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Abstract: Obesity and cardiometabolic diseases (CMDs) have reached epidemic levels.
Dysregulation of lipid metabolism is a risk factor for obesity and CMDs. Lipids are energy
substrates, essential components of cell membranes, and signaling molecules. Fatty acids
(FAs) are the major components of lipids and are classified based on carbon chain length
and number, position, and stereochemistry of double bonds. They exert differential impacts
on CMDs, such that saturated fat increases risks while very-long-chain n-3 FAs provide
benefits. The functionalities of FAs, modulating membrane properties, acting as ligands
for receptors, and serving as precursors for lipid mediators, are vital for insulin signaling,
lipid metabolism, oxidative stress, and inflammatory response, collectively contributing to
cardiometabolic health. This review examines recent advances in the characteristics and
functional properties of different FAs in lipid structures, signaling pathways, and cellular
metabolism to better understand the differential roles of different types of FAs in obesity
and cardiometabolic health.

Keywords: n-3 fatty acids; membrane biology; cell signaling; lipid mediators; obesity;
cardiometabolic diseases

1. Introduction

Cardiometabolic diseases (CMDs) have been prevalent in the past two decades [1].
Studies have described different characteristics and traits of CMDs as having components
such as coronary heart disease, stroke, type 2 diabetes, dyslipidemia, and hypertension [2],
while others describe CMDs as cardiovascular diseases (CVDs), stroke, and diabetes [3].
The American Heart Association provides a detailed description of CMDs, which includes
obesity, severe obesity, dyslipidemia, hypertension, prediabetes, diabetes, chronic kidney
disease, nonalcoholic fatty liver disease, and metabolic syndrome [1]. Lifestyle factors
associated with CMDs are poor diet, physical inactivity, smoking, alcohol consumption, and
stress. A key contributing factor to CMD development is lipid metabolism [1]. Lipids, often
used interchangeably with fats, are a heterogeneous group of water-insoluble compounds
that are soluble in nonpolar organic solvents [4]. Lipids can be classified based on their
physical properties, polarity, or structure. The LIPID MAPS classification system categorizes
lipids into eight groups: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids,
saccharolipids, polyketides, sterol lipids, and prenol lipids [5]. New additions to the LIPID
MAPS are classes such as estolide, fatty aldehydes, and fatty alcohols [6].

Functions of lipids include energy substrate and storage, components of cellular mem-
branes, lipoproteins, and lipid droplets, and roles in cell signaling. Triacylglycerol (TAG),
a subclass of glycerolipids, is the principal storage form of energy that is mainly stored
in lipid droplets in adipocytes in mammals [7]. When systemic energy demands increase,
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TAG is hydrolyzed through lipolysis, and FAs and glycerol are released from adipocytes.
The amphipathic nature of phospholipids (PLs) enables them to span membranes, form-
ing the basis for cellular membrane structures [8] and maintaining membrane integrity,
which is the ability of membranes to resist, repair, and respond to different cellular con-
texts [9]. Membrane PLs also function as FA reservoirs for the synthesis of a variety of
lipid mediators [10,11]. PLs can be classified as phosphatidyl-choline (PC), -ethanolamine,
-serine, -glycerol, and -inositol, and sphingolipids based on polar head groups [12]. The
two major classes of sphingolipids are sphingomyelin and glycosphingolipids [8]. PC is
the most abundant PL in most tissues, while neuronal tissues contain more phosphatidyl-
ethanolamine than -choline. They also have higher content of sphingolipids and ether lipids
than peripheral tissues [13]. Cholesterol is also another common lipid, consisting of four
rings, a hydroxyl group, and a hydrocarbon tail that can interact with sphingolipids [14].
Cholesterol is important for membrane integrity, modulating ion transport and signaling
proteins in the membrane, and is a precursor to steroid hormones and vitamin D [8].

FAs are the major components of most lipids, and their composition in TAG and PLs
reflects dietary intake [15]. The biological significance of FAs is extensive; they serve as
vital energy sources, contribute to cell membrane structure, act as signaling molecules,
and facilitate the absorption of fat-soluble nutrients [16]. Depending on the types of FAs,
they exert differential impacts on CMDs such that saturated and trans fats pose risks while
long-chain poly-unsaturated FAs (LC-PUFAs), especially n-3 eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), are considered to be beneficial [17].

The Mediterranean diet, characterized by its high levels of PUFAs as well as Monoun-
saturated fatty acids (MUFAs) and fiber, is associated with reduced risks of CMDs and
continues to be a cornerstone of nutritional interventions and therapeutic strategies [18,19].
However, randomized controlled trials investigating the effects of n-3 PUFA supplemen-
tation on CMDs have yielded inconsistent results. Systematic reviews and meta-analyses
have shown improvements in glycemic markers, including HbAlc, fasting insulin, and
fasting glucose levels [20,21], while others report null or contradictory findings [22,23].
Evidence also suggests potential benefits of n-3 PUFAs in reducing CVD risks [24,25] and
fatty liver diseases [26,27]. Subgroup analyses indicate that efficacy may depend on CMD
subtypes, baseline nutritional and metabolic status, dosages, and durations of interven-
tions. Overall, these findings reflect significant heterogeneity in responses and highlight
the need for larger, rigorously controlled trials to determine the therapeutic potential of n-3
PUFAs in CMDs. Further, recent studies have shown better cardioprotective effects of EPA,
administered as ethyl-EPA, than commixed regimens of EPA/DHA [28]. Future studies
using different formulations, dosages, or combinations of EPA and or DHA in specific
groups are also warranted.

Our review explores the links between types of FAs and obesity, metabolic dysfunction-
associated steatotic liver disease (MASLD), diabetes, and CVD, focusing on traits related
to these CMDs, such as insulin resistance (IR), dyslipidemia, inflammation, and cellular
stress pathways. We will also examine recent advances in FA properties in membrane
biology, signaling activities, and cellular metabolism that can explain the deleterious effects
of saturated FAs and the beneficial impacts of EPA and DHA on cardiometabolic health.
Potential mechanisms that can contribute to the differential effects of EPA and DHA are
also discussed.

2. Role of FAs in Maintaining Membrane Structure and Integrity
2.1. FAs in Lipid Structures of Cell Membranes

FAs are carboxylic acids (-COOH) that have an aliphatic chain (-CH;) and a
methyl end (-CHj3). Depending on their carbon chain length, FAs can be short- (SCFA,
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2—4 carbons), medium- (6-12 carbons), long- (LCFA, 14-20 carbons), or very-long-chained
(>22 carbons) [29] based on the position of the first double bond counted from the methyl
end. Unsaturated FAs contain double bonds (C=C) and are classified as MUFAs or PU-
FAs [30]. PUFAs are further classified into n-3 (omega-3) and n-6 (omega-6) depending on
the position of the last double bond counted from the methyl end. Alkenes of the C=C can
exist as cis or trans isomers, and trans FAs (TFAs) contain functional groups on opposite
sides of the double bond. The most common TFA is elaidic acid, which is a trans isomer of
oleic acid (OA, C18:1).

FAs are obtained through dietary lipids or de novo lipogenesis (DNL), which mainly
occurs in the liver and adipose tissues in adulthood [31]. While some FAs are generated
from acetyl-CoA through DNL, it is not a major pathway in adult humans consuming
dietary lipids and is thought to play more regulatory functions [31]. Palmitate (PA) (C16:0)
from the DNL is further elongated and desaturated into stearic acid (SA, 18:0) and oleic
acid (OA, C18:1). However, humans do not contain delta-12 and delta-15 desaturases and
need to consume two essential FAs, n-6 linoleic acid (LA, C18:2) and n-3 alpha-linolenic
acid (ALA, C18:3), which are converted into arachidonic acid (ARA, C20:4, n-6), EPA (C20:5,
n-3), and DHA (C22:6, n-3), respectively. ALA conversion into EPA and DHA in the human
body is not efficient, and the general composition of FAs in PLs is attributed to dietary
intake more than endogenous synthesis [31].

Membranes are composed of lipids (PLs and cholesterol) with embedded proteins
and carbohydrate groups that are attached to them. PL structure is generally comprised of
a glycerol backbone, FA tails, and a phosphate group. FAs have an amphipathic nature,
enabling them to span membranes and to be the major structural component in PLs, and
thus provide basic structure and functional properties in membranes [12]. FAs are attached
to glycerophosphatides and sphingolipids through ester or ether bonds at the sn-1 or sn-2
position. Ether lipids have an alkyl chain attached to the sn-1 position by an ether bond
and constitute approximately 20% of PLs in mammals, while an ester bond is typically at
the sn-2 position [32]. SFAs are usually found at the sn-1 position, and unsaturated FAs at
the sn-2 position [33]. After generation through the Kennedy pathway, PLs are remodeled
through the Lands cycle, a de-acylation and re-acylation pathway, resulting in varied FA
compositions [34]. Heterogeneities in FA composition between tissues have been shown
and PA, the most common SFA, accounts for 20-30% of FAs in PLs with variable amounts
of MUFAs (OA, ~19%), n-6 PUFAs (LA and ARA, ~25-60%), and n-3 PUFAs (ALA, EPA,
docosapentaenoic acid [DPA, C22:5], and DHA, <30%) present in tissues [35].

2.2. FAs Influence Membrane Fluidity, Curvature, and Permeability

FA composition in membranes determines membrane permeability, morphology, and
stability and has a significant impact on biological processes [36,37]. Membrane fluidity and
curvature allow signaling molecules such as receptors, ligands, enzymes, and ion channels
to function optimally [37]. Fluidity phases of membranes can be described as a solid-
ordered phase, where lipids are in an aligned, rigid form, and a liquid-disordered phase,
where acyl chains of lipids are more flexible and can move around [37]. The curvature
of membranes entails the ability of cells to have flexible shapes, which are essential for
physiological processes [14]. Additionally, PUFAs affect the formation and properties of
lipid rafts, specialized domains within cell membranes, and play a key role in facilitating
molecular interactions, compartmentalization, and signaling pathways that are essential
for membrane signaling and cell traffic [38]. In the plasma membrane, lipid rafts are known
to have a transient nature and include caveolae, which contain proteins involved in cell
signaling [39].
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Lipid model systems have demonstrated that membranes with PUFAs have defined
elasticity and exhibit greater fluidity and flexibility, while TFAs and SFAs enable a straight
chain structure that is more rigid [34] (Figure 1). Cis double bonds introduce bends or kinks
in the FA chain, preventing closely packed FAs, creating a distortion in the bilayer, and
increasing fluidity [33]. The disordering effect of PUFAs is also demonstrated to induce a
thinner membrane compared to SFAs and cholesterol, which increase membrane thickness.
The less thick membranes induced by a mixture of n-3 PUFA-PL can be attributed to their
loose packing [40]. Membrane n-3 PUFAs interact with proteins involved in sterol transport,
maintaining cholesterol distribution, PL packing, and permeability [41,42]. The degree of
saturation and chain length of FAs also determines membrane permeability, and shorter
chain FAs (C8 and C10) are known to destabilize bilayers through perturbing effects [43].
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Figure 1. Fatty acids affect membrane properties. (A) Membranes with more saturated fatty acids
exhibit more rigid, tightly packed, and thicker properties. (B) Poly-unsaturated fatty acids (PUFAs)
increase membrane fluidity and curvature. (C) The presence of PUFAs in caveolae enables stability,
curvature, and fluidity, facilitating the concentration and function of proteins such as insulin receptors.

2.3. Impacts of FA-Induced Changes in Membrane Properties on CMD Risks

Membrane properties are implicated in the pathophysiology of metabolic disorders
and CVDs [14], highlighting the importance of FA composition in membrane PLs. FA
composition affects the mechanical properties of membranes, impairing receptor functions
and signaling pathways. For instance, rigidity affects the Na*/K*-ATPase, leading to
a reduction in the number of insulin receptors, whereas increasing PUFAs reverses this
phenomenon [38]. Elevated levels of PLs enriched in SFAs and n-6 PUFAs compared to n-3
PUFAs are associated with compromised structural flexibility, impairment in insulin signal-
ing, and increased IR [37,43]. Additionally, in the blood-brain barrier, lipid rafts composed
of PUFAs enhanced insulin signaling [44], and DHA specifically ameliorated PA-induced
impairment in insulin signaling in neuronal cells [45]. Palmgren et al., however, showed
that increasing saturation of membrane PLs and rigidity did not affect insulin signaling
activity in adipocytes, suggesting that adipocytes can withstand SFAs [46]. Therefore,
more studies are needed to elucidate the underlying mechanisms that explain the potential
cell-type-specific effects of SFAs on membrane functionality and signaling cascades. Addi-
tionally, the presence of DHA-PLs in non-raft areas induced movement of cholesterol and
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sphingomyelin into lipid rafts and increased raft size in macrophages, leading to reduced
inflammation [47]. Whether other n-3 PUFAs have similar effects is not examined.

Studies in isolated model membranes have shown dissimilar effects of EPA and
DHA in membranes, where EPA maintained intermolecular PL packing, while DHA had
disordering effects and therefore caused cholesterol to self-aggregate and form cholesterol
crystals [41]. DHA treatment decreased the ratio of cholesterol to PL, creating a more fluid
membrane than EPA in aortic endothelial cells and platelets [28,48]. In conditions where
glucose levels were elevated, cholesterol tended to aggregate, forming crystals, which
increased reactive oxygen species (ROS) accumulation and oxidative stress [28]. EPA, being
present in membranes, is known to more effectively inhibit ROS generation than DHA [41].
While these partially contribute to the better cardioprotective effects of EPA compared to
the combined use of EPA/DHA [28], elucidating the mechanisms underlying the potential
differential effects of EPA and DHA, as well as the potential counter-regulatory actions of
DHA, remains an imminent area requiring further research.

3. Roles of FAs in Cell Signaling

FAs and their derivatives directly interact with membrane receptors and regulate
cellular signaling pathways, affecting inflammation and metabolic activities. Depending
on the types of FAs, different receptors and cellular signaling cascades are engaged, which
partially explains the beneficial impacts of n-3 PUFAs as well as the deleterious effects of
SFAs on CMDs.

3.1. Toll-like Receptors (TLRs)

SFAs have been shown to increase systemic inflammation and metabolic dysregula-
tion through TLRs, pattern-recognition receptors that initiate responses to pathogens [49]
(Figure 2). Upon ligand binding, TLRs recruit an adapter protein, MyD88, which activates
IkB kinase and the phosphorylation and degradation of IkBa and f3, inhibitors of nuclear
factor-kappa B (NF-«B). This leads to translocation of NF-kB into the nucleus, where it
induces the expression of genes involved in inflammatory responses [50]. TLR1-13 are
present, and TLR4 is the most studied receptor for SFAs. SFAs, especially lauric acid (C12:0)
and PA, are known to activate TLR4 signaling and inflammatory responses through stimu-
lation of the NF-«B pathway and mitogen-activated protein kinases (MAPKSs) in several cell
types, including endothelial cells, macrophages, and cardiomyocytes [51-53]. PA activation
of TLR4 requires MD-2, an accessory protein that is known to be crucial for the recruitment
of MyD88 to TLRs in H9C2 cardiomyocytes, and deletion of MD-2 provides protection
against PA-induced myocardial injuries [54]. Additionally, PA stimulates the NLRP3 in-
flammasome in hepatic stellate cells through the TLR4-NF-«B pathway, exacerbating the
development of hepatic steatosis to fibrosis [55].

In addition to TLR4, SFAs have been shown to directly activate TLR2 and increase
inflammatory signaling activities in monocytes and macrophages [56]. There is also a
potential crosstalk between TLR2 and TLR4, where silencing of one may result in the
upregulation of the other, thereby activating proinflammatory signaling through the NF-xB
pathway in response to PA [51].

Aside from the canonical NF-«B pathway, studies have elucidated that TLR4 activation
by PA can also upregulate IL-6 expression via Kruppel-like factors (KLFs), a class of
transcription factors with zinc finger structures [57]. It was previously established that
KLFé6 interacted with p65 NF-«B in the nucleus to trigger tumor necrosis factor-alpha
(TNF-a) and IL-18 expression [58]. The same group observed that PA increased KLF7 by
activating TLR4, and KLF7 directly binds to the IL-6 promoter region, indicating a role of
KLF7 in PA-mediated proinflammatory responses [57].
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Figure 2. Saturated fatty acids (SFAs), especially palmitic acid (PA), activate Toll-like receptor (TLR) 4
and TLR2, triggering the canonical NF-«B pathway and proinflammatory responses. PA via TLR4 also
activates Kruppel-like factor 7 (KLF7) and mitogen-activated protein kinases (MAPKSs), increasing
proinflammatory responses.

In addition to inflammatory responses, PA-TLR4 is known to affect many other cellular
functions that are implicated in CMDs. PA-TLR4 activation led to impairment in cold-
induced browning of white fat and thermogenic activation by inducing ER stress [59]. PA-
TLR4 stimulation of ER stress was also involved in endothelial dysfunction and impairment
in insulin-stimulated vasodilation [60]. PA also induced oxidative stress and apoptosis in
vascular smooth muscle cells via TLR4-mediated induction of caspases and repression of
p53 [61].

While numerous studies showed that SFAs activate TLR4 and 2, Lancaster et al.
showed that TLR4 is not a receptor for SFAs [62]. Their study showed that TLR4-dependent
alterations in cellular lipid metabolism indirectly contributed to the SFA-stimulated in-
flammatory signaling activities [62]. PUFA-mediated inhibition of TLR4 or antagonism
of PA activation of TLR4 [63] may also involve alterations in lipid metabolism rather
than their interference at the level of TLR4. Consistent with this hypothesis, EPA blocked
PA-mediated induction of long-chain acyl-CoA synthetase 1 and inflammation in human
THP-1 macrophages [64]. Whether other PUFAs, including ARA, DPA, and DHA, exhibit
similar actions is undetermined.

3.2. Free Fatty Acid Receptors (FFARs)

FAs act as ligands for FFAR1-4, members of the G-protein-coupled receptor (GPCR)
family, and regulate diverse biological processes, including taste perception, secretion of
incretins and insulin, inflammatory responses, adipogenesis, and cellular metabolism [29].
FFAR?2 (GPR43) and FFAR3 (GPR41) are activated by SCFAs, while FFAR1 (GPR40) and
FFAR4 (GPR120) are activated by medium-chain FAs and LCFAs (Figure 3). PUFAs have
a higher affinity for FFAR1 and 4 than SFAs, and DHA exhibits the highest affinity for
FFAR1 [65,66]. Activation of GPCRs leads to the dissociation of « subunits from the
heterotrimeric G-protein complexes, Goe/ 3 /7y, and initiation of downstream signaling ac-
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tivities, including intracellular calcium levels, cAMP levels, phospholipase C, and MAPKs,
depending on the types of « subunits engaged [67]. FFAR2 and 4 are coupled with Gq,
which increases intracellular levels of calcium or DAG via activation of phospholipase C,
while FFAR3 is coupled with Gi, which leads to decreases in cAMP levels through suppres-
sion of adenylate cyclase activity. Depending on cellular context, FFAR2 is also coupled
with Gi, and FFAR1 with Gs, Gi, or Gq. Furthermore, similar properties of FAs activate more
than one FFAR, although affinities may differ. These indicate the complexities of FA-FFAR
signaling. Here, we briefly discuss the roles of FFARs in traits related to cardiometabolic
health, and for more detailed information, we refer to previous reviews [29].

| FFAR2 &3 |
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Figure 3. Fatty acids regulate biological processes by acting as ligands for membrane receptors.
Long-chain fatty acids (LCFAs) activate FFAR1 and FFAR4, regulating incretin and insulin secretion,
inhibiting inflammatory responses, and improving thermogenesis. Short-chain fatty acids (SCFAs)
activate FFAR2 and FFAR3 and regulate secretion of gut-derived peptide hormones, insulin, and
leptin. Poly-unsaturated fatty acids (PUFAs), especially n-3 PUFAs, activate the membrane potential
channel of the vanilloid type 1 (TRPV1) and regulate thermogenesis.

FFARLI is highly expressed in enteroendocrine cells, pancreatic 3-cells, and immune
cells. In enteroendocrine cells, FFAR1 activation by LCFAs stimulates secretion of incretins,
gastric inhibitory polypeptide (GIP), glucagon-like protein 1 (GLP-1), and cholecystokinin,
indicating its roles in the regulation of insulin secretion and energy intake [68,69]. LCFAs
(PA, LA, and DHA) have been shown to promote insulin secretion via FFAR1 in several
cell culture models of 3-cells and animal studies [66,70,71]. However, whether this leads to
obesity-induced hyperinsulinemia remains inconclusive [70,72]. FFAR1 is also reported to
be involved in anti-inflammatory responses mediated by EPA [73].

FFAR?2 and 3 are shown to be expressed in enteroendocrine cells, (3-cells, adipocytes,
and immune cells, and they are activated by SCFAs, mainly acetate (C2:0), propionate
(C3:0), and butyrate (C4:0) produced from gut microbial fermentation of fibers. While
FFAR2 exhibits higher affinity for propionate and butyrate, FFAR3 has higher affinity for
valerate (C5:0) [74]. Studies have shown that both receptors are involved in the secretion of
gut peptide hormones, including GIP, GLP-1, and peptide YY, and hence the regulation
of insulin secretion, glucose homeostasis, and energy balance [75,76]. Upon absorption,
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SCFAs activate FFAR2 and 3 and promote insulin secretion from (3-cells and immune
modulation [75]. In contrast, Tang et al. showed that acetate activated FFAR2 and 3 and
inhibited insulin secretion by coupling to Gi in 3-cells [77]. Their study also showed that
FFAR2 and 3 in (-cells, but not in intestinal cells, mediate acetate inhibition of insulin
secretion. FFAR2 is also implicated in the promotion of adipogenesis and suppression
of lipolysis [78,79], while FFAR3 is known to be involved in the production of leptin,
an adipocyte-derived anorexigenic peptide hormone [80]. More studies are needed to
elucidate the roles of FFAR2 and FFAR3 in various tissues and their contributions to CMDs.

FFAR4 is the most implicated receptor in the beneficial effects of n-3 PUFAs. FFAR4 is
highly expressed in the intestine and immune cells. In the intestine, FFAR4 functions as a
receptor for PUFAs, promoting GLP-1 secretion by increasing intracellular calcium levels
and ERK/MAPK activity [65]. Oh et al. showed that n-3 PUFAs suppressed inflammation
in macrophages via FFAR4, improving insulin sensitivity [81]. When FFAR4 was activated
by DHA, it associated with (-arrestin2, and the complex was internalized. This led to the
inhibition of proinflammatory signaling pathways, including NF-«B and c-Jun N-terminal
kinase (JNK). FFAR4 was also involved in anti-inflammatory actions of endogenously
generated n-3 PUFAs in vascular inflammation and suppression of the thrombus formation
and hyperplasia of neointima [82].

FFARA4 is also expressed in brown and brown-like (beige) adipocytes, and its expres-
sion levels are further increased upon cold exposure and catecholamine treatment through
the p38 MAPK and protein kinase A (PKA) pathways, an indication of its role in thermoge-
nesis [83]. Accordingly, FFAR4 activation has been shown to increase thermogenic activity
by enhancing their metabolic activities or promoting the differentiation of progenitors into
brown and beige adipocytes [83,84]. Induction of FGF21 through the p38 MAPK and alter-
ations in microRNA networks have been proposed to be involved in the FFAR4-mediated
browning process [85].

As expected from its roles, FFAR4-deficiency increased obesity upon high-fat-diet
feeding and resulted in IR and hepatic fat accumulation with impaired insulin signaling
activity and increased inflammation in adipose tissues [84,85]. Additionally, a lack of
FFAR4 signaling activity due to a genetic mutation is correlated with increased risk of
obesity [86]. While these results clearly demonstrate a critical role of FFAR4 in the protective
effects on obesity and CMDs, other studies showed that FFAR4 is not needed for the anti-
inflammatory and insulin-sensitizing effects of n-3 PUFAs [87,88]. Furthermore, although
EPA and DHA bind to FFAR4 with high affinity, other LC-PUFAs, including LA and
ARA, are known to activate FFAR4 [81,89]; therefore, how they regulate inflammation and
metabolic activities through FFAR4 needs to be elucidated.

3.3. Transient Receptor Potential Channel of the Vanilloid Type (TRPV)

FAs also interact with TRPVs, a member of the transient receptor family that increases
calcium influx into cells and activation of different protein kinases, including PKC and
MAPKs. TRPV1-4 are primarily expressed in the central and peripheral neurons and are
involved in sensing pain and noxious substrates as well as body temperature regulation [90].
Transgenic mice lacking TRPV1 exhibit reduced thermogenic gene expression in adipose
tissues and develop obesity and metabolic diseases upon high-fat-diet feeding [91]. Other
TRPVs have also been implicated in obesity and CMDs. TRPV2 is abundantly expressed in
brown fat, where it mediates 33-adrenergic receptor-mediated increases in calcium influx
and induces thermogenesis (Figure 3) [92]. On the contrary, expression levels of TRPV4 are
higher in white than brown fat, and its activation suppresses thermogenic signatures while
increasing proinflammatory pathways [93].
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n-3 PUFAs, especially DHA and EPA, more effectively stimulated TRPV1 than n-6
PUFAs [94]. Fish oil containing n-3 PUFAs is known to activate TRPV1 in the gut, which
leads to stimulation of the sympathetic nervous system and induction of thermogenic genes
in brown and white fat depots [95]. However, an LA metabolite from the gut microbiome,
10-ox0-12(Z)-octadecenoic acid, has been shown to increase catecholamine turnover and
thermogenic gene expression in brown and white fat by stimulating TRPV1 [96]. Addition-
ally, ARA and its metabolites have been shown to stimulate TRPV4 [97], and whether this
leads to the inhibition of thermogenesis needs further investigation.

Most findings originate from studies using cell culture and animal models. Therefore,
whether these results accurately explain the differential impacts of FAs on CMDs in humans
requires further confirmation. Furthermore, most studies have tested the effects of indi-
vidual FAs, although several have indicated potential interactions between different types
of FAs. Given that cells and tissues express more than one FA receptor and are exposed
to a variety of FAs present in different concentrations, the in vivo scenario is complex. It
is plausible that while LA, ALA, and ARA alone may exhibit null or deleterious effects,
they might antagonize SFA-mediated actions, potentially leading to beneficial impacts.
Consequently, more studies are needed to understand the complex interplay between FAs
and membrane receptors in CMDs in humans.

4. FAs as Precursors for Signaling Molecules

In addition to acting as ligands for membrane receptors, FAs are involved in the
synthesis of a broad range of signaling molecules and lipid mediators. These lipid-derived
signaling molecules play crucial roles in inflammatory responses, cellular stress, and
metabolic pathways, contributing to the pathophysiology of CMDs.

4.1. PA Increases Synthesis of Ceramides and DAG

Excess PA increases the accumulation of ceramide and DAG, inducing signaling
pathways linked to insulin signaling and cellular stress. Palmitoyl-CoA combines with
serine and initiates the biosynthetic pathway that leads to ceramide formation [13]. Elevated
ceramide levels are commonly found in individuals with obesity and T2D [98,99]. In-depth
lipidomic analysis in the DIVAS and HOLBAEK studies showed that ceramides and DAG
were linked to cardiometabolic risk factors such as hepatic steatosis, dyslipidemia, and
IR [100,101]. In the HOLBAEK study, 9 of the 17 main plasma lipid classes associated with
CMD risk factors were ceramides [100]. Additionally, dietary modifications to reduce CMD
risk decreased ceramide and DAG levels [100,101].

Ceramides have been shown to reduce insulin-stimulated GLUT4 translocation and
glycogen synthesis in human myoblasts [102] and adipocytes [103]. Ceramide decreased
the expression of AKT but also activated PKC, which further reduced insulin-stimulated
AKT [104]. Additionally, ceramides decreased the activity of glycogen synthase kinase 33, a
key substrate of AKT, in C2C12 myotubes and 3T3-L1 adipocytes [105]. Ceramides activate
a proinflammatory JNK MAPK, which interferes with insulin signaling cascades [106].

PA increased DAG levels in C2C12 myotubes and 3T3-L1 adipocytes, and DAG
levels were correlated with impairment in insulin-stimulated AKT phosphorylation [105].
Increased DAG content in the plasma membrane leads to activation of novel isoforms of
PKC, which impairs insulin receptor activity in the liver and muscle [107]. These findings
indicate that PA-induced DAG also contributes to IR by interfering with insulin signaling
cascades [102].

Ceramides also induce ER stress and other cellular pathways linked to cell toxicity. PA
increased ceramide synthesis and induced lipotoxicity in rat 3-cells and human endothelial
cells [108,109]. Additionally, PA-derived ceramide was shown to induce ferroptosis by
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upregulating intracellular Fe?+ and suppressing antioxidant glutathione peroxidase 4
expression [110]. The study also showed that JNK MAPK is a downstream mechanism
that mediates ceramide-induced ferroptosis [110]. While further studies are needed, these
studies indicate that SFAs, especially PA, increase the risks of CMDs by inducing the
synthesis of ceramides and DAG, which induce IR, proinflammatory reactions, and cellular
stress signaling pathways.

4.2. PUFAs as Precursors for Lipid Mediators

PUFAs (ARA, EPA, DPA, and DHA), mainly derived from PLA2-mediated hydrolysis
of membrane PLs but also from dietary intake or cellular TAG hydrolysis, are metabolized
via cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 (CYP450) pathways to
produce a myriad of lipid mediators that regulate diverse biological processes including in-
flammatory and metabolic processes [111-113]. There are two main COX enzymes, COX-1
and COX-2, and ARA metabolism through the COX pathway produces prostanoids, includ-
ing prostaglandins (PGs: PGD2, PGE2, and PGF2«) and thromboxanes (TXs) (Figure 4).
EPA metabolism via the COX family produces hydroxyeicosapentaenoic acids (HEPEs),
and DHA via COX produces hydroxydocosahexaenoic acids (HDHAs).

3 S 3 X 3 3 S S ]
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Figure 4. Lipid mediator regulation of biological processes involved in cardiometabolic diseases.
Arachidonic (ARA), eicosapentaenoic (EPA), and docosahexaenoic (DHA) acids derived from phos-
pholipase A2 (PLAD)-mediated hydrolysis of membrane phospholipids are metabolized via cyclooxy-
genase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP45) pathways to produce bioactive
lipid mediators that regulate inflammation, metabolic pathways, and stress responses.

LOX enzymes, 5-LOX, 12-LOX, and 15-LOX, catalyze ARA metabolism into hydroper-
oxyeicosatetraenoic acids (HpETEs), which can be further reduced to hydroxyeicosate-
traenoic acids (HETEs) and leukotrienes (LTs: LTA4 and LTB4) [114]. LTs are further
metabolized to lipoxins (LXs). EPA metabolism via the LOX pathway produces hydroxye-
icosapentaenoic acids (HEPEs), which produce specialized proresolving mediators (SPMs),
including E-class resolvins (Rvs). DHA via the LOX pathway produces hydroxyperoxydo-
cosahexaenoic acids (HpDHAs), HDHAs, and SPMs, including D-class resolvins (RvDs),
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maresins (MaRs), and protectins (PDs). DPA is also used for the synthesis of SPMs. The
CYP450 family produces HETEs and epoxyeicosatrienoic acids (EETs) from ARA while
producing HEPEs from EPA and HDHAs from DHA. It is unclear whether DPA is also
metabolized through the CYP450 system [17].

4.2.1. Roles of ARA Derivatives in CMDs

ARA-derived PGs, LTs, TXs, and HETEs have proinflammatory, vasoconstrictive,
prothrombotic, and angiogenic properties, which are critical for the cardinal inflamma-
tory responses [115]. They also induce oxidative stress and decrease metabolic activities,
further contributing to the pathophysiology of CMDs. On the contrary, EETs and LXs
have been shown to exert anti-inflammatory and proresolutive actions, reduce oxidative
stress, and increase metabolic activities [116]. An imbalance between these mediators
is hypothesized to be the basis for chronic inflammation [117]. Therefore, uncovering
molecular mechanisms balancing lipid profiles from a proinflammatory toward an anti-
inflammatory/proresolutive profile could lead to the development of novel therapeutics
for CMDs. The deleterious actions of ARA-derivatives have been extensively studied over
the years, and we refer to a recent review that covered the topic extensively [115]. We will
briefly discuss ARA derivatives that have been shown to exert beneficial impacts on CMDs,
focusing on their modulation of metabolic activities.

EETs exhibit a protective role by promoting anti-inflammatory signaling pathways
while inhibiting inflammatory factors, including IL-13 and IL-6, in several cell types,
including endothelial cells and cardiomyocytes [118,119]. All four EETs (5,6-, 8,9-, 11,12-,
and 14,15-EET) have been shown to induce peroxisome proliferator-activated receptor-
gamma (PPARy) expression and mitigate TNF-«-induced IkBx degradation, leading to
the suppression of vascular inflammation [120]. EETs have been shown to exert protective
effects by promoting the expression of antiapoptotic proteins by acting on PPARy, PKB, and
MAPK pathways in cardiomyocytes [121]. EETs also have been shown to exert beneficial
effects, improving insulin signaling pathways and enhancing AMP-activated protein kinase
(AMPK) and PPARy [122]. EET stimulation of AMPK and PPARY suggests their potential
role in the improvement of metabolic diseases through remodeling of adipose tissues.

LXA4 and LXB4 and their aspirin-induced isomers, 15-epi-LXA4 and 15-epi-LXB4,
exhibit anti-inflammatory characteristics [117]. Insufficiency of LXA4 resulted in inflamma-
tion, endothelial dysfunction, and progressive cardiac problems [123,124]. LXA4 and LXB4
reduced C-reactive protein and other proinflammatory cytokines and decreased oxidative
stress in several cell types, including adipocytes, macrophages, and endothelial cells [125].
LXs act through formyl peptide receptor 2, decreasing NF-kB and increasing nuclear factor
erythroid 2-related factor 2 (NRF2), thus decreasing inflammation and oxidative stress [126].
Additionally, LXs act through BLT1, a LTB4 receptor, to suppress inflammation [127].

PGE2, PGF2«, and PGI2, produced from ARA metabolism through COXs and PG
synthases, have been implicated in the development as well as metabolic activity of both
brown and white adipocytes. PGE2 is known to be important for the browning of white fat
in mice, and the EP4 receptor, which is coupled with Gs increasing adenylate cyclase and
subsequent induction of cAMP levels, mediates PGE2 signaling [128,129]. On the contrary,
PGE2 and PGF2o have been shown to mediate ARA-suppression of the browning of white
adipocytes differentiated from human multipotent adipose-derived stem cells through the
activation of ERK MAPK [130]. Therefore, more research is needed to clarify their roles in
the thermogenic capacity of brown and white adipocytes.

PGI2 increased the remodeling of white into brown-like adipocytes as well as the
differentiation of brown-like adipocytes in isolated adipose progenitors from mouse and
human white fat depots [129,131]. PGI2 activation of IP-receptor, which increases cAMP
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levels, followed by stimulation of the PKA and PPARYy, is known to be involved in the
browning of white adipocytes and brown-like adipocyte development [131].

ARA-derived lipoxins, 15-epi-LXA4, LXA4, and LXB4, are reported to be the most
abundant SPMs in brown fat in mice, and their levels are reduced after the development
of obesity [132]. Further, transgenic mice with enhanced production of LXs in adipocytes
exhibit enhanced browning and thermogenesis, and protection against obesity and IR [133].
While more studies are needed, LXA4 may enhance metabolic activity by increasing the
synthesis of bile that acts through the liver X receptor or by suppressing proinflammatory
signaling in adipose tissues [133], providing beneficial effects on CMDs.

4.2.2. Roles of n-3 PUFA Derivatives in CMDs

Amongst RvEs, RVE1 is the most implicated one in CMDs. In humans, levels of RvE1,
but not RvE3, exhibited consistent inverse associations with adiposity markers [134]. Fur-
ther, patients with atherosclerosis and hypertension had lower levels of serum RvE1 than
controls, while LTB4 levels were higher [135,136]. RvEL1 significantly reduced atheroscle-
rotic plaque and inflammatory cell infiltration in cholesterol-diet-fed rabbits [137] and sup-
pressed leukocyte rolling and platelet aggregation [138]. RvE1 also attenuated doxorubicin-
induced senescence in endothelial cells and cardiac fibroblasts by interfering with proin-
flammatory signaling activities, including the canonical NF-kB and NLRP3 inflamma-
some [139,140]. RvE1 signaling through ChemR23 decreased inflammation and immune
cell infiltration via AMPK, NRF2, and the canonical NF-kB pathway, ameliorating hyperten-
sion and vascular remodeling [136]. RvE1 has been shown to protect against doxorubicin-
or lipopolysaccharide-induced cytotoxicity by reducing oxidative stress through the regula-
tion of AKT/mTOR signaling activity in cardiomyocytes [141,142]. Therefore, RvE1 acts
through multiple signaling pathways and provides protective effects on CMDs.

In addition to acting through its receptor, ChemR23, RvEL1 is known to antagonize
LTB4-stimulated NF-kB by acting through BLT1 in leukocytes [127,143]. Furthermore,
RvEL], but neither RvE2 nor RvE3, enhanced NADPH oxidase-mediated ROS generation via
LTB4 receptors in polymorphonuclear cells [144]. These findings suggest that an imbalance
between LTB4 and RvE1 may lead to a failure in the resolution of vascular inflammation
and chronic inflammation in atherosclerosis.

Obesity is associated with reduced levels of PD1 and its precursor, 17-HDHA, and high
inflammation. Additionally, dietary supplementation of EPA /DHA restored their levels
and reduced inflammation [145], indicating their roles in inflammation, a major pathological
factor in obesity-associated metabolic diseases. Accordingly, injection of RvD1, MaR1, and
17-HDHA suppressed inflammation, reduced macrophage accumulation, crown-like struc-
tures, and the expression of proinflammatory cytokines, and enhanced insulin-stimulated
AKT phosphorylation in adipose tissues in mouse models [145-147]. MaR1 also increased
the expression of adiponectin, an insulin-sensitizing and anti-inflammatory adipokine [147].
In human visceral adipose tissues and macrophages, RvD1 suppressed proinflammatory
cytokine expression by blocking signal transducer and activator of transcription (STAT) 1
and STAT3, and enhanced resolution by increasing IL-10 expression through antagonizing
p38 MAPK activity [148]. As expected from the suppression of inflammation, RvD1, MaR1,
and 17-HDHA improved insulin sensitivity in mouse models [145-147]. Additionally,
PD1 was observed to enhance macrophage phagocytic activity and regulate leukocyte
infiltration [149].

RvD1 and D2 attenuated angiotensin II-triggered recruitment of macrophages and
reduced plasma levels of cytokines, perivascular fibrosis, and hypertension [150,151].
Similarly, RvD1 also blocked doxorubicin-induced inflammation in cardiac tissues [152]. In
MASLD mouse models, RvD1 reduced proinflammatory cytokines through the suppression
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of the STAT1 signaling pathway and liver fibrosis [153]. RvD1 also inhibited oxidative stress
and ER stress in both cardiac tissues and the liver and prevented cytotoxicity [152,153].
These results support the protective effects of DHA and DHA derivatives, especially RvD1,
on CMDs. In addition to generating these protective lipid mediators, DHA supplementation
also blocked the conversion of ARA into its proinflammatory derivative, 5-HETE [154],
which could also contribute to the beneficial effects of DHA.

Several EPA and DHA derivatives have been implicated in the enhancement of
adipocyte metabolic activities and thermogenic capacity. Leiria et al. showed that 12-HEPE
and 14-HDHA are secreted from brown fat and involved in the enhancement of glucose
metabolism through the activation of insulin signaling pathways in skeletal muscle and
brown fat in mouse models [155]. Additionally, plasma levels of 12-HEPE and 14-HDHA
are negatively associated with adiposity and IR, while positively correlating with brown
fat activity in humans [155]. 12-HEPE may play a role in white adipocyte biology, as it has
been detected in white fat and its levels are induced by n-3 PUFA supplementation and
caloric restriction [156]. Other SPMs, including MaR2 and 4S,14S-diHDHA, are detected
in brown fat in association with brown fat dysfunction, such as aging and obesity [132],
indicating their roles in thermogenesis and protection against metabolic diseases.

4.3. Other Lipid Mediators

Several LA derivatives, 12,13-dihydroxy-9Z-octadecenoic acid, 9,10-epoxyoctadecenoic
acid, and 9,10-dihydroxyoctadecenoic acid, and conjugated linoleic acids, have been shown
to ameliorate metabolic health by enhancing thermogenic activities through activation
of PPARy and GPCRs [157-159]. Additionally, endocannabinoids produced from ARA
regulate energy homeostasis and adiposity through modulation of energy intake and
thermogenic capacity [160].

Studies have shown that branched fatty acid esters of hydroxy fatty acids (FAHFAs),
characterized by a branched ester linked to a fatty acid and hydroxy fatty acid, are important
regulators of biological processes in CMDs. Unlike PA itself, 5- and 9-palmitic acid-hydroxy
stearic acids (PAHSAs) have been reported to improve insulin secretion and sensitivity and
provide beneficial impacts on CMDs [161,162]. While the underlying mechanisms are not
clearly elucidated, PAHSAs are shown to activate FFAR1 and 4. Different isomers of various
FAHFAs, including 5-, 9-, 10-, 12-, and 13-PAHSA and FAHFAs containing different types
of FAs have been identified to play roles in insulin secretion and insulin sensitivity [163].
Additionally, studies suggest that depending on the isomer and positioning of branching
and carboxylic groups, FAHFAs can be anti-inflammatory [162]. While more studies are
needed, these findings suggest that FAHFAs could be used as an intervention strategy
for CMDs.

While the impacts of lipid mediators derived from ARA, EPA, and DHA on CMDs are
discussed individually, they can compete for the same enzymes, and studies investigating
how the balance between deleterious and protective lipid mediators is regulated in the
human body are warranted. Further, DPA is also used for the synthesis of various SPMs
that are known to exhibit protective effects on inflammation and CVDs [164], adding more
complexity. Findings from recent deep-lipidomic studies indicate that lipid mediators can
be used as biomarkers of CMD status as well as beneficial effects of dietary and lifestyle
interventions [98-101]. Further, novel species of FA metabolites that exhibit therapeutic
potential have been identified. Considering lipid mediators are often generated locally
and temporally, advances in analytical techniques to identify novel lipid mediators and
precisely measure their concentrations are needed.
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5. Conclusions

Obesity and CMDs pose a significant health burden globally, and dysregulated lipid
metabolism is a significant contributing factor to the diseases. Depending on the types
of FAs consumed, their impacts on CMD risks vary, and incorporating dietary lipids
containing n-3 PUFAs has been shown to effectively reduce risks associated with CMDs.
Furthermore, purified n-3 PUFAs are used as a pharmacological approach to target specific
aspects of CMDs. FAs, as components of PLs in membranes, ligands for various receptors,
and precursors for lipid mediators, play crucial roles in the regulation of immune responses,
oxidative stress, cellular signaling pathways, and metabolic activities. Chain length, the
presence and position of double bonds in FAs, determine their functionality, which is
related to their respective protective or deleterious impacts on cardiometabolic health.

In opposition to saturated and trans fats, PUFAs contribute to the maintenance of
cellular membrane curvature and fluidity, enabling communication, ligand binding, and
passage of molecules. Similar distinct effects are observed in many studies regarding
their roles as ligands and precursors for lipid signaling molecules. While SFAs, especially
PA, initiate an inflammatory response through TLRs and the canonical NF-«B pathways,
PUFAs, especially EPA and DHA, engage with FFAR4 and exert anti-inflammatory actions
and enhancement of adipose metabolic activities. PA increases ceramide and DAG accumu-
lation, which interferes with insulin signaling and increases proinflammation and cellular
stress pathways, further increasing the risks of CMDs. While ARA-derived PGs, TXs, and
LTs are critical for cardinal inflammatory responses, several PGs have been implicated
in the enhancement of thermogenic capacity. Additionally, ARA-derived EETs and LXs
also provide benefits by improving vascular function, improving insulin sensitivity, and
inhibiting inflammation. EPA-, DHA-, and DPA-derived SPMs not only provide protective
effects but also antagonize the deleterious actions of SFAs and ARAs on cardiometabolic
health. Therefore, elucidating the balance between signaling activities mediated by various
FAs and their derivatives in cellular contexts is critical for the development of therapeutics
for CMDs. Furthermore, most results are derived from pre-clinical models, requiring more
studies to translate these findings to human health.

Both n-3 PUFAs, EPA and DHA, exhibit protective effects, yet emerging evidence
suggests that EPA may offer specific advantages in reducing CVD risks, which is at least
in part explained by its distinctive roles in membrane fluidity and stability. More studies
investigating molecular and cellular mechanisms of their actions, optimal dosages, balances,
and forms of EPA and DHA tailored to specific patients, long-term effects and safety of their
uses, and their impacts on subpopulations of CMDs, including obesity, IR, and diabetes,
MASLD, and CVDs, are needed.
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Abbreviations

The following abbreviations are used in this manuscript:

ALA Alpha-linolenic acid
AMPK AMP-activated protein kinase
ARA Arachidonic acid

CMDs Cardiometabolic diseases
COX Cyclooxygenase

CVDs Cardiovascular diseases
CYP450 Cytochrome P450

DAG Diacylglycerol

DHA Docosahexaenoic acid
DNL De novo lipogenesis

DPA Docosapentaenoic acid
EETs Epoxyeicosatrienoic acids
EPA Eicosapentaenoic acid
FAs Fatty acids

FAHFAs Fatty acid esters of hydroxy fatty acids
FFARs Free fatty acid receptors

GPCR G-protein-coupled receptor
GIP Gastric inhibitory polypeptide
GLP-1 Glucagon-like protein 1

HDHAs  Hydroxydocosahexaenoic acids
HEPEs Hydroxyeicosapentaenoic acids
HpDHAs Hydroxyperoxydocosahexaenoic acids
HpETEs Hydroperoxyeicosatetraenoic acids

IL Interleukin

IR Insulin resistance

JNK c-Jun N-terminal kinase
KLF Kruppel-like factor

LA Linoleic acid

LCFAs Long-chain fatty acids
LOX Lipoxygenase

LTs Leukotrienes

LXs Lipoxins

MAPKSs Mitogen-activated protein kinases

MaRs Maresins

MASLD  Metabolic dysfunction-associated steatotic liver disease
MUFAs Monounsaturated fatty acids

NF-«B Nuclear factor-kappa B

NRF2 Nuclear factor erythroid 2-related factor 2
OA Oleic acid

PA Palmitic acid

PAHSAs  Palmitic acid-hydroxy stearic acid

PC Phosphatidyl-choline

PDs Protectins

PGs Prostaglandin

PKA Protein kinase A

PLs Phospholipids

PLA Phospholipase A

PPARy Peroxisome proliferator-activated receptor-gamma
PUFAs Poly-unsaturated fatty acids

Rvs Resolvins

ROS Reactive oxidative species
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SCFAs Short-chain fatty acids

SFAs Saturated fatty acids

SPMs Specialized proresolving mediators

STAT Signal transducer and activator of transcription
TAG Triacylglycerol

TFAs Trans fatty acids

TLRs Toll-like receptors

TNF-« Tumor necrosis factor-alpha

TRPV Transient receptor potential, of the vanilloid type
TXs Thromboxanes

References

1. Shi, S.; Huang, H.; Huang, Y.; Zhong, V.W.; Feng, N. Lifestyle Behaviors and Cardiometabolic Diseases by Race and Ethnicity and
Social Risk Factors Among US Young Adults, 2011 to 2018. . Am. Heart Assoc. 2023, 12, €028926. [CrossRef]

2. Gaggini, M.; Vassalle, C. Lipids Metabolism and Cardiometabolic Diseases. Int. J. Mol. Sci. 2023, 24, 17460. [CrossRef]

3 Miranda, J.J.; Barrientos-Gutiérrez, T.; Corvalan, C.; Hyder, A.A.; Lazo-Porras, M.; Oni, T.; Wells, ].C.K. Understanding the Rise of
Cardiometabolic Diseases in Low- and Middle-Income Countries. Nat. Med. 2019, 25, 1667-1679. [CrossRef]

4. Dominguez, R.; Pateiro, M.; Purrifios, L.; Munekata, PE.S.; Echegaray, N.; Lorenzo, ].M. In Food Lipids; Lorenzo, ].M., Munekata,
PES., Pateiro, M., Barba, FJ., Dominguez, R., Eds.; Chapter 1-Introduction and Classification of Lipids. Academic Press:
Cambridge, MA, USA, 2022; pp. 1-16. ISBN 978-0-12-823371-9.

5. Fahy, E.; Cotter, D.; Sud, M.; Subramaniam, S. Lipid Classification, Structures and Tools. Biochim. Biophys. Acta BBA Mol. Cell Biol.
Lipids 2011, 1811, 637-647. [CrossRef]

6.  LIPID MAPS. Available online: https://www.lipidmaps.org/databases/Imsd/classification_updates (accessed on 7 February
2025).

7.  Sztalryd, C.; Brasaemle, D.L. The perilipin family of lipid droplet proteins: Gatekeepers of intracellular lipolysis. Biochim Biophys
Acta Mol Cell Biol Lipids 2017, 1862, 1221-1232. [CrossRef] [PubMed]

8. van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane Lipids: Where They Are and How They Behave. Nat. Rev. Mol. Cell Biol.
2008, 9, 112-124. [CrossRef]

9.  Ammendolia, D.A.; Bement, W.M.; Brumell, ]. H. Plasma Membrane Integrity: Implications for Health and Disease. BMC Biol.
2021, 19, 71. [CrossRef]

10. Hernandez-Saavedra, D.; Stanford, K.I. In Cardiovascular Signaling in Health and Disease; Parinandi, N.L., Hund, T.]J., Eds.; Lipid
Mediators in Cardiovascular Physiology and Disease. Springer: Cham, Switzerland, 2022; ISBN 978-3-031-08308-2.

11.  Nunez, E.A. Fatty Acids Involved in Signal Cross-Talk between Cell Membrane and Nucleus. Prostaglandins Leukot. Essent. Fatty
Acids 1997, 57, 429-434. [CrossRef]

12.  Coskun, U.; Simons, K. Cell Membranes: The Lipid Perspective. Structure 2011, 19, 1543-1548. [CrossRef]

13.  Choi, R.H,; Tatum, S.M.; Symons, J.D.; Summers, S.A.; Holland, W.L. Ceramides and Other Sphingolipids as Drivers of
Cardiovascular Disease. Nat. Rev. Cardiol. 2021, 18, 701-711. [CrossRef]

14. Casares, D.; Escriba, P.V,; Rosselld, C.A. Membrane Lipid Composition: Effect on Membrane and Organelle Structure, Function
and Compartmentalization and Therapeutic Avenues. Int. J. Mol. Sci. 2019, 20, 2167. [CrossRef]

15. Asokapandian, S.; Sreelakshmi, S.; Rajamanickam, G. In Food Biopolymers: Structural, Functional and Nutraceutical Properties; Gani,
A., Ashwar, B.A,, Eds.; Lipids and Oils: An Overview. Springer International Publishing: Cham, Switzerland, 2021; pp. 389-411.
ISBN 978-3-030-27061-2.

16. De Carvalho, C.C.C.R.; Caramujo, M.]. The Various Roles of Fatty Acids. Molecules 2018, 23, 2583. [CrossRef]

17.  Guimaraes, R.C.; Gongalves, T.T.; Leiria, L.O. Exploiting Oxidized Lipids and the Lipid-Binding GPCRs against Cardiometabolic
Diseases. Br. J. Pharmacol. 2021, 178, 531-549. [CrossRef]

18. Barbosa, A.R; Pais, S.; Marreiros, A.; Correia, M. Impact of a Mediterranean-Inspired Diet on Cardiovascular Disease Risk Factors:
A Randomized Clinical Trial. Nutrients 2024, 16, 2443. [CrossRef]

19. Wang, D.D.; Nguyen, L.H; Li, Y.; Yan, Y,; Ma, W,; Rinott, E.; Ivey, K.L.; Shai, I.; Willett, W.C.; Hu, F.B.; et al. The Gut Microbiome
Modulates the Protective Association between a Mediterranean Diet and Cardiometabolic Disease Risk. Nat. Med. 2021, 27,
333-343. [CrossRef]

20. Khalili, L.; Valdes-Ramos, R.; Harbige, L.S. Effect of N-3 (Omega-3) Polyunsaturated Fatty Acid Supplementation on Metabolic and

Inflammatory Biomarkers and Body Weight in Patients with Type 2 Diabetes Mellitus: A Systematic Review and Meta-Analysis
of RCTs. Metabolites 2021, 11, 742. [CrossRef]


https://doi.org/10.1161/JAHA.122.028926
https://doi.org/10.3390/ijms242417460
https://doi.org/10.1038/s41591-019-0644-7
https://doi.org/10.1016/j.bbalip.2011.06.009
https://www.lipidmaps.org/databases/lmsd/classification_updates
https://doi.org/10.1016/j.bbalip.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28754637
https://doi.org/10.1038/nrm2330
https://doi.org/10.1186/s12915-021-00972-y
https://doi.org/10.1016/S0952-3278(97)90423-3
https://doi.org/10.1016/j.str.2011.10.010
https://doi.org/10.1038/s41569-021-00536-1
https://doi.org/10.3390/ijms20092167
https://doi.org/10.3390/molecules23102583
https://doi.org/10.1111/bph.15321
https://doi.org/10.3390/nu16152443
https://doi.org/10.1038/s41591-020-01223-3
https://doi.org/10.3390/metabo11110742

Biomolecules 2025, 15, 696 17 of 23

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

O’Mahoney, L.L.; Matu, J.; Price, O.].; Birch, KM.; Ajjan, R.A.; Farrar, D.; Tapp, R.; West, D.].; Deighton, K.; Campbell, M.D.
Omega-3 Polyunsaturated Fatty Acids Favourably Modulate Cardiometabolic Biomarkers in Type 2 Diabetes: A Meta-Analysis
and Meta-Regression of Randomized Controlled Trials. Cardiovasc. Diabetol. 2018, 17, 98. [CrossRef]

Hariri, M.; Ghiasvand, R.; Shiranian, A.; Askari, G.; Iraj, B.; Salehi-Abargouei, A. Does Omega-3 Fatty Acids Supplementation
Affect Circulating Leptin Levels? A Systematic Review and Meta-Analysis on Randomized Controlled Clinical Trials. Clin.
Endocrinol. 2015, 82, 221-228. [CrossRef] [PubMed]

Heshmati, J. Effect of Omega-3 Fatty Acid Supplementation on Gene Expression of Inflammation, Oxidative Stress and Car-
diometabolic Parameters: Systematic Review and Meta-Analysis. . Funct. Foods 2021, 85, 104619. [CrossRef]

Khan, S.U.; Lone, AN.; Khan, M.S; Virani, S.S.; Blumenthal, R.S.; Nasir, K.; Miller, M.; Michos, E.D.; Ballantyne, C.M.; Boden, WE;
et al. Effect of Omega-3 Fatty Acids on Cardiovascular Outcomes: A Systematic Review and Meta-Analysis. EClinicalMedicine
2021, 38, 100997. [CrossRef]

Bae, ].H.; Lim, H.; Lim, S. The Potential Cardiometabolic Effects of Long-Chain w-3 Polyunsaturated Fatty Acids: Recent Updates
and Controversies. Adv. Nutr. 2023, 14, 612-628. [CrossRef]

Moore, E.; Patanwala, I; Jafari, A.; Davies, 1.G.; Kirwan, R.P.; Newson, L.; Mazidi, M.; Lane, K.E. A Systematic Review and
Meta-Analysis of Randomized Controlled Trials to Evaluate Plant-Based Omega-3 Polyunsaturated Fatty Acids in Nonalcoholic
Fatty Liver Disease Patient Biomarkers and Parameters. Nutr. Rev. 2023, 82, 143-165. [CrossRef]

Zhou, L.; Sun, D.; Bai, H. Efficacy of Fish Oil Supplementation on Metabolic Dysfunction-Associated Steatotic Liver Disease: A
Meta-Analysis. Front. Nutr. 2025, 12, 1524830. [CrossRef]

Hashimoto, M.; Hossain, M.S.; Yamasaki, H.; Yazawa, K.; Masumura, S. Effects of Eicosapentaenoic Acid and Docosahexaenoic
Acid on Plasma Membrane Fluidity of Aortic Endothelial Cells. Lipids 1999, 34, 1297-1304. [CrossRef]

Kimura, I.; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free Fatty Acid Receptors in Health and Disease. Physiol. Rev. 2020, 100,
171-210. [CrossRef]

Abbott, SK,; Else, PL.; Atkins, T.A.; Hulbert, A J. Fatty Acid Composition of Membrane Bilayers: Importance of Diet Polyunsatu-
rated Fat Balance. Biochim. Biophys. Acta BBA Biomembr. 2012, 1818, 1309-1317. [CrossRef]

Cucchi, D.; Camacho-Mufioz, D.; Certo, M.; Pucino, V.; Nicolaou, A.; Mauro, C. Fatty Acids—From Energy Substrates to Key
Regulators of Cell Survival, Proliferation and Effector Function. Cell Stress 2019, 4, 9-23. [CrossRef] [PubMed]

Dean, ].M.; Lodhi, L]. Structural and Functional Roles of Ether Lipids. Protein Cell 2018, 9, 196-206. [CrossRef]

Brown, H.A.; Marnett, L.]. Introduction to Lipid Biochemistry, Metabolism, and Signaling. Chem. Rev. 2011, 111, 5817-5820.
[CrossRef] [PubMed]

Maulucci, G.; Cohen, O.; Daniel, B.; Sansone, A.; Petropoulou, PI; Filou, S.; Spyridonidis, A.; Pani, G.; De Spirito, M.;
Chatgilialoglu, C.; et al. Fatty Acid-Related Modulations of Membrane Fluidity in Cells: Detection and Implications. Free Radic.
Res. 2016, 50, S40-S50. [CrossRef]

Hussein, J.S. Cell Membrane Fatty Acids and Health. Int. |. Pharm. Pharm. Sci. 2013, 5, 38—46.

Arouri, A.; Mouritsen, O.G. Membrane-Perturbing Effect of Fatty Acids and Lysolipids. Prog. Lipid Res. 2013, 52, 130-140.
[CrossRef]

Jespersen, H.; Andersen, ].H.; Ditzel, H.].; Mouritsen, O.G. Lipids, Curvature Stress, and the Action of Lipid Prodrugs: Free Fatty
Acids and Lysolipid Enhancement of Drug Transport across Liposomal Membranes. Biochimie 2012, 94, 2-10. [CrossRef]

Diaz, M.; Pereda de Pablo, D.; Valdés-Baizabal, C.; Santos, G.; Marin, R. Molecular and Biophysical Features of Hippocampal
“Lipid Rafts Aging” Are Modified by Dietary n-3 Long-Chain Polyunsaturated Fatty Acids. Aging Cell 2023, 22, €13867. [CrossRef]
Das, U.N. Essential Fatty Acids—A Review. Curr. Pharm. Biotechnol. 2006, 7, 467-482. [CrossRef]

Baccouch, R; Shi, Y.; Vernay, E.; Mathelié-Guinlet, M.; Taib-Maamar, N.; Villette, S.; Feuillie, C.; Rascol, E.; Nuss, P.; Lecomte, S.;
et al. The Impact of Lipid Polyunsaturation on the Physical and Mechanical Properties of Lipid Membranes. Biochim. Biophys.
Acta BBA Biomembr. 2023, 1865, 184084. [CrossRef]

Sherratt, S.C.R.; Libby, P; Budoff, M.].; Bhatt, D.L.; Mason, R.P. Role of Omega-3 Fatty Acids in Cardiovascular Disease: The
Debate Continues. Curr. Atheroscler. Rep. 2023, 25, 1-17. [CrossRef]

Sherratt, S.C.R,; Juliano, R.A.; Copland, C.; Bhatt, D.L.; Libby, P.; Mason, R.P. EPA and DHA Containing Phospholipids Have
Contrasting Effects on Membrane Structure. J. Lipid Res. 2021, 62, 100106. [CrossRef] [PubMed]

Arouri, A.; Lauritsen, K.E.; Nielsen, H.L.; Mouritsen, O.G. Effect of Fatty Acids on the Permeability Barrier of Model and
Biological Membranes. Chem. Phys. Lipids 2016, 200, 139-146. [CrossRef] [PubMed]

Wang, L.; Wiedmann, T.S.; Kandimalla, K.K. Modulating Insulin Signaling and Trafficking at the Blood-Brain Barrier Endothelium
Using Lipid Based Nanoemulsions. Int. |. Pharm. 2022, 622, 121823. [CrossRef] [PubMed]

Loehfelm, A.; Elder, M.K,; Boucsein, A.; Jones, P.P.; Williams, ].M.; Tups, A. Docosahexaenoic Acid Prevents Palmitate-induced
Insulin-dependent Impairments of Neuronal Health. FASEB |. 2020, 34, 4635-4652. [CrossRef] [PubMed]


https://doi.org/10.1186/s12933-018-0740-x
https://doi.org/10.1111/cen.12508
https://www.ncbi.nlm.nih.gov/pubmed/24862919
https://doi.org/10.1016/j.jff.2021.104619
https://doi.org/10.1016/j.eclinm.2021.100997
https://doi.org/10.1016/j.advnut.2023.03.014
https://doi.org/10.1093/nutrit/nuad054
https://doi.org/10.3389/fnut.2025.1524830
https://doi.org/10.1007/s11745-999-0481-6
https://doi.org/10.1152/physrev.00041.2018
https://doi.org/10.1016/j.bbamem.2012.01.011
https://doi.org/10.15698/cst2020.01.209
https://www.ncbi.nlm.nih.gov/pubmed/31922096
https://doi.org/10.1007/s13238-017-0423-5
https://doi.org/10.1021/cr200363s
https://www.ncbi.nlm.nih.gov/pubmed/21951202
https://doi.org/10.1080/10715762.2016.1231403
https://doi.org/10.1016/j.plipres.2012.09.002
https://doi.org/10.1016/j.biochi.2011.07.029
https://doi.org/10.1111/acel.13867
https://doi.org/10.2174/138920106779116856
https://doi.org/10.1016/j.bbamem.2022.184084
https://doi.org/10.1007/s11883-022-01075-x
https://doi.org/10.1016/j.jlr.2021.100106
https://www.ncbi.nlm.nih.gov/pubmed/34400132
https://doi.org/10.1016/j.chemphyslip.2016.10.001
https://www.ncbi.nlm.nih.gov/pubmed/27725161
https://doi.org/10.1016/j.ijpharm.2022.121823
https://www.ncbi.nlm.nih.gov/pubmed/35605891
https://doi.org/10.1096/fj.201902517R
https://www.ncbi.nlm.nih.gov/pubmed/32030816

Biomolecules 2025, 15, 696 18 of 23

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Palmgren, H.; Petkevicius, K.; Bartesaghi, S.; Ahnmark, A.; Ruiz, M.; Nilsson, R.; Lofgren, L.; Glover, M.S.; Andréasson, A.-C.;
Andersson, L.; et al. Elevated Adipocyte Membrane Phospholipid Saturation Does Not Compromise Insulin Signaling. Diabetes
2022, 72, 1350-1363. [CrossRef] [PubMed]

Pennington, E.R.; Virk, R.; Bridges, M.D.; Bathon, B.E.; Beatty, N.; Gray, R.S.; Kelley, P.; Wassall, S.R.; Manke, J.; Armstrong, M.;
et al. Docosahexaenoic Acid Controls Pulmonary Macrophage Lipid Raft Size and Inflammation. . Nutr. 2024, 154, 1945-1958.
[CrossRef]

Hashimoto, M.; Hossain, S.; Shido, O. Docosahexaenoic Acid but Not Eicosapentaenoic Acid Withstands Dietary Cholesterol-
Induced Decreases in Platelet Membrane Fluidity. Mol. Cell. Biochem. 2006, 293, 1-8. [CrossRef]

Tzeng, H.-T.; Chyuan, I.-T.; Chen, W.-Y. Shaping of Innate Inmune Response by Fatty Acid Metabolite Palmitate. Cells 2019, 8,
1633. [CrossRef]

Serasanambati, M.; Chilakapati, S.R. Function of Nuclear Factor Kappa B (NF-kB) in Human Diseases-A Review. S. Indian ]. Biol.
Sci. 2016, 2, 368. [CrossRef]

Seliga, A K.; Zabtocki, K.; Bandorowicz-Pikuta, ]. Palmitate Stimulates Expression of the von Willebrand Factor and Modulates
Toll-like Receptors Level and Activity in Human Umbilical Vein Endothelial Cells (HUVECsS). Int. J. Mol. Sci. 2024, 25, 254.
[CrossRef]

Huang, S.; Rutkowsky, ].M.; Snodgrass, R.G.; Ono-Moore, K.D.; Schneider, D.A.; Newman, ].W.; Adams, S.H.; Hwang, D.H.
Saturated Fatty Acids Activate TLR-Mediated Proinflammatory Signaling Pathways. J. Lipid Res. 2012, 53, 2002-2013. [CrossRef]
Nicholas, D.A.; Zhang, K.; Hung, C.; Glasgow, S.; Aruni, A.W.; Unternaehrer, J.; Payne, K.J.; Langridge, WH.R.; Leon, M.D.
Palmitic Acid Is a Toll-like Receptor 4 Ligand That Induces Human Dendritic Cell Secretion of IL-1p3. PLoS ONE 2017, 12, e0176793.
[CrossRef]

Wang, Y.; Qian, Y.; Fang, Q.; Zhong, P; Li, W.; Wang, L.; Fu, W.; Zhang, Y.; Xu, Z.; Li, X; et al. Saturated Palmitic Acid Induces
Myocardial Inflammatory Injuries through Direct Binding to TLR4 Accessory Protein MD2. Nat. Commun. 2017, 8, 13997.
[CrossRef]

Dong, Z.; Zhuang, Q.; Ning, M.; Wu, S.; Lu, L.; Wan, X. Palmitic Acid Stimulates NLRP3 Inflammasome Activation through
TLR4-NF-«B Signal Pathway in Hepatic Stellate Cells. Ann. Transl. Med. 2020, 8, 168. [CrossRef] [PubMed]

Snodgrass, R.G.; Huang, S.; Choi, I.-W.; Rutledge, ].C.; Hwang, D.H. Inflammasome-Mediated Secretion of IL-1f3 in Human
Monocytes through TLR2 Activation; Modulation by Dietary Fatty Acids. J. Immunol. 2013, 191, 4337-4347. [CrossRef]

Zhang, M.; Wang, C.; Wu, J.; Ha, X.; Deng, Y.; Zhang, X.; Wang, J.; Chen, K,; Feng, J.; Zhu, J.; et al. The Effect and Mechanism of
KLF7 in the TLR4/NF-«B/IL-6 Inflammatory Signal Pathway of Adipocytes. Mediat. Inflamm. 2018, 2018, 1756494. [CrossRef]
Zhang, Y.; Lei, C.-Q.; Hu, Y.-H.; Xia, T,; Li, M.; Zhong, B.; Shu, H.-B. Kriippel-like Factor 6 Is a Co-Activator of NF-«B That
Mediates P65-Dependent Transcription of Selected Downstream Genes. J. Biol. Chem. 2014, 289, 12876-12885. [CrossRef]

Okla, M.; Wang, W.; Kang, I.; Pashaj, A.; Carr, T.; Chung, S. Activation of Toll-like Receptor 4 (TLR4) Attenuates Adaptive
Thermogenesis via Endoplasmic Reticulum Stress. J. Biol. Chem. 2015, 290, 26476-26490. [CrossRef]

Kim, J.; Jang, H.-].; Hwang, D.H. Toll-like Receptor 4-Induced Endoplasmic Reticulum Stress Contributes to Impairment of
Vasodilator Action of Insulin. Am. J. Physiol. Endocrinol. Metab. 2015, 309, E767-E776. [CrossRef]

Zhang, Y.; Xia, G.; Zhang, Y.; Liu, J.; Liu, X.; Li, W.; Lv, Y.,; Wei, S.; Liu, J.; Quan, J. Palmitate Induces VSMC Apoptosis via Toll like
Receptor (TLR)4/ROS/P53 Pathway. Atherosclerosis 2017, 263, 74-81. [CrossRef]

Lancaster, G.I.; Langley, K.G.; Berglund, N.A.; Kammoun, H.L.; Reibe, S.; Estevez, E.; Weir, J.; Mellett, N.A.; Pernes, G.; Conway,
JRW.,; et al. Evidence That TLR4 Is Not a Receptor for Saturated Fatty Acids but Mediates Lipid-Induced Inflammation by
Reprogramming Macrophage Metabolism. Cell Metab. 2018, 27, 1096-1110.e5. [CrossRef] [PubMed]

Lee, ].Y.; Ye, J.; Gao, Z.; Youn, H.S.; Lee, WH.; Zhao, L.; Sizemore, N.; Hwang, D.H. Reciprocal Modulation of Toll-like Receptor-4
Signaling Pathways Involving MyD88 and Phosphatidylinositol 3-Kinase/AKT by Saturated and Polyunsaturated Fatty Acids. J.
Biol. Chem. 2003, 278, 37041-37051. [CrossRef] [PubMed]

Nakakuki, M.; Kawano, H.; Notsu, T.; Imada, K. Eicosapentaenoic Acid Suppresses Palmitate-Induced Cytokine Production by
Modulating Long-Chain Acyl-CoA Synthetase 1 Expression in Human THP-1 Macrophages. Atherosclerosis 2013, 227, 289-296.
[CrossRef]

Hirasawa, A.; Tsumaya, K.; Awaji, T.; Katsuma, S.; Adachi, T.; Yamada, M.; Sugimoto, Y.; Miyazaki, S.; Tsujimoto, G. Free Fatty
Acids Regulate Gut Incretin Glucagon-like Peptide-1 Secretion through GPR120. Nat. Med. 2005, 11, 90-94. [CrossRef]

Briscoe, C.P,; Peat, A.J.; McKeown, S.C.; Corbett, D.F.; Goetz, A.S.; Littleton, T.R.; McCoy, D.C.; Kenakin, T.P.; Andrews, J.L.;
Ammala, C.; et al. Pharmacological Regulation of Insulin Secretion in MIN6 Cells through the Fatty Acid Receptor GPR40:
Identification of Agonist and Antagonist Small Molecules. Br. J. Pharmacol. 2006, 148, 619-628. [CrossRef]

Campbell, A.P.,; Smrcka, A.V. Targeting G Protein-Coupled Receptor Signalling by Blocking G Proteins. Nat. Rev. Drug Discov.
2018, 17, 789-803. [CrossRef] [PubMed]

Edfalk, S.; Steneberg, P.; Edlund, H. Gpr40 Is Expressed in Enteroendocrine Cells and Mediates Free Fatty Acid Stimulation of
Incretin Secretion. Diabetes 2008, 57, 2280-2287. [CrossRef]


https://doi.org/10.2337/db22-0293
https://www.ncbi.nlm.nih.gov/pubmed/36580483
https://doi.org/10.1016/j.tjnut.2024.04.006
https://doi.org/10.1007/s11010-006-0164-x
https://doi.org/10.3390/cells8121633
https://doi.org/10.22205/sijbs/2016/v2/i4/103443
https://doi.org/10.3390/ijms25010254
https://doi.org/10.1194/jlr.D029546
https://doi.org/10.1371/journal.pone.0176793
https://doi.org/10.1038/ncomms13997
https://doi.org/10.21037/atm.2020.02.21
https://www.ncbi.nlm.nih.gov/pubmed/32309315
https://doi.org/10.4049/jimmunol.1300298
https://doi.org/10.1155/2018/1756494
https://doi.org/10.1074/jbc.M113.535831
https://doi.org/10.1074/jbc.M115.677724
https://doi.org/10.1152/ajpendo.00369.2015
https://doi.org/10.1016/j.atherosclerosis.2017.06.002
https://doi.org/10.1016/j.cmet.2018.03.014
https://www.ncbi.nlm.nih.gov/pubmed/29681442
https://doi.org/10.1074/jbc.M305213200
https://www.ncbi.nlm.nih.gov/pubmed/12865424
https://doi.org/10.1016/j.atherosclerosis.2012.12.036
https://doi.org/10.1038/nm1168
https://doi.org/10.1038/sj.bjp.0706770
https://doi.org/10.1038/nrd.2018.135
https://www.ncbi.nlm.nih.gov/pubmed/30262890
https://doi.org/10.2337/db08-0307

Biomolecules 2025, 15, 696 19 of 23

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Liou, A.P; Lu, X;; Sei, Y.; Zhao, X.; Pechhold, S.; Carrero, R.J.; Raybould, H.E.; Wank, S. The G-Protein—Coupled Receptor GPR40
Directly Mediates Long-Chain Fatty Acid-Induced Secretion of Cholecystokinin. Gastroenterology 2011, 140, 903-912. [CrossRef]
[PubMed]

Steneberg, P.; Rubins, N.; Bartoov-Shifman, R.; Walker, M.D.; Edlund, H. The FFA Receptor GPR40 Links Hyperinsulinemia,
Hepatic Steatosis, and Impaired Glucose Homeostasis in Mouse. Cell Metab. 2005, 1, 245-258. [CrossRef]

Kristinsson, H.; Smith, D.M.; Bergsten, P.; Sargsyan, E. FFAR1 Is Involved in Both the Acute and Chronic Effects of Palmitate on
Insulin Secretion. Endocrinology 2013, 154, 4078-4088. [CrossRef]

Lan, H.; Hoos, L.M.; Liu, L.; Tetzloff, G.; Hu, W.; Abbondanzo, S.J.; Vassileva, G.; Gustafson, E.L.; Hedrick, J.A.; Davis, H.R. Lack
of FFAR1/GPR40 Does Not Protect Mice From High-Fat Diet-Induced Metabolic Disease. Diabetes 2008, 57, 2999-3006. [CrossRef]
Mo, Z.; Tang, C.; Li, H.; Lei, J.; Zhu, L.; Kou, L,; Li, H.; Luo, S.; Li, C.; Chen, W,; et al. Eicosapentaenoic Acid Prevents
Inflammation Induced by Acute Cerebral Infarction through Inhibition of NLRP3 Inflammasome Activation. Life Sci. 2020, 242,
117133. [CrossRef] [PubMed]

Poul, E.L; Loison, C.; Struyf, S.; Springael, ].-Y.; Lannoy, V.; Decobecq, M.-E.; Brezillon, S.; Dupriez, V.; Vassart, G.; Damme, ].V,;
et al. Functional Characterization of Human Receptors for Short Chain Fatty Acids and Their Role in Polymorphonuclear Cell
Activation. J. Biol. Chem. 2003, 278, 25481-25489. [CrossRef] [PubMed]

Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.; Cameron, J.; Grosse, J.; Reimann, E.; Gribble,
F.M. Short-Chain Fatty Acids Stimulate Glucagon-Like Peptide-1 Secretion via the G-Protein-Coupled Receptor FFAR2. Diabetes
2012, 61, 364-371. [CrossRef] [PubMed]

Nohr, M.K,; Pedersen, M.H; Gille, A.; Egerod, K.L.; Engelstoft, M.S.; Husted, A.S.; Sichlau, R.M.; Grunddal, K.V.; Seier Poulsen,
S.; Han, S.; et al. GPR41/FFAR3 and GPR43/FFAR2 as Cosensors for Short-Chain Fatty Acids in Enteroendocrine Cells vs FFAR3
in Enteric Neurons and FFAR?2 in Enteric Leukocytes. Endocrinology 2013, 154, 3552-3564. [CrossRef]

Tang, C.; Ahmed, K; Gille, A.; Lu, S.; Grone, H.-].; Tunaru, S.; Offermanns, S. Loss of FFA2 and FFA3 Increases Insulin Secretion
and Improves Glucose Tolerance in Type 2 Diabetes. Nat. Med. 2015, 21, 173-177. [CrossRef]

Hong, Y.-H.; Nishimura, Y.; Hishikawa, D.; Tsuzuki, H.; Miyahara, H.; Gotoh, C.; Choi, K.-C.; Feng, D.D.; Chen, C.; Lee, H.-G;
et al. Acetate and Propionate Short Chain Fatty Acids Stimulate Adipogenesis via GPCR43. Endocrinology 2005, 146, 5092-5099.
[CrossRef]

Ge, H,; Li, X.; Weiszmann, J.; Wang, P; Baribault, H.; Chen, ].-L.; Tian, H.; Li, Y. Activation of G Protein-Coupled Receptor 43 in
Adipocytes Leads to Inhibition of Lipolysis and Suppression of Plasma Free Fatty Acids. Endocrinology 2008, 149, 4519-4526.
[CrossRef]

Xiong, Y.; Miyamoto, N.; Shibata, K.; Valasek, M.A.; Motoike, T.; Kedzierski, R.M.; Yanagisawa, M. Short-Chain Fatty Acids
Stimulate Leptin Production in Adipocytes through the G Protein-Coupled Receptor GPR41. Proc. Natl. Acad. Sci. USA 2004, 101,
1045-1050. [CrossRef]

Oh, D.Y;; Talukdar, S.; Bae, E.J.; Imamura, T.; Morinaga, H.; Fan, W.; Li, P.; Lu, W.J.; Watkins, S.M.; Olefsky, ]. M. GPR120 Is
an Omega-3 Fatty Acid Receptor Mediating Potent Anti-Inflammatory and Insulin Sensitizing Effects. Cell 2010, 142, 687-698.
[CrossRef]

Li, X,; Ballantyne, L.L.; Che, X.; Mewburn, ].D.; Kang, ].X.; Barkley, RM.; Murphy, R.C.; Yu, Y.; Funk, C.D. Endogenously
Generated Omega-3 Fatty Acids Attenuate Vascular Inflammation and Neointimal Hyperplasia by Interaction With Free Fatty
Acid Receptor 4 in Mice. ]. Am. Heart Assoc. Cardiovasc. Cerebrovasc. Dis. 2015, 4, €001856. [CrossRef]

Kim, J.; Okla, M.; Erickson, A.; Carr, T.; Natarajan, S.K.; Chung, S. Eicosapentaenoic Acid Potentiates Brown Thermogenesis
through FFAR4-Dependent Up-Regulation of miR-30b and miR-378. ]. Biol. Chem. 2016, 291, 20551-20562. [CrossRef]
Quesada-Lépez, T.; Cereijo, R.; Turatsinze, J.-V.; Planavila, A.; Cair6, M.; Gavalda-Navarro, A.; Peyrou, M.; Moure, R.; Iglesias, R.;
Giralt, M.; et al. The Lipid Sensor GPR120 Promotes Brown Fat Activation and FGF21 Release from Adipocytes. Nat. Commun.
2016, 7, 13479. [CrossRef] [PubMed]

Gharanei, S.; Shabir, K.; Brown, J.E.; Weickert, M.O.; Barber, T.M.; Kyrou, I.; Randeva, H.S. Regulatory microRNAs in Brown,
Brite and White Adipose Tissue. Cells 2020, 9, 2489. [CrossRef]

Ichimura, A.; Hirasawa, A.; Poulain-Godefroy, O.; Bonnefond, A.; Hara, T.; Yengo, L.; Kimura, L; Leloire, A; Liu, N.; lida, K,; et al.
Dysfunction of Lipid Sensor GPR120 Leads to Obesity in Both Mouse and Human. Nature 2012, 483, 350-354. [CrossRef]
Bjursell, M.; Xu, X.; Admyre, T.; Bottcher, G.; Lundin, S.; Nilsson, R.; Stone, V.M.; Morgan, N.G.; Lam, Y.Y.; Storlien, L.H.; et al.
The Beneficial Effects of N-3 Polyunsaturated Fatty Acids on Diet Induced Obesity and Impaired Glucose Control Do Not Require
Gpr120. PLoS ONE 2014, 9, €114942. [CrossRef]

Peerregaard, S.I.; Agerholm, M.; Serup, A K,; Ma, T.; Kiens, B.; Madsen, L.; Kristiansen, K.; Jensen, B.A.H. FFAR4 (GPR120)
Signaling Is Not Required for Anti-Inflammatory and Insulin-Sensitizing Effects of Omega-3 Fatty Acids. Mediators Inflamm. 2016,
2016, 1536047. [CrossRef]


https://doi.org/10.1053/j.gastro.2010.10.012
https://www.ncbi.nlm.nih.gov/pubmed/20955703
https://doi.org/10.1016/j.cmet.2005.03.007
https://doi.org/10.1210/en.2013-1352
https://doi.org/10.2337/db08-0596
https://doi.org/10.1016/j.lfs.2019.117133
https://www.ncbi.nlm.nih.gov/pubmed/31830477
https://doi.org/10.1074/jbc.M301403200
https://www.ncbi.nlm.nih.gov/pubmed/12711604
https://doi.org/10.2337/db11-1019
https://www.ncbi.nlm.nih.gov/pubmed/22190648
https://doi.org/10.1210/en.2013-1142
https://doi.org/10.1038/nm.3779
https://doi.org/10.1210/en.2005-0545
https://doi.org/10.1210/en.2008-0059
https://doi.org/10.1073/pnas.2637002100
https://doi.org/10.1016/j.cell.2010.07.041
https://doi.org/10.1161/JAHA.115.001856
https://doi.org/10.1074/jbc.M116.721480
https://doi.org/10.1038/ncomms13479
https://www.ncbi.nlm.nih.gov/pubmed/27853148
https://doi.org/10.3390/cells9112489
https://doi.org/10.1038/nature10798
https://doi.org/10.1371/journal.pone.0114942
https://doi.org/10.1155/2016/1536047

Biomolecules 2025, 15, 696 20 of 23

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Briscoe, C.P; Tadayyon, M.; Andrews, J.L.; Benson, W.G.; Chambers, ].K.; Eilert, M.M.; Ellis, C.; Elshourbagy, N.A.; Goetz, A.S.;
Minnick, D.T.; et al. The Orphan G Protein-Coupled Receptor GPR40 Is Activated by Medium and Long Chain Fatty Acids. J.
Biol. Chem. 2003, 278, 11303-11311. [CrossRef] [PubMed]

Gavva, N.R.; Bannon, A.W,; Surapaneni, S.; Hovland, D.N.; Lehto, S.G.; Gore, A.; Juan, T.; Deng, H.; Han, B.; Klionsky, L.; et al.
The Vanilloid Receptor TRPV1 Is Tonically Activated In Vivo and Involved in Body Temperature Regulation. J. Neurosci. 2007, 27,
3366-3374. [CrossRef]

Baskaran, P; Nazminia, K.; Frantz, J.; O’Neal, J.; Thyagarajan, B. Mice Lacking Endogenous TRPV1 Express Reduced Levels of
Thermogenic Proteins and Are Susceptible to Diet-Induced Obesity and Metabolic Dysfunction. FEBS Lett. 2021, 595, 1768-1781.
[CrossRef] [PubMed]

Sun, W.; Uchida, K.; Suzuki, Y.; Zhou, Y.; Kim, M.; Takayama, Y.; Takahashi, N.; Goto, T.; Wakabayashi, S.; Kawada, T.; et al. Lack
of TRPV2 Impairs Thermogenesis in Mouse Brown Adipose Tissue. EMBO Rep. 2016, 17, 383-399. [CrossRef]

Ye, L.; Kleiner, S.; Wu, J.; Sah, R.; Gupta, R K.; Banks, A.S.; Cohen, P.; Khandekar, M.].; Bostrom, P.; Mepani, R.; et al. TRPV4Is a
Regulator of Adipose Oxidative Metabolism, Inflammation and Energy Homeostasis. Cell 2012, 151, 96-110. [CrossRef]

Matta, J.A.; Miyares, R.L.; Ahern, G.P. TRPV1 Is a Novel Target for Omega-3 Polyunsaturated Fatty Acids. J. Physiol. 2007, 578,
397-411. [CrossRef] [PubMed]

Kim, M.; Goto, T.; Yu, R.; Uchida, K.; Tominaga, M.; Kano, Y.; Takahashi, N.; Kawada, T. Fish Oil Intake Induces UCP1
Upregulation in Brown and White Adipose Tissue via the Sympathetic Nervous System. Sci. Rep. 2015, 5, 18013. [CrossRef]
Kim, M.; Furuzono, T.; Yamakuni, K.; Li, Y.; Kim, Y.I.; Takahashi, H.; Ohue-Kitano, R.; Jheng, H.F,; Takahashi, N.; Kano, Y.; et al.
10-ox0-12(Z)-octadecenoic Acid, a Linoleic Acid Metabolite Produced by Gut Lactic Acid Bacteria, Enhances Energy Metabolism
by Activation of TRPV1. FASEB J. 2017, 31, 5036-5048. [CrossRef]

Cao, S.; Anishkin, A.; Zinkevich, N.S.; Nishijima, Y.; Korishettar, A.; Wang, Z.; Fang, J.; Wilcox, D.A.; Zhang, D.X. Transient
Receptor Potential Vanilloid 4 (TRPV4) Activation by Arachidonic Acid Requires Protein Kinase A-Mediated Phosphorylation. J.
Biol. Chem. 2018, 293, 5307-5322. [CrossRef]

Haus, ].M.; Kashyap, S.R.; Kasumov, T.; Zhang, R.; Kelly, K.R.; DeFronzo, R.A.; Kirwan, J.P. Plasma Ceramides Are Elevated in
Obese Subjects with Type 2 Diabetes and Correlate with the Severity of Insulin Resistance. Diabetes 2009, 58, 337-343. [CrossRef]
Boon, J.; Hoy, A.].; Stark, R.; Brown, R.D.; Meex, R.C.; Henstridge, D.C.; Schenk, S.; Meikle, PJ.; Horowitz, ].F.; Kingwell, B.A;
et al. Ceramides Contained in LDL Are Elevated in Type 2 Diabetes and Promote Inflammation and Skeletal Muscle Insulin
Resistance. Diabetes 2013, 62, 401-410. [CrossRef]

Huang, Y.; Sulek, K.; Stinson, S.E.; Holm, L.A.; Kim, M.; Trost, K.; Hooshmand, K.; Lund, M.A.V,; Fonvig, C.E.; Juel, H.B.; et al.
Lipid Profiling Identifies Modifiable Signatures of Cardiometabolic Risk in Children and Adolescents with Obesity. Nat. Med.
2025, 31, 294-305. [CrossRef] [PubMed]

Eichelmann, F; Sellem, L.; Wittenbecher, C.; Jager, S.; Kuxhaus, O.; Prada, M.; Cuadrat, R.; Jackson, K.G.; Lovegrove, ].A.; Schulze,
M.B. Deep Lipidomics in Human Plasma: Cardiometabolic Disease Risk and Effect of Dietary Fat Modulation. Circulation 2022,
146, 21-35. [CrossRef]

Pickersgill, L.; Litherland, G.J.; Greenberg, A.S.; Walker, M.; Yeaman, S.]. Key Role for Ceramides in Mediating Insulin Resistance
in Human Muscle Cells. J. Biol. Chem. 2007, 282, 12583-12589. [CrossRef] [PubMed]

Teruel, T.; Hernandez, R.; Lorenzo, M. Ceramide Mediates Insulin Resistance by Tumor Necrosis Factor-« in Brown Adipocytes
by Maintaining Akt in an Inactive Dephosphorylated State. Diabetes 2001, 50, 2563-2571. [CrossRef] [PubMed]

Walchuk, C.; Wang, Y.; Suh, M. The Impact of EPA and DHA on Ceramide Lipotoxicity in the Metabolic Syndrome. Br. |. Nutr.
2021, 125, 863-875. [CrossRef] [PubMed]

Chavez, J.A.; Summers, S.A. Characterizing the Effects of Saturated Fatty Acids on Insulin Signaling and Ceramide and
Diacylglycerol Accumulation in 3T3-L1 Adipocytes and C2C12 Myotubes. Arch. Biochem. Biophys. 2003, 419, 101-109. [CrossRef]
Abildgaard, J.; Henstridge, D.C.; Pedersen, A.T.; Langley, K.G.; Scheele, C.; Pedersen, B.K.; Lindegaard, B. In Vitro Palmitate
Treatment of Myotubes from Postmenopausal Women Leads to Ceramide Accumulation, Inflammation and Affected Insulin
Signaling. PLoS ONE 2014, 9, e101555. [CrossRef]

Xu, W,; Zhang, D.; Ma, Y.; Gaspar, R.C.; Kahn, M.; Nasiri, A.; Murray, S.; Samuel, V.T.; Shulman, G.I. Ceramide Synthesis
Inhibitors Prevent Lipid-Induced Insulin Resistance through the DAG-PKCe-Insulin receptorT1150 Phosphorylation Pathway.
Cell Rep. 2024, 43, 114746. [CrossRef]

Sarnyai, F.; Somogyi, A.; Gér-Nagy, Z.; Zdmbo, V.; Szelényi, P.; Matyasi, J.; Simon-Szabd, L.; Kereszturi, E.; To6th, B.; Csala,
M. Effect of Cis- and Trans-Monounsaturated Fatty Acids on Palmitate Toxicity and on Palmitate-Induced Accumulation of
Ceramides and Diglycerides. Int. J. Mol. Sci. 2020, 21, 2626. [CrossRef]

Kovacevic, I.; Schmidt, P.H.; Kowalski, A.; Helms, B.J.; van de Lest, C.H.A_; Kluttig, A.; Posern, G. ER Stress Inhibition Enhances
Formation of Triacylglcerols and Protects Endothelial Cells from Lipotoxicity. Cell Commun. Signal. CCS 2024, 22, 304. [CrossRef]
Guo, M.; Huang, X.; Zhang, J.; Huang, Y.; Tang, Y.; Wen, H.; Xu, Y.; Zhang, S.; Wei, X.; Sun, S.; et al. Palmitic Acid Induces (3-Cell
Ferroptosis by Activating Ceramide Signaling Pathway. Exp. Cell Res. 2024, 440, 114134. [CrossRef]


https://doi.org/10.1074/jbc.M211495200
https://www.ncbi.nlm.nih.gov/pubmed/12496284
https://doi.org/10.1523/JNEUROSCI.4833-06.2007
https://doi.org/10.1002/1873-3468.14105
https://www.ncbi.nlm.nih.gov/pubmed/33977527
https://doi.org/10.15252/embr.201540819
https://doi.org/10.1016/j.cell.2012.08.034
https://doi.org/10.1113/jphysiol.2006.121988
https://www.ncbi.nlm.nih.gov/pubmed/17038422
https://doi.org/10.1038/srep18013
https://doi.org/10.1096/fj.201700151R
https://doi.org/10.1074/jbc.M117.811075
https://doi.org/10.2337/db08-1228
https://doi.org/10.2337/db12-0686
https://doi.org/10.1038/s41591-024-03279-x
https://www.ncbi.nlm.nih.gov/pubmed/39304782
https://doi.org/10.1161/CIRCULATIONAHA.121.056805
https://doi.org/10.1074/jbc.M611157200
https://www.ncbi.nlm.nih.gov/pubmed/17337731
https://doi.org/10.2337/diabetes.50.11.2563
https://www.ncbi.nlm.nih.gov/pubmed/11679435
https://doi.org/10.1017/S0007114520003177
https://www.ncbi.nlm.nih.gov/pubmed/32792029
https://doi.org/10.1016/j.abb.2003.08.020
https://doi.org/10.1371/journal.pone.0101555
https://doi.org/10.1016/j.celrep.2024.114746
https://doi.org/10.3390/ijms21072626
https://doi.org/10.1186/s12964-024-01682-y
https://doi.org/10.1016/j.yexcr.2024.114134

Biomolecules 2025, 15, 696 21 of 23

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Raj, R.R.; Lofquist, S.; Lee, M.-J. Remodeling of Adipose Tissues by Fatty Acids: Mechanistic Update on Browning and
Thermogenesis by n-3 Polyunsaturated Fatty Acids. Pharm. Res. 2023, 40, 467-480. [CrossRef]

Murakami, M. Lipid Mediators in Life Science. Exp. Anim. 2011, 60, 7-20. [CrossRef] [PubMed]

Hwang, D.; Rhee, S.H. Receptor-Mediated Signaling Pathways: Potential Targets of Modulation by Dietary Fatty Acids23. Am. J.
Clin. Nutr. 1999, 70, 545-556. [CrossRef]

Crosstalk in the Arachidonic Acid Cascade. Available online: https://www.caymanchem.com/news/crosstalk-in-the-
arachidonic-acid-cascade (accessed on 19 February 2025).

Hu, Y;; Li, W.; Cheng, X.; Yang, H.; She, Z.G.; Cai, ].; Li, H.; Zhang, X.J. Emerging Roles and Therapeutic Applications of
Arachidonic Acid Pathways in Cardiometabolic Diseases. Circ. Research 2024, 135, 222-260. [CrossRef] [PubMed]

Harayama, T.; Shimizu, T. Roles of Polyunsaturated Fatty Acids, from Mediators to Membranes. J. Lipid Res. 2020, 61, 1150-1160.
[CrossRef] [PubMed]

Regulska, M.; Szuster-Gluszczak, M.; Trojan, E.; Leskiewicz, M.; Basta-Kaim, A. The Emerging Role of the Double-Edged Impact
of Arachidonic Acid-Derived Eicosanoids in the Neuroinflammatory Background of Depression. Curr. Neuropharmacol. 2021, 19,
278-293. [CrossRef]

Khan, M.A.H.; Neckar, J.; Manthati, V.; Errabelli, R.; Pavlov, T.S.; Staruschenko, A.; Falck, J.R.; Imig, J.D. An orally active
epoxyeicosatrienoic acid analog attenuates kidney injury in hypertensive dahl salt sensitive rat. Hypertension 2013, 62, A29.
[CrossRef]

Deng, Y.; Edin, M.L.; Theken, K.N.; Schuck, R.N.; Flake, G.P.; Kannon, M.A; DeGraff, L.M.; Lih, EB.; Foley, J.; Bradbury, J.A;
et al. Endothelial CYP Epoxygenase Overexpression and Soluble Epoxide Hydrolase Disruption Attenuate Acute Vascular
Inflammatory Responses in Mice. FASEB J. 2011, 25, 703-713. [CrossRef]

Liu, Y,; Zhang, Y.; Schmelzer, K.; Lee, T.S.; Fang, X.; Zhu, Y.; Spector , A.A.; Gill, S.; Morisseau , C.; Hammock, B.D.; et al. The
Antiinflammatory Effect of Laminar Flow: The Role of PPARYy, Epoxyeicosatrienoic Acids, and Soluble Epoxide Hydrolase. Proc
Natl Acad Sci USA 2005, 105, 16747-16752. [CrossRef] [PubMed]

Perepechaeva, M.L.; Grishanova, A.Y. The Role of Arachidonic Acid Metabolizing Cytochromes P450 in the Control of Cardiovas-
cular Functions. Biochem. Mosc. Suppl. Ser. B Biomed. Chem. 2024, 18, 192-213. [CrossRef]

Wang, B.; Wu, L.; Chen, ].; Dong, L.; Chen, C.; Wen, Z.; Hu, ].; Fleming, I.; Wang, D.W. Metabolism Pathways of Arachidonic
Acids: Mechanisms and Potential Therapeutic Targets. Signal Transduct. Target. Ther. 2021, 6, 1-30. [CrossRef]

Tourki, B.; Kain, V.; Pullen, A.B.; Norris, P.C.; Patel, N.; Arora, P; Leroy, X.; Serhan, C.N.; Halade, G.V. Lack of Resolution Sensor
Drives Age-Related Cardiometabolic and Cardiorenal Defects and Impedes Inflammation-Resolution in Heart Failure. Mol.
Metab. 2019, 31, 138-149. [CrossRef]

Sousa, T.; Pinho, D.; Recchiuti, A.; Isopi, E.; Verri, W.A. Editorial: Specialized Proresolving Mediators: Benefits within and beyond
Inflammation Resolution in Cardiometabolic, Neurological and Psychiatric Disorders. Front. Physiol. 2023, 14, 1176700. [CrossRef]
Sotak, M.; Rajan, M.R; Clark, M.; Harms, M.; Rani, A.; Kraft, ].D.; Tandio, D.; Shen, T.; Borkowski, K.; Fiehn, O.; et al. Lipoxins
Reduce Obesity-Induced Adipose Tissue Inflammation in 3D-Cultured Human Adipocytes and Explant Cultures. iScience 2022,
25,104602. [CrossRef] [PubMed]

Kollareth, D.J.M.; Leroy, V.; Tu, Z.; Woolet-Stockton, M.].; Kamat, M.; Garrett, T.].; Atkinson, C.; Cai, G.; Upchurch, G.R.; Sharma,
A K. Lipoxin A 4/FPR2 Signaling Mitigates Ferroptosis of Alveolar Epithelial Cells via NRF2-Dependent Pathway during Lung
Ischemia-Reperfusion Injury. bioRxiv 2024. [CrossRef]

Wan, M.; Godson, C.; Guiry, PJ.; Agerberth, B.; Haeggstrom, J.Z. Leukotriene B4/ Antimicrobial Peptide LL-37 Proinflammatory
Circuits Are Mediated by BLT1 and FPR2/ALX and Are Counterregulated by Lipoxin A4 and Resolvin E1. FASEB |. Off. Publ.
Fed. Am. Soc. Exp. Biol. 2011, 25, 1697-1705. [CrossRef] [PubMed]

Madsen, L.; Pedersen, L.M.; Lillefosse, H.H.; Fjeere, E.; Bronstad, I.; Hao, Q.; Petersen, R.K.; Hallenborg, P.; Ma, T.; De Matteis,
R.; et al. UCP1 Induction during Recruitment of Brown Adipocytes in White Adipose Tissue Is Dependent on Cyclooxygenase
Activity. PLoS ONE 2010, 5, e11391. [CrossRef]

Gantert, T.; Henkel, F; Wurmser, C.; Oeckl, J.; Fischer, L.; Haid, M.; Adamski, J.; Esser-von Bieren, J.; Klingenspor, M.; Fromme, T.
Fibroblast Growth Factor Induced Ucp1 Expression in Preadipocytes Requires PGE2 Biosynthesis and Glycolytic Flux. FASEB J.
Off. Publ. Fed. Am. Soc. Exp. Biol. 2021, 35, €21572. [CrossRef]

Ghandour, R.A.; Colson, C.; Giroud, M.; Maurer, S.; Rekima, S.; Ailhaud, G.; Klingenspor, M.; Amri, E.-Z.; Pisani, D.F. Impact of
Dietary ()3 Polyunsaturated Fatty Acid Supplementation on Brown and Brite Adipocyte Function. J. Lipid Res. 2018, 59, 452—461.
[CrossRef] [PubMed]

Ghandour, R.A.; Giroud, M.; Vegiopoulos, A.; Herzig, S.; Ailhaud, G.; Amri, E.-Z; Pisani, D.F. IP-Receptor and PPARs Trigger the
Conversion of Human White to Brite Adipocyte Induced by Carbaprostacyclin. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids
2016, 1861, 285-293. [CrossRef]


https://doi.org/10.1007/s11095-022-03377-w
https://doi.org/10.1538/expanim.60.7
https://www.ncbi.nlm.nih.gov/pubmed/21325748
https://doi.org/10.1093/ajcn/70.4.545
https://www.caymanchem.com/news/crosstalk-in-the-arachidonic-acid-cascade
https://www.caymanchem.com/news/crosstalk-in-the-arachidonic-acid-cascade
https://doi.org/10.1161/CIRCRESAHA.124.324383
https://www.ncbi.nlm.nih.gov/pubmed/38900855
https://doi.org/10.1194/jlr.R120000800
https://www.ncbi.nlm.nih.gov/pubmed/32487545
https://doi.org/10.2174/18756190MTA4dOTMh0
https://doi.org/10.1161/HYPERTENSIONAHA.113.01949
https://doi.org/10.1096/fj.10-171488
https://doi.org/10.1073/pnas.0508081102
https://www.ncbi.nlm.nih.gov/pubmed/16267130 
https://doi.org/10.1134/S1990750824600158
https://doi.org/10.1038/s41392-020-00443-w
https://doi.org/10.1016/j.molmet.2019.10.008
https://doi.org/10.3389/fphys.2023.1176700
https://doi.org/10.1016/j.isci.2022.104602
https://www.ncbi.nlm.nih.gov/pubmed/35789845
https://doi.org/10.1096/fj.202401475R
https://doi.org/10.1096/fj.10-175687
https://www.ncbi.nlm.nih.gov/pubmed/21307335
https://doi.org/10.1371/journal.pone.0011391
https://doi.org/10.1096/fj.202002795R
https://doi.org/10.1194/jlr.M081091
https://www.ncbi.nlm.nih.gov/pubmed/29343538
https://doi.org/10.1016/j.bbalip.2016.01.007

Biomolecules 2025, 15, 696 22 of 23

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Félix-Soriano, E.; Sdinz, N.; Gil-Iturbe, E.; Collantes, M.; Fernandez-Galilea, M.; Castilla-Madrigal, R.; Ly, L.; Dalli, J.; Moreno-
Aliaga, M.]. Changes in Brown Adipose Tissue Lipid Mediator Signatures with Aging, Obesity, and DHA Supplementation in
Female Mice. FASEB J. 2021, 35, €21592. [CrossRef]

Elias, L; Ferré, T.; Vila, L.; Mufoz, S.; Casellas, A.; Garcia, M.; Molas, M.; Agudo, J.; Roca, C.; Ruberte, J.; et al. ALOX5AP
Overexpression in Adipose Tissue Leads to LXA4 Production and Protection Against Diet-Induced Obesity and Insulin Resistance.
Diabetes 2016, 65, 2139-2150. [CrossRef]

Barden, A.; Shinde, S.; Beilin, L.J.; Phillips, M.; Adams, L.; Bollmann, S.; Mori, T.A. Adiposity Associates with Lower Plasma
Resolvin E1 (Rvel): A Population Study. Int. ]. Obes. 2024, 48, 725-732. [CrossRef] [PubMed]

Molaie, M.; Lotfi, R.; Heidari Moghadam, R.; Rezaiemanesh, A.; Karaji, A.G.; Salari, F. Imbalanced Serum Levels of Resolvin E1
(RvE1) and Leukotriene B4 (LTB4) May Contribute to the Pathogenesis of Atherosclerosis. Prostaglandins Other Lipid Mediat. 2023,
169, 106781. [CrossRef] [PubMed]

Zhang, J.; Yin, Z.; Xu, Y.; Wei, C.; Peng, S.; Zhao, M,; Liu, J.; Xu, S.; Pan, W.; Zheng, Z.; et al. Resolvin E1/ChemR23 Protects
Against Hypertension and Vascular Remodeling in Angiotensin II-Induced Hypertensive Mice. Hypertension 2023, 80, 2650-2664.
[CrossRef] [PubMed]

Hasturk, H.; Abdallah, R.; Kantarci, A.; Nguyen, D.; Giordano, N.; Hamilton, J.; Van Dyke, T.E. Resolvin E1 Attenuates
Atherosclerotic Plaque Formation in Diet and Inflammation Induced Atherogenesis. Arterioscler. Thromb. Vasc. Biol. 2015, 35,
1123-1133. [CrossRef]

Dona, M.; Fredman, G.; Schwab, ].M.; Chiang, N.; Arita, M.; Goodarzi, A.; Cheng, G.; von Andrian, U.H.; Serhan, C.N. Resolvin
E1, an EPA-Derived Mediator in Whole Blood, Selectively Counterregulates Leukocytes and Platelets. Blood 2008, 112, 848-855.
[CrossRef]

Shamoon, L.; Espitia-Corredor, J.A.; Dongil, P.; Menéndez-Ribes, M.; Romero, A.; Valencia, I.; Diaz-Araya, G.; Sinchez-Ferrer, C.E;
Peir6, C. Resolvin E1 Attenuates Doxorubicin-Induced Endothelial Senescence by Modulating NLRP3 Inflammasome Activation.
Biochem. Pharmacol. 2022, 201, 115078. [CrossRef]

Espitia-Corredor, ].A.; Shamoon, L.; Olivares-Silva, F.; Rimassa-Taré, C.; Mufioz-Rodriguez, C.; Espinoza-Pérez, C.; Sdnchez-Ferrer,
C.F; Peir6, C.; Diaz-Araya, G. Resolvin E1 Attenuates Doxorubicin-Induced Cardiac Fibroblast Senescence: A Key Role for IL-13.
Biochim. Biophys. Acta BBA Mol. Basis Dis. 2022, 1868, 166525. [CrossRef]

Zhang, J.; Wang, M.; Ding, W.; Zhao, M.; Ye, ].; Xu, Y,; Wang, Z.; Ye, D.; Li, D.; Liu, J.; et al. Resolvin E1 Protects against
Doxorubicin-Induced Cardiotoxicity by Inhibiting Oxidative Stress, Autophagy and Apoptosis by Targeting AKT/mTOR
Signaling. Biochem. Pharmacol. 2020, 180, 114188. [CrossRef]

Zheng, A.; Huang, N.; Bean, D.; Rayapaneni, S.; Deeney, J.; Sagar, M.; Hamilton, J.A. Resolvin E1 Heals Injured Cardiomyocytes:
Therapeutic Implications and H-FABP as a Readout for Cardiovascular Disease & Systemic Inflammation. Prostaglandins Leukot.
Essent. Fatty Acids 2023, 197, 102586. [CrossRef]

Arita, M.; Ohira, T.; Sun, Y.-P; Elangovan, S.; Chiang, N.; Serhan, C.N. Resolvin E1 Selectively Interacts with Leukotriene B4
Receptor BLT1 and ChemR23 to Regulate Inflammation1. J. Immunol. 2007, 178, 3912-3917. [CrossRef]

Unno, Y.; Sato, Y.; Fukuda, H.; Ishimura, K.; Ikeda, H.; Watanabe, M.; Tansho-Nagakawa, S.; Ubagai, T.; Shuto, S.; Ono, Y.
Resolvin E1, but Not Resolvins E2 and E3, Promotes fMLF-Induced ROS Generation in Human Neutrophils. FEBS Lett. 2018, 592,
2706-2715. [CrossRef]

Neuhofer, A.; Zeyda, M.; Mascher, D.; Itariu, B.K.; Murano, 1.; Leitner, L.; Hochbrugger, E.E.; Fraisl, P.; Cinti, S.; Serhan,
C.N.; et al. Impaired Local Production of Proresolving Lipid Mediators in Obesity and 17-HDHA as a Potential Treatment for
Obesity-Associated Inflammation. Diabetes 2013, 62, 1945-1956. [CrossRef]

Hellmann, J.; Tang, Y.; Kosuri, M.; Bhatnagar, A.; Spite, M. Resolvin D1 Decreases Adipose Tissue Macrophage Accumulation and
Improves Insulin Sensitivity in Obese-Diabetic Mice. FASEB . 2011, 25, 2399-2407. [CrossRef]

Martinez-Ferndndez, L.; Gonzalez-Muniesa, P.; Laiglesia, L.M.; Sdinz, N.; Prieto-Hontoria, PL.; Escoté, X.; Odriozola, L.;
Corrales, FJ.; Arbones-Mainar, ]. M.; Martinez, ].A.; et al. Maresin 1 Improves Insulin Sensitivity and Attenuates Adipose Tissue
Inflammation in Ob/Ob and Diet-Induced Obese Mice. FASEB J. 2017, 31, 2135-2145. [CrossRef]

Titos, E.; Rius, B.; Lépez-Vicario, C.; Alcaraz-Quiles, J.; Garcia-Alonso, V.; Lopategi, A.; Dalli, ].; Lozano, ].J.; Arroyo, V.; Delgado,
S.; et al. Signaling and Immunoresolving Actions of Resolvin D1 in Inflamed Human Visceral Adipose Tissue. J. Immunol. 2016,
197, 3360-3370. [CrossRef] [PubMed]

Weylandt, K.H.; Chiu, C.-Y.; Gomolka, B.; Waechter, S.F.; Wiedenmann, B. Omega-3 Fatty Acids and Their Lipid Mediators:
Towards an Understanding of Resolvin and Protectin Formation. Prostaglandins Other Lipid Mediat. 2012, 97, 73-82. [CrossRef]
Olivares-Silva, F.; De Gregorio, N.; Espitia-Corredor, J.; Espinoza, C.; Vivar, R.; Silva, D.; Osorio, ].M.; Lavandero, S.; Peir¢, C.;
Sénchez-Ferrer, C.; et al. Resolvin-D1 Attenuation of Angiotensin II-Induced Cardiac Inflammation in Mice Is Associated with
Prevention of Cardiac Remodeling and Hypertension. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2021, 1867, 166241. [CrossRef]


https://doi.org/10.1096/fj.202002531R
https://doi.org/10.2337/db16-0040
https://doi.org/10.1038/s41366-024-01482-x
https://www.ncbi.nlm.nih.gov/pubmed/38347128
https://doi.org/10.1016/j.prostaglandins.2023.106781
https://www.ncbi.nlm.nih.gov/pubmed/37704124
https://doi.org/10.1161/HYPERTENSIONAHA.123.21348
https://www.ncbi.nlm.nih.gov/pubmed/37800344
https://doi.org/10.1161/ATVBAHA.115.305324
https://doi.org/10.1182/blood-2007-11-122598
https://doi.org/10.1016/j.bcp.2022.115078
https://doi.org/10.1016/j.bbadis.2022.166525
https://doi.org/10.1016/j.bcp.2020.114188
https://doi.org/10.1016/j.plefa.2023.102586
https://doi.org/10.4049/jimmunol.178.6.3912
https://doi.org/10.1002/1873-3468.13215
https://doi.org/10.2337/db12-0828
https://doi.org/10.1096/fj.10-178657
https://doi.org/10.1096/fj.201600859R
https://doi.org/10.4049/jimmunol.1502522
https://www.ncbi.nlm.nih.gov/pubmed/27647830
https://doi.org/10.1016/j.prostaglandins.2012.01.005
https://doi.org/10.1016/j.bbadis.2021.166241

Biomolecules 2025, 15, 696 23 of 23

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Diaz del Campo, L.S.; Garcia-Redondo, A.B.; Rodriguez, C.; Zaragoza, C.; Duro-Sanchez, S.; Palmas, F.; de Benito-Bueno, A.;
Socuéllamos, P.G.; Peraza, D.A.; Rodrigues-Diez, R.; et al. Resolvin D2 Attenuates Cardiovascular Damage in Angiotensin
II-Induced Hypertension. Hypertension 2023, 80, 84-96. [CrossRef] [PubMed]

Wang, M.; Zhang, J.; Zhao, M,; Liu, J.; Ye, J.; Xu, Y.; Wang, Z.; Ye, D.; Li, D.; Wan, J. Resolvin D1 Attenuates Doxorubicin-Induced
Cardiotoxicity by Inhibiting Inflammation, Oxidative and Endoplasmic Reticulum Stress. Front. Pharmacol. 2022, 12, 749899.
[CrossRef] [PubMed]

Navarro-Corcuera, A.; Zhu, Y.; Ma, F; Gupta, N.; Asplund, H.; Yuan, F; Friedman, S.; Sansbury, B.E.; Huang, X.; Cai, B.
Therapeutic Activity of Resolvin D1 (RvD1) in Murine MASH. bioRxiv 2024. [CrossRef]

Dawczynski, C.; Dittrich, M.; Neumann, T.; Goetze, K.; Welzel, A.; Oelzner, P.; Volker, S.; Schaible, A.M.; Troisi, F; Thomas,
L.; et al. Docosahexaenoic Acid in the Treatment of Rheumatoid Arthritis: A Double-Blind, Placebo-Controlled, Randomized
Cross-over Study with Microalgae vs. Sunflower Oil. Clin. Nutr. 2018, 37, 494-504. [CrossRef]

Leiria, L.O.; Wang, C.-H.; Lynes, M.D.; Yang, K.; Shamsi, F,; Sato, M.; Sugimoto, S.; Chen, E.Y.; Bussberg, V.; Narain, N.R.; et al.
12-Lipoxygenase Regulates Cold Adaptation and Glucose Metabolism by Producing the Omega-3 Lipid 12-HEPE from Brown
Fat. Cell Metab. 2019, 30, 768-783.e7. [CrossRef]

Flachs, P;; Riihl, R.; Hensler, M.; Janovska, P.; Zouhar, P.; Kus, V.; Macek Jilkova, Z.; Papp, E.; Kuda, O.; Svobodova, M.; et al.
Synergistic Induction of Lipid Catabolism and Anti-Inflammatory Lipids in White Fat of Dietary Obese Mice in Response to
Calorie Restriction and n-3 Fatty Acids. Diabetologia 2011, 54, 2626-2638. [CrossRef]

Lynes, M.D.; Leiria, L.O.; Lundh, M.; Bartelt, A.; Shamsi, F.; Huang, T.L.; Takahashi, H.; Hirshman, M.F,; Schlein, C.; Lee, A.;
et al. The Cold-Induced Lipokine 12,13-diHOME Promotes Fatty Acid Transport into Brown Adipose Tissue. Nat. Med. 2017, 23,
631-637. [CrossRef]

Lecka-Czernik, B.; Moerman, E.J.; Grant, D.E; Lehmann, ].M.; Manolagas, S.C.; Jilka, R.L. Divergent Effects of Selective Peroxisome
Proliferator-Activated Receptor-I'"2 Ligands on Adipocyte Versus Osteoblast Differentiation. Endocrinology 2002, 143, 2376-2384.
[CrossRef]

Wendel, A.A.; Purushotham, A.; Liu, L.-F,; Belury, M.A. Conjugated Linoleic Acid Induces Uncoupling Protein 1 in White Adipose
Tissue of Ob/Ob Mice. Lipids 2009, 44, 975-982. [CrossRef]

Saleh-Ghadimi, S.; Kheirouri, S.; Maleki, V.; Jafari-Vayghan, H.; Alizadeh, M. Endocannabinoid System and Cardiometabolic
Risk Factors: A Comprehensive Systematic Review Insight into the Mechanistic Effects of Omega-3 Fatty Acids. Life Sci. 2020,
250, 117556. [CrossRef]

Syed, I; Lee, J.; Moraes-Vieira, PM.; Donaldson, C.J.; Sontheimer, A.; Aryal, P.; Wellenstein, K.; Kolar, M.].; Nelson, A.T.; Siegel, D.;
et al. Palmitic Acid Hydroxy Stearic Acids Activate GPR40 Which Is Involved in Their Beneficial Effects on Glucose Homeostasis.
Cell Metab. 2018, 27, 419-427.e4. [CrossRef]

Hammarstedt, A.; Syed, I.; Vijayakumar, A.; Eliasson, B.; Gogg, S.; Kahn, B.B.; Smith, U. Adipose Tissue Dysfunction Is Associated
with Low Levels of the Novel Palmitic Acid Hydroxystearic Acids. Sci. Rep. 2018, 8, 15757. [CrossRef] [PubMed]

Aryal, P; Syed, I; Lee, ].; Patel, R.; Nelson, A.T.; Siegel, D.; Saghatelian, A.; Kahn, B.B. Distinct Biological Activities of Isomers
from Several Families of Branched Fatty Acid Esters of Hydroxy Fatty Acids (FAHFAs). J. Lipid Res. 2021, 62, 100108. [CrossRef]
[PubMed]

Colas, R.A ; Souza, PR.; Walker, M.E.; Burton, M.; Zastona, Z.; Curtis, A.M.; Marques, R.M.; Dalli, J. Impaired Production and
Diurnal Regulation of Vascular RvDn-3 DPA Increase Systemic Inflammation and Cardiovascular Disease. Circ. Res. 2018, 122,
855-863. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/HYPERTENSIONAHA.122.19448
https://www.ncbi.nlm.nih.gov/pubmed/36337053
https://doi.org/10.3389/fphar.2021.749899
https://www.ncbi.nlm.nih.gov/pubmed/35069189
https://doi.org/10.1101/2024.04.22.590633
https://doi.org/10.1016/j.clnu.2017.02.021
https://doi.org/10.1016/j.cmet.2019.07.001
https://doi.org/10.1007/s00125-011-2233-2
https://doi.org/10.1038/nm.4297
https://doi.org/10.1210/endo.143.6.8834
https://doi.org/10.1007/s11745-009-3348-9
https://doi.org/10.1016/j.lfs.2020.117556
https://doi.org/10.1016/j.cmet.2018.01.001
https://doi.org/10.1038/s41598-018-34113-3
https://www.ncbi.nlm.nih.gov/pubmed/30361530
https://doi.org/10.1016/j.jlr.2021.100108
https://www.ncbi.nlm.nih.gov/pubmed/34418413
https://doi.org/10.1161/CIRCRESAHA.117.312472

	Introduction 
	Role of FAs in Maintaining Membrane Structure and Integrity 
	FAs in Lipid Structures of Cell Membranes 
	FAs Influence Membrane Fluidity, Curvature, and Permeability 
	Impacts of FA-Induced Changes in Membrane Properties on CMD Risks 

	Roles of FAs in Cell Signaling 
	Toll-like Receptors (TLRs) 
	Free Fatty Acid Receptors (FFARs) 
	Transient Receptor Potential Channel of the Vanilloid Type (TRPV) 

	FAs as Precursors for Signaling Molecules 
	PA Increases Synthesis of Ceramides and DAG 
	PUFAs as Precursors for Lipid Mediators 
	Roles of ARA Derivatives in CMDs 
	Roles of n-3 PUFA Derivatives in CMDs 

	Other Lipid Mediators 

	Conclusions 
	References

