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Metabolic syndrome (MetS) has a worldwide tendency to increase and depends on many components, which explains the
complexity of diagnosis, approaches to the prevention, and treatment of this pathology. Insulin resistance (IR) is the crucial cause
of the MetS pathogenesis, which develops against the background of abdominal obesity. In light of recent evidence, it has been
shown that lipids, especially fatty acids (FAs), are important signaling molecules that regulate the signaling pathways of insulin
and inflammatory mediators. On the one hand, the lack of n-3 polyunsaturated fatty acids (PUFAs) in the body leads to impaired
molecular mechanisms of glucose transport, the formation of unresolved inflammation. On the other hand, excessive formation of
free fatty acids (FFAs) underlies the development of oxidative stress and mitochondrial dysfunction in MetS. Understanding the
molecular mechanisms of the participation of FAs and their metabolites in the pathogenesis of MetS will contribute to the
development of new diagnostic methods and targeted therapy for this disease. The purpose of this review is to highlight recent
advances in the study of the effect of fatty acids as modulators of insulin response and inflammatory process in the pathogenesis

and treatment for MetS.

1. Introduction

Metabolic syndrome (MetS) is a complex of several disorders
(abdominal obesity, hyperglycemia, hypertriglyceridemia,
and hypertension), which together dramatically raise the risk
of developing atherosclerotic cardiovascular disease, insulin
resistance, and diabetes mellitus [1, 2]. Because the preva-
lence of obesity has doubly increased worldwide over the
past 30 years, the prevalence of MetS has markedly boosted
in tandem [2-5]. Currently, clinicians and researchers have
not identified an optimal treatment for MetS, and conse-
quently, it is critical to identify new ways of approaching this
syndrome in order to identify efficacious methods of di-
agnosing, screening, and treating MetS. Most researchers
believe that hyperinsulinemia and/or insulin resistance (IR)
is the first link in the chain of clinical-metabolic disturbances
of MetS [5-7]. The development of IR is the result of a long
chain of pathological events. Lipids play the crucial role in

the pathogenesis of IR and the subsequent development of
MetS [8-18]. All lipids are no longer considered the same. It
is well known that excessive consumption of saturated fats
contributes to the development of obesity and related dis-
eases [19]. It has now been shown that high plasma levels of
free fatty acids (FFAs), particularly saturated fatty acids
(SFAs), may be associated with insulin resistance in obese
patients with type 2 diabetes mellitus [17]. The lack of
polyunsaturated fatty acids (PUFAs), especially n-3 PUFAs,
some phospholipids, and plasmalogens in the cell mem-
brane, is the cause of changes in glucose-insulin homeostasis
and the development of inflammation [10, 13, 20-23].
Conversely, multiple investigations have established a
connection between inflammation and changes in lipids and
their derivatives in the setting of MetS [24-29]. Alteration in
the metabolism of fatty acids affects the synthesis of ei-
cosanoids and pro-resolving lipid mediators responsible for
immune-metabolic homeostasis [30-33]. Recent studies
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have further elucidated the role of these metabolites in the
contribution to the chronic, low-grade inflammatory state in
MetS [34-36]. A comprehensive understanding of the im-
portance of lipids in the pathogenesis of MetS contributes to
the development of preventive and targeted lipid-correcting
therapy. The aim of the review is to analyse the modern views
on the role of lipids, particularly PUFAs and FFAs, in the
pathogenesis of MetS. In this review, we summarized the
molecular mechanisms of the relationship between fatty
acids and glucose transport, inflammatory response, mito-
chondrial dysfunction, and endoplasmic reticulum stress in
the development of MetS.

2. Metabolic Syndrome: Definitions
and Criteria

Metabolic syndrome (MetS) has become a widely debated
scientific, medical, and social problem worldwide. Indeed,
the definition of metabolic syndrome is important for
clinical practice and deserves serious scientific and medical
research. MetS is characterized by the following clinical
criteria: abdominal obesity, decreased peripheral tissue
sensitivity to insulin, and hyperinsulinemia, which cause
metabolic disorders of carbohydrates, lipids, and purines
[1, 2]. This combination of metabolic disorders is often
found in one person and, thus, significantly increases the risk
of cardiovascular disease (CVD), type 2 diabetes mellitus
(T2DM), arthritis, chronic kidney disease, schizophrenia,
nonalcoholic fatty liver disease (NAFLD), and several types
of cancer [37-42].

MetS is characterized by a steadily increasing prevalence
[3, 4]. However, its prevalence rates vary depending on the
criteria used to determine MetS, genetic component, gender,
age, population and area of residence, education, level of
physical activity, nutrition, and lifestyle [39]. Approximately
one-fourth of world’s adult population have MetS [43, 44].
Urbanization and its associated sedentary lifestyle and
surplus nutrition are the root cause of this global epidemic.

The determination of MetS uses the criteria of the fol-
lowing medical communities: WHO (World Health Orga-
nization), NCEPATP III (National Cholesterol Education
Program-Adult Treatment Panel III), AACE (American
Association of Clinical Endocrinologists), IDF (Interna-
tional Diabetes Federation), EGIR (European Group for the
Study of Insulin Resistance), The International Diabetes
Federation (IDF), American Heart Association/National
Heart, Lung and Blood Institute (AHA/NLHBI), World
Heart Federation (WHF), International Atherosclerosis
Society (IAS), and The International Association for the
Study of Obesity (IASO) [3]. A guideline was made in 2009
to unify the criteria for the diagnosis of MetS. According to
this guide, three of the five criteria are necessary for diag-
nosing MetS: (1) waist circumference >102 cm for males and
>88 cm for females (for Asians >90 cm for males and >80 cm
for females); (2) systolic blood pressure >130 mmHg or
diastolic blood pressure >85mmHg or antihypertensive
medication; (3) fasting plasma glucose >5.6 mmol/L or on
medication for high blood glucose; (4) HDL cholesterol
<1.03 mmol/L for males and <1.30 mmol/L for females or on

Journal of Obesity

medications for reduced HDL cholesterol; and (5) triglyc-
erides >1.7mmol/L or on medications for elevated tri-
glycerides [3].

Although the exact etiology of the MetS is not clearly
understood, insulin resistance (IR) is considered as the
principal factor for the pathogenesis of this syndrome
[6, 11, 18, 45]. As found by the insulin-modified, frequently
sampled intravenous glucose tolerance assay, insulin sen-
sitivity is significantly lower in patients with two or more
components of the MetS compared to those with none of
these components [2]. Dysregulation of lipid metabolism is
considered as an important link in the overall development
chain of IR. It is well known that lipids play a critical role in
the regulation of energy metabolism, glucose transport, and
immune process in many organs and tissues such as the liver,
adipose tissue, muscle, heart, and gastrointestinal tract [46].
However, the molecular mechanisms of this regulation re-
main largely unexplored. The study of lipid metabolism
disorders is a promising direction for the development of
methods for the effective treatment of this pathology.

3. Polyunsaturated Fatty Acids and Metabolic
Syndrome Risk

Fatty acids (FAs) play multiple roles in humans and other
organisms. Most importantly, FAs are a substantial part of
lipids. Fatty acids are either saturated or unsaturated
carboxylic acids with carbon chains varying between 2 and
36 carbon atoms. Polyunsaturated fatty acids with an acid
end containing the functional carboxylic acid group and a
methyl end are also known as omega end. In omega-3 (w-3
or n-3) and omega-6 (w-6 or n-6) fatty acids, the first site of
desaturation is located after the third and the sixth carbon
from the omega end, respectively. Our body cannot syn-
thesize some PUFAs, such as alpha-linolenic acid (18:3n3)
and linoleic acid (18:2n6). These essential PUFAs enter our
bodies only through diet. The dietary sources of n-3 PUFAs
include fish oils rich in eicosapentaenoic acid (20:5n3) and
docosahexaenoic acid (22:6n3), whereas the n-6 PUFA
linoleic acid is mostly found in plants and vegetable oils
[47].

Nowadays, there is growing evidence showing that di-
etary n-3 PUFAs have a variety of healthy properties such as
the reduction of plasma atherogenic lipids and inflammation
[16, 21, 25, 41, 47-49]. The associations between n-3 PUFAs
and metabolic syndrome risk demonstrate inconsistent re-
sults [50]. Several cross-sectional and case-control studies
have indicated that plasma/serum n-3 PUFAs were signif-
icantly higher in healthy subjects compared with those in
patients with MetS, while some studies have suggested
opposite and null associations [51]. Meanwhile, Guo et al.
showed that higher circulating n-3 PUFAs were significantly
associated with decreased MetS risk [52]. A study by Kim
et al. demonstrated that in healthy individuals the level of
long-chain n-3 PUFAs is positively correlated with insulin
sensitivity [53]. A decrease in the level of PUFAs has been
established in patients with T2DM and diabetic retinopathy.
It was found that the development of insulin resistance is
preceded by a reduction of essential n-3 PUFAs in the cell
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membranes [6]. There are several reasons why n-3 PUFAs
are important in the pathogenesis and prevention of MetS.
PUFAs perform a structural function, being important
components of the cell membrane and determining its
physical and chemical properties [10, 16]. The efficiency of
glucose transport and expression of many receptors depend
on the composition and ratio of PUFAs in the cell membrane
[17]. Also, PUFAs are the precursors for inflammatory and
pro-resolving lipids mediators™ synthesis [29, 32]. The im-
balance between the synthesis of inflammatory and pro-
resolving lipids mediators determines the development of
chronic inflammation in MetS. Furthermore, we will
summarize the main molecular mechanisms underlying the
ability of n-3 PUFAs to prevent and/or ameliorate insulin
resistance and inflammation in MetS.

3.1. Polyunsaturated Fatty Acids and Glucose Transport.
The identification of a causal relationship between the
composition of fatty acids of cell membranes and MetS
pathogenesis significantly contributes to an understanding
of the main pathophysiological mechanisms of the disease.

Polyunsaturated fatty acids affect the fundamental
properties of the cell membrane, including its fluidity,
elasticity, receptor expression activity, the functionality of
embedded proteins, and signal transmission through lipid
rafts, which leads to changes in cell signaling and modifi-
cation of gene expression [54, 55]. The length and degree of
the FA chain unsaturation have a profound effect on the
physical and chemical properties of cell membranes [48].
The ratio of polyunsaturated to saturated fatty acids de-
termines the membrane flexibility, which affects the effi-
ciency of glucose transport using insulin-independent
glucose transporters (GLUTs) and insulin-dependent
GLUTH4 [54].

GLUT!I is a monomeric protein with 12 transmembrane
helical segments [56]. One molecule GLUTI1 covers an area
of about 17 molecules of a phosphatidylcholine bilayer with
saturated fatty acids (SFAs), which requires a high mem-
brane flexibility for pore formation. GLUT4 is inserted into
the membrane of intracellular vesicles, which demands the
flexibility of the vesicular membrane. The GLUT4 con-
taining vesicles take part in a fusion process with the cell
membrane. The increased flexibility of the membrane
provides a smooth bending of the cell membrane bilayer and
the fused pores formation [54]. Thus, decreased membrane
flexibility causes a reduction in all Class 1 glucose trans-
porters which, in turn, reduces the glucose flux and increases
the plasma glucose concentration. Therefore, high mem-
brane flexibility is a crucial factor in glucose transport.
Changes in the fatty acid composition of membranes will
result in disturbance in the physicochemical properties of
the bilayer, such as flexibility and fluidity. Tighter membrane
packaging due to increased saturated fatty acids in it leads to
a reduction in the capacity for GLUT4 glucose transport
[54].

A number of other studies have also revealed that an in-
crease in the level of saturated fatty acids in the cell membrane
is associated with a growth in blood glucose level and the

development of insulin resistance [13, 14]. The important role
of PUFAs in maintaining glucose-insulin homeostasis is
confirmed by many studies [13-15, 21, 25, 47, 49, 51, 53].
Comprehensive evidence shows that diet n-3 PUFAs can
improve insulin signal transduction in adipocytes, affecting in
turn the insulin-stimulated glucose uptake through the regu-
lation of the expression or the translocation of the GLUT4 [11].
In vitro studies have found that adipocytes from n-3 PUFAs-
depleted rats had lower basal and insulin-stimulated glucose
incorporation, while cultured adipocytes supplemented with
fish oil increased levels of GLUT4 and GLUT1 [41]. Gonzalez-
Périz et al. [11] reported that feeding with a marine n-3 PUFAs-
enriched diet improved insulin resistance in association with an
increased expression of Irs-1 and Glut4mRNA in the adipose
tissue of genetically obese ob/ob mice. The above indicates the
huge importance of n-3 PUFAs in the development and
regulation of components in the MetS, such as insulin resis-
tance and glucose tolerance.

3.2. Polyunsaturated Fatty Acids and Inflammation.
Numerous studies have suggested that MetS, like its
downstream sequelae of atherosclerotic cardiovascular
disease and T2DM, is largely an inflammatory disease [24].
A chronic, low-grade inflammatory state caused by obesity
leads to metabolic alterations responsible for multiple organ
damage [57, 58]. This metabolic dysfunction could deter-
mine clinical conditions such as hypertension, hyper-
cholesterinemia, and insulin resistance [40]. The
contribution of inflammation to insulin resistance has been
widely studied, and immunological changes occurring in
various tissues are thought to be etiological factors affecting
the development of insulin resistance [58]. A characteristic
of obese people is a chronic, low-grade inflammation state
promoted by the release of many inflammatory mediators by
the adipose tissue and, more importantly, by infiltrating
macrophages. PUFAs and their oxidized metabolites are
important participants of the inflammatory processes of
MetS [13, 15, 27, 28]. Understanding the molecular mech-
anisms of the participation of PUFAs and their metabolites
in the pathogenesis of MetS will contribute to the devel-
opment of new diagnostic methods and targeted therapy for
this disease.

3.2.1. Specialized Pro-Resolving Mediators. Inflammation is
a complex, multifactorial adaptive process with different
periods of development. Inflammation is a natural reaction
to harmful irritants, such as bacterial infections, virus in-
fections, and tissue damage. This is a host’s defensive re-
action in which immune and endothelial cells and
proinflammatory mediators are attracted to eliminate in-
flammatory agents, clear damaged cells and tissues, and
initiate tissue repair. This response, when properly func-
tioning, is self-limiting and leads to the cessation of the
inflammatory response and a return to homeostasis, a
process called the resolution of inflammation [16, 48].
Resolution of inflammation is now known to be an active
process involving the activation of negative feedback
mechanisms, such as anti-inflammatory cytokine secretion,



reduction in receptor expression, activation of regulatory
cells, and production of pro-resolving lipid mediators [57].
However, when acute inflammation is intense or prolonged,
the resolution process is not successful, which leads to ex-
cessive tissue damage and ultimately resulting in chronic
inflammation [16]. Many studies have confirmed that un-
resolved inflammation is the main mechanism for the
pathogenesis of MetS [15, 16, 24, 48, 57, 58].

PUFAs are a source of synthesis of inflammatory and
pro-resolving lipid mediators. The major substrate for the
synthesis of inflammatory lipid mediators is arachidonic
acid (20:4n6) (see Figure 1). The high content of 20:4n6
provides a direct link with inflammation since 20:4n6 re-
leased from cell membrane phospholipids acts as a substrate
for cyclooxygenase (COX), lipoxygenase (LOX), and cyto-
chrome P450 enzymes [29]. Eicosanoids are important
regulators and mediators of acute inflammatory processes
and include prostaglandins (PGs), thromboxanes (TBs), and
leukotrienes (LTs). Many anti-inflammatory therapies, such
as nonsteroidal anti-inflammatory drugs and COX inhibi-
tors, target arachidonic acid metabolism [29, 35, 59, 60].

Eicosapentaenoic acid (20:5n3) and docosahexaenoic
acid (22:6n3) from the n-3 PUFAs family are a source of
synthesizing specialized pro-resolving mediators (SPMs):
maresins, resolvins, and protectins (see Figure 1) [32-35].
SPMs are a class of cell compounds generated at a later
stage of the inflammation and initiate the resolution of the
inflammatory process [33, 34, 61]. SPMs actively facilitate
the resolution stage of acute inflammation unlike eicosa-
noids, which mainly act during the first stage of inflam-
mation. A balanced n-6:n-3 PUFAs ratio (where 1:1to 2:
1 is optimal) is important for homeostasis and normal
development throughout the lifespan. High n-6 PUFA
intake in the Western diet increases the n-6:n-3 ratio to a
range from 10:1 to 20:1 and may play a role in the
pathogenesis of MetS and related diseases [36]. The balance
between n-3 PUFAs and n-6 PUFAs determines the path of
inflammatory response. The prevalence of n-6 PUFAs and
the shortage of n-3 PUFAs may contribute to impaired
inflammation resolution [31].

Docosahexaenoic acid- and eicosapentaenoic acid-de-
rived SPMs are identified in the adipose tissue. At the same
time, the levels of certain SPMs are markedly reduced with
obesity, suggesting adipose SPM deficiency, potentially
resulting in unresolved inflammation [36].

Resolvins are synthesized spontaneously from eicosa-
pentaenoic and docosahexaenoic acids during inflammation
and thus are designated as E-series (RvVE) and D-series
(RvD), respectively [32]. The anti-inflammatory effect of
RvEL is due to interaction with peroxisome proliferator-
activated receptors (PPARs), which are classified as nuclear
transcription factors with anti-inflammatory activity. Leu-
kotriene B4 receptor 1 (BLT1) and G protein-coupled re-
ceptor, Chemerin Receptor 23 (ChemR23), are receptors for
RvEL. RvE2 has a similar biologic effect; it regulates neu-
trophil chemotaxis and activates phagocytosis and proin-
flammatory cytokines synthesis [31, 62].

Protectins (PD) are another class of pro-resolving
molecules produced from 22:6n3 during the resolution of
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inflammation. Protectins are synthesized by a number of
cells  including  brain  cells, monocytes, and
CD4+ lymphocytes [33]. PD1, the key representative of the
protectin family, demonstrates a strong anti-inflammatory
and neuroprotective effect. This mediator functioning is
based on PPARs interacting and NF-«B blocking [62].

An alternative process for docosahexaenoic acid oxy-
genation is found in human macrophages and platelets,
leading to the synthesis of maresin 1 (MaR1). In addition,
13S, 14S-epoxy-maresin, which has important biological
activities of its own, is the precursor for maresin 2 (MaR2)
[36].

Lipoxins (LXs) are powerful anti-inflammatory bio-
regulators suppressing inflammation and activating reso-
lution and recovery processes, in particular in MetS [34]. The
substrate for LXs synthesis is arachidonic acids. Two
members of the LXs family, LXA4 and LXB4, have been well
studied [31]. In general, LXs are a branch of the leukotriene
tamily. For example, their production by platelets is cata-
lyzed by 12-LOX through converting LTA4 [32]. Unlike
proinflammatory LTs, LXs act as powerful anti-inflamma-
tory bioregulators, suppressing the inflammation and acti-
vating the processes of resolution and recovery. The result of
their action is the inhibition of chemotaxis and migration of
macrophages and neutrophils to the inflammatory focus,
blocking of the lipid peroxidation, the activation of NF-«B,
and the suppression of the synthesis of proinflammatory
cytokines. In addition, LXs are actively involved in func-
tioning of macrophages that are associated with homeostasis
restoration processes [32].

There is a considerable amount of evidence regarding the
contribution of n-3 PUFAs to diseases with inflammatory
conditions, such as metabolic syndrome [25, 34-36,
47, 49, 51, 53]. It was reported that SPM levels reduced in
metabolic syndrome as well as sensitivity to SPM of the
adipose tissue [36]. Obesity reduces the levels of PD1, in-
termediates in the synthesis of D-series resolvins and pro-
tectins (17-HDHA), and intermediates in the maresin
biosynthesis (14-HDHA) for the adipose tissues from diet-
and genetically-induced obese mice [36]. One of the
mechanisms resulting in a decrease in the SPM level in
obesity is a change in the enzyme activities involved in
biosynthesis or conversion of certain SPMs. N-3 PUFAs
supplementation increased the level of SPM in the blood of
individuals with obesity and MetS. The effects of n-3 PUFAs
are mediated by their ability to interfere with arachidonic
acid metabolism and promote the synthesis of SPMs. The
supply of n-3 PUFAs increases the levels of resolvins, en-
hances resolution, and improves insulin sensitivity in an
experiment with fat-1 mice. In addition, n-3 PUFAs prevent
macrophage increase, adipokine secretion, and insulin re-
sistance induced by a high-fat diet. Synthetic pro-resolving
lipid mediators (17-hydroxy-DHA) or n-3 PUFAs added to
the treatment contributed to higher levels of pro-resolving
lipid mediators in the adipose tissue, reduced inflammation,
and increased insulin sensitivity [31]. N-3 PUFAs increased
RvE-series levels in patients with MetS but did not affect
RvD-series, which requires further studies into the mech-
anism of n-3 PUFAs influence in MetS. For instance,
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intraperitoneal administration of 17-HDHA or RvD1 sig-
nificantly reduced adipose inflammation and improved the
glucose tolerance in diet-induced obese mice and in db/db
mice [63]. Treatment with either RvD1 or RvD2 also reduced
the secretion of proinflammatory cytokines including TNF-
a, IL-1B3, and IL-12 in the adipose tissue [64]. The MaR1
treatment improved insulin sensitivity, determined with an
insulin tolerance test. MaR1 also increased adiponectin gene
expression and Akt phosphorylation in the adipose tissues
and attenuated adipose tissue inflammation in both ob/ob
and diet-induced obese mice [36]. PD1 treatment acutely
increased the adiponectin transcripts in adipose tissue ex-
plants isolated from ob/ob mice. A potent ability to induce
adiponectin expression/secretion has been demonstrated
with synthetical RvD1, RvD2, and PD1 and their biosyn-
thetic intermediate, 17-HDHA [63].

Therefore, one of the pathogenetic mechanisms of the
development of MetS is a reduction of the processes of
resolving inflammation and the development of chronic,
low-grade inflammatory. A decrease in the synthesis of
specialized pro-resolving lipid mediators is the basis of the
above disorders [65]. Thus, the anti-inflammatory effect of
n-3 PUFAs in MetS can be mediated through the regulation
of the SPM synthesis.

3.2.2. Toll-Like Receptor 4. The inflammatory process ob-
served in individuals with metabolic syndrome differs from
the classical inflammatory response and this type of in-
flammation characterized by a chronic, low-intensity reac-
tion [58]. The toll-like receptor 4 (TLR4) signaling pathway
is acknowledged as one of the main triggers of the obesity-
induced inflammatory response [57]. TLR4 plays a signifi-
cant role in the pathogenesis of inflammation mediated by

insulin resistance in MetS [57]. Toll-like receptors, including
TLR4, are type 1 transmembrane proteins with three do-
mains: (1) extracellular domain with leucine-rich repeats
(LRRs) responsible for ligand recognition; (2) transmem-
brane domain; and (3) intracellular toll/interleukin-1 re-
ceptor (TIR) domain. These provide signal transmission
from the cell surface to adapter proteins. TLR4 was the first
TLR reported in humans; it is expressed in innate immune
cells, including monocytes, macrophages, and dendritic
cells, as well as in other cell types, such as adipocytes,
enterocytes, and muscle cells. TLR4 is a membrane-asso-
ciated receptor involved in lipid recognition [66]. TLRs are
activated both by the influence of endogenous ligands and by
the participation of lipids—cholesterol, SFAs, and oxidized
forms of phospholipids [67].

Humans with type I diabetes exhibit greater expression
of TLR4 in the cellular membrane in monocytes. Individuals
with T2DM show increased cellular membrane levels of
TLR4 in blood monocytes, as well as a higher concentration
of IL-1, IL-6, IL-8, and TNF in serum. Similarly, TLR4 is
more highly expressed in blood mononuclear cells and in the
abdominal subcutaneous white adipose tissue of obese and
diabetic individuals [57, 68].

Lipids from foods change the expression of TLRs by cells
[69]. On the one hand, SFAs activate the TLR4 signaling
pathway (see Figure 2). Among the SFAs, lauric acid (12:0)
and palmitic acid (16:0) had the strongest activation ca-
pacity through TLR4 [69]. On the other hand, TLRs can be
inhibited by PUFAs [70]. Consumption of n-3 PUFAs,
particularly 22:6n3, is associated with anti-inflammatory and
cardioprotective effects. It is believed that the use of n-3
PUFAs is associated with anti-inflammatory activity due to
inhibition of arachidonic acid metabolism [71]. The mo-
lecular effect of n-3 PUFAs, especially 20:5n3 and 22:6n3, on
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inflammatory-response modulation are based on the ability
of these PUFAs to inhibit the expression of inflammatory
genes, such as COX-2, iINOS, and IL-1 in macrophages [72].
PUFAs of the n-3 family reduce the activation of the NF-«B
transcription factor pathway that is induced by various
agonists [70].

Other mechanisms modulate the inflammatory response
by fatty acids based on binding G protein-coupled receptor
120 (GPR120) [66]. GPR120 is a free fatty acid 4 receptor
(FFAR4), and GPRI120 activation induced by n-3 PUFA
leads to f-arrestin 2 recruitment to the plasma membrane
where this protein binds to GPR120 (see Figure 2) The
GPR120/f3-arrestin 2 complex is internalized into the cy-
toplasmic compartment where this complex binds to the
TAK1-binding protein (TAB1). This process impairs the
association between TABI and the kinase activated by the
growth factor beta (TAK1) and, consequently, results in
reduced TAK1 activation and decreases the activity of the
IKK-B/NF-kB and JNK/AP-1 signaling pathways. The
mitigation of TAK-1 activation by n-3 PUFAs leads to the
reduced expression of TNF-« and IL-6 genes with proin-
flammatory actions [17, 57].

One more important molecular mechanism that is as-
sociated with the n-3 PUFA effects concerns their capacities
to bind to PPARs [62]. Three isoforms of PPARs are known:
PPARa (NR1C1), PPARB/S§ (NR1C2), and PPARy (NRI1C3).
PPARs are involved in the regulation of inflammatory re-
actions and lipid metabolism. The anti-inflammatory
properties of PPARs are mainly achieved by inhibiting
nuclear factor-kappa B (NF-xB) which, in turn, is the

proinflammatory nuclear transcription factor [73]. The in-
teractions between PPARs, NF-«B, and toll-like receptors
(TLRs) are of great interest. Along with the anti-inflam-
matory mechanism of action of PPARs, the proin-
flammatory activity of some isoforms of PPARs is also being
studied. For example, PPARy is considered a mediator of
interactions between dendritic and T cells in the develop-
ment of type 2 (or T2) inflammation [73]. N-3 PUFAs di-
rectly interact with PPARs and, therefore, modulate the
expression of genes that are involved in lipid metabolism
and the inflammatory response [57]. Anti-inflammatory
effects of 20:5n3 and 22:6n3 on this signaling pathway can
occur due to diminished nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity, which leads to lower
TLR4 recruitment for lipid rafts and TLR4 dimerization [16].
Also, another possible mechanism of action of the n-3 PUFA
concerns the capacity of incorporating 22:6n3 into the
plasma membrane, which can lead to reduced TLR4
translocation for lipid rafts formation [74, 75]. The variety of
molecular mechanisms in lipids and TLR4 signaling path-
way interaction indicates the complexity of the pathogenesis
of MetS and associated diseases.

3.3. Polyunsaturated Fatty Acids and Plasmalogens.
Permanent exogenous use of PUFA is a necessary condition
for maintaining immune-metabolic homeostasis. The profile
of fatty acids that are present in the Western diet consists of a
high level of saturated fatty acids and trans fatty acids. While
the total consumption of marine and plant n-3
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polyunsaturated fatty acids in contemporary society is sig-
nificantly reduced [7, 76].

Another reason for PUFAs reduction is deterioration in
the plasmalogen synthesis [77]. Plasmalogens are a subclass
of phospholipids characterized by having a vinyl ether bond
linking the fatty aldehyde to the glycerol molecule in the 1-
position and a fatty acyl bond in the 2-position. The sn-1
position consists of palmitic acid (16: 0), stearic acid (18:0),
or oleic acid (18:1) carbon chains, and the head group is
usually either ethanolamine or choline. Thus, there are two
main types of plasmalogens: ethanolamine plasmalogens
and choline plasmalogens. The sn-2 position is generally
occupied by PUFAs, specifically arachidonic acid or doco-
sahexaenoic acid [78, 79].

The highest concentrations of plasmalogens are found in
the brain, red blood cells, skeletal muscle, and spermatozoa
and can represent as much as 18-20% of the total phos-
pholipids in cell membranes [78, 79]. Plasmalogens are
either derived from dietary sources and/or are synthesized
mainly in the liver and gastrointestinal epithelium. Plas-
malogens are not only important structural phospholipids in
the cell membranes but they are also reservoirs of secondary
messages and mediators of membrane dynamics and in-
volved in membrane fusion, ion transport, cholesterol efflux,
membrane-bound enzyme activity, and diffusion of signal-
transduction molecules [80].

Secondary deficiency of plasmalogens triggered by their
synthesis reduction or their degradation growth is associated
with metabolic and inflammatory disorders such as cardiac
diseases and diabetes mellitus [77]. The specificity of choline
plasmalogens as a sensitive biomarker of an atherogenic
state was confirmed. On the one hand, positive correlations
of the choline plasmalogen content with serum adiponectin
concentration and high-density lipoproteins (HDL), and on
the other hand, inverse relationships with waist circum-
ference, including triacylglycerides and low-density lipo-
proteins (LDL) content, have been identified. Reduced levels
of ethanolamine plasmalogens in plasma have been shown to
be also closely associated with cardiovascular, metabolic, and
cancer diseases [81]. The content of plasmalogens is rela-
tively stable in all lipoprotein fractions. However, the cor-
relation between the levels of choline plasmalogens and HDL
is stronger than that between the levels of ethanolamine
plasmalogens and HDL. In the study by Pietildinen et al., a
decrease in the level of plasmalogens in adipocyte mem-
branes in obese twins was established compared with
metabolically healthy twins. Conversely, plasmalogen levels
increase in trained people and dietary patients [82]. At the
same time, it was found that the level of plasmalogens in-
creases in the liver of rats receiving a high-fat diet [83].

The adaptation of the phospholipid composition of cells
to exogenous lipid changes has been verified [83]. The
compensatory response to a decrease in the plasmalogen
level is the regulation of the level of phosphatidylethanol-
amine [84]. However, with plasmalogen deficiency, the total
amount of PUFAs in phosphatidylethanolamine remains
constant in human fibroblasts and in the brains of mice.
Plasmalogens have been noted to play an important role as
neuroprotectors and modulators of the signaling

mechanisms of cell membranes [85]. Plasmalogens also act
as endogenous antioxidants, protecting lipids and lipopro-
teins from oxidative stress [86]. This can be attributed to the
fact that the hydrogen atoms adjacent to the vinyl ether bond
are more susceptible to oxidation, protecting PUFAs from it
that are found in the sn-2 position of the glycerol residue.
Plasmalogen oxidation products are not capable of further
initiation of lipid peroxidation processes. Another impor-
tant function of plasmalogens is their participation in cell
metabolism and transmembrane transport of FAs. The
presence of PUFAs in the side chains of plasmalogens
preconfigures their significant depositing function [77].
Cholesterol esterification depends on the level of plasmal-
ogens. So, for example, the cells characterized by plasmal-
ogen deficiency demonstrated a lower level of esterified
cholesterol and a higher level of free and total cholesterol
[84].

Therefore, the important role of plasmalogens as
modulators of signaling mechanisms in protecting cells from
lipid peroxidation and participation in PUFA metabolism
has been made clear. However, the exact biological functions
of plasmalogens and the underlying molecular mechanisms
still remain to be discovered [52, 55].

4. Free Fatty Acids and Metabolic
Syndrome Risk

Free fatty acids (FFAs), or nonesterified fatty acids (NEFAs),
in circulating plasma are derived from the ingestion of
dietary fat or from the triglycerides stored in adipose tissue
that are distributed to cells to serve as fuel for muscle
contraction and systemic metabolism [87]. As FAs are in-
soluble in water, they are transported by binding to plasma
albumin. FFAs can be taken up from circulating plasma by
all mitochondria-containing cells, and they are metabolized
by -oxidation [17]. FFAs carry out many important bio-
logical functions in the body, and they are a source of energy,
signal molecules, and structural components of cell mem-
branes [17]. FFAs are involved in the pathogenesis of insulin
resistance and subsequent development of metabolic syn-
drome [12, 17, 87]. Chronic energy imbalance can trigger
adipocyte hypertrophy, endoplasmic reticulum stress, and
mitochondrial dysfunction, which lead to the systemic re-
lease of FFAs [17, 88-90]. When plasma FFA levels rise, as
occurs in obesity, a lipotoxicity state is induced, which in-
duce activation of different cell responses: oxidative stress,
apoptosis, and inflammation [17]. Consequently, FFAs play
a highly important role in the association between obesity
and insulin resistance.

4.1. FFAs and Mitochondria. There is an interesting hy-
pothesis that IR is associated with the development of mi-
tochondrial dysfunction [87, 90]. Lipid degradation occurs
in mitochondria. On top of that, the normal functioning of
mitochondria provides glucose-stimulated insulin secretion
from fS-cells of the pancreas. Initially, the theories have
suggested that impaired mitochondrial function leads to
impaired -oxidation of lipids, which is accompanied by the



accumulation of FFAs in peripheral tissues (lipotoxicity
theory) [91]. The accumulation of lipid metabolites brings
about the activation of kinases involved in the disruption of
insulin signaling at the level of insulin receptor substrate 1
(IRS-1). In skeletal muscles, insulin signaling pathway dis-
order is accompanied by a decrease in the production of
GLUT4 and glucose uptake by cells. In this case, an im-
provement in insulin sensitivity can be achieved by en-
hancing the $-oxidation of lipids. This theory was supported
by studies that proved an increase in the rate of 5-oxidation
of lipids to be followed by protection against the develop-
ment of IR [17].

Nevertheless, the early stages of obesity and IR devel-
opment are characterized by an increase in $-oxidation of
lipids. Besides, an impairment of fat oxidation results in
higher insulin production. Therefore, mitochondrial dys-
function in skeletal muscles cannot be the only reason for the
development of IR [92].

An alternative explanation of the relationship between
mitochondria and insulin resistance is focused on the
production of a reactive oxygen species (ROS) by mito-
chondria as a result of excess accumulation of FFAs in them
[92]. Oxidative stress is known to be a pathogenetic com-
ponent of chronic inflammation development and IR [88].
An oxidized redox environment can induce insulin resis-
tance by directly affecting the protein involved in glucose
uptake [89].

On the other hand, changes in redox cell homeostasis
have been argued to step up the activity of the serine-/
threonine-sensitive stress kinases that inhibit the trans-
mission of insulin signals, inducing the development of IR
[93, 94].

Oxidative stress also can stimulate the activation of
transcriptional factors, such as nuclear factor-kappa B (NF-
¥B), activator protein 1 (AP-1), and hypoxia-inducible factor
1 (HIF-1), which promote the synthesis of inflammatory
cytokines (IL-1f3, IL-6, and TNF-«a) (see Figure 3). These
inflammatory cytokines contribute to obesity-associated
local inflammation and directly induce insulin resistance.
Also, chronic prolonged FFAs excess is the cause of pan-
creatic 3-cells dysfunction. In addition, FFAs inhibit insulin
gene expression and induce apoptosis in these cells [17].

Although discussing the role of mitochondrial skeletal
muscle dysfunction in the pathogenesis of IR and type 2
diabetes is still underway [93], it is generally accepted that a
mitochondrial defect does occur in these diseases. The
connection between IR and mitochondrial dysfunction of
liver cells, visceral, and subcutaneous adipose tissue has been
proved [95]. Moreover, in the mitochondria of individuals
suffering from obesity and type 2 diabetes, ATP synthesis is
reduced, which correlates with the accumulation of FFAs
and inhibition of insulin-stimulated glucose utilization.

4.2. FFAs and Endoplasmic Reticulum Stress. Results of
numerous studies establish that dysregulation of the en-
doplasmic reticulum (ER) function contributes to the de-
velopment of MetS [96, 97]. Mitochondria are known to be
both functionally and structurally associated with ER [97].
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Obviously, the changes of the structure and function of these
organelles can serve as a trigger for the development of
metabolic homeostasis disorders [96]. ER is involved in
maintaining Ca2+ homeostasis and participates in matu-
ration and expression of membrane and secretion proteins.
Cell stress conditions that increase ER demand and entail an
overload of its functional capacity cause a series of alter-
ations known as “endoplasmic reticulum stress.” Under
these conditions, the ER activates a compensatory mecha-
nism called the “unfolding protein response” (UPR), which
attempts to restore the homeostasis of ER functions. With
the stressful effects lasting for a long time, ER stress results in
cell death (apoptosis) [17, 98].

UPR triggers activation of inositol-requiring endor-
ibonuclease enzyme (IRE) (see Figure 3). The activation of
IRE induces interaction with TRAF protein, which stimu-
lations activation of IKKf and JNK kinases. Its reaction can
phosphorylate IRS, thus blocking insulin signaling. In re-
sponse to the enhanced level of FFAs and other nutrients in
fats, adipose cells can develop signs of ER stress [17]. ER
stress produces insulin resistance mainly through JNK ac-
tivation. JNK activity has been detected to be elevated in
animal models of obesity, and JNK isoforms 1 and 2 deletion
protects mice from insulin resistance induced by a fat-rich
diet. Experimental evidence indicates that, on the one hand,
JNK phosphorylates serine IRS-1, and on the other, it
phosphorylates IKKf, which leads to NF-«B activation and
to inflammation development [96]. Remarkably, that change
in expression of sarco/endoplasmic reticulum Ca2+ ATPase
(SERCA), which has calcium elimination from the cytosol
and returns it to the ER as their function, is associated with
ER stress and subsequently with insulin resistance. The
treatment of people with diabetes mellitus by rosiglitazone,
an antidiabetic drug, increased SERCA expression, thus
restoring the pump expression reduction observed in dia-
betic patients with altered hyperglycemia [17]. This way, the
decrease in SERCA expression promotes the development of
ER stress, with JNK ensuing activation, which desensitizes
the insulin signal, thus generating a state of insulin resistance
and contributing to chronic metabolic deterioration.

4.3. FFAs as Ligands for FEFAR. FFAs serve not only as energy
sources but also as natural ligands for a group of orphan G
protein-coupled receptors (GPCRs) termed free fatty acid
receptors (FFARs) [99]. The GPCR superfamily is the largest
one in the human genome and encompasses some sub-
families (Gq, Gi, Gs, and G12/13) [100]. These receptors
respond to various ligands and, therefore, are involved in the
pathogenesis of many diseases, e.g., MetS, and are the target
for more than half of pharmaceutical products [101-106].
There are four main members of FFAR family: FFARI
(GPR40), FFAR2 (GPR43), FFAR3 (GPR41), and FFAR4
(GPR120 and GPR84) (see Table 1) [75].

FFARI expression was revealed in neurons and in
pancreas f3-cells [99]. FFAR2 and FFAR3 are common in
leukocytes and adipose tissues. Besides, FFAR3 is also
expressed by pancreas cells, in the sympathetic nervous
system and vessel plain muscles [100]. FFAR4 is expressed in



Journal of Obesity 9

Insulin

SFAs l

Insulin
receptor

SFAs

IL-16, IL-6, Mitochondria

IL-8, TNF-a, INE-y

\4 /Endoplasmic

UPR  reticulum stress

ST

F1Gure 3: FFA-induced insulin resistance through endoplasmic reticulum stress and oxidative stress. A high level of FFA induces an increase
in the production of ROS by mitochondria and the formation of oxidative stress. ROS stimulates NF-«B, which promotes the synthesis of L-
1B, IL-6, and TNF-a. These inflammatory cytokines contribute to obesity-associated local inflammation and directly induce insulin re-
sistance. In response to the enhanced level of FFAs and other nutrients in fats, adipose cells can develop signs of ER stress. A decrease in
SERCA expression promotes the development of ER stress. UPR triggers the activation of IRE. Activation of IRE induces interaction with
TRAF protein, which stimulations activation of IKKf and JNK kinases. Its reaction can phosphorylate the IRS, thus blocking insulin
signaling. JNK and IKKp also lead to NF-«B activation and the development of inflammation.

TasLE 1: Family of FFARs and their ligands.

Free fatty

acid Expression Ligand

receptors

FFARI Nerve cells, immune cells, adipocytes, pancreatic -cells, smooth muscle cells of Medium-chain fatty acids and long-chain
(GPR40) respiratory tract fatty acids

FFAR2 Nerve cells, immune cells, adipocytes, pancreatic -cells, intestinal epithelial . .

(GPR43) cells, airway epithelial cells Short-chain fatty acids

FFAR3 Nerve cells, immune cells, adipocytes, pancreatic $-cells, intestinal epithelial . .

(GPR41) cells, airway epithelial cells Short-chain fatty acids

FFAR4 . . . . . Medium-chain fatty acids and long-chain
(GPR120) Nerve cells, adipocytes, immune cells, pancreatic f-cells, cells of the intestine fatty acids

adipocytes, the intestinal tract, macrophages, and in the
central nervous system [105]. There are other specific re-
ceptors for FFA: GPR119 and GRP84. GPR119 is expressed
in intestinal endocrine cells and pancreatic f-cells and ac-
tivates the synthesis of GLP-1 and insulin. GPR84 is
expressed in the spleen, thymus, leukocytes, and macro-
phages [99]. Long- and medium-chain length fatty acids are
endogenous ligands for FFARI, FFAR4, and GPR84. FFAR2
and FFAR3 are activated by short-chain FAs. FFAR2 is
capable of binding with Gq and Gi proteins, whereas FFAR3
binds only with Gi. FFAR4 is activated by n-3 or n-6 PUFAs
[99]. Thus, each FFAR can act as an FFA sensor with se-
lectivity for a particular FFA carbon chain length derived
from food or food-derived metabolites. FFARs have been
reported to have physiological functions such as facilitation
of insulin and incretin hormone secretion, adipocyte

differentiation, anti-inflammatory effects, neuronal re-
sponses, and taste preferences [106]. Dysfunction of FFARs
underlies the pathogenesis of many metabolic diseases, such
as MetS and diabetes mellitus.

It has been found that FFAR4 acts as an anti-inflam-
matory receptor in proinflammatory macrophages and
mature adipocytes. Signaling of FFAR4 activated by n-3
PUFAs inhibits TLR signaling and TNF-a-induced in-
flammatory responses. FFAR4 dysfunction leads to obesity
and glucose intolerance in humans and mice [107]. Many
results strongly support that FFAR4-mediated anti-in-
flammatory effects reduce the infiltration of proin-
flammatory macrophages into the adipose tissue and
improve insulin sensitivity [102].

The activation of FFARI signaling enhances glucose-
stimulated insulin secretion (GSIS) directly via stimulation
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of insulin secretion from pancreatic 5 cells and indirectly via
the production of incretin hormones. Also, the activation of
FFARI signaling reduces the expression of inflammatory
cytokines such as TNF-« and IL-8. It has been shown that
a-linolenic (18:3n3) and oleic (18:1n9) acids improve insulin
resistance in obesity and type 2 diabetes [108].

There is some scientific evidence that short-chain fatty
acids (SCFAs) are a substantial modulator of MetS in-
flammation [109]. SCFAs are the end products of metabolic
fermentation of dietary fibers by gut microbiota. FFAR2 is a
receptor for SCFAs and is expressed in enteroendocrine
cells, adipose tissues, and pancreatic S-cells [99]. Dietary
fiber intake reduces the risk of obesity, diabetes, inflam-
matory bowel disease, colon cancer, and cardiovascular
disease. SCFAs supplementation with a high-fat diet im-
proved insulin sensitivity and increased energy expenditure
in a mouse model of diet-induced obesity [110, 111]. SCFAs
are involved in intestinal immune homeostasis due to their
role in regulating T cell polarization and differentiation. In
human monocytes, SCFAs decrease the production of TNF-
a and increase the production of PGE2 [109]. Activation of
FFAR2 by SCFAs regulates metabolic disorders, increases
energy expenditure, and preferentially enables fat con-
sumption by inhibition of insulin signaling in adipose tis-
sues. The expression of FFAR2 in neutrophils and
mononuclear cells regulates intestinal homeostasis and in-
flammation. In light of this evidence, regulation FFAR2
expression and/or high fiber consumption may be a po-
tential target for therapeutic intervention of MetS.

FFAR3 is also a receptor for SCFAs. FFAR3 is widely
expressed in enteroendocrine cells, adipose tissues, the
peripheral nervous system, peripheral blood mononuclear
cells, monocytes, and macrophages [99]. FFAR3 expression
in intestinal epithelial cells enhances the synthesis of
proinflammatory mediators through extracellular signal-
regulated kinase 1/2 and p38 MAPK [100]. Since these
pathways help to protect against bacterial infection, FFAR3
can stimulate acute inflammatory reactions in the intestine
that have beneficial effects on host homeostasis [112]. Thus,
FFAR 3 can exhibit proinflammatory properties.

5. Conclusion

The wide phenotypic heterogeneity of MetS and its complex
pathogenesis make it difficult to identify a therapeutic target.
This syndrome is considered as a cluster of pathogenetically
related conditions caused by metabolic disorders and the
development of chronic, low-grade inflammation. In this
review, we examined the molecular mechanisms of the
development of MetS driven by impaired lipid metabolism.
PUFAs and FFAs have been shown to play an important role
in both the pathogenesis and treatment of MetS. Fatty acids
perform structural, energy, signaling, and immunoregula-
tory functions. These FAs properties underlie the patho-
genetic mechanisms of glucose transport disturbance, the
development of IR and chronic inflammation, the formation
of oxidative stress, and mitochondrial dysfunction in MetS.
Correction in lifestyle and nutrition is considered as the
main way to minimize complications caused by an
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imbalance in the body between saturated and polyunsatu-
rated fatty acids. At the same time, there are controversial
data about the therapeutic efficacy of dietary n-3 PUFAs in
MetS [50]. SPMs have shown potent pro-resolving actions in
different disease models, including MetS [61]. SPM-based
therapeutics could be one of the most optimistic treatments
for MetS. Further studies are needed to detail the mecha-
nisms of FA participation and their oxidized metabolites in
the development of inflammation and pathogenesis of MetS.
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