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Abstract: Background/Objectives: This research aimed to investigate phospholipid fatty
acid (PLFA) distribution in the brain, kidneys, and white adipose tissue (WAT) and lipid
profiles in response to high-fat diets. Methods: Adult female C57BL/6 mice were fed
high-fat diets containing 25% linseed, palm, or sunflower oil for 100 days. The fatty acid
composition of dietary oils and tissue PL were analyzed using gas–liquid chromatography.
Results: Linseed oil increased n-3 polyunsaturated fatty acids (PUFAs) with subsequent
conversion into long-chain n-3 PUFAs in the brain and kidney PL, while only alpha-linolenic
acid was elevated in WAT. Palm and sunflower oils resulted in unique PLFA distributions in
the kidneys and WAT. Palm oil raised linoleic acid without conversion to pro-inflammatory
n-6 PUFAs. Sunflower oil increased saturated palmitic acid, as opposed to the rise in
monounsaturated oleic acid. Linseed oil also significantly improved lipid profiles, reducing
LDL and increasing HDL levels while enhancing cardiovascular indices. Conclusions:
This study demonstrates that dietary oils significantly impact organ-specific PLFA profiles,
with linseed oil enriching brain and renal n-3 PUFAs, while palm and sunflower oils
induce distinct modifications in the kidney and WAT. Moreover, linseed oil offers notable
cardioprotective benefits due to the favorable lipid profile changes. These findings highlight
the importance of dietary fat selection in achieving balanced lipid metabolism and suggest
that diverse oil combinations may be essential for optimizing health outcomes.

Keywords: chronic high-fat diet; linseed oil; palm oil; sunflower oil; phospholipid fatty
acid; organ-specific response; lipid profile; cardiovascular indices

1. Introduction
Contemporary lifestyles and dietary habits contribute to increased fat and caloric

intake, leading to the pandemic of chronic non-infectious diseases [1]. Vegetable oils are
an integral part of the human diet worldwide, providing energy and essential fatty acids
(EFAs). EFAs include linoleic acid (LA) (18:2, n-6) and alpha-linolenic acid (ALA) (18:3,
n-3), which must be obtained from food as the body cannot synthesize them. All other
long-chain polyunsaturated fatty acids (PUFAs) are derived from LA and ALA [2]. Linseed
oil is particularly rich in ALA, which, through metabolic processes, is converted into
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eicosapentaenoic acid (EPA) (20:5, n-3) and docosahexaenoic acid (DHA) (22:6, n-3) [3].
Palm oil mainly consists of saturated fatty acids (SFAs), such as palmitic acid (PA) (16:0)
and stearic acid (STA) (18:0), along with monounsaturated fatty acids (MUFAs) and a
small amount of PUFAs [4]. In contrast, sunflower oil is predominantly composed of
unsaturated fatty acids like LA and oleic acid (OA) (18:1, n-9), with PA and STA present in
low percentages [5].

Phospholipids (PLs) are composed of a phosphate group, a glycerol backbone, and two
fatty acid chains. These amphipathic molecules are essential for forming the bilayer mem-
brane of all cells [6]. The type of fatty acids in the PL composition significantly influences
the membrane’s physical and chemical properties. SFAs increase the rigidity of the cell
membrane, whereas MUFAs and PUFAs enhance membrane fluidity, thereby contributing
to the cell’s thermodynamic stability [7]. Beyond their structural role, PLs also function as
receptors, enzymes, ion channels, and precursors of secondary messengers, among other
functions. Alterations in the fatty acyl chain composition of PL impact the biophysical
characteristics of cell membranes, subsequently affecting their function [8]. Since the com-
position of PL is closely tied to dietary intake, consuming the right types of fatty acids is
crucial for maintaining membrane stability and ensuring optimal organ function.

Modern dietary patterns dominate with SFAs, such as PA and STA. In addition to SFA,
n-6 PUFAs are highly prevalent [9]. Arachidonic acid (AA) (20:4, n-6), a type of n-6 PUFA,
has a pro-inflammatory potential, and its increased incorporation into the PL contributes
to enzyme conversion to inflammatory eicosanoids [10]. In contrast, n-3 PUFAs are found
in much lower concentrations in food. Incorporating long-chain n-3 PUFAs into PL exerts
anti-inflammatory effects, reducing leukocyte chemotaxis, lowering free radical production,
and decreasing levels of pro-inflammatory mediators [11]. Due to these beneficial effects of
n-3 PUFAs on the body, an increased intake is recommended while maintaining an optimal
n-6/n-3 PUFA ratio, ranging from 1:1 to 1:5 [12].

Previous studies have shown that the composition of phospholipid fatty acids (PLFAs)
varies significantly among different organs and that dietary intake plays a key role in
influencing these organ-specific alterations [13,14]. Dietary fats are crucial in modulating
brain functions by influencing the composition of neuronal membranes and the balance
of neuroactive lipids [15]. High-fat diets, depending on their fatty acid composition, can
significantly alter brain PLFAs, impacting synaptic plasticity, neurotransmission, and neu-
roinflammation [16]. For instance, diets high in saturated fats have been linked to harmful
effects on cognitive functions and increased inflammation [17], while those rich in PUFAs,
such as n-3 fatty acids, are associated with neuroprotective effects [18]. On the other hand,
the kidneys are crucial in maintaining homeostasis, including lipid metabolism and excre-
tion [19]. Chronic high-fat diets have been shown to induce significant alterations in the
renal PLFA profile, which may contribute to kidney dysfunction and the development of
metabolic disorders [20]. The specific composition of dietary fats influences the incorpora-
tion of fatty acids into renal PLs, thereby affecting membrane fluidity, signaling pathways,
and renal cell function. These alterations could potentially exacerbate oxidative stress and
inflammation, processes known to be involved in the progression of chronic kidney disease
(CKD) and other renal pathologies [21]. In addition, white adipose tissue (WAT) plays a
complex role in regulating systemic metabolism, serving as a primary energy reservoir
and an active endocrine organ [22]. In the modern lifestyle, high-fat diets, typically rich
in SFA and n-6 PUFA, contribute to an imbalance between caloric intake and expenditure,
promoting adipose tissue expansion and remodeling. This expansion, mainly in visceral
depots, is strongly associated with metabolic disorders, as visceral obesity is linked to
increased inflammation and a higher risk of chronic metabolic diseases [23,24].



Nutrients 2025, 17, 821 3 of 21

In our previous research, we investigated PLFA distribution in the liver—a central
organ for lipid metabolism—in response to chronic high-fat diets rich in linseed, palm,
and sunflower oils [25]. Building on these findings, we expanded our research to focus
on the brain, kidneys, and WAT. These organs are crucial for understanding the systemic
impact of dietary fats, as they differ in their metabolic roles and sensitivity to lipid-induced
changes. Therefore, this study aimed to simultaneously examine how the chronic con-
sumption of linseed, palm, or sunflower oil affects PLFA composition in these tissues
using the well-established C57BL/6 mouse model for lipid metabolism research [26,27].
The 14-week high-fat diet regimen was chosen to capture metabolic adaptations and lipid
profile changes simulating chronic dietary exposure. Importantly, this period corresponds
to approximately ten years in human terms [28], underscoring the translational relevance
of our findings. Our research provides valuable insights into how the long-term consump-
tion of specific dietary oils can differentially influence organ-specific PLFA distribution,
informing potential nutritional strategies for promoting human health.

2. Materials and Methods
2.1. Experimental Animals

A total of 24 adult female C57BL/6 mice, obtained from the Galenika vivarium
(Galenika a.d., Belgrade, Serbia), 6 weeks old and having about 20 g weight were used in
this study. The mice were randomly assigned to four equal groups, with six animals in
each group. The sample size calculation for the number of experimental units per group
and the total number of animals was calculated using the appropriate formula [29]. Mice
were housed at three animals per cage, obtained randomly from the pool of all cages, under
identical and controlled conditions, with a room temperature of 22 ± 1 ◦C, humidity of
65 ± 1%, and a 12 h light/dark cycle. Animals were monitored twice daily, and their health
status was estimated by a general assessment of animal activity, food and water intake,
external appearance, and absence of disease. All experimental procedures were reviewed
and approved by the Experimental Animals Ethics Committee at the University of Belgrade,
Faculty of Medicine (approval number 323-07-09403/2014-05/1, dated 13 November 2015).
The study adhered to the ARRIVE guidelines and the National Research Council’s Guide
for the Care and Use of Laboratory Animals.

2.2. Chronic High-Fat Diets

This study included mice on different dietary regimens for 14 weeks, with free access
to feed and drinking water throughout the study. Before the experiment, 1 week of ac-
climatization was performed in order to prevent the influence of stress on the experimental
outcome. The control group consumed the standard mouse chow sourced from the Veteri-
nary Institute Subotica (Subotica, Serbia), which served as the baseline diet. In contrast, the
remaining three groups received high-fat diets that were isocaloric with the control diet but
enriched with 25% of either linseed, palm, or sunflower oil (GA-ME-HA, Sarajevo, Bosnia
and Herzegovina). This dietary composition was intended to simulate chronic high-fat
conditions. The detailed composition of the standard mouse chow and fatty acid profiles
of the linseed, palm, and sunflower oils were established and reported in our previous
study [25]. The performed experimental protocol did not cause pain, suffering, and distress
to the experimental animals or any unexpected adverse events.

2.3. Organ Sample Collection and Preparation

After the 14-week dietary regimen, 24 mice without exclusion, previously anesthetized,
were euthanized with cervical dislocation. The blood samples were collected and cen-
trifuged to separate serum from erythrocytes. Serum samples were stored at −20 ◦C until
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analysis. Further dissection was performed, and the endocranium and abdominal cavity
were surgically opened to collect brain, kidney, and visceral white adipose tissue samples.
Each organ was carefully extracted, and approximately 1 g of tissue from each organ was
immediately frozen at –80 ◦C to preserve the integrity of the samples. Subsequently, the
frozen brain, kidney, and white adipose tissue samples were homogenized using an ultra-
sonic homogenizer (Bandelin Sonoplus, Bandelin electronic, Berlin, Germany) to prepare
them for fatty acid analysis. This process ensured that the tissue samples were adequately
prepared for subsequent biochemical assessments. All further analyses were performed by
investigators that were blinded to the experimental protocol.

2.4. Analysis of Phospholipid Fatty Acids in Brain, Kidney, and White Adipose Tissue

Brain, kidney, and white adipose tissue samples were prepared for fatty acid analysis
by focusing on their PL content. Approximately 1 g of each tissue was lyophilized to remove
moisture. After lyophilization, the dried tissue was manually pulverized using a mortar and
pestle to increase the surface area, thus enhancing lipid extraction efficiency. The pulverized
tissue was then subjected to lipid extraction using a chloroform/methanol (2:1) mixture,
which included butylated hydroxytoluene (BHT) as an antioxidant to prevent oxidation.
The lipid extract was washed with 0.2 volumes of water relative to the total volume of the
chloroform/methanol mixture used. Specifically, for every 1 mL of chloroform/methanol
extract, 0.2 mL of water was added. The solution was then centrifuged, and the upper
aqueous phase was discarded.

Further purification was achieved through successive solvent evaporations. The sol-
vents used included methanol/benzene (2:1), acetone/benzene (2:1), and ethanol/benzene
(2:1). Following these steps, chloroform was added to the remaining extract and evapo-
rated, and the sample was subsequently prepared by adding hexane. This preparation was
essential for the next step, which involved thin-layer chromatography (TLC).

PLs were isolated from the lipid extract using one-dimensional TLC with a neutral
lipid solvent system comprising hexane-diethyl ether-acetic acid (87:2:1, v/v/v) on Silica
Gel GF plates (C. Merck, Darmstadt, Germany). For the fatty acid analysis, fatty acid
methyl esters were prepared and analyzed via gas–liquid chromatography (GLC) following
established protocols [30]. Individual fatty acid methyl esters were identified by comparing
their retention times with those of authentic standards (Sigma Chemical Co., St. Louis, MO,
USA) and/or the PUFA-2 standard mixture (Supelco Inc., Bellefonte, PA, USA) [25].

2.5. Estimation of Enzyme System Activities

The activities of key enzymes involved in fatty acid metabolism were estimated based
on the ratios of product-to-precursor fatty acids. Specifically:

1. Elongase Activity (EA): EA = STA
PA

where: STA = stearic acid (18:0); PA = palmitic acid (16:0).

2. ∆9 Desaturase Activity (D9D): D9D = OA
STA

where: OA = oleic acid (18:1, n-9); STA = stearic acid (18:0).

3. ∆6 Desaturase Activity (D6D): D6D = GLA
LA

where: GLA = gamma-linolenic acid (18:3, n-6); LA = linoleic acid (18:2, n-6).

4. ∆5 Desaturase Activity (D5D): D5D = AA
DGLA

where: AA = arachidonic acid (20:4, n-6); DGLA = dihomo-gamma-linolenic acid
(20:3, n-6).

This ratio-based method for estimating elongase and desaturase enzyme activities is
well-established and widely used in lipid research [31,32].
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2.6. Analysis of Serum Lipid Profile, Cardiovascular Indices, and C-Reactive Protein

The concentrations of total cholesterol (TC), high-density lipoprotein cholesterol
(HDL), low-density lipoprotein cholesterol (LDL), triglycerides (TGs), and C-reactive pro-
tein (CRP) were measured using the COBAS INTEGRA 400 plus automated analyzer
(Hoffmann-La Roche, Mannheim, Germany).

The concentrations of TC, TG, HDL cholesterol, and LDL cholesterol (all in mmol/L)
were used to calculate several atherogenic and cardioprotective indices. The formulas
applied were as follows [33]:

1. Atherogenic Index (AI): AI = log( TG
HDL ),

2. Atherogenic Coefficient (AC): AC = TC−HDL
HDL ,

3. Cardiac Risk Ratio (CRR): CRR = TC
HDL ,

4. Cardioprotective Index (CPI): CPI = HDL
LDL .

These indices were analyzed to evaluate the impact of dietary interventions on lipid
metabolism and cardiovascular risk markers.

Additionally, non-HDL cholesterol (non-HDL-c) was calculated using the formula:

non-HDL-c = TC – HDL

2.7. Data and Statistical Evaluation

Statistical assessment was performed using GraphPad Prism software, version 10.2.3
(347) (GraphPad Software, Boston, MA, USA). The data assumptions were assessed using
Levene’s Test for homogeneity of variance. To compare data across different groups, one-
way ANOVA was conducted, followed by Tukey’s post hoc test for pairwise comparisons.
The statistical analysis excluded any values that were not detected. The results are expressed
as mean ± standard deviation (SD). Statistical significance was determined at thresholds of
p ≤ 0.05 for significance and p ≤ 0.01 or p ≤ 0.001 for high significance.

Correlation analysis was employed using Pearson’s correlation for variables with
homogeneous distributions and Spearman’s rank correlation for non-homogeneous dis-
tributions. Data are presented as correlation coefficients (r) and corresponding p-values.
Statistical significance was considered relevant for p < 0.05.

3. Results
3.1. Brain Phospholipid Fatty Acid Distributions

In the brain PL, STA concentration was the lowest after the linseed oil diet compared
to all other groups. LA levels were elevated in the brain PL after the linseed and palm
oil diets compared to the control and sunflower oil groups. Additionally, the percentage
of DGLA was the highest in the brain PL after the linseed oil treatment compared to the
other three groups. The linseed oil diet also increased the EPA concentration in the brain
PL compared to all other groups. Moreover, the linseed oil elevated the docosapentaenoic
acid (DPA) (22:5, n-3) percentage in the brain PL compared to the control and palm oil diets
(refer to Table 1).
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Table 1. Brain phospholipid fatty acids composition in mice on regular chow (control group), linseed
oil, palm oil, and sunflower oil diets.

Fatty Acid Control Group (%) Linseed Oil (%) Palm Oil (%) Sunflower Oil (%)

SFA 45.34 ± 1.35 42.04 ± 5.7 46.15 ± 1.15 45.64 ± 0.84
PA (16:0) 21.68 ± 0.71 21.28 ± 4.38 22.1 ± 0.56 22.31 ± 0.71

STA (18:0) 23.67 ± 0.68 20.76 ± 3.03 a 24.05 ± 0.63 bb 23.33 ± 0.27 b

MUFA 22.91 ± 0.74 23.88 ± 4.99 22.4 ± 0.91 22.62 ± 0.73
POA (16:1, n-7) 0.48 ± 0.04 0.55 ± 0.12 0.44 ± 0.02 0.48 ± 0.02
OA (18:1, n-9) 18.46 ± 0.61 19.35 ± 3.72 18.21 ± 0.76 18.44 ± 0.61
VA (18:1, n-7) 3.97 ± 0.11 3.73 ± 0.76 3.75 ± 0.16 3.69 ± 0.17

PUFA 31.75 ± 1.97 32.9 ± 4.39 31.45 ± 1.87 31.74 ± 0.55

n-6 14.06 ± 0.54 14.7 ± 1.49 14.22± 2.5 14.55 ± 0.19
LA (18:2, n-6) 0.73 ± 0.04 1.29 ± 0.25 aaa 1.31 ± 0.18 aaa 0.89 ± 0.23 b,cc

GLA (18:3, n-6) 0.51 ± 0.07 1.04 ± 1.38 0.51 ± 0.05 0.47 ± 0.06
DGLA (20:3, n-6) 0.37 ± 0.009 0.58 ± 0.09 aa 0.34 ± 0.15 bbb 0.36 ± 0.01 bb

AA (20:4, n-6) 9.27 ± 0.36 6.56 ± 3.98 8.94 ± 2.64 9.84 ± 0.33
DTA (22:4, n-6) 3.17 ± 0.35 3.06 ± 0.94 3.12 ± 0.28 2.99 ± 0.41

n-3 17.69 ± 2.19 16.42 ± 3.59 17.23 ± 0.76 17.19 ± 0.39
ALA (18:3, n-3) 3.48 ± 2.55 1.85 ± 0.99 2.25 ± 0.23 2.16 ± 0.37
EPA (20:5, n-3) 0.08 ± 0.04 0.16 ± 0.03 aa 0.09 ± 0.04 b 0.06 ± 0.03 bb

DPA (22:5, n-3) 0.14 ± 0.006 0.58 ± 0.1 aa 0.11 ± 0.01 bb 0.28 ± 0.41
DHA (22:6, n-3) 13.99 ± 0.42 13.82 ± 3.06 14.77 ± 0.75 14.68 ± 0.32

n-6/n-3 0.8 ± 0.09 0.89 ± 0.17 0.83 ± 0.17 0.85 ± 0.01
EPA/AA 0.008 ± 0.004 0.06 ± 0.08 0.01 ± 0.01 0.006 ± 0.003

UI 172.3 ± 4.44 161.3 ± 39.39 172.2 ± 6.11 174.5 ± 2.17
n-3 index 3.25 ± 0.36 3.22 ± 0.95 3.21 ± 0.28 3.05 ± 0.42

SFA—saturated fatty acid(s); PA—palmitic acid; STA—stearic acid; MUFA—monounsaturated fatty
acid(s); POA—palmitoleic acid; OA—oleic acid; VA—vaccenic acid; PUFA—polyunsaturated fatty acid(s);
LA—linoleic acid; GLA—gamma-linolenic acid; DGLA—dihomo-gamma-linolenic acid; AA—arachidonic acid;
DTA—docosatetraenoic acid; ALA—alpha-linolenic acid; EPA—eicosapentaenoic acid; DPA—docosapentaenoic
acid; DHA—docosahexaenoic acid; UI—unsaturation index. Data are given as mean ± standard deviation (SD).
One-way ANOVA followed by Tukey’s post hoc test was conducted for pairwise comparisons between all groups.
The statistical analysis did not include the ND values. Statistical significance is indicated as follows: a p < 0.05,
aa p < 0.01, aaa p < 0.001 compared to the control group; b p < 0.05, bb p < 0.01, bbb p < 0.001 compared to linseed oil
group; cc p < 0.01, compared to palm oil group. Sample size (n): n = 6 for all groups, except: DGLA (n = 5, palm
oil group).

3.2. Brain Enzyme Activity Estimations

The estimated activity of ∆9 desaturase in the brain was higher after linseed oil
treatment compared to the palm oil diet. In contrast, the palm oil diet decreased the
activity of ∆6 desaturase in the brain compared to the control group. Furthermore, the ∆5
desaturase activity in the brain was the lowest after the linseed oil diet compared to all
other groups (shown in Figure 1).
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Figure 1. Brain enzyme activity estimations in mice fed regular chow (control group), linseed oil,
palm oil, and sunflower oil diets: (a) brain estimated elongase activity (n = 6); (b) brain estimated ∆9
desaturase activity (n = 6); (c) brain estimated ∆6 desaturase activity (n = 6); (d) brain estimated ∆5
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deviation (SD). One-way ANOVA followed by Tukey’s post hoc test was conducted for pairwise
comparisons between all groups. The statistical analysis did not include the undetected values.
Statistical significance: * p < 0.05; ** p < 0.01; **** p < 0.0001.

3.3. Kidney Phospholipid Fatty Acid Distributions

In the kidney PL, the total SFA percentage decreased after linseed and palm oil diets
compared to the control group. Also, the linseed and palm oil lowered the PA concentration
in the renal PL compared to the control and sunflower oil groups. STA levels in the kidney
PL were the lowest after sunflower oil treatment compared to the other three groups.

The total MUFA percentage in the kidney PL was the highest after the sunflower oil
diet compared to all other groups. The palmitoleic acid (POA) (16:1, n-7) levels were higher
after the sunflower oil diet compared to the palm oil treatment. However, POA levels were
lower after the linseed and palm oil diets compared to the control group. Moreover, the
sunflower oil elevated the OA concentration in the renal PL compared to all other diets. All
high-fat diets lowered the vaccenic acid (VA) (18:1, n-7) levels in the kidney PL compared
to the control group.

The total PUFA rate in the kidney PL increased after the linseed and palm oil compared
to the control and sunflower oil diets. The overall percentage of n-6 PUFAs in the renal
PL was the highest after the palm oil treatment compared to all other groups. Yet, the
sunflower oil diet lowered the overall n-6 PUFAs compared to the control group. Levels of
a single n-6 PUFA, LA, were elevated after the palm oil diet compared to all other groups.
Furthermore, the sunflower oil treatment decreased the LA and GLA concentrations in
the kidney PL compared to the linseed oil diet. However, the linseed oil diet significantly
elevated the total n-3 PUFAs and the levels of individual n-3 PUFAs, including ALA, EPA,
and DPA, in the kidney PL compared to the other three groups.
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The n-6/n-3 ratio was the lowest after the linseed oil diet and the highest after the
palm oil diet compared to all other groups. Additionally, the linseed oil diet increased the
EPA/AA ratio in the kidney PL compared to the other three diets (check Table 2 for details).

Table 2. Kidney phospholipid fatty acids composition in mice on regular chow (control group),
linseed oil, palm oil, and sunflower oil diets.

Fatty Acid Control Group (%) Linseed Oil (%) Palm Oil (%) Sunflower Oil (%)

SFA 39.82 ± 3.2 33.7 ± 3.9 a 33.44 ± 3.3 a 37.18 ± 2.57
PA (16:0) 24.21 ± 2.17 18.23 ± 2.26 aaa 17.96± 1.14 aaa 25.02 ± 2.34 bbb,ccc

STA (18:0) 15.61 ± 1.2 15.39 ± 2.24 15.48 ± 2.42 12.17 ± 1.67 a,b,c

MUFA 23.78 ± 0.89 22.19 ± 3.11 21.01 ± 2.88 30.65 ± 7.39 a,b,cc

POA (16:1, n-7) 2.03 ± 0.31 1.39 ± 0.28 a 0.79 ± 0.23 aaa 1.67 ± 0.51 cc

OA (18:1, n-9) 19.67 ± 0.58 20.18 ± 3.12 18.91 ± 2.75 27.43 ± 7.12 a,b,cc

VA (18:1, n-7) 2.08 ± 0.11 1.31 ± 0.36 aaa 1.29 ± 0.14 aaa 1.54 ± 0.26 aa

PUFA 36.4 ± 3.42 44.11 ± 2.91 a 45.55 ± 1.62 aa 31.33 ± 5.53 bbb,ccc

n-6 30.08 ± 2.2 28.89 ± 2.96 39.76 ± 1.6 aaa,bbb 25.08 ± 3.83 a,ccc

LA (18:2, n-6) 16.52 ± 0.99 19.18 ± 1.95 26.03 ± 3.82 aaa,bbb 13.89 ± 1.23 bb,ccc

GLA (18:3, n-6) 0.37 ± 0.07 0.46 ± 0.14 0.35 ± 0.05 0.3 ± 0.01 b

DGLA (20:3, n-6) 0.54 ± 0.05 0.65± 0.18 0.57 ± 0.11 0.49 ± 0.12
AA (20:4, n-6) 11.98 ± 01.53 8.01 ± 3.29 12.14 ± 2.43 9.81 ± 3.83

DTA (22:4, n-6) 0.66 ± 0.06 0.54 ± 0.26 0.67 ± 0.14 0.58 ± 0.13

n-3 6.32 ± 1.23 15.22 ± 4.85 aaa 5.78 ± 1.65 bbb 5.64 ± 1.67 bbb

ALA (18:3, n-3) 0.41 ± 0.04 5.76 ± 4.49 aa 0.23 ± 0.11 bb 0.27 ± 0.05 bb

EPA (20:5, n-3) 0.08 ± 0.04 1.5 ± 0.87 aaa 0.04 ± 0.07 bbb 0.27 ± 0.51 bb

DPA (22:5, n-3) 0.28 ± 0.05 1.64 ± 1.36 a 0.21 ± 0.08 bb 0.27 ± 0.19 b

DHA (22:6, n-3) 5.55 ± 1.12 5.57 ± 1.22 5.30 ± 1.65 4.79 ± 1.65

n-6/n-3 4.88 ± 0.74 2.2 ± 1.16 a 7.34 ± 2.05 a,bbb 4.72 ± 0.78 b,c

EPA/AA 0.006 ± 0.003 0.22 ± 0.12 aa 0.003 ± 0.006 bb 0.05 ± 0.11 b

UI 146.5 ± 14.10 145.9 ± 50.45 160.8 ± 11.64 134.6 ± 20.97
n-3 index 5.63 ± 1.16 7.08 ± 0.93 5.33 ± 1.67 5.06 ± 1.49

SFA—saturated fatty acid(s); PA—palmitic acid; STA—stearic acid; MUFA—monounsaturated fatty
acid(s); POA—palmitoleic acid; OA—oleic acid; VA—vaccenic acid; PUFA—polyunsaturated fatty acid(s);
LA—linoleic acid; GLA—gamma-linolenic acid; DGLA—dihomo-gamma-linolenic acid; AA—arachidonic acid;
DTA—docosatetraenoic acid; ALA—alpha-linolenic acid; EPA—eicosapentaenoic acid; DPA—docosapentaenoic
acid; DHA—docosahexaenoic acid; UI—unsaturation index. Data are given as mean ± standard deviation (SD).
One-way ANOVA followed by Tukey’s post hoc test was conducted for pairwise comparisons between all groups.
The statistical analysis did not include the ND values. Statistical significance is indicated as follows: a p < 0.05,
aa p < 0.01, aaa p < 0.001 compared to control group; b p < 0.05, bb p < 0.01, bbb p < 0.001 compared to linseed oil
group; c p < 0.05, cc p < 0.01, ccc p < 0.001 compared to palm oil group. Sample size (n): n = 6 for all groups, except
STA (n = 5, linseed oil group); GLA (n = 5, linseed oil group); DGLA (n = 5, linseed oil group); AA (n = 5, control,
linseed, and sunflower oil groups).

3.4. Kidney Enzyme Activity Estimations

The estimated elongase activity in the kidney PL increased after the linseed and palm
oil diets compared to the control group. The sunflower oil diet decreased the elongase
activity while elevating the ∆9 desaturase activity in the kidneys compared to the other
three treatments. Moreover, the ∆6 desaturase was less active in the renal PL after the palm
oil diet compared to the other high-fat diets. The linseed oil treatment lowered the ∆5
desaturase activity in the kidney PL compared to the control and sunflower oil groups (see
Figure 2).
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Figure 2. Kidney enzyme activity estimations in mice fed regular chow (control group), linseed oil,
palm oil, and sunflower oil diets: (a) kidney estimated elongase activity (n = 6, except n = 5 in the
linseed oil group); (b) kidney estimated ∆9 desaturase activity (n = 6, except n = 5 in the linseed
oil group); (c) kidney estimated ∆6 desaturase activity (n = 6, except n = 5 in the linseed oil group);
(d) kidney estimated ∆5 desaturase activity (n = 6, except n = 5 in the linseed oil group). Data are
given as mean ± standard deviation (SD). One-way ANOVA followed by Tukey’s post hoc test was
conducted for pairwise comparisons between all groups. The statistical analysis did not include the
undetected values. Statistical significance: * p < 0.05; ** p < 0.01; **** p < 0.0001.

3.5. White Adipose Tissue Phospholipid Fatty Acid Distributions

The sunflower oil diet increased the total SFA and individual PA in the adipocyte PL
compared to the linseed and palm oil diets. Furthermore, PA levels decreased after the
linseed and palm oil treatments compared to the control group.

The total MUFA and individual OA percentage in the adipocyte PL increased after
sunflower oil consumption compared to all other groups. Moreover, the POA concentration
in the adipocyte PL decreased after the high-fat treatments compared to the control group.
However, the POA concentration was higher after the sunflower oil diet compared to
the palm oil diet. The VA levels decreased in the adipocyte PL after the high-fat diets
compared to the control group, with the most prominent decrease observed after the palm
oil treatment.

The total PUFA percentage in the adipocyte PL was the lowest after the sunflower
oil diet compared to all other groups but higher after the palm oil diet compared to the
control group. Also, the palm oil treatment elevated the overall n-6 PUFAs and individual
LA compared to the other three diets. In contrast, the sunflower oil diet decreased the n-6
PUFAs and LA compared to the control group. Meanwhile, the GLA concentration was
significantly increased after the linseed oil consumption in the adipocyte PL compared to
the other three diets. However, the AA levels in the adipocyte PL were reduced after the
linseed oil diet compared to the palm oil diet. The linseed oil diet dominantly elevated total
n-3 PUFAs and individual ALA in the white adipose tissue PL compared to all other groups.
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The n-6/n-3 ratio was the lowest after the linseed oil diet and the highest following
the palm oil diet compared to all other groups. Similarly, the EPA/AA ratio was the highest
after the linseed oil treatment compared to all other groups. The unsaturation index (UI) in
the adipocyte PL was reduced following the consumption of sunflower oil compared to
other high-fat diets. Nevertheless, the UI increased after the linseed and palm oil treatments
compared to the control group (refer to the data in Table 3).

Table 3. White adipose tissue phospholipid fatty acids composition in mice on regular chow (control
group), linseed oil, palm oil, and sunflower oil diet.

Fatty Acid Control Group (%) Linseed Oil (%) Palm Oil (%) Sunflower Oil (%)

SFA 28.58 ± 3.51 21.6 ± 8.56 20.56 ± 6.67 31.54 ± 4.12 b,c

PA (16:0) 23.03 ± 1.47 15.38 ± 4.59 aa 14.75 ± 4.67 aa 26.25 ± 1.88 bbb,ccc

STA (18:0) 5.55 ± 2.13 6.22 ± 4.01 5.82 ± 2.15 5.28 ± 3.49

MUFA 39.68 ± 3.41 35.22 ± 3.47 36.17 ± 2.22 53.14 ± 1.31 aaa,bbb,ccc

POA (16:1, n-7) 4.47 ± 0.79 2.54 ± 0.57 aaa 1.41 ± 0.43 aaa 2.82 ± 0.97 aa,c

OA (18:1, n-9) 33.18 ± 3.29 31.42 ± 3.24 33.92 ± 1.95 44.35 ± 10.85 a,bb,c

VA (18:1, n-7) 2.02 ± 0.14 1.27 ± 0.08 aaa 0.84 ± 0.37 aaa,b 1.28 ± 0.15 aaa,cc

PUFA 31.84 ± 1.34 43.17 ± 5.67 48.27 ± 13.67 a 16.86 ± 0.61 a,bbb,ccc

n-6 29.98 ± 1.27 21.41 ± 1.02 47.05 ± 13.44 aa,bbb 15.83 ± 0.64 a,ccc

LA (18:2, n-6) 27.5 ± 3.8 20.25 ± 1.29 45.65 ± 13.43 aa,bbb 15.36 ± 1.01 a,ccc

GLA (18:3, n-6) 0.16 ± 0.007 0.26 ± 0.02 aa 0.18 ± 0.09 b 0.17 ± 0.02 b

DGLA (20:3, n-6) 0.22 ± 0.08 0.21 ± 0.25 0.24 ± 0.05 0.18 ± 0.21
AA (20:4, n-6) 0.57 ± 0.04 0.41 ± 0.18 0.82 ± 0.27 b 0.49 ± 0.21

DTA (22:4, n-6) 0.11 ± 0.06 0.17 ± 0.18 0.16 ± 0.09 0.14 ± 0.13

n-3 1.89 ± 0.12 21.53 ± 5.98 aaa 1.21 ± 0.32 bbb 1.02 ± 0.28 bbb

ALA (18:3, n-3) 1.42 ± 0.42 20.45 ± 6.85 aaa 0.97 ± 0.28 bbb 0.71 ± 0.33 bbb

EPA (20:5, n-3) 0.06 ± 0.06 0.42 ± 0.61 ND 0.11 ± 0.13
DPA (22:5, n-3) 0.09 ± 0.08 0.27 ± 0.17 ND 0.11 ± 0.13
DHA (22:6, n-3) 0.34 ± 0.32 0.39 ± 0.19 0.24 ± 0.09 0.22 ± 0.14

n-6/n-3 16.15 ± 0.82 0.89 ± 0.03 aa 39.41 ± 9 aaa,bbb 16.34 ± 3.93 bb,ccc

EPA/AA 0.04 ± 0.006 0.44 ± 0.13 aa ND 0.009 ± 0.009 bb

UI 105.0 ± 9.60 148.0 ± 15.65 aaa 137.0 ± 25.67 a 87.97 ± 5.98 bbb,ccc

n-3 index 0.37 ± 0.38 0.81 ± 0.78 0.24 ± 0.09 0.50 ± 0.67
SFA—saturated fatty acid(s); PA—palmitic acid; STA—stearic acid; MUFA—monounsaturated fatty
acid(s); POA—palmitoleic acid; OA—oleic acid; VA—vaccenic acid; PUFA—polyunsaturated fatty acid(s);
LA—linoleic acid; GLA—gamma-linolenic acid; DGLA—dihomo-gamma-linolenic acid; AA—arachidonic acid;
DTA—docosatetraenoic acid; ALA—alpha-linolenic acid; EPA—eicosapentaenoic acid; DPA—docosapentaenoic
acid; DHA—docosahexaenoic acid; UI—unsaturation index; ND—not detected. Data are given as mean ± stan-
dard deviation (SD). One-way ANOVA followed by Tukey’s post hoc test was conducted for pairwise comparisons
between all groups. The statistical analysis did not include the ND values. Statistical significance is indicated
as follows: a p < 0.05, aa p < 0.01, aaa p < 0.001 compared to the control group; b p < 0.05, bb p < 0.01, bbb p < 0.001
compared to the linseed oil group; c p < 0.05, cc p < 0.01, ccc p < 0.001 compared to the palm oil group. Sample
size (n): n = 6 for all groups, except OA (n = 5, sunflower oil group); GLA (n = 5, linseed oil group); DGLA (n = 5,
linseed oil group); AA (n = 5, control, linseed, and sunflower oil groups); EPA (n = 5, sunflower oil group; ND,
palm oil group); DPA (n = 5, sunflower oil group; ND, palm oil group); EPA/AA (n = 5, control group; n = 4,
sunflower oil group; ND, palm oil group).

3.6. White Adipose Tissue Enzyme Activity Estimations

The estimated elongase activity in the adipocyte PL was lower after the sunflower oil
consumption compared to the linseed and palm oil diets. However, the calculated elongase
activity was higher after the palm oil diet compared to the control group. The sunflower
oil diet significantly increased the ∆9 desaturase activity in the white adipose tissue PL
compared to all other treatments (illustrated in Figure 3).
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Figure 3. White adipose tissue (WAT) enzyme activity estimations in mice fed regular chow (control
group), linseed oil, palm oil, and sunflower oil diets: (a) WAT estimated elongase activity (n = 6);
(b) WAT estimated ∆9 desaturase activity (n = 6, except n = 5 in the sunflower oil group); (c) WAT
estimated ∆6 desaturase activity (n = 6, except n = 5 in the linseed oil group); (d) WAT estimated ∆5
desaturase activity (n = 6, except n = 5 in the control and sunflower oil groups, n = 4 in the linseed oil
group). Data are given as mean ± standard deviation (SD). One-way ANOVA followed by Tukey’s
post hoc test was conducted for pairwise comparisons between all groups. The statistical analysis did
not include the undetected values. Statistical significance: * p < 0.05; *** p < 0.001.

3.7. Serum Lipid Profile, Cardiovascular Indices, and C-Reactive Protein

The lipid profile changes were observed dominantly after chronic linseed oil consump-
tion. Specifically, the linseed oil significantly decreased LDL levels compared to all other
treatments while elevating HDL concentration compared to the control group. Moreover,
AC and CRR decreased after the linseed oil diet compared to the control and sunflower
oil groups, but surprisingly, it was not the case compared to the palm oil diet. Notably,
CPI was the highest in the linseed oil group compared to all other dietary groups (refer to
Table 4 for details).

However, there were no statistically significant differences in CRP levels across the
dietary groups (shown in Figure 4).

Table 4. Serum lipid profile and cardiovascular indices in mice on regular chow (control group),
linseed oil, palm oil, and sunflower oil diet.

Parameters Control Group Linseed Oil Palm Oil Sunflower Oil

TC (mmol/L) 2.00 ± 0.18 2.37 ± 0.37 2.50 ± 0.54 2.45 ± 0.47
LDL (mmol/L) 0.45 ± 0.08 0.23 ± 0.13 a 0.55 ± 0.16 bbb 0.59 ± 0.09 bbb

HDL (mmol/L) 1.03 ± 0.10 1.45 ± 0.32 a 1.40 ± 0.25 1.25 ± 0.30
non-HDL-c (mmol/L) 0.96 ± 0.09 0.92 ± 0.16 1.11 ± 0.27 1.15 ± 0.20

TG (mmol/L) 1.12 ± 0.14 1.51 ± 0.29 1.23 ± 0.29 1.25 ± 0.38
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Table 4. Cont.

Parameters Control Group Linseed Oil Palm Oil Sunflower Oil

AI 0.03 ± 0.05 0.02± 0.09 −0.06 ± 0.04 −0.01 ± 0.06
AC 0.93 ± 0.06 0.66 ± 0.20 a 0.79 ± 0.05 0.94 ± 0.15 bb

CRR 1.90 ± 0.06 1.65 ± 0.21 a 1.78 ± 0.07 1.95 ± 0.14 bb

CPI 2.34 ± 0.41 9.07 ± 4.93 aaa 2.62 ± 0.44 bb 2.16 ± 0.59 bbb

TC—total cholesterol; LDL—low-density lipoprotein; HDL—high-density lipoprotein; non-HDL-c—non-HDL
cholesterol; TG—triglycerides; AI—atherogenic index; AC—atherogenic coefficient; CRR—cardiac risk ratio;
CPI—cardioprotective index; n = 6 for all groups. One-way ANOVA followed by Tukey’s post hoc test was
conducted for pairwise comparisons between all groups. Data are given as mean ± standard deviation (SD).
a p < 0.05; aaa p < 0.001 compared to the control group. bb p < 0.01; bbb p < 0.001 compared to linseed oil.

Figure 4. C-reactive protein (CRP) analysis in mice fed regular chow (control group), linseed oil, palm
oil, and sunflower oil diets; n = 6 for all groups. One-way ANOVA followed by Tukey’s post hoc test
was conducted for pairwise comparisons between all groups. Data are given as mean ± standard
deviation (SD). The detection limit for CRP was 0.2 mg/L, and values below this threshold are
presented as 0.1 mg/L in the figure.

3.8. Serum Lipid Correlations with Fatty Acid Distribution

Correlation analysis identified significant relationships between lipid levels and fatty
acid distribution across different organs. TC negatively correlated with SFA, PA, LA, n-3
FA, DHA, and the EPA/AA ratio in the brain PL of mice fed palm oil, as well as with DGLA
and DPA in the kidney PL of mice fed linseed oil and DGLA in the palm oil group (Supple-
mentary Table S1). LDL exhibited a positive correlation with ALA in the brain PL of linseed
oil-fed mice, while a negative correlation with SFA in the palm oil group. In white adipose
tissue, LDL was positively correlated with n-6 FA and EPA/AA in the linseed oil group
and with n-6 FA, AA, DHA, and UI in the sunflower oil group (Supplementary Table S2).
HDL was negatively correlated with SFA, LA, n-3, DHA, and the EPA/AA ratio in the
brain PL of palm oil-fed mice. In the kidney PL, HDL was negatively correlated with LA
but positively correlated with DHA in the linseed oil group, while in the palm oil group,
it showed a negative correlation with DGLA (Supplementary Table S3). Lastly, TG was
negatively correlated with SFA, PA, POA, n-3, and DHA in the brain PL of palm oil-fed
mice and with DGLA in the kidney PL of linseed oil-fed mice (Supplementary Table S4).

4. Discussion
Dietary habits impact the composition of PLFAs and are critical for maintaining

organ-specific functions, as these fatty acids play a pivotal role in stabilizing cell mem-
branes [34,35]. In this study, we demonstrated that chronic high-fat diets rich in linseed,
palm, or sunflower oil significantly influence the incorporation of fatty acids into the PL
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membranes of various organs. Our findings reveal that the type of dietary fat consumed
not only determines the PLFA profile but also affects this profile in an organ-specific
manner. Previously, we examined the liver’s response to these high-fat diets as a central
organ for lipid metabolism, showing distinct changes in PLFA distribution [25]. Extending
this research, we now report that similar dietary interventions result in differential PLFA
compositions in the brain, kidneys, and white adipose tissue, underscoring the unique
metabolic responses of each organ to chronic high-fat intake.

The type of fat consumed influences the incorporation of dietary fatty acids into brain
PLs, with significant variations observed in response to linseed, palm, or sunflower oil.
Our findings reveal significant alterations in the brain PLFA composition, with the linseed
oil diet leading to the most prominent changes. This effect is likely due to the high content
of n-3 ALA in linseed oil [25], which has been shown to profoundly influence the brain’s
fatty acid profile [36]. Notably, STA concentrations were the lowest following the linseed
oil diet, reflecting reduced incorporation of SFAs into brain PL. SFAs have been shown to
increase inflammation in both microglia and neurons, which are critical for maintaining
learning and memory functions [37]. The elevated levels of LA and DGLA in the linseed oil
group further highlight the diet’s impact on n-6 PUFA metabolism. The increase in EPA and
DPA also underscores linseed oil’s potent n-3 enriching effect, promoting neuroprotective
outcomes. These long-chain n-3 fatty acids enhance neuronal function and survival by
supporting membrane fluidity and facilitating efficient neurotransmission [38]. Their anti-
inflammatory properties further contribute to neuroprotection by reducing oxidative stress
and protecting against neuronal damage [39,40].

The observed changes in estimated enzyme activities are particularly noteworthy.
The elevated ∆9 desaturase activity following the linseed oil diet suggests an enhanced
conversion of STA to OA, which may contribute to maintaining membrane fluidity [41].
Conversely, the decreased ∆5 desaturase activity, which was the lowest in the linseed oil
group, indicates a metabolic shift where n-6 PUFA metabolism halts at DGLA. This finding
is crucial, as DGLA is known to have anti-inflammatory and anti-proliferative proper-
ties [42], contrasting with AA, which is a precursor to pro-inflammatory eicosanoids [10].
The lack of conversion to AA in the linseed oil group suggests a potentially protective
mechanism against neuroinflammation. Moreover, DGLA itself has been shown to have
direct effects on cell membranes, helping stabilize them and protect against oxidative stress,
which further contributes to its neuroprotective properties [43].

In this study, high-fat diets rich in linseed, palm, or sunflower oil resulted in distinct
changes in renal PLFA composition. Chronic sunflower oil consumption resulted in a
distinct renal PLFA profile, characterized by a significant elevation in saturated PA com-
pared to palm and linseed oils, while STA concentration was the lowest across all groups.
This suggests an insufficient elongation of PA into STA by the lowest estimated elongase
activity observed after sunflower oil consumption. The observed elevation in PA after the
sunflower oil diet raises some concerns, as excess PA has been shown in previous studies
to induce apoptosis in kidneys [44]. Despite these changes, sunflower oil increased total
MUFAs associated with various health benefits [45]. This rise is primarily attributed to the
elevated incorporation of OA into renal PL. Additionally, sunflower oil induced the highest
∆9 desaturase activity, an enzyme responsible for converting STA into OA by introducing a
double bond. This elevated activity might also explain the reduced STA levels in renal PL
after sunflower oil consumption, as more STA is converted into OA. Our findings indicate
that the sunflower oil diet has complex and controversial effects on renal PLFA profile, with
both potentially harmful and beneficial outcomes.

Long-term linseed and palm oil diets significantly elevated the total PUFAs in renal PL
compared to the control and sunflower oil groups. Palm oil specifically increased the total
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n-6 PUFAs, with a marked insertion of LA, leading to the highest n-6/n-3 ratio. Despite
the high n-6 PUFA levels, there was no further conversion of LA into AA, associated
with proinflammatory potential [10]. This suggests that chronic palm oil consumption
may not induce unfavorable lipid metabolism in the kidneys, although further research is
needed to clarify its long-term effects. On the other hand, the linseed oil diet significantly
elevated the total n-3 PUFAs in renal PL, with higher incorporation of ALA, EPA, and DPA
compared to all other treatments. The increased levels of n-3 PUFAs are known for their
anti-inflammatory and protective roles in kidneys, especially in acute kidney injury (AKI)
models [46–48]. Long-chain n-3 PUFAs, such as EPA, DPA, and DHA, compete with n-6
AA for the same enzymes for conversion into eicosanoid mediators with anti-inflammatory
properties [49]. As expected, the n-6/n-3 ratio was the lowest after linseed oil consumption,
emphasizing the beneficial shift towards a more favorable n-3 PUFA profile. However, it is
important to acknowledge that improved renal PLFA profiles do not always translate into
better kidney function, particularly in pathological conditions. For instance, a study on
rats showed that despite modifying lipid mediator profiles, n-3 PUFA supplementation did
not affect renal insufficiency or protect against damage in ischemia-reperfusion injury (IRI)
models [50]. Similarly, another study on mice indicated that while n-3 PUFAs improved
tubular function in AKI, they did not improve renal function or reduce inflammation [51].
Thus, although n-3 PUFAs exhibit promising effects on renal lipid metabolism, further
research is needed to fully understand their limits and therapeutic potential in pathological
conditions such as AKI and IRI.

Dietary fats significantly influence the fatty acid composition of adipocyte PL, im-
pacting the pro- or anti-inflammatory profile of WAT [52]. While previous studies have
predominantly focused on TG, our research provides novel insights into non-TG lipids,
particularly the PLFA composition of visceral WAT, highlighting the distinct effects of
chronic high-fat diets enriched with linseed, palm, or sunflower oil. Our results demon-
strate that chronic sunflower oil consumption significantly increased total SFA in the PL
membrane of visceral adipocytes, with a significant elevation in PA compared to linseed
and palm oil diets. This increase in PA was accompanied by the lowest estimated elongase
activity, which is responsible for converting PA into STA, highlighting a distinct metabolic
response in WAT following sunflower oil intake. The elevated SFA content in adipocyte PLs
is of particular concern, as SFAs increase membrane rigidity, potentially impairing insulin
sensitivity and promoting the development of metabolic disorders [53,54]. However, recent
findings challenge this notion, showing that elevated SFA levels in adipocyte PL do not
necessarily impair insulin sensitivity, as demonstrated in vitro in human preadipocytes
and in vivo in mouse WAT [55]. Furthermore, the sunflower oil diet increased the total
MUFA in WAT PL, particularly OA, compared to all other groups. MUFAs, especially
OA, are known to exert anti-inflammatory effects, counteracting the harmful impact of
SFAs on adipose tissue function [56]. This rise in MUFA was associated with the highest
∆9 desaturase activity, which converts saturated STA into monounsaturated OA. The ∆9
desaturase activity has been shown to moderate the adverse effects of SFAs like PA and
STA on cellular stress and cytokine production [57]. Despite the increase in SFAs, the rise
in MUFAs, particularly OA, indicates that sunflower oil may balance metabolic risks by
enhancing membrane fluidity and reducing inflammation in WAT.

Changes in the PUFAs in the visceral adipocyte PL followed expected patterns, with
the long-term palm oil diet elevating total n-6 PUFA due to LA increase compared to
all other groups. Additionally, palm oil increased AA percentage in WAT PL compared
solely to the linseed oil diet. Palm oil consumption is associated with inflammation and
dysregulated lipid metabolism in visceral WAT [58]. Despite palm oil’s high PA and total
SFA content, these were unexpectedly lower in adipocyte PL compared to the control
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group. In the study on male rats treated with palm oil for 15 weeks, the PLFA profile
in visceral fat showed the opposite trend, with high PA and low LA levels in WAT [59].
The opposing PLFA profile in visceral adipocytes may be influenced by species and sex
differences, with a higher visceral fat distribution [60] and higher metabolic rates of long-
chain fatty acids in female mice [61] and humans [62]. Conversely, chronic linseed oil
consumption significantly increased total n-3 PUFA, particularly ALA in adipocyte PL
membrane, compared to all other treatments. However, no further elongation of essential n-
6 LA and n-3 ALA was observed in the visceral WAT. Linseed oil, rich in n-3 ALA, sustains
beneficial adipocyte metabolism and reduces inflammatory mediator synthesis [63,64]. Our
results demonstrated a favorable PLFA profile in WAT in response to the linseed oil, with
the lowest n-6/n-3 ratio among all treatments. Furthermore, the EPA/AA ratio, a marker
of inflammatory potential, was elevated following the linseed oil diet compared to the
sunflower oil and control groups.

The findings of this study highlight the significant impact of vegetable oils on the
serum lipid profile and their potential implications for cardiovascular health. Chronic
consumption of linseed oil demonstrated the most pronounced cardioprotective effects,
evidenced by decreased LDL levels, increased HDL concentrations, and reductions in the
AC and CRR. The highest CPI observed in the linseed oil group further supports its favor-
able lipid-modulating properties. These results align with previous studies demonstrating
the beneficial effects of n-3 polyunsaturated fatty acids in reducing cardiovascular risk
markers [65–67]. Interestingly, while AC and CRR were lower in the linseed oil group com-
pared to the control and sunflower oil groups, no such differences were noted compared
to the palm oil group, suggesting a unique lipid profile response to palm oil consumption
that warrants further investigation [68]. The absence of statistically significant differences
in CRP levels across groups indicates that the observed lipid profile changes were not
accompanied by marked systemic inflammation. However, multiple factors could influence
CRP levels, so the lipid-centric effects of these dietary interventions should be interpreted
while considering other potential inflammatory mechanisms.

The observed correlations between serum lipids and PLFA distribution do not follow
a clear or expected pattern, necessitating cautious interpretation. Notably, all serum lipids
(TC, LDL, HDL, and TG) consistently showed negative correlations with the brain PLFA of
mice fed palm oil. Additionally, all except LDL were negatively correlated with DGLA in
kidney PL in palm and linseed oil groups. LDL displayed a distinct correlation in brain
PL, positively associating with ALA in the linseed oil group. Furthermore, in WAT PL,
LDL was positively correlated predominantly with n-6 FA, known for its pro-inflammatory
potential [10], after linseed and sunflower oil consumption. These findings highlight
potential diet-dependent lipid interactions but require further investigation to clarify their
biological significance.

While our study primarily focused on the effects of dietary fats on PLFA composition
in different organs, it is important to acknowledge the broader metabolic consequences of
chronic high-fat diet consumption. Recent findings indicate that a prolonged high-fat diet
alters circulating bile acid profiles, impairing enterohepatic circulation and disrupting gut
microbiota composition and energy metabolism [69]. Furthermore, high-fat diet-induced
dysbiosis has been associated with intestinal permeability, systemic inflammation, and
metabolic dysfunction, which may contribute to obesity and other chronic diseases [70].
These changes have been linked to dysregulated lipid homeostasis and an increased risk
of metabolic disorders, further emphasizing the systemic effects of dietary fats beyond
organ-specific phospholipid remodeling.

In this study, we focused exclusively on the distribution of fatty acids within PL with-
out examining the specific primary PL classes. This approach may have limited our ability
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to fully characterize the impact of dietary fats on membrane lipid composition. Further-
more, we did not directly measure pathological consequences or functional alterations in
the examined organs. Besides CRP, we did not assess other inflammatory mediators to
completely interpret the complex dynamics associated with high-fat diets. Despite this,
our findings provide valuable insights by demonstrating that the PLFA composition varies
significantly across different organs in response to chronic high-fat diets. Specifically, we
identified distinct PLFA profiles in the brain, kidneys, and white adipose tissue when
subjected to diets rich in linseed, palm, or sunflower oil. These results emphasize that
different dietary oils distinctly influence PLFA distribution in an organ-specific manner,
contributing to our understanding of lipid metabolism and the physiological implications
of dietary fat intake.

5. Conclusions
This study demonstrates that the PLFA profile is organ-specific and undergoes distinct

alterations following the chronic consumption of linseed, palm, or sunflower oil. In
the brain, the linseed oil diet led to the most notable alterations, increasing n-3 PUFAs,
particularly ALA, which was metabolized into long-chain n-3 PUFAs such as EPA and
DPA. A similar pattern was observed in the kidneys, while in WAT, only ALA levels were
elevated, without further elongation into long-chain n-3 PUFAs. Palm and sunflower oils
each resulted in unique PLFA distributions in the kidneys and WAT. Although palm oil is
rich in PA, it did not elevate PA or total SFAs; instead, it increased LA without conversion
into pro-inflammatory AA. In contrast, sunflower oil elevated PA in renal PLFA and PA
and total SFAs in WAT. Nevertheless, the potential metabolic risks of increased SFAs may
be counteracted by the rise in OA and total MUFAs, suggesting a complex balance of the
sunflower oil effects.

Our results also revealed that chronic linseed oil consumption significantly improved
the serum lipid profile. Specifically, it reduced LDL levels, increased HDL levels, and
enhanced cardiovascular indices such as the atherogenic coefficient, cardiac risk ratio, and
cardioprotective index, suggesting its potential to mitigate cardiovascular risk.

Our findings highlight that vegetable oils, an essential part of daily diets, significantly
impact organ-specific PLFA profiles. Choosing the right dietary oils to achieve a balanced
fatty acid intake is crucial for maintaining health. A combined intake of various oils may
be necessary to optimize fatty acid ratios. Therefore, our future research will explore the
effects of combined oil consumption on PLFA profiles in different tissues.
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Abbreviations
The following abbreviations are used in this manuscript:

EFA Essential fatty acid
LA Linoleic acid (18:2, n-6)
ALA Alpha-linolenic acid (18:3, n-3)
PUFA Polyunsaturated fatty acid
EPA Eicosapentaenoic acid (20:5, n-3)
DHA Docosahexaenoic acid (22:6, n-3)
SFA Saturated fatty acid
PA Palmitic acid (16:0)
STA Stearic acid (18:0)
MUFA Monounsaturated fatty acid
OA Oleic acid (18:1, n-9)
PL Phospholipid
AA Arachidonic acid (20:4, n-6)
PLFA Phospholipid fatty acid
CKD Chronic kidney disease
WAT White adipose tissue
BHT Butylated hydroxytoluene
TLC Thin-layer chromatography
GLC Gas–liquid chromatography
EA Elongase activity
D9D ∆9 Desaturase activity
D6D ∆6 Desaturase activity
GLA Gamma-linolenic acid (18:3, n-6)
D5D ∆5 Desaturase activity
DGLA Dihomo-gamma-linolenic acid (20:3, n-6)
TC Total cholesterol
HDL High-density lipoprotein
LDL Low-density lipoprotein
TG Triglyceride
CRP C-reactive protein
AI Atherogenic Index
AC Atherogenic Coefficient
CRR Cardiac Risk Ratio
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CPI Cardioprotective Index
non-HDL-c non-HDL cholesterol
SD Standard deviation
DPA Docosapentaenoic acid (22:5, n-3)
POA Palmitoleic acid (16:1, n-7)
VA Vaccenic acid (18:1, n-7)
UI Unsaturation index
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