9  kg/m² for 
males) [15].

Blood sample collection and preparation
Venous blood samples were collected from individuals 
via standard phlebotomy procedure. Blood was drawn 
into serum-separating tubes with polymer gel and clot 
activator (3.5 ml, BD Vacutainer® SST II Advance Tube, 
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BD Biosciences, USA) for the determination of HDL-
cholesterol, LDL-cholesterol, total cholesterol, triglyc-
erides, insulin, CRP, and malondialdehyde. For glucose 
measurement, an additional sodium fluoride-containing 
tube (4  ml, BD Vacutainer® Fluoride Tube, BD Biosci-
ences, USA) was used to inhibit glycolysis.

Following collection, the blood samples were allowed 
to clot for 30 min at room temperature and then centri-
fuged at 2500 × g for 10–15 min at 4  °C to obtain clear 
supernatants, which were processed immediately.

For the preparation of platelet-rich plasma, blood was 
drawn into the following tube: sodium heparin vacu-
tainer (4  ml/BD Vacutainer® Heparin Tubes, BD Biosci-
ences, USA) and spun immediately at 3000 × g for 10 min 
at 4 °C.

All samples were visually scrutinized for haemolysis, 
lipemia, or  icterus to ensure maximum analytical integ-
rity, and those with marked interference were not further 
elaborated.

Determination of routine clinical laboratory parameters
HDL-cholesterol (HDL-Cholesterol Gen.4), LDL-choles-
terol (LDL-Cholesterol Gen.3), total blood cholesterol 
(Cholesterol Gen.2), and triglycerides (Triglycerides 
Gen.3), as well as glucose (Glucose HK Gen. 3), insulin 
(Elecsys Insulin), and CRP (CRP4), were quantitatively 
measured via enzymatic, electrochemiluminescence 
immunoassay, and immunoturbidimetric methods 
employing Cobas® pro and Cobas® e 402 analyser systems. 
All reagents were purchased from Roche Diagnostics 
GmbH (Mannheim, Germany).

Total blood cholesterol, triglyceride, and glucose assays 
were calibrated with a calibrator f.a.s. (Roche Diagnostics 
GmbH). A calibrator f.a.s. Proteins (Roche Diagnostics 
GmbH) were used for CRP calibration. Lipids (Roche 
Diagnostics GmbH) and Insulin CalSet (Roche Diagnos-
tics GmbH) were used for HDL cholesterol, LDL cho-
lesterol, and insulin, respectively. Quality controls were 
performed with PreciControl ClinChem Multi 1 and 2 
(Roche Diagnostics GmbH) for total blood cholesterol, 
triglycerides, glucose, HDL-cholesterol, LDL-cholesterol, 
and PreciControl Multimarkers 1 and 2 (Roche Diagnos-
tics GmbH) for insulin assays. CRP T Control N (Roche 
Diagnostics GmbH) internal quality control was used for 
CRP evaluation.

All tests were validated according to the Clinical and 
Laboratory Standards Institute EP05-A3 guidelines. 
Precision was determined in human sera and controls, 
and the coefficient of variation for reproducibility was 
between 0.30 and 1.4%, and for intermediate precision, 
it was 0.5 and 2.1%. Moreover, the assays correlated well 
with the reference methods (r = 0.999–1.000), indicat-
ing good accuracy. The results are expressed in mmol/L 
for HDL cholesterol, LDL cholesterol, total blood 

cholesterol, triglycerides, and glucose; mU/L for insulin; 
and mg/L for CRP.

Platelet isolation and fatty acid determination
Following centrifugation, three-quarters of the plasma 
was removed without disturbing the cells or the buffy 
coat. The remaining quarter of the plasma, enriched in 
thrombocytes, was extracted and mixed with freezing 
medium (NutriFreez® D10, Biological Industries, Israel 
Beit Haemek Ltd.) at a 2:1 ratio. This mixture was stored 
at −80 °C for subsequent analysis [16].

Lipid extraction was performed via the Folch method 
[17]. The dried lipid extract was resuspended for fur-
ther analysis via thin-layer chromatography on Sil G-25 
UV254 glass plates (MACHEREY-NAGEL GmbH & Co. 
KG, Germany) [18]. FA methyl esters of platelet mem-
brane phospholipids were analysed via gas chroma-
tography/mass spectrometry (GC‒MS/QP2010 Ultra, 
Shimadzu, Japan). Data processing and analysis were 
conducted via LabSolutions software (Shimadzu, Japan).

The FA content was expressed as a percentage of the 
total amount of FAs (100%). It was calculated as the 
percentage of total monounsaturated FAs (C16:1ω7, 
C18:1ω9, C18:1ω7, and C20:1ω9), polyunsaturated FAs 
(C18:2ω6, C18:3ω3, C20:4ω6, C20:5ω3, C22:5ω3, and 
C22:6ω3), and saturated FAs (C14:0, C16:0 and C18:0). 
Furthermore, specific ratios between omega-3 (ω3) 
(C18:3ω3/C20:5ω3), omega-6 (ω6) (C18:2ω6/C20:4ω6), 
omega-9 (ω9) (C18:0/C18:1ω9) and ω6/ω3 FA were 
calculated.

Blood serum malondialdehyde determination
The determination of blood serum MDA was based on 
the scientific article published by Khoschsorur G.A. et al. 
[19] with slight modifications. The sample preparation is 
used for sample clean-up and derivatization of the ana-
lyte with thiobarbituric acid (TBA) in a detectable form, 
i.e., the MDA-TBA adduct. Malondialdehyde levels were 
analysed via a Shimadzu Nexera X2 UHPLC system (Shi-
madzu). Chromatographic separation was performed on 
an Agilent Poroshell 120 EC–C18 (2.7 μm, 3.0 × 100 mm, 
Agilent Technologies) reversed-phase column with a 
mobile phase consisting of 40:60 (v/v) 50 mM phosphate 
buffer (pH 6.8) and methanol. The flow rate was 1.0 mL 
min−1. Fluorometric detection was performed with exci-
tation at 515 nm and emission at 553 nm. LabSolutions 
software (Shimadzu) was used to process the measure-
ment data. The MDA results are expressed in µg/L.

Statistical analysis
Statistical analyses were performed using SPSS software 
(IBM Corp., Armonk, NY, USA). Normality of variables 
was assessed with the Shapiro–Wilk test, and homo-
geneity of variances with Levene’s test. Using one-way 
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ANOVA, normally distributed variables (laboratory mea-
surements, fatty acids, anthropometric, and body com-
position data) were compared across FMI groups. Tukey’s 
HSD was applied when variances were equal (Levene’s 
p ≥ 0.05), and Welch’s ANOVA with Games–Howell post 
hoc test was used when variances were unequal (Levene’s 
p < 0.05). Non-normally distributed variables were com-
pared using the Kruskal–Wallis test and Mann–Whit-
ney U tests for post hoc pairwise comparisons. Results 
are reported as means ± standard deviations, or for non-
normally distributed variables as medians [Q1, Q3] with 
adjusted p-values. Bonferroni correction was applied to 
non-parametric analyses to account for multiple compar-
isons; thus, the adjusted significance level was p < 0.0083. 
K-means clustering (k = 2) was applied to z-standardized 
features to partition participants into clusters. Cluster 
characteristics were then compared: an independent-
samples t-test was used when data were normally dis-
tributed and variances were equal, a Welch’s t-test when 
variances were unequal, and a Mann–Whitney U test 
when distributions were non-normal. Spearman’s corre-
lation (ρ) was used to examine associations between fatty 
acids and laboratory measurements. Correlation strength 
was classified as negligible (0.0–0.1), poor (0.1–0.3), fair 
(0.4–0.6), moderate (0.6–0.8), and very strong (0.8–1.0) 
[20]. Statistical significance was defined as a two-sided p 
value of < 0.05.

Results
Study population characteristics and body composition
Of the 180 subjects invited to participate, 169 were suc-
cessfully enrolled in the study. Seven individuals were 
excluded because they were acutely ill, were using medi-
cations that could influence weight, or did not complete 
full blood sampling, and four individuals did not agree to 

participate. The study population comprised 35.5% males 
(n = 60) and 64.5% females (n = 109). The mean age of the 
participants was 36.3 ± 6.25 years. The mean FMI was 
9.4 ± 4.41. Eleven (6.5%) participants had a fat deficit, 59 
(34.9%) had normal fat, 51 (30.2%) had excess fat, and 48 
(28.4%) subjects were obese. Patient age and weight were 
not distributed normally, whilst BMI, FMI, and total fat 
mass were. The clinical data and anthropometrics of the 
participants are presented in Table 1.

A significant positive correlation (ρ = 0.831, p < 0.001) 
between FMI and BMI was observed. Total bone mass 
and total lean mass did not differ significantly across FMI 
groups.

Routine clinical laboratory parameters in blood serum
When evaluating the normality of the variables, it was 
found that glucose concentration, total blood cholesterol, 
HDL-cholesterol, and LDL-cholesterol levels were nor-
mally distributed across all FMI groups, whereas other 
laboratory measurements showed skewness. Glucose also 
had heterogeneous variances (Levene’s test showed F (3, 
159) = 3.23, p = 0.24), whilst other normally distributed 
variables had homogenous variances. Therefore, nor-
mally distributed measurements were compared using 
a One-way ANOVA test with Tukey HSD for homoge-
neous variables and Games-Howell for heterogeneous 
glucose post hoc tests, whilst the nonparametric Krus-
kal‒Wallis and Mann‒Whitney U post hoc tests were 
used to compare not normally distributed measurements 
among the FMI groups. For a more detailed analysis, 
glucose, total blood cholesterol, LDL cholesterol, HDL 
cholesterol, triglyceride, CRP, and insulin levels were spe-
cifically selected for comparison (Table 2).

All tests, apart from total blood cholesterol, revealed 
significant differences across the FMI groups. While 

Table 1  Anthropometric and body composition in different fat mass index (FMI) groups
Characteristic Fat mass index group p

Fat deficit (n = 11) Normal (n = 59) Excess fat (n = 51) Obesity (n = 48)
Gender, n (%)
  Male 3 (27.3) 22 (37.3) 20 (39.2) 15 (31.3) -
  Female 8 (72.7) 37 (62.7) 31 (60.8) 33 (68.8)
Age (years) 32.0 [29.6, 36.2]c 36.0 [31.1, 40.1] 36.9 [31.4, 41.5] 39.8 [34.0, 42.7]c 0.010
Height (m) 1.7 ± 0.12 1.8 ± 0.09 1.74 ± 0.09 1.7 ± 0.08 0.652
Weight (kg) 55.9 [48.3, 68.8]b, c 69.0 [61.9, 78.8]d, e 83.0 [75.0, 89.6]b, d,f 102.5 [85.4, 111.8]c, e,f < 0.001
BMI 19.1 ± 3.62a, b,c 23.2 ± 2.70a, d,e 27.6 ± 2.58b, d,f 35.2 ± 5.19c, e,f < 0.001
FMI 3.5 ± 0.90a, b,c 6.1 ± 1.43a, d,e 9.5 ± 2.09b, d,f 14.8 ± 3.35c, e,f < 0.001
Total bone mass (kg) 2.6 ± 0.66 2.9 ± 0.59 2.9 ± 0.44 2.8 ± 0.44 0.140
Total fat mass (kg) 10.5 ± 2.44a, b,c 18.5 ± 3.48a, d,e 28.7 ± 4.98b, d,f 43.5 ± 8.06c, e,f < 0.001
Total lean mass (kg) 48.2 ± 17.60 49.7 ± 12.88 52.0 ± 10.62 53.4 ± 8.51 0.283
Continuous, normally distributed data is presented as mean ± standard deviation, whilst not normally distributed data is presented as the median [Quartile 1, 
Quartile 3]. Gender is shown as a count (percentage). Significance for non-normally distributed variables was determined via a nonparametric Kruskal‒Wallis test, 
whilst the significance of normally distributed variables was assessed using One-way ANOVA. Different superscript letters indicate statistically significant differences 
between FMI groups after post-hoc testing: a - fat deficit vs normal; b - fat deficit vs excess fat; c - fat deficit vs obese; d - normal vs excess fat; e - normal vs obese; 
f - excess fat vs obese. Bold text – p < 0.05
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all tests indicated an increase, HDL-cholesterol levels 
decreased. Post hoc analyses for individual groups dem-
onstrated that no measurements differed significantly 
between the fat deficit and normal fat groups. Comparing 
fat deficit and excess fat revealed significant differences 
in glucose (p = 0.009) and insulin (p < 0.001) levels. When 
fat deficit was compared with obesity, significant differ-
ences were found in glucose (p = 0.001), HDL-cholesterol 
(p = 0.003), triglyceride (p < 0.001), CRP (p < 0.001), and 
insulin (p < 0.001) levels. The glucose (p < 0.001), LDL-
cholesterol (p = 0.015), HDL-cholesterol (p < 0.001), CRP 
(p < 0.001), and insulin (p < 0.001) levels significantly 
differed between the normal and excess fat groups. A 
comparison of normal fat levels with obesity revealed 
significant differences in glucose (p < 0.001), LDL-choles-
terol (p = 0.023), HDL-cholesterol (p < 0.001), triglyceride 

(p < 0.001), CRP (p < 0.001), and insulin (p < 0.001) levels. 
The comparison between excess fat and obesity groups 
revealed significant differences in triglyceride (p = 0.001), 
CRP (p < 0.001), and insulin (p < 0.001) levels.

Another observation was made concerning CRP lev-
els in the obesity group (Fig.  1). Two separate clusters 
emerged. The clinical data and anthropometrics of two 
CRP clusters are presented in Table 3. The first cluster 
(low CRP) had an average CRP level of 1.96 mg/L with 35 
participants, whereas the second cluster (high CRP) had 
an average CRP level of 9.12 mg/L with 12 participants. 
Independent-samples t-test revealed a significant dif-
ference between CRP levels of these clusters (p = 0.003). 
Comparison of the CRP clusters revealed no significant 
differences in the levels of different fatty acid types or 
MDA concentrations.

Continuous, normally distributed data is presented as 
mean ± standard deviation, whilst non-normally distrib-
uted data is presented as the median [Quartile 1, Quartile 
3]. Gender is shown as a count (percentage). BMI – body 
mass index; FMI – fat mass index; CRP – C reactive 
protein.

Table 2  Comparison of selected laboratory test results between the fat mass index (FMI) groups
Characteristic Fat mass index group p

Fat deficit (n = 11) Normal (n = 59) Excess fat (n = 51) Obesity (n = 48)
Glucose (mmol/L) 5.0 ± 0.41b, c 5.1 ± 0.48d, e 5.5 ± 0.31b, d 5.6 ± 0.52c, e < 0.001
Total blood cholesterol (mmol/L) 4.7 ± 0.88 4.8 ± 0.72 5.1 ± 1.06 5.0 ± 0.80 0.231
LDL-cholesterol (mmol/L) 2.9 ± 0.91 2.9 ± 0.65d, e 3.3 ± 0.65d 3.3 ± 0.71e 0.004
HDL-cholesterol (mmol/L) 1.8 ± 0.15c 1.8 ± 0.44d, e 1.5 ± 0.33d 1.3 ± 0.28c, e < 0.001
Triglycerides (mmol/L) 0.7 [0.6, 0.9]c 0.8 [0.6, 1.1]e 1.0 [0.8, 1.2]f 1.4 [1.0, 1.7]c, e,f < 0.001
CRP (mg/L) 0.3 [0.3, 0.5]c 0.5 [0.3, 0.8]d, e 0.9 [0.5, 2.3]d, f 2.4 [1.1, 6.2]c, e,f < 0.001
Insulin (mU/L) 5.4 [3.3, 6.1]b, c 6.3 [4.7, 8.6]d, e 8.9 [6.4, 14.0]b, d,f 14.0 [10.8, 21.4]c, e,f < 0.001
The normally distributed data is presented as mean ± standard deviation, whilst non-normally distributed data is presented as the median [Quartile 1, Quartile 
3]. The Significance of non-normally distributed variables was determined via a nonparametric Kruskal‒Wallis test, while the significance of normally distributed 
variables was assessed using One-way ANOVA. Different superscript letters indicate statistically significant differences between FMI groups after post-hoc testing: a 
- fat deficit vs normal; b - fat deficit vs excess fat; c - fat deficit vs obese; d - normal vs excess fat; e - normal vs obese; f - excess fat vs obese. LDL-cholesterol low-density 
lipoprotein cholesterol, HDL-cholesterol high-density lipoprotein cholesterol, CRP C-reactive protein. Bold text – p < 0.05

Table 3  Characterisation of CRP cluster groups
Characteristic Low CRP (n = 35) High CRP (n = 12)
Gender, n (%)
  Male 13 (37.1) 2 (16.7)
  Female 22 (62.9) 10 (83.3)
Age (years) 41.1

[34.4, 44.1]
33.8
[26.9, 40.5]

Height (m) 1.7 ± 0.08 1.7 ± 0.09
Weight (kg) 101.0

[92.6, 110.4]
106.7
[99.7, 119.1]

BMI 33.8 ± 4.26 38.7 ± 5.98
FMI 13.9 ± 3.18 17.0 ± 2.62
Continuous, normally distributed data is presented as mean ± standard 
deviation, whilst non-normally distributed data is presented as the median 
[Quartile 1, Quartile 3]. Gender is shown as a count (percentage)

 BMI body mass index, FMI fat mass index, CRP C reactive protein

Fig. 1  Diagram depicting the formation of distinct CRP result clusters 
within the study population. CRP – C reactive protein
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Fatty acids in the platelet membrane and malondialdehyde 
in blood serum
The findings revealed significant differences in FAs 
among the FMI groups (Table 4). All the variables shown 
in Table  4, apart from the concentration of MDA, were 
distributed normally, as well as all, apart from PUFA and 
ω9 ratio, had homogenous variances. No distinct linear 
relationships were observed. Individual post hoc analyses 
revealed no significant differences in the total FA content 
between the fat deficit group, excess fat group and other 
groups. Significant differences were observed compar-
ing the normal fat and obesity groups, where the total 
amounts of SFAs (p = 0.012), PUFAs (p = 0.003), MUFA 
(p = 0.035), ω3 FAs (p = 0.001), and ω6 FAs (p = 0.014) 
differed. Analysis of the ω3, ω6, and ω9 ratios revealed 
no significant differences between all the FMI groups, 
with exception of the ratio of ω6 (p = 0.033) FAs. Indi-
vidual post hoc analysis revealed a significant difference 
in ω6 FA ratio (p = 0.022) between the normal and obese 
groups. In addition, the MDA concentration increased 
significantly (p = 0.019) alongside increasing FMI and 
showed a significant (p = 0.003) difference between the 
normal and obese groups.

The normally distributed data is presented as 
mean ± standard deviation, whilst non-normally distrib-
uted data is presented as the median [Quartile 1, Quartile 
3]. Significance for non-normally distributed variables 
was determined via a nonparametric Kruskal‒Wallis 
test, whilst normally distributed variable significance 
was assessed using One-way ANOVA. Different super-
script letters indicate statistically significant differences 
between FMI groups after post-hoc testing: a - normal 
vs. obese. SFAs – saturated fatty acids, MUFAs – mono-
unsaturated fatty acids, PUFAs – polyunsaturated fatty 
acids, ω – omega. Bold text – p < 0.05.

Relationships between fatty acids and serum lipids
Correlations between ω3, ω6, and ω9 ratios and labora-
tory measurements revealed that the ω3 ratio was signifi-
cantly correlated with total blood cholesterol (ρ = −0.175, 
p = 0.030), LDL-cholesterol (ρ = −0.189, p = 0.019), and 
CRP (ρ = −0.216, p = 0.007). The ω6 ratio was significantly 
correlated with HDL cholesterol (ρ = 0.176, p = 0.029), the 
triglyceride concentration (ρ = −0.316, p < 0.001), and the 
CRP level (ρ = −0.188, p = 0.020). The ω9 ratio did not 
yield any significant results. The correlations between 
ω6/ω3 ratio and laboratory measurements revealed only 
a weak, statistically significant positive correlation with 
the LDL-cholesterol concentration (ρ = 0.166, p = 0.040).

The concentration of HDL cholesterol in the blood 
serum was significantly associated with the total amounts 
of SFAs (ρ = 0.194, p = 0.016), MUFAs (ρ = −0.172, 
p = 0.033), PUFAs (ρ = −0.262, p = 0.001), and ω3 (ρ = 
−0.279, p < 0.001). Additionally, the triglyceride con-
centration was significantly correlated with the total 
amount of ω3 FAs (ρ = 0.182, p = 0.025). CRP levels were 
also significantly associated with total SFAs (ρ = −0.158, 
p = 0.050) and PUFAs (ρ = 0.202, p = 0.012). In contrast, 
the concentrations of glucose, total blood cholesterol, 
LDL-cholesterol, and insulin were not significantly cor-
related with the total amount of FAs. Spearman’s cor-
relation test was also performed between the MDA 
concentration and total amount of FAs, which revealed a 
significant positive (ρ = 0.178, p = 0.027) correlation with 
PUFAs, whereas correlations with other FAs were not 
significant.

Discussion
In the present study, fat mass increased across FMI cate-
gories (from 10.5 to 43.5 kg; p < 0.001), whereas total lean 
mass showed only a modest, non-significant rise (from 

Table 4  Comparison of total amounts of fatty acids and malondialdehyde between the fat mass index (FMI) groups
Characteristic Fat mass index group p

Fat deficit (n = 11) Normal (n = 59) Excess fat (n = 51) Obesity (n = 48)
Total SFAs (%) 78.0 ± 14.86 81.8 ± 11.05a 75.4 ± 12.97 74.1 ± 13.17a 0.012
Total MUFAs (%) 18.7 ± 12.49 15.8 ± 9.62a 20.8 ± 10.44 21.1 ± 10.39a 0.035
Total PUFAs (%) 3.3 ± 2.78 2.5 ± 1.93a 3.8 ± 2.99 4.8 ± 3.67a 0.002
Total w3 (%) 1.3 ± 0.82 1.1 ± 0.84a 1.5 ± 1.16 2.0 ± 1.35a 0.003
Total w6 (%) 9.4 ± 7.20 7.5 ± 5.11a 10.7 ± 6.57 11.4 ± 7.90a 0.016
w6/w3 ratio 7.6 ± 9.55 6.8 ± 10.89 8.5 ± 10.36 11.0 ± 16.13 0.447
C18:3ω3/
C20:5ω3 ratio

2.4 ± 3.03 2.4 ± 2.47 1.7 ± 2.31 1.3 ± 1.64 0.147

C18:2ω6/C20:4ω6 ratio 4.3 ± 2.24 6.3 ± 5.93a 5.2 ± 2.64 3.8 ± 2.71a 0.033
C18:0/
C18:1ω9 ratio

10.0 ± 16.02 8.0 ± 12.31 5.1 ± 8.21 4.3 ± 5.17 0.149

Malondialdehyde (mg/L) 95.5
[89.3, 101.6]

95.7
[80.9, 120.2]a

100.2
[89.6, 116.8]

104.3
[94.8, 124.2]a

0.019

The normally distributed data is presented as mean ± standard deviation, whilst non-normally distributed data is presented as the median [Quartile 1, Quartile 3]. 
Significance for non-normally distributed variables was determined via a nonparametric Kruskal‒Wallis test, whilst normally distributed variable significance was 
assessed using One-way ANOVA. Different superscript letters indicate statistically significant differences between FMI groups after post-hoc testing: a - normal vs 
obese. SFAs saturated fatty acids, MUFAs monounsaturated fatty acids, PUFAs polyunsaturated fatty acids, ω – omega. Bold text – p < 0.05
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48.2 to 53.4 kg; p = 0.283), and bone mass did not differ. 
These findings indicate that higher FMI primarily reflects 
greater adiposity without proportional gains in lean mass 
[21, 22]. We also found that the platelet FA composition 
is significantly associated with fat mass, especially when 
moving from the normal to the excess fat and obese 
groups. Interestingly, the total FA content was similar 
among the fat deficit and other FMI groups, suggest-
ing that a mild reduction in fat mass may not markedly 
influence the lipid composition of platelets. Additionally, 
obesity was significantly related to increased MUFAs, 
PUFAs, ω3 and ω6 FAs. These changes are likely the 
result of altered lipid metabolism secondary to increased 
adipose tissue turnover as well as to increased lipogen-
esis, along with increase in desaturase enzyme activ-
ity, especially stearoyl-CoA desaturase 1 (SCD1), as 
was found by E. Warensjo et al. [23]. High levels of ω6 
FAs, including C20:4 ω6 fatty acids, may also indicate 
increases in the proinflammatory state associated with 
excess fat, since these FAs are precursors of eicosanoids 
involved in inflammatory processes [24]. Dietary obe-
sity-related adjustments could additionally influence the 
observed FA profiles [25].

Compared with those in the normal fat group, the 
obese individuals in our study presented lower SFA lev-
els and higher MUFA, PUFA, ω3, and ω6 FA levels. 
Owing to the anti-inflammatory and metabolic effects 
of ω3 FAs, this increase could compensate for adiposity. 
These observations indicate a threshold effect, such as an 
increase in fat mass and systemic inflammation, which 
could favour the incorporation of higher amounts of ω3 
in platelet membranes. Considering the anti-inflamma-
tory properties and cardiovascular protective role of ω3 
FAs, their deficiency in obese individuals might aggravate 
metabolic problems and increase the risk for cardiovas-
cular diseases [24, 26]. Thus, these profound changes 
observed in platelet FA profiles, especially elevated levels 
of the ω6 and ω3 FA classes, usually occur when a critical 
fat mass threshold is exceeded, indicating further deteri-
oration in metabolism and inflammation [7, 8]. Strikingly, 
individuals with obesity demonstrated significant altera-
tions in ω6 FA ratio, further supporting the concept of 
a metabolic threshold beyond which lipid handling and 
inflammatory processes become markedly dysregulated. 
The constant decrease in the ω6 ratio, is consistent with 
the progressive inflammatory state associated with obe-
sity. High ω6 FAs, especially C20:4ω6, are the precursors 
of proinflammatory eicosanoids, which contribute to sys-
temic inflammation [24, 27].

We also investigated the differences in the ω6/ω3 FA 
ratio among FMI groups and examined whether body 
fat content affected essential FA composition. The analy-
sis revealed no statistically significant differences in the 
ω6/ω3 ratio between the FMI groups (combined and 

separately). These results indicate that adiposity does 
not significantly influence the balance between ω6 and 
ω3 FAs. This finding agrees with data from earlier stud-
ies, demonstrating that dietary consumption is correlated 
more with the circulating ω6/ω3 ratio than with the body 
fat content [25, 28].

The correlation of the ω6/ω3 FA ratio with selected 
laboratory biomarkers was also investigated. A direct but 
weak correlation was detected between the ω6/ω3 ratio 
and LDL-cholesterol. While the strength of this associa-
tion is modest, this finding is consistent with previous 
research that revealed that an increased ω6/ω3 ratio is 
a potential mediator of proinflammatory and athero-
genic lipid profiles [27, 29]. The biological mechanisms 
for this association are plausible on the basis of the 
opposite effects of ω6 and ω3 FAs on lipid metabolism. 
Although ω6 FAs (i.e., C18:2ω6) might affect cholesterol 
transport, ω3 FAs (i.e., C20:5ω3 and C22:6ω3) have been 
shown to decrease serum triglyceride levels and seem 
to have anti-inflammatory effects [24]. Nevertheless, we 
emphasize that the clinical significance of this weak asso-
ciation should be interpreted with caution. In addition, 
other factors, including dietary intake, physical activity, 
or genetic background, could affect the ω6/ω3 ratio and 
lipid profiles. Thus, these results indicate that the FMI is 
not a significant predictor of the ω6/ω3 FA and requires 
future research.

The correlations between FA ratios and laboratory 
parameters also suggested that FA metabolism is associ-
ated with cardiometabolic health and inflammation. The 
negative correlations of the ω3 ratio (C18:3ω3/C20:5ω3) 
with both total cholesterol and LDL-cholesterol and 
CRP support the protective role of ω3 FAs, specifically 
C20:5ω3. Low ω3 ratios are related to increased levels of 
atherogenic lipids and systemic inflammation, which is 
consistent with the proven anti-inflammatory and lipid-
lowering effects of ω3 FAs [24, 26]. These data indicate 
that a decrease in ω3 availability could contribute to an 
unfavourable lipid profile and a greater inflammatory 
profile in overweight/obese individuals.

The ratio of ω6 fatty acids (C18:2ω6/C20:4ω6) was 
positively associated with HDL cholesterol and inversely 
associated with triglyceride and CRP concentration. The 
underlying complexity may be due to opposing effects of 
individual ω6 subtypes. The negative correlation of the 
ω6 ratio with CRP indicates its relationship with systemic 
inflammation, which is consistent with previous find-
ings that lower C18:2ω6/C20:4ω6 ratio, particularly the 
C20:4ω6 increase, is a source for stimulating the inflam-
matory response or compensatory alterations in lipid 
metabolism [25]. Interestingly, the ω9 ratio did not corre-
late with laboratory parameters. There is a possibility that 
endogenous MUFAs, especially C18:1ω9, are less directly 
involved in systemic lipid profiles or inflammatory factors 
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and act as markers reflecting changes in lipid synthesis 
rather than active players in metabolic disturbances. The 
effects of C18:1ω9 are frequently observed when it sub-
stitutes SFAs in the diet. These outcomes are likely due 
to the partial removal of the biological impact of SFAs 
rather than any specific molecular or cellular action of 
C18:1ω9 [24].

Prospective studies clearly show an increased risk of 
obesity due to increased ω6 FAs and an increased ω6/
ω3 ratio in red blood cell (RBC) membranes [25]. In 
contrast, high ω3 RBC membrane phospholipid levels 
reduce the risk of obesity [25]. Our study revealed that 
this ratio, albeit insignificantly, increases with increas-
ing FMI. Given the low correlation coefficient observed 
between the ratio of ω6/ω3 FAs and LDL-cholesterol, 
the clinical significance of this relationship should be 
interpreted with caution. In addition, the cross-sectional 
nature of this study limits the possibility of concluding a 
causal link. Furthermore, longitudinal studies and con-
trolled nutritional interventions are needed to elucidate 
the mechanisms underlying this observation. Conse-
quently, our results demonstrate that platelet FA ratios—
particularly ω3 and ω6—are significantly associated with 
key cardiometabolic and inflammatory markers. Reduced 
ω3 ratios correlate with increased cholesterol levels and 
inflammation, reinforcing the need for dietary strategies 
to increase ω3 status in individuals with excess adiposity. 
Moreover, the negative correlation between ω6 ratios and 
CRP indicates a possible association the influence of the 
proinflammatory capacity of ω6 FAs in obesity-associ-
ated metabolic disturbances. The observation of FA ratios 
and routine laboratory parameters can provide further 
information about an individual’s cardiometabolic risk 
and contribute to tailored nutritional recommendations.

The significant positive correlation between the MDA 
level and increasing FMI suggests that OS progressively 
increases with increasing fat mass. MDA, an important 
lipid peroxidation product, is widely used as a biomarker 
of oxidative damage, and its higher levels in individuals 
with higher FMI reflect a concomitant increase in OS. 
This is consistent with findings that increased adiposity 
leads to increased OS and thereby to a degree of meta-
bolic impairment and increased risk for insulin resistance 
and cardiovascular disease [10, 30–32]. Interestingly, 
PUFAs were positively correlated with the MDA con-
centration, indicating that a high level of PUFAs might 
increase oxidative damage to excess fat. Even though 
PUFAs are essential FAs for normal cellular function 
and inflammation resolution, they are also prone to 
lipid peroxidation. The oxidation of PUFAs, especially 
in individuals with excess fat, might increase MDA lev-
els by enhancing the proinflammatory and prooxida-
tive environments typically observed in individuals with 
metabolic dysfunction [25]. However, the MDA levels 

did not correlate with other FAs (e.g., SFAs or MUFAs). 
This could be attributed to the stability of SFAs and 
MUFAs, which are less susceptible to oxidation than 
are PUFAs. Thus, FA profiling and MDA determination 
could improve the monitoring of cardiometabolic risk 
and the selection of nutritional approaches targeting the 
improvement of ω3 status, the PUFA balance, and the 
reduction of OS in individuals with excess adiposity.

Among individuals with obesity, clustering by CRP 
levels revealed marked heterogeneity in systemic inflam-
mation. One subgroup exhibited markedly elevated CRP 
values despite similar anthropometric measures, indicat-
ing that obesity alone does not fully account for inflam-
matory variability. Additional factors, including genetic 
predisposition, adipose tissue distribution, or comor-
bidities, may contribute to this heightened inflammatory 
state [33, 34]. The predominance of women in the high-
CRP cluster further suggests sex-related modulation 
of inflammatory pathways [35]. Interestingly, fatty acid 
composition and malondialdehyde concentrations did 
not differ between CRP clusters, implying that inflamma-
tory heterogeneity in obesity is not directly linked to lipid 
metabolism or oxidative stress, though the small clus-
ter size may have limited statistical power. Across FMI-
defined groups, however, obesity was associated with 
significant alterations in SFA, PUFA, ω3, and ω6 levels, as 
well as increased malondialdehyde concentrations, rein-
forcing the role of adiposity in both lipid remodeling and 
oxidative stress [36–38].

While our study has certain limitations, it also pos-
sesses notable strengths. The present study evaluated 
FMI, platelet FA composition, and OS markers to pro-
vide a holistic perspective of cardiometabolic risk. The 
combination of DXA for body composition and GC‒MS 
for FA profiling guaranteed accurate and reliable perfor-
mance. In addition, the potential functional relevance of 
these findings might serve as a premise for early recogni-
tion of lipid-related biomarkers in individuals with excess 
adiposity. Nonetheless, this study is cross-sectional, and 
we cannot determine whether FMI causes the observed 
biochemical abnormalities. In addition, the missing 
information on dietary intake for patients is a limitation 
for interpretation of the observed FA changes, and sin-
gle-time-point measurements may not indicate the long-
term changes that occur in lipid metabolism or OS.

Conclusions
Our findings demonstrate that higher fat mass index 
(FMI) alters platelet phospholipid fatty acid (FA) com-
position and promotes oxidative stress, as indicated 
by elevated malondialdehyde (MDA) levels. These 
early changes in metabolic and inflammatory balance 
may contribute to cardiometabolic risk development. 
Notably, shifts in ω3/ω6 FA ratios alongside increased 
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monounsaturated (MUFA) and polyunsaturated fatty 
acids (PUFA) point to disrupted lipid metabolism and 
enhanced inflammatory signaling in obesity. These 
results highlight the potential of platelet FA profiling and 
oxidative stress markers as early indicators for identifying 
individuals at elevated risk of metabolic disorders, offer-
ing opportunities for timely intervention.
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