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Abstract

Obesity is an increasingly costly and widespread epidemic, effecting 1 in 10 adults worldwide. It
has been causally linked with both the metabolic syndrome and insulin resistance, both of which
are associated with increased chronic inflammation. The exact mechanisms through which
inflammation may contribute to both MetS and IR are numerous and their details are still largely
unknown. Recently, micro-RNAs (miRNAs) have emerged as potential interventional targets due
to their potential preventive roles in the pathogenesis of several diseases, including MetS and
obesity. The purpose of this review paper is to discuss some of the known roles of miRNASs as
mediators of inflammation-associated obesity and IR and how omega-3 polyunsaturated fatty acids
may be used as a nutritional intervention for these disorders.

INTRODUCTION

Current estimates claim that over 78 million US adults are obese in the USA,! and obesity is
now recognized as a disease of epidemic proportions.? It is a very expensive disease as the
total medical costs for obese patients is estimated to be over US$147 billion annually in the
USA alone.3 Obesity increases the risk of other comorbidities such as hypertension, type 11
diabetes (T2D), coronary heart disease, stroke, and some cancers.? It is causally linked with
metabolic syndrome (MetS), characterized by at least three of the following: hypertension,
hyperglycemia, abdominal obesity, elevated plasma triglyceride, and reduced plasma high-
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density lipoproteins (HDL).5 Inflammation and disruption of adipose tissue function are
underlying causes of MetS and obesity.5”

Adipose tissue secretes adipokines, bioactive peptides and lipids that modulate
cardiovascular function, insulin sensitivity, inflammation, and adipose tissue function.89 In
lean individuals, adipose tissue secretes high levels of anti-inflammatory mediators such as
interleukin-10 (IL-10). On the contrary, in individuals with obesity, adipose tissue secretes
high levels of proinflammatory adipokines such as IL-1f, monocyte chemoattractant protein
1 (MCP-1), and tumor necrosis factor (TNF-a.)? as well as IL-6, whose role in the obesity-
associated inflammation is still debatable. This preponderance of proinflammatory versus
anti-inflammatory adipokines is a hallmark of obesity-associated low-grade inflammation
which leads to macrophage infiltration. Adipose tissue macrophages (ATM) fall into two
broad categories: classically activated proinflammatory M1 and alternatively activated anti-
inflammatory M2 subtypes. M1 macrophages secrete proinflammatory cytokines such as
IL-1B, IL-6, and TNF-a, while M2 macrophages are characterized by the production of
different cytokines which includes both proinflammatory and anti-inflammatory mediators
including IL-10, IL-12, tumor growth factor-p (TGF-B), and TNF-a.%10

In healthy ‘lean’ adipose tissue, the anti-inflammatory M2 phenotype is typically dominant;
however, in obesity, the proinflammatory M1 macrophages become the dominating
phenotype in adipose tissue. The mechanisms of this switch have been extensively reviewed.
1011 Briefly, due to leakage of the intestinal barrier, whose permeability is pathologically
increased in obesity, ATMs are continuously stimulated by bacterial lipopolysaccharides
(LPS). Bacterial toxin binds macrophage-associated toll-like receptor 4 (TLR-4) and
stimulates proinflammatory nuclear factor-xappa B (NF-xB) pathway.Further, saturated
fatty acids (SFA) and sterols, whose blood levels are elevated in obesity, make their
independent contribution to the proinflammatory polarization of adipose macrophages and T
cells. A major role in the monocyte recruitment to adipose tissue belongs to the MCP-1
produced by adipocytes. MCP-1 is increased in both genetically modified obese ob/ob mice
and under diet-induced obese conditions (high fat diet (HFD) in wild type (WT) animals.
Moreover, a chronic MCP-1 increase in mice results in insulin resistance (IR) (discussed
below), which was experimentally improved by pharmacological inhibition of MCP-1
signaling.1213

INSULIN AND INSULIN SIGNALING

A principal regulator of carbohydrate metabolism in mammals is insulin, a hormone secreted
by the pancreatic B-cells in response to increased blood glucose. In adipose tissue, insulin
also inhibits lipolysis, thereby reducing free fatty acid (FFA) release from adipocytes and
decreasing blood FFA. Binding of insulin to its tetrameric receptor expressed on the cell
membrane results in the cascade of intracellular signaling events within the insulin-sensitive
tissues (adipose tissue, muscle, liver).14-16 Briefly, the receptor conformation changes once
insulin binds, leading to the autophosphorylation of specific tyrosine residues. This tyrosine
kinase activation is associated with the cytoplasmic moiety of the receptor. The activated
kinase then phosphorylates tyrosine residues on insulin receptor substrates (IRS): G-
proteins, kinases, phosphatases, and other signal transductors.1” It launches a cascade of
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several downstream effects, including the activation of the phosphatidylinositol 3-kinase-
protein kinase B (PI3K)-AKT. The PI3K-AKT pathway is known for its essential role in
mediating insulin-stimulated glucose uptake and gluconeogenesis suppression. The effects
of PIBK-AKT are opposed by the c-Jun N-terminal kinase (JNK), serine kinase as it acts as a
negative regulator of insulin signaling and mediates the proinflammatory intracellular
signaling pathways.18 Thus, under conditions of inflammation associated with obesity, the
molecular signals coming from the inflamed environment interfere the insulin signaling and
promote a reduction in the cell insulin sensitivity at a molecular level.1® Furthermore, other
known mechanisms include phosphorylation of serine instead of tyrosine in the IRS blocks
the insulin signaling pathway (figure 1).

MOLECULAR MECHANISMS OF IR

Obesity is associated with IR, a pathological condition and a factor in T2D and
cardiovascular diseases (CVD).20 In IR, the adipocytes and muscle cells cannot produce a
strong enough response to the insulin signaling and require higher concentration of insulin to
mediate its effects.20 To compensate for IR, pancreatic beta-cells increase their insulin
secretion to bring the blood glucose levels back to a normal range. Over time, the ability of
pancreas to overproduce insulin decreases and they become exhausted, and as a result, the
blood glucose levels rise. A list of described mechanisms which bridge the pathogenesis of
IR and obesity includes endoplasmic reticulum (ER) stress, oxidative stress, mitochondrial
dysfunction, dysregulation of lipid homeostasis (including FFA homeostasis), and hypoxia.
21 Many of these mechanisms have been associated with ectopic lipid accumulation and/or
obesity-induced inflammation.18

Obesity-induced inflammation and IR

Pioneer research by Hotamisligil ef a/ demonstrated that TNF-a., an inflammatory mediator
produced extensively by activated macrophages, is an IR-pathogenicity factor.22 This finding
has been further confirmed by the observation that in obesity, numerous classically activated
F4/80*CD11c* M1 macrophages, phenotypically different from the IL-10 producing M2
macrophages found in ‘lean’ adipose tissue, infiltrate the adipose tissue and make their
contribution to the development of obesity-associated IR.23 More recently, this finding has
been further corroborated by the observation that depletion of CD11c* cells in mice fed very
HFD (60% kcal from fat) resulted in rapid and substantial recovery of insulin sensitivity.24

In a proinflammatory environment, the expression of the NF-xB transcription factor in the
adipocytes of ‘obese’ adipose tissue is elevated dramatically, and it induces the expression of
NF-xB-regulated inflammation-related genes (eg, TNF-a, MCP-1, IL-1p) and cell survival
genes. In the canonical NF-xB activation pathway, its activation in adipocytes and immune
cells may be stimulated by such obesity-associated stimuli as IL-1 and LPS of gram-negative
bacteria,2> which penetrate the leaky intestinal barrier and reach the adipose tissue via
systemic circulation.2® Upon binding of the respective ligand to the TNF receptor, IL-1
receptor or the toll-like receptor-4 (TLR-4), a cytoplasmic IkB kinase-beta (IKKp) activates
an NF-xB signal transduction pathway by phosphorylating the IkB proteins. Activation of
IkB enables NF-xB translocation from the cytoplasm to nucleus, where it initiates
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transcription of target genes.2> Suppression of this IKKB/NF-xB-dependent inflammation
reduces IR and the development of T2D in both animals and humans.27-2° Therefore, the
adipocytes and indigenous proinflammatory ATMs both contribute to chronic adipose tissue
inflammation and promote obesity-associated IR.

Another pathway implicated in IR pathogenesis is INK pathway which is abnormally
activated in HFD-induced obese mice. Corroborating with this, selective adenovirus-induced
activation of JNK pathway in mouse liver resulted in decreased insulin sensitivity, while its
suppression leads to significant improvements in insulin resistance in high fat/high sucrose
model of diet-induced obesity. In particular, liver gluconeogenesis was significantly reduced
in these animals.30 Additionally, JNK-1 knockout mice are resistant to weight gain and IR in
two different models of obesity.31

In addition to serine kinases, two members of the suppressor of cytokine signaling (SOCS)
protein family members, SOCS-1 and SOCS-3, act as inhibitors of insulin signaling.32
Expression of SOCS-3 is associated with obesity in animal models of IR32 and may be
induced by proinflammatory agents such as TNF-a. and LPS.3334 SOCS-1 and SOCS-3
inhibit the IRS tyrosine phosphorylation and promote IRS degradation by the proteasomes.33

In addition to the pathways mentioned above, inflammasomes are large multiprotein
intracellular complexes that activate the pattern recognition receptors and induce secretion of
IL-1B and IL-18 in myeloid cells resulting in obesity-associated IR. Treating LPS-stimulated
bone marrow macrophages with palmitate, a saturated fatty acid, caused a dramatic increase
in IL-1B and 1L-18 secretion.3® Interestingly, treating cells with an unsaturated fatty acid,
oleate, did not produce such effect. Moreover, apart from the insulin signaling, negatively
affected by the inflammasome activation, IL-1p secretion by myeloid cells also results in
inflammasome activation which can interfere with insulin sensitivity.3® In this same study,
they also demonstrated that inflammasome activation depends on reactive oxygen species
(ROS), another inflammation-associated group of compounds, produced extensively by the
activated phagocytes.

A few studies have demonstrated that deficiency of essential components of the
inflammasome (Caspase 1, NLRP3, PYCARD), suppresses the inflammation and improves
IR in mouse models of diet-induced obesity.3” CD4* T cells, which are the mature T helper
lymphocytes, play an important role in overall immune response and insulin sensitivity in
adipocytes.38 In ‘lean’ adipose tissue, anti-inflammatory Th2 cells are the dominant CD4*
subtype, while in diet-induced obesity, proinflammatory interferon-y-producing Th1 cells
increase their numbers and overwhelm their Th2 counterparts. Adaptive transfer of the Th2
cells into obese lymphopenic recombinase activated gene-1 deficient (Rag-1~/") mice
improved IR.38 In addition, T cell depletion with anti-CD3 antibodies in both diet-induced
and genetic mouse models of obesity reduced the numbers of prevailing Thl cells in adipose
tissue and successfully reversed IR along with recovering the M2:M1 ATM ratio.38

The link between inflammation and IR in obesity was also illustrated in a study that focused
on the role of eosinophils, granulocyte myeloid cells which are associated with the innate
immunity and anti-inflammatory Th2 immune responses. Even though eosinophil numbers
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in the ‘lean’ adipose tissue are very low, they have been shown to be crucial for sustaining
the M2 ATM phenotype and therefore aid in maintaining the ‘healthy’ M2:M1 ATM
balance. Moreover, IR was ameliorated in hypereosinophilic HFD-fed mice, in which
eosinophil numbers were elevated via the helminth infection or transgenic IL-5 expression.3?

Another inflammatory mediator that has been recently implicated in the pathogenesis of
several chronic diseases, including MetS, T2D and type 1 diabetes (T1D) is the lipid
mediator leukotriene B4 (LTB4).40 In mice fed with HFD, the adipose tissue produces an
increased level of LTB4 that recruits monocytes, skews ATM to M1 phenotype and promotes
inflammation resulting in IR and hyperglycemia.%? Because activation of the LTB4 occurs
through its receptor (BLT1) to induce JNK pathway, LTB4 promotes IR in adipose tissue
directly through its own receptor and by enhancing the production of proinflammatory
cytokines.#1 In T1D mice, LTB4 is systemically produced and enhanced the myeloid
differentiation primary response gene 88 (MyD88) expression in macrophages. As MyD88
is the adaptor molecule for several TLR and IL1 receptors, the LTB4 also potentiates the
inflammation in T1D and is associated with increased sepsis susceptibility in T1D mice.*!

Omega 3 polyunsaturated fatty acids (PUFAS), as an intervention to reduce inflammation
in obesity and IR

The importance of omega-3 and omega-6 PUFAS (w—3 and w-6 PUFAS) for human health
is related to their role as metabolic precursors to eicosanoids, a family of signaling
molecules which play a crucial role in regulating the inflammatory processes in an organism.
Both w—3 and w—6 PUFASs are essential food components because they cannot be
synthesized in mammals.#2 Short-chain w-6 PUFA linoleic acid (C18:2) and short-chain w
-3 PUFA a-linolenic acid (ALA; C18:3), consumed with the diet, undergo a series of
parallel and competitive desaturation, elongation and p-oxidation reactions and serve as
precursors for the long-chain PUFAs: arachidonic acid (C20:4; w—6) and eicosapentaenoic
acid and docosahexaenoic acids (EPA and DHA; C20:5 and C22:6 respectively). Long-chain
w—3 PUFAs give rise further to the anti-inflammatory compounds of lipid nature, such as
resolvins, protectins and maresins which also play a crucial role in tissue damage recovery.
4243 On contrast, the derivatives of w—-6 PUFASs, such as prostaglandin E2 (PGE2) and LTB4
are the mediators of inflammation.#244 The rates of conversion from ALA to EPA are
limited. As little as about 0.2%-8% of consumed ALA is converted to EPA and only 0%—
4% of ALA to DHA.4%46 |n this regard, the dietary interventions using EPA and/or DHA
may represent a potent therapeutic tool for treating and or preventing obesity-associated
inflammation and IR.47 Furthermore, dietary changes in the countries which have accepted
‘western way of life’ and more recently, in many other regions of the world, led to dramatic
increase in w—6/w—3 diet ratio, which have been implicated in the pathogenesis of chronic
inflammatory diseases.*8

A few studies have addressed the anti-inflammatory effects of EPA and DHA in adipose
tissue (summarized in figure 1). For instance, an /n vitro study showed that exposure of LPS-
stimulated human adipose tissue or mature adipocytes to DHA or EPA decreased secretion
of cytokines such as TNF-a, IL-6 and MCP-1.4% Spencer et a/ have demonstrated that
supplementing the diet of human patients, suffering from IR but not a T2D, with 4 g/day w

J Investig Med. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pahlavani et al.

Micro-RNAs

Page 6

—3-acid ethyl esters for 12 weeks reduced ATM numbers, increased vascularity and reduced
MCP-1 expression in the adipose tissue.>C It was demonstrated in the same study that co-
culturing human macrophages polarized from THP-1 monocytes with adipocytes in the
presence of DHA or EPA resulted in decreased expression of proinflammatory cytokine
genes as MCP-1 and TNF-a in both adipocytes and macrophages.>®

Metabolic effects of long-chain w—3 PUFAs are largely mediated by perixosome-
proliferator-activated receptor (PPAR) transcription factors, with two receptor subtypes,
PPARa and PPARYy, involved in the lipid-metabolizing effects.#24351 PPARy mediates the
EPA and DHA effects on adiponectin upregulation,>? while PPARa mediates EPA’s
beneficial effects on hepatic insulin sensitivity, as it was shown by studies in which
supplying mouse HFD with 8% fish oil resulted in the improved hepatic insulin sensitivity in
WT but not in PPARa knockout animals.53 In the liver, dietary EPA also suppressed the
lipogenesis and steatosis in mice fed a high-fat, high-sucrose diet.>* In addition to
stimulating PPARs, w—3 PUFAS exert their protective effects via stimulating AMP-activated
protein kinase (AMPK) pathway. Similarly, in Sprague-Dawley rats fed a high glucose diet,
enrichment with w—-3-rich fish oil resulted in twofold to threefold increase in hepatic AMPK
phosphorylation.>® Thus promoting fatty acid oxidation and decreasing adiposity, making it
an ideal bioactive food compound for treating MetS.

as mediators of inflammation-associated obesity and IR

Micro-RNAs (miRNAs) are small (21-22 nucleotides) non-coding RNAs that act as potent
regulators of gene expression related to cell development, differentiation, signal
transduction, and various homeostatic and pathological conditions.56-58 miRNAs can target
more than one gene and promote stabilization or degradation of a mMRNA by binding the
complementary 3" -UTR sequence, which repress the mRNA sequence translation.

Specific miRNAs are upregulated or downregulated in chronic diseases, such as cancer,
diabetes, obesity, and CVD.59-62 White adipose tissue (WAT) is an important source of
miRNAs which contributes to tissue homeostasis and inflammatory status of local as well as
systemic environment. Lipohypertrophy or lipodystrophy in WAT changes regular miRNA
expression.>®63 |n two recently published studies by the same group of authors, miRNA-
mediated effects on lipid metabolism were investigated using a genetically modified
AbDicerko mouse model.5465 In these mice, the expression of Dicer, an enzyme essential for
the biogenesis and regulation of miRNAs as well as small interfering RNAs (siRNAs), was
specifically knocked out in adipose tissue using a Cre/ox gene-recombination strategy.%> The
absence of Dicer in the fat tissue resulted in defective adipose miRNA processing which was
associated with reduced weight gain, untypical whitening of brown adipose tissue, IR and
alterations to circulating lipids.5* Manifestations of these symptoms were especially
exaggerated in ADicerko animals fed HFD. The circulating miRNA levels and MetS in these
mice were ameliorated by the transplantation of WAT adipose tissue. Importantly, adipose
tissue-derived miRNAs, secreted in exosomes (small vesicle carriers formed in
multivesicular cell compartments which are secreted by cell after fusing with the plasma
membrane®®) were able to regulate the expression of metabolism-related genes (fibroblast
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growth factor 21, FGF 21) in liver.55 These findings suggest that fat-derived miRNAs may
be considered as a novel type of adipokines.5”

Various miRNAs have been shown to be co-expressed and/or co-regulated in obesity,
affecting obesity-associated health conditions such as glucose-stimulated insulin secretion
(miR-320, miR220a), adipogenesis (miR-21, miR-222, miR-146a), and insulin sensitivity
(miR-103, miR107).8869 Also, different miRNAs upregulated or downregulated in insulin-
resistant adipocytes, including miR-320, have been identified by Ling et a/.’® Authors
demonstrated that IR in adipocytes is regulated by miR-320. It was proposed that miR-320
specifically targets the PI3K-p85 subunit. miR-320 increases Akt phosphorylation and
elevates Glut4 glucose transporter protein expression levels. The paralogue miRNAs that
originate from the same mother gene, miR-103 and miR-107, are both related to energy
metabolism as they increase the expression of B-oxidation genes, thus stimulating lipolysis
and decreasing fat deposition in adipocytes’® (figure 2).

We have previously shown that adipose tissue angiotensiongen Il (Agt) and I1L-6 were
significantly reduced in epididymal adipose tissue in HFD-fed mice supplemented with
EPA-enriched fish 0il.72 In a set of in vitro experiments, this data was corroborated by
downregulation of Agt, IL-6 and MCP-1 production in mouse 3T3-L1 adipocytes treated
with EPA. Gene regulation by w—3 PUFA were exerted via reducing NF-xB activation.’? In
this regard, miR-146a and miR-222, known for their associations with NF-xB and TNF-a
pathways, respectively,’3 look particularly promising targets for further investigations.
Besides due to its well-documented proinflammatory properties, TNF-a is indirectly
implicated in adipogenesis. This cytokine is a suggested molecular target for the miR-222
and is significantly upregulated in mice fed HFD (figure 2). Furthermore, miR-146a has an
essential role in the LPS-hyporesponsiveness (which engages TLR-4 mediated NF-xB
signaling) induced in human monocytes by prolonged bacterial toxin exposure.’3

TLR-4 is a receptor for bacterial LPS, whose levels are increased in HFD-induced obesity.
As obesity is associated with chronic TLR-4 stimulation of ATM by circulating blood
toxins, a large group of miRNAs including miR-200b, miR-200c, miR-511 and miR-223,
may play potential roles in TLR-4 regulation.”>”6 miR-200b and miR-200c were identified
as factors that modify the efficiency of TLR-4 signaling through the MyD88-dependent
pathway.’® Depending on the cell cycle phase, miR-511 may positively stimulate the TLR-4
signaling or inhibit the expression of TLR-4 in myeloid-derived immune cells.”® TLR-4

binding with its ligand stimulates NF-xB activation, which can be inhibited by w—3 PUFAs.
72

Polarization of bone marrow-derived macrophages into the proinflammatory M1 or anti-
inflammatory M2 phenotype is regulated by PPAR-y/miR-223 signaling pathways, and the
choice between classic and alternative activation depends on the miR-223 molecular targets
(figure 2). Engaging nuclear factor of activated T-cells (Nfat5) and RAS p21 protein
activator (Rasal) genes have been shown to drive M2 polarization, and involvement of
homeobox protein Pknox1 gene results in development of M1 cells.””
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A significance of w—3/w—6 balance in human diet and the role of miRNAs in mediating the
anti-inflammatory effects of w—3 PUFAs may be illustrated lipid mediators, involved in
resolution of inflammation. In a contraction phase of zymosan-induced mouse model of
peritonitis, the increase of miR-146b levels in peritoneal exudates is stimulated by resolvin
D1 (RvD1), an w—3 PUFA lipid derivative with well-documented anti-inflammatory
properties’® (figure 2). miR-146b interferes with NF-xB pathway, quenching the acute
inflammatory responses by preventing the NF-xB nuclear translocation. This miRNA
directly targets the IL-1 receptor-associated kinase 1 (IRAK1) and TNF receptor associated
factor 6 (TRAF6), two key molecules, essential for NF-xB signaling.”® On the other hand,
the stimulation with LTB4 decreases SOCS1 and increases MyD88 in macrophages, and
these effects are mediated via induction of miR-155, miR-146b and miR-125b miRNAs.40
The miR-155 can be downregulated by the anti-inflammatory cytokine 1L-10.80 As
supplementation of the mouse diet with w—3 PUFASs induces a higher IL-10 expression in
insulin target tissues,8! all aforementioned miRNAs represent instrumental targets in MetS
and w-3 PUFA-devoted studies.

The experimental studies on adipose tissue miRNAS represent a potent research tool for
investigating the physiology and pathophysiology of the adipose tissue. Recent discoveries
have demonstrated miRNAs significance in pathogenesis of MetS and other chronic
diseases, as well as miRNAs role in mediating the protective effects of w—3 PUFAs and
other bioactive food components.8! This indicates that further investigations of the
regulation of mMiRNA-mediated metabolism have a high potential for identifying novel
approaches for treatment and prevention of obesity and its associated chronic complications.
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Figure 1.
Potential pathways linking obesity-induced inflammation with insulin resistance. Different

pathways which were proposed to have a role in the development of insulin resistance. This
includes production of reactive oxidative species (ROS), activation of the nuclear factor-
xappa B (NF-xB) pathway and inactivation of insulin receptor substrate-1 (IRS-1). Solid
lines indicate positive relationships and dashed lines indicate negative ones. IL, interleukin;
JNK, c-Jun N-terminal kinase; MCP-1, monocyte chemoattractant protein 1; SOCS-3
suppressor of cytokine signaling; TNF, tumor necrosis factor.
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Figure2.
Suggested mechanisms of the anti-inflammatory effects of w—3 polyunsaturated fatty acid

(PUFA) by microRNAs (miRNA) in adipocytes. Different miRNAs are involved in
adipocytes imbalance and might be targets of anti-inflammatory effects of w—3 PUFA. w—3
PUFAs might be regulating the expression of miR-221 and miR-222 in adipogenesis,
miR-320 in insulin resistance, miR-103/miR-107 in mitochondrial respiration, miR-223 in
M1 macrophages profile, and miR-146 in response to resolvin D1 effects. IL, interleukin;
LTB4, leukotriene B4; MCP-1, monocyte chemoattractant protein 1; PGE,, prostaglandin
E2; ROS, reactive oxidative species; TNF, tumor necrosis factor.
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