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1 | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), as one of the most epi-
demic disorders worldwide, is caused by triglyceride accumulation in
hepatic cells of more than 5% of liver weight.22 NAFLD consists of a
wide spectrum of hepatic dysfunctions, including simple steatosis,
non-alcoholic steatohepatitis (NASH), necroinflammation, fibrosis, cir-
rhosis, and hepatocellular carcinoma (HCC).2 NAFLD is rapidly devel-
oping, and the global prevalence is estimated to be approximately
25% to 30% in the general adult population and more than 70%
among adults with obesity and those with diabetes or metabolic
syndrome.*®

The most important theory in NAFLD pathogenesis is the two-hit
theory.® In the first hit, obesity or insulin resistance (IR) leads to fat
accumulation in hepatic cells.®” In the second hit, oxidative stress
has a preceding role that causes mitochondrial dysfunction that leads
to impaired gene expression, altered protein synthesis, reduced mito-
chondrial content, and disrupted mitochondrial beta-oxidation.®?
Impaired beta-oxidation is a major cause in the pathogenesis of
NAFLD and leads to triglyceride accumulation in hepatocytes, which
results in the development of the disease.!® Moreover, oxidative
stress induces an inflammatory response and exacerbates insulin resis-
tance and liver damage, stimulating steatohepatitis or fibrosis.”&1
Nevertheless, the role of free fatty acids (FFAs) in liver damage has
caused some changes in the definition of this theory. FFAs are either
involved in beta-oxidation or esterification with glycerol to generate
triglycerides (TGs), resulting in fat accumulation in the liver.® Accord-
ing to the evidence, FFAs increase oxidative stress and cause toxicity
via direct activation of inflammatory pathways.'? Therefore, it is spec-
ulated that hepatic TG accumulation may be a protective mechanism
for inhibiting the adverse effects of nonesterified FFAs.

There is no definitive treatment for NAFLD.* The current clinical
therapies focus on improving the metabolic parameters involved in
NAFLD pathogeneses, including weight loss, decreasing IR, lowering
oxidative stress, and modulating blood glucose levels.’®> However,
overweight and obesity are major risk factors for the initiation and
progression of NAFLD.? Recently, some novel compounds have been
investigated for the treatment of NAFLD.'*'’ For example, in the
NAFLD and NASH research community, much attention has been paid
to agonists of peroxisome proliferator-activated receptors (PPARs), as
major therapeutic agents for NAFLD.®

PPARs are a group of nuclear hormone receptors that act as tran-
scription factors, regulating the expression of genes and modulating
metabolic programmes.®? Distinct PPAR isotypes have different
physiological functions that depend on their specific ligand activation
and tissue distribution.?® Of the three isotypes, namely, PPAR-q,
PPAR-B/6, and PPAR-y, PPAR-a is one of the most abundantly
expressed nuclear receptors in hepatocytes, where it modulates lipid
metabolism and energy homeostasis.®?* However, mRNA transcripts
for PPAR-a increasingly decrease as NASH develops in humans.822
Whole-body and hepatocyte-specific PPAR-a deficient mice were
diagnosed with acute liver steatohepatitis upon eating a high-fat diet
(HFD) and a methionine and choline-deficient (MCD) diet.2>2°

According to novel findings, PPAR-a agonists regulate several biolog-
ical processes associated with NAFLD, including metabolic dysfunc-
tion, inflammation, and oxidative stress. Thus, these drugs may be
considered promising treatments for hepatic disorders.?®2¢27
Oleoylethanolamide (OEA), an endogenous high-affinity ligand for
PPAR-a, has shown major pharmacological effects in the treatment
of obesity and obesity-associated metabolic complications.?32428 |n
this systematic review, the current evidence on the therapeutic effi-
cacy as well as mechanisms of action of OEA supplementation in the

management of risk factors associated with NAFLD is discussed.

2 | METHODS

2.1 | Search strategy

PubMed, Scopus, Embase, ProQuest, and Google Scholar electronic
databases were searched using the
“OEA”  or

ethanolamine” or “NOPE” and “non-alcoholic fatty liver disease” or

following  keywords:
“oleoylethanolamide”  or “N-oleyl-phosphatidyl-
“nonalcoholic steatohepatitis” or “hepatic steatosis” or “fatty liver” or
“NAFLD” or “NASH" or “NAFL" or “hepatic liver” or “steatohepatitis”
or “insulin resistance” or ‘“insulin sensitivity” or “HOMA-IR" or
“QUICKI” or “impaired glucose tolerance” or “glucose intolerance” or
“glucose tolerance” or “impaired fasting glycemia” or “impaired fasting
glucose” or “obese” or “obesity” or “fat mass” or “high fat diet” or
“inflammation” or “oxidative stress” or “dyslipidemia.” To minimize
the loss of studies, we included all keywords related to the primary
goals about the potential effects of OEA on the risk factors for NAFLD
in the search strategy. Furthermore, we conducted this search strategy
in several databases, which assures that most of the studies carried
out thus far are discussed in this systematic overview. The search

was limited to studies published in English until December 2018.

2.2 | Eligibility criteria

Studies were eligible to be included in this systematic review if they
met the following criteria: (1) clinical trials, (2) experimental studies,
(3) in vitro models, and (4) published in English. Studies that had insuf-
ficient information, were observational design, used OEA analogues,
or included pregnant or lactating women were excluded from this
review. In addition, studies on several diseases other than NAFLD-
related conditions were not included in this study.

2.3 | Data extraction and quality assessment of
previous studies

Two investigators independently retrieved the scientific literature,
based on the inclusion criteria; studies were excluded from further
review if they could not meet the predefined criteria. For quality
assessment and data extract, eligible full-text studies were appraised
based on a checklist consisting of the study aims, the research ques-

tion, and the inclusion and exclusion criteria. Then, a third reviewer
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assessed the accuracy, precision, and quality of the included data. Any
disagreements regarding study eligibility and quality assessment were
resolved by discussion and consensus.

2.4 | Findings

A flow chart depicting the study selection process is shown in
Supplemental Figure 1 In total, 362 potentially articles were retrieved
by the search strategy. Following removal of duplicate articles, 236
studies remained for further screening. Of these, 194 articles were
excluded because of not providing the inclusion criteria. Overall, 42
full-text studies were reviewed. After evaluating the full texts of these
articles, 12 studies were removed due to the exclusion criteria, leaving
30 articles for qualitative synthesis (Supplemental Table 1). As obesity
and NAFLD are deeply connected, information in this table is divided
into obesity-related outcomes and liver-related endpoints, and within
each part, the studies are arranged by their design (cell line, goldfish,

mice, rats, and humans).

3 | OLEOYLETHANOLAMIDE, A
MULTIFUNCTIONAL FAT DERIVED FROM
OLEIC ACID

3.1 | The endocannabinoid system and OEA
In the current epidemiological studies on obesity, atherosclerosis, and

other metabolic disorders, such as neurodegenerative and
diseases, OEA is
endocannabinoid-like lipid as well as a derivative of unsaturated oleic
acid (OA).>?%° The endocannabinoid system (ECS) is one of the most

important systems involved in physiological functions both in the brain

inflammatory-related considered an

and in the peripheral organs.®* The ability of the ECS system to modu-
late appetite, food intake, and energy balance has recently attracted
much attention.? This system consists of the membrane cannabinoid
receptors (cannabinoid receptor type 1 [CB1R] and type 2 [CB2R]),
endogenous ligands (endcannabinoids), and enzymes responsible for
the synthesis and degradation of ligands, leading to greater food con-

related 61,62

sumption by binding and activating receptors.
Endocannabinoid-like lipids are bioactive lipid mediators with common
biosynthetic and metabolic procedures, similar to endocannabinoids
that function in a cannabinoid receptor-independent manner.>”** Die-
tary long-chain fatty acids (LCFA) act as activating ligands or agonists in
this system.® OEA, belonging to the N-acylethanolamine (NAE) group,
has a saturated fatty acid and/or unsaturated fatty acid amide with a

group of ethanol amines (Figure 1).>°

S0

FIGURE 1 Biochemical structure of the N-oleoylethanolamide
[Colour figure can be viewed at wileyonlinelibrary.com)

Among these bioactive lipids,

unsaturated arachidonoylethanolamide (AEA, anandamide) and 2-
arachidonoylglycerol (2-AG) are endogenous ligands of the cannabinoid
receptor.®* Endocannabinoid-like compounds, such as saturated pal-
mitoylethanolamide (PEA), unsaturated linoleoylethanolamide (LEA),
and OEA, function in a CB1 receptor-independent manner.®®> AEA and
2-AG, the most important endocannabinoids, are considered major
compounds of energy conservation.®®¢® These compounds enhance
energy intake and reduce energy expenditure via both central and
peripheral mechanisms involved in the hedonic processing of sweet
and fatty meals as well as in the storage of their energy content for
future utilization.%®

OEA is a monounsaturated analogue of anandamide; however, con-
trary to anandamide, OEA does not productively bind to cannabinoid
receptors but does bind to PPAR-a.3? OEA functions through a canna-
binoid receptor-independent mechanism and causes hypophagia.*®¢”
Thus, OEA is involved in the control of food intake and the regulation

of feeding behaviour.3384?

3.2 | Dietary sources of OEA

Oatmeal, nuts, and cacao powder are the main dietary sources of
OEA.”® However, limited amounts are present in these foods, typi-
cally less’® than 2 pg/g. Dietary OA acts as the main substrate for
OEA production.”? Several human studies indicate that consuming
foods containing OA increases the circulating levels of OEA by ele-
vating the availability of its precursors.”*”? Small intestinal concen-
trations of OEA decrease during food deprivation, while its
endogenous levels are enhanced when nutrients are available.®®
The work performed by Schwartz et al”® demonstrated that among
numerous types of fats, only OA prompted intestinal OEA produc-
tion in animals. However, prolonged exposure to dietary fat reduces
the levels of OEA in the small intestine.”*”> Joosten et al’® illus-
trated that the plasma levels of OEA were positively associated with
serum concentrations of FFAs and the associated specific fatty acid

precursor, OA, in humans.

3.3 | Biosynthesis and degradation of OEA

Endogenous production of OEA in the intestine is accomplished
through several biochemical reactions in which OA and phosphatidyl-
ethanolamine (PE) are used as fundamental substrates.”””® In the first
stage, OA enters the enterocytes through the fatty acid translocase/
cluster of differentiation 36 (FAT/CD36) glycoprotein.”® Translocated
OA is used to produce N-oleoyl-phosphatidylethanolamine (NOPE) via
the calcium-dependent N-acetyltransferase (NAT).”? NAT catalyses
the transfer of an acyl group from the sn-1 position of phosphatidyl-
choline to the amine group of PE, generating NOPE.>® Eventually,
NOPE is hydrolysed through N-acyl-phosphatidylethanolamine phos-
pholipase D (NAPE-PLD) and produces OEA (Figure 2).”° As evidence
shows, the complete depletion of the NAPE-PLD gene in mice atten-
uates OEA biosynthesis.2° However, OEA was not completely sup-

pressed in these mice, indicating that OEA synthesis occurs in a
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Sn-1-oleoyl-phosphatidyicholine

N-oleoyl-phosphatidylethanclamine (NOPE)

Phosphatidic acid
(PA)

Oleoylethanolamide (OEA)

FAAHINAAA

Oleic Acid (OA) + Ethanolamine

FIGURE 2 Biosynthesis and decomposition of oleoylethanolamide
(OEA) in mammalian cells. FAAH/NAAA, fatty acid amide hydrolase/
N-acylethanolamine acid amidase; NAT, Nacetyltransferase;
NAPEPLD, N-acyl phosphatidylethanolamine phospholipase D [Colour
figure can be viewed at wileyonlinelibrary.com]

NAPE-PLD-dependent and NAPE-PLD-independent manner.8081
Although fat consumption is the main stimulator of OEA production
and mobilization, the sympathetic nervous system also contributes to
the endogenous production of OEA.8? OEA is also generated in the
astrocytes, neurons, fat tissue, liver, kidney, lungs, spleen, pancreas,
muscles, and heart.”*®38* OEA degradation into OA and ethanolamide
occurs by either of the following two structurally distinct enzymes:
fatty acid amide hydrolase (FAAH) and N-acylethanolamine acid ami-
dase (NAAA).2° The former is highly expressed in the liver, small intes-

tine, and central nervous system (CNS).”?

The latter is a lysosomal
cysteine hydrolase located primarily in the macrophages.”® Saturated
NAEs, such as PEA, are mainly hydrolysed by NAAA, while monoun-
saturated and polyunsaturated NAEs, such as OEA and AEA, are sub-

stantially hydrolysed through FAAH.¢°

4 | MAJOR MECHANISMS OF ACTION OF
OEA IN THE MANAGEMENT OF NAFLD RISK
FACTORS

The major mechanisms of action of OEA in the management of
NAFLD risk factors are discussed in three sections and include
obesity (the anorectic actions of OEA and its effects on the
activation of GPR119 and TRPV1), metabolic factors, oxidative
stress, and inflammatory parameters, as presented in the following
section.

4.1 | The effects of OEA on obesity-induced NAFLD

NAFLD prevalence is enhanced as body mass index (BMI)
increases.>8¢ Histological liver analyses of liver donors, car accident
victims, dissection results, and clinical liver biopsy specimens have
shown that the prevalence of steatosis and steatohepatitis is approxi-
mately 15% and 3% in nonobese individuals, 65% and 20% in persons
with classes | and Il obesity (BMI >30 kg/m?), and 85% and 40% in
individuals with extreme obesity (BMI >40 kg/m?), respectively.?%”
Due to the close association between NAFLD and obesity, medical
or nutritional supplements efficient in treating obesity are widely
encouraged for NAFLD management.8”8 Gradual weight loss results
in improved hepatic enzymes, reduced fat accumulation in the liver and,
in some cases, decreased degree of inflammation and liver fibrosis.8”8?
Several studies have claimed that OEA is involved in energy homeostasis
and feeding behaviour (Supplemental Table 1).323341:4246:49-52

Rodriguez et al*® first demonstrated that administration of OEA (5, 10,
and 20 mg/kg, intraperitoneally [i.p.]) inhibited food intake in rats. Later,
studies demonstrated that the anorectic potency of OEA depended on
the feeding status in animals.®%*? |n free-feeding rats, OEA treatment,
either i.p. or orally, prolonged the feeding latency in a dose-dependent
manner without affecting the meal size.>”*¢ OEA treatment postponed
the onset of feeding and decreased the meal size in food-deprived
animals.%’ In Zucker rats, OEA administration (5 mg/kg, i.p.) attenuated
food intake, diminished weight gain, and reduced both serum cholesterol
and triglyceride (TG) levels.”” Additionally, serum levels of alanine
aminotransferase (ALT) were reduced in OEA-treated mice.>” In the same
study, a combination therapy with OEA and CB1R antagonist (5 mg/kg
OEA plus 1 mg/kg rimonabant) decreased liver steatosis, liver fat content,
and plasma levels of ALT and cholesterol in mice. The combined treatment
was also associated with a reduction in stearoyl coenzyme A desaturase 1
(SCD1) expression, which plays a role in fatty acid and triglyceride
synthesis, linked to obesity phenotypes.>”?° SCD1 deficiency prevented
IR and diet-induced obesity in mice.”* Furthermore, the results of a recent
study supported the simultaneous use of CB1R antagonists and OEA for
obesity-induced dyslipidaemia and NAFLD.>” In all, the results of
numerous human studies indicate that obesity plays a pivotal role in
NAFLD development and progression.

4.1.1 | Mechanisms for the anorectic actions of OEA

The appetite-suppressing effect of OEA can be mediated by different
mechanisms. It has been suggested that OEA modulates food intake
by increasing feeding latency, promoting control of energy intake,
decreasing meal size, and increasing the intervals between meals by
boosting the expression of genes associated with satiety.*>°2 The
major action of OEA in regulating food intake is mediated by PPAR-a
activation, an important transcriptional regulator of energy balance
and fat metabolism.*>?% OEA is considered to be a high-affinity
PPAR-a agonist.*>*3 PPAR-a has the ability to abolish the expression
of nitric oxide (NO) synthase, an important enzyme involved in feeding
stimulation.3? Thus, the prevention of NO synthase expression by
PPAR-a may play a role in satiety-inducing effects of OEA.327 A recent
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clinical trial revealed that oral supplementation with OEA can elevate
PPAR-a gene expression, improve appetite sensations, and reduce
anthropometric measurements, including weight, BMI, waist circumfer-
ence, and fat mass in patients with obesity.>2

OEA induces satiety by PPAR-a-mediated activation of the afferent
vagus nerve from the gut to the CNS.3%°? Within the brain, there are
two pathways involved in satiety-inducing effects of OEA as follows: (1)
OEA administration induces the expression of oxytocin neurotransmis-
sion in neurons within the paraventricular nuclei (PVN) and supraoptic
nuclei (SON) of the hypothalamus, involved primarily in energy homeosta-
sis and control of food intake; and (2) brain histamine levels may also
contribute to satiety effects of OEA.**?> A study by Provensi et al”®
showed that the deletion of the histidine decarboxylase (HDC), the only
histamine-synthesizing enzyme, reduces the anorectic action of OEA.

Previous studies have reported that dysfunction of the dopamine
system can cause overeating and subsequent overweight or obesity;
therefore, dopamine signalling plays a critical role in the control of food
intake.”® Tellez et al®*® investigated the effect of OEA (10 mg/kg, i.p.) on
extracellular dopamine concentrations in the dorsal striatum (DStr), a
brain region that mediates hedonic reactions, in mice fed normal chow
or HFD. In that study, intragastric lipid infusion was accompanied by
microdialysis samples of dopamine in the DStr. In chow-fed mice,
intragastric infusion of lipid induced elevated DStr dopamine levels,
although this was not observed in HFD mice.3> Therefore, the HFD
impaired signalling pathways, mediating the dopamine action in the DStr.
Interestingly, OEA treatment prior to lipid infusion restored this
dopamine deficiency in HFD mice.® In chow-fed mice, OEA reduced
the oral consumption of both low- and high-calorie emulsions.®® It was
also reported that OEA resulted in a decrease in the intake of high-calorie
emulsion in chow-fed mice and an increase in the intake of low-calorie
emulsion in HFD-fed mice.®® These findings indicate that OEA may
change preferences towards low-calorie emulsion consumption.

The anorectic properties of OEA may also be mediated via the
attenuation of hedonic CBR1 signalling, which can lead to reduced food
intake.”””? OEA also reduces fat mass and exhibits an “anti-obesity”
effect by decreasing fat transport into adipocytes.>>3* In HFD-fed
mice, oral administration of OEA (100 mg/kg body weight) resulted in
a decrease in adipose FAT/CD36 and fatty acid transport into adipose
tissue, which in turn reduced adiposity in these mice.>* Montecucco
et al®® demonstrated that OEA (10™’M to 107°M) may play a role in
the decrease of inflammation induced by gastric bypass surgery (GBS).
OEA directly lowered the secretion of the proinflammatory chemokine
(C—C motif) ligand 2 (CCL2) from adipocytes in a dose-dependent man-
ner through the activation of ERK1/2-mediated pathways.3° Overall,
both animal and human trials indicate that the lipid-amide OEA can be
considered a potentially useful therapeutic agent for weight manage-

ment and treatment of obesity-induced NAFLD.

4.1.2 | Effects of OEA on the activation of GPR119
and TRPV1

In addition to PPAR-a, OEA can also interact with two other recep-

tors, namely, transient receptor potential vanilloid 1 (TRPV1) and G

protein-coupled receptor 119 (GPR119).2%7% In addition to their
analgesic and thermosensation effects, TRPV1 receptors are likely
to modulate energy homeostasis, by either the control of food intake
or energy expenditure, or both.>? There is evidence suggesting that
OEA suppressed food intake in TRPV1-knockout mice.>??° This
implies that TRPV1 plays no role in the anorectic effects of OEA.
However, TRPV1 mediates the proalgesic effects of high-dose OEA
(50 pg) in wild-type mice.r®

Evidence indicates that food intake could also be reduced through
the administration of OEA in both GPR119 wild-type and knockout
mice.1°? This result suggests that the existence of GPR119 is not
essential for the anorectic properties of OEA, as well. The only
established role for GPR119 activation by OEA is glucagon-like
peptide-1 (GLP-1) release.?’ In this context, Lauffer et al*’ showed
that OEA administration (10 umol/L) stimulated GPR119, a G
protein-coupled receptor, in ileum L-cells to secrete GLP-1, a gut hor-
mone that delays gastric emptying and exerts anorectic effects, in the
mouse GLUTag cell line. Yang et al'®2 demonstrated that the activa-
tion of GPR119 induced the phosphorylation and activation of AMP-
activated protein kinase (AMPK) and thereby inhibited the expression
of sterol regulatory element-binding protein-1 (SREBP-1) in hepato-
cytes. The downregulation of SREBP-1 decreased lipogenic enzyme
gene expression, including acetyl-CoA carboxylase (ACC), fatty acid
synthase (FAS), and SCD1, resulting in a reduction in hepatic lipid
accumulation.1©3

GPR119 is considered part of the ECS.*°? In patients with NAFLD,
the hepatic expression of CB1R/CB2R and the serum levels of the
endocannabinoid 2-AG were increased.’®*1%% The activation of CB1
in hepatocytes stimulates lipid accumulation by activating SREBP-1-
dependent lipogenesis or suppressing AMPK-dependent fatty acid
oxidation.’®® In GPR119 knockout hepatocytes, expression of
lipogenic enzymes was elevated. Overall, evidence demonstrated that
GPR119 activation attenuates hepatic lipogenesis and steatosis as
well as triggers GLP-1 and insulin secretion. Hence, the activation of
GPR119 may be a promising therapeutic intervention in the manage-
ment of NAFLD.*°3

4.2 | The effects of OEA on NAFLD metabolic risk
factors
4.2.1 | Lipid profile

OEA plays a pivotal role in lipid metabolism by modulating lipids in cir-
culation and tissues in addition to its satietogenic effect.”! Several
experimental studies have shown the useful effects of OEA on lipid
profiles (Supplemental Table 1)314043454855 Fyrther investigations
have indicated that the lipolytic activity of OEA and its effects on fatty
acid mobilization by activating PPAR-a and PPAR-a target genes con-
tribute to lipid metabolism.3>4*4° PPAR-a regulates hepatic lipid
metabolism by enhancing beta-oxidation and omega-oxidation.?>°”
PPAR-a also promotes the oxidation of fatty acids and reduces TG
of the

palmitoyltransferase 1 (CPT-1) gene, the main regulatory enzyme in

resources by enhancing the transcription carnitine
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oxidation of LCFA.1°® Hepatocyte-specific PPAR-a deletion debili-
tates whole-body fatty acid catabolism during fasting, resulting in
hepatic lipid accumulation.?®> Additionally, hepatic PPAR-a activity
modulates lipid metabolism by regulating the expression of apolipo-
proteins (APO) and PPAR-a response elements, which have been rec-
ognized in the promoters of APOA1, APOA2, APOA4, APOAS5, and
lipoprotein lipase (LPL) genes.’°?"1* PPAR-a agonists promote LPL
activity and reduce the expression of APO Clll, leading to enhanced
lipolysis of triglyceride-rich lipoproteins.t*>1*® PPAR-a activation
lowers cholesterol esterification and absorption and augments high-
density lipoprotein cholesterol (HDL-C) secretion by stimulating
APOA1 and ATP binding cassette transporter A-1 (ABCA1).281%4 |n
fact, the activation of PPAR-a induces ABCA1 expression and conse-
quently results in cholesterol removal from macrophages.**>

The results of both in vitro and in vivo studies illustrate that OEA
stimulates lipid utilization by inducing fatty acid uptake, lipolysis, and
fatty acid beta-oxidation.*® The incubation of adipocytes derived from
rats with OEA (1uM-20uM) induced the release of nonesterified fatty
acids (NEFA) and glycerol from adipocytes via a dose-dependent
effect without impacting glucose uptake or oxidation.*® It was also
shown that OEA enhanced NEFA release from rat adipocytes in a
dose-dependent manner.*> Nonetheless, a 2-hour incubation of adi-
pocytes with a high dose of OEA (30uM) suppressed the release of
NEFA.*> Likewise, OEA enhanced the mRNA levels of FAT/CD36, a
transmembrane glycoprotein that plays a pivotal role in LCFA cellular
translocation in the mitochondria in a dose-dependent manner.*>11¢
The results of in vivo studies demonstrated that OEA administration
(5 mg/kg, i.p.) increased plasma glycerol and NEFA concentrations as
well as 3-hydroxybutyrate, an efficient indicator of hepatic fatty acid
oxidation.*® Furthermore, Misto et al*'” showed that the release of
histamine from mast cells into the hepatic portal vein increased during
fasting. Histamine entered into the hepatocytes where it induced OEA
synthesis.}*” OEA through activation of PPAR-a led to ketogenesis in
liver mitochondria.*118

OEA injection (5 mg/kg, i.p.) significantly reduced both serum
levels of TG and cholesterol without having any effect on HDL-C
and glucose levels.*3*° Levels of serum TG, but not glucose, were also
reduced via OEA treatment (5 pg/g body weight) in goldfish, indicating
the protective effects of OEA on TG levels in vertebrates.! Fu et al*®
reported increased PPAR-a gene expression and other PPAR-a target
genes, including liver fatty-acid binding protein (L-FABP), uncoupling
protein 2 JUCP-2(, and FAT/CD36 after OEA administration (5 mg/
kg, i.p.). Moreover, liver lipid content, serum cholesterol, and TG levels
as well as food intake and body weight markedly decreased after OEA
administration (5 mg/kg, i.p.).*°

OEA treatment led to an increase in PPAR-a gene expression in the
liver, small intestine, adipose tissue, and muscle in animal models.324043
The results from in vitro rodent models showed that OEA administra-
tion promoted FAT/CD36 expression in most tissues, including liver,
small intestine, adipose tissue, and muscle.*?*° Furthermore, the
expression of UCP-2, a mitochondrial protein involved in energy
metabolism, increased in the liver, adipose tissue, and muscle by OEA

).43

injection (5 mg/kg, i.p.).”> The thermogenic effect of UCP-2 increased

mitochondrial function and fatty acid oxidation, thereby contributing
to the management of obesity.''? Two studies have also demonstrated
an enhancement in the expression of L-FABP, participating in cellular
fatty acid trafficking, after OEA treatment (5 mg/kg, i.p.).>%* As a
whole, the evidence reveals that beneficial effects of OEA on lipid
metabolism in NAFLD prevention are mediated by activation of
PPAR-q, induction of hepatic fatty acid oxidation, modulation of circu-
latory lipid levels, elevation of lipolysis, and the release of fatty acids
from the adipose tissue for uptake in oxidative tissues.

4.2.2 | Glycemic parameters

In animal models of type Il diabetes mellitus (T2DM), PPAR-a agonists
improved glucose metabolism by promoting insulin sensitivity in adi-
pose tissue and muscle in addition to lowering the lipotoxicity and risk
of liver steatosis.'?°"122 Furthermore, PPAR-a agonists attenuated the
progression of T2DM by preserving pancreatic B-cell function.??® In
relation to the effects of OEA on glucose metabolism, some studies
claimed that OEA did not cause modifications in blood glucose concen-
trations (Supplemental Table 1).3%4%43 There is only one study that
demonstrated that mice treated with OEA (5 mg/kg) had glucose intol-
erance.** However, serum levels of insulin were not reduced by OEA
treatment.** In comparison with the control group, the influence of
OEA on plasma glucose levels was examined via a glucose tolerance test
in mice treated with OEA.** OEA-treated animals had markedly high
plasma glucose levels after 30 minutes of glucose load. However, there
were no significant differences in other time settings for the short-term
influence of OEA on glucose intolerance without diabetic effects.**
Only high-dose OEA (20 mg/kg) significantly induced higher glucose
levels at 60-minute post-glucose. However, the levels of glucose
returned to normal levels after 120-minute post-glucose.** Dissociated
rat adipocytes showed that OEA inhibited glucose uptake and insulin
activity up to 30%.** Nevertheless, this evidence may not completely
justify the glucose intolerance observed in rats in vivo because there
is limited data on the inhibitory effect of OEA on glucose transportation
in adipocytes.”® Similarly, OEA did not have any effects on glucose
uptake and oxidation in isolated adipocytes and muscles from rats in
another study.*® Overall, evidence regarding the effects of OEA on
glycaemic parameters is yet to be confirmed. Further studies of the
impacts of OEA on glycaemic variables are warranted.

4.3 | The effects of OEA on oxidative stress- and
inflammation-induced NAFLD

There is cumulative evidence in humans indicating that inflammation is
the main precursor in NAFLD progression.??#125 Proinflammatory
cytokines and oxidative stress are the most important markers of liver
dysfunction; thus, inflammation suppression is a potential therapeutic
strategy for ameliorating hepatic inflammatory disorders associated
with IR.12%12% |nflammation plays a fundamental role in the disruption
of insulin signalling-induced NAFLD.'?” Increased serum levels of
tumour necrosis factor alpha (TNF-a), an important inflammatory

adipocytokine for NAFLD progression, are positively associated with
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the severity of NAFLD.?812? TNF-a is capable of activating nuclear
factor-kappa B (NF-kB) signalling, which is involved in inflammation
and inducing the c-Jun N-terminal kinase (JNK), known as the stress-
activated protein pathway, resulting in the downregulation of
PPAR-a target gene expression in the liver.t*%132 Hepatic JNK defi-
ciency in HFD-fed mice was associated with enhanced fibroblast
growth factor 21 (FGF21) expression and its plasma levels, leading
to improved systematic metabolism.'*2 Studies have demonstrated
that ligand-activated PPAR-a alleviates inflammation by interfering
with NF-kB and activator protein type 1 (AP-1) signalling pathways,
which are involved in the transcriptional activation of proinflammatory
mediators in the intestine.}®”*3 PPAR-a had not only protective
effects on hepatic ischaemia and/or reperfusion injury in rats but also
hepatoprotective properties by the detoxification of hydrogen perox-
ide and reduction of hepatic reactive oxygen species (ROS).2#1%5 The
anti-inflammatory and anti-fibrotic effects of PPAR-a are linked to its
ability to suppress inflammatory and fibrogenic gene transcription,
which are independent of its effects on the expression of genes
involved in fatty acid oxidation and hepatic steatosis.*®?* Hepatic
anti-inflammatory and anti-fibrosis properties of PPAR-a led to a
diminished number of activated macrophages, lowered levels of
proinflammatory cytokines, including IL-1B, IL-6, and TNF-a, and
ameliorated hepatic endothelial dysfunction through reduced
cyclooxygenase-1 (COX-1) protein levels.?42>136 Notably, the expres-
sion of inflammatory factors, such as interleukin 1 beta (IL-1B) and
TNF-q, in the liver and adipose tissue increased in the PPAR-a knockout
mouse model.>* The results of both in vivo and in vitro studies suggest
that OEA exhibits potent anti-inflammatory and anti-fibrosis properties
by enhancing PPAR-a expression and reversing essential inflammatory
signalling pathways (Supplemental Table 1).>*°® OEA exposure can
also inhibit liver injury and oxidative stress associated with NAFLD.>®

Activated PPAR-a suppresses lipopolysaccharide (LPS)-induced
proinflammatory cytokines, such as TNF-a, IL-13, COX-2, and IL-6, in
various cell types.t3”138 According to an in vitro study, OEA (10uM,
20uM, and 40uM) had anti-inflammatory effects on the LPS-induced
human acute monocytic leukaemia cell line (THP-1) by promoting
PPAR-a signalling, inhibiting the Toll-like receptor 4 (TLR4)-mediated
NF-kB signalling pathway, attenuating extracellular signal-regulated
protein kinases 1 and 2 (ERK1/2) and reversing signal transducer and
activator of transcription 3 (STAT3) cascades.’® It is well established
that the activation of these pathways triggers inflammatory and
immune responses.t3? Administration of OEA (5 mg/kg, i.p.) signifi-
cantly suppressed hepatic fibrosis progression in an experimental ani-
mal model by inhibiting the activation of hepatic stellate cells (HSCs),
which play a pivotal role in liver fibrosis.>® In addition, OEA reversed
transforming growth factor beta 1 (TGF-B1), a profibrotic cytokine,
and genes involved in the TGF-B1 signalling pathway.>® OEA injection
decreased serum concentrations of ALT, AST, and TG as well as
diminished the expression of intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) proteins,
which play important roles in inflammatory and immunological
responses.®®14%141 |n chronic liver disease, the process of tissue

remodelling progresses; therefore, suppression of matrix remodelling

enzyme gene activation may be a therapeutic strategy for the preven-
tion and treatment of liver fibrosis.°®4? Matrix remodelling enzyme
genes, including matrix metalloproteinase 2 (MMP2), MMP9, and tis-
sue inhibitors of matrix metalloproteinase 1 (TIMP1), were reduced
by OEA treatment in rats fed an MCD diet.>*® An in vitro study
revealed that OEA (30uM, 10uM, and 3uM) suppressed the activation
of TGF-B1, the expression of a-smooth muscle actin (aSMA), and the
expression of collagen type 1a/3a, which contributes greatly to
hepatic fibrosis progression.’® However, these protective effects of
OEA on liver fibrosis were not observed in PPAR-a-deficient mice.>®
All these findings are suggestive of hepatoprotective roles of OEA
via the activation of PPAR-a and reversing inflammatory and oxidative

mediators involved in the development and progression of NAFLD.

5 | COMPARISON OF OEA WITH OTHER
COMMONLY USED PPAR-A AGONISTS

Fibrates, such as fenofibrate, are widely used as PPAR-a agonist drugs
in dyslipidaemia treatment.}*®> Numerous studies have revealed that
fibrates play a crucial role in reducing plasma and liver TG concentra-
tions as well as improving IR in NAFLD patients.24*14> Nevertheless,
because of the relatively low affinity of fibrates for PPAR-a receptors

and dose-related side effects,'#¢147

the use of novel agonists of
PPAR-a with greater potency and efficacy has been considered in
the treatment of NAFLD. Notably, due to the relatively weak potency
of fenofibrates at PPAR-a, these compounds do not play a significant
role in controlling food intake.*®® In comparison with fenofibrate,
OEA has a higher binding affinity for PPAR-a receptors and favourable
effects in ameliorating obesity, atherosclerosis, and other metabolic
disorders.3¢%° As mentioned above, OEA exerts its effects both via
its major binding partner PPAR-a and other receptors such as TRPV1
and GRP119. Because of that, physiological functions of OEA are
more diverse than that of other PPAR-a agonists such as Wy-14643
and fenofibrate.???71°2 |n the MCD model of liver disease,
Wy-1464 reduced steatohepatitis and liver fibrosis; nevertheless,
Wy-1464 was not effective in diminishing the expression of enhanced
TGF-B1 transcription factor.!*® An increase in the expression of
TGF-B1, a profibrotic cytokine, plays an important role in the develop-
ment of hepatic fibrosis; thus, the long-term effects of Wy-14643
treatment are still unclear.>®

OEA administration (5 mg/kg, i.p.) had a protective influence on
HFD-induced NAFLD in rats by modulating plasma levels of TG, total
cholesterol, AST, ALT, and inflammatory cytokines,”® such as TNF-a
and IL-6. In the same study, OEA and fenofibrate (10 mg/kg, i.p.) both
stimulated lipid beta-oxidation by boosting the expression of PPAR-a.
OEA reduced the expression of lipogenic genes, including SCD-1,
SREBP-1, and ACC.® Fenofibrate exhibited the inverse effectiveness,
which indicated that OEA had a safer and superior effect over
fenofibrate in the treatment of NAFLD.>®

Overall, the literature review indicates that the satiety-inducing
compound OEA regulates multiple biological processes associated

with NAFLD, including energy homeostasis, lipid metabolism,



RV I 2 obesityreviews

TUTUNCHI €T AL.

inflammation, and oxidative stress. Figure 3 shows the proposed

mechanisms of action for OEA in the management of NAFLD.

6 | KNOWLEDGE GAPS AND FUTURE
DIRECTIONS

As noted above, there have been several in vitro and in vivo studies
assessing the protective effects of OEA. However, there is a lack of
clinical trials to determine the safety and beneficial therapeutic utiliza-
tion of OEA in humans. The major knowledge gap is therefore the
functions of OEA in patients with NAFLD. Thus, clinical trials at larger
scales with precise insights into the underlying mechanisms of OEA in
the management of NAFLD and related risk factors are crucial. Dietary

OA acts as a precursor to OEA formation.”* Therefore, future clinical
trials should also address the effectiveness of dietary fat consumption
rich in OA on NAFLD. Although the cumulative evidence in humans
has demonstrated that high-OA diets elevate circulating OEA levels,
there are fewer studies on the effect of dietary OA on OEA concentra-
tions in tissues, such as hepatocytes, in humans. This lack of evidence
requires clarification from future clinical trials.

OA could stimulate mRNA synthesis of liver X-receptor alpha
(LXRa) in human neutrophils.**? It can also reduce intracellular lipid
levels and inflammatory markers.*>° Conversely, OA induced hepatic
steatosis through the upregulation of p38 signalling in an in vitro
model.}*” As a result, a dual effect has been suggested for OA in
patients with NAFLD°%; therefore, future robust human clinical trials
are needed in this area.
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FIGURE 3 Proposed mechanisms of action for OEA in the management of NAFLD. Dietary OA enters the enterocytes through the FAT/CD36
transporter and causes the production and mobilization of OEA, which can interact with PPAR-a in the enterocyte to regulate gene transcription.
Dietary OA is transferred to the tissues and OEA is produced in the peripheral tissues. OEA can bind to PPAR-a in the adipocyte and cause lipid
droplet lipolysis and the release of fatty acids from the adipose tissue for uptake in oxidative tissues. Activation of PPAR-a by OEA in hepatocytes
and muscle promotes fat utilization via elevated uptake of fatty acids and fatty acid oxidation, as well as increased fatty acid transport in muscle
and decreased hepatic triglyceride accumulation through the breakdown of lipid droplets. In addition, OEA-PPAR-a interaction in the liver reverses
oxidative stress and inflammation by attenuating the secretion of proinflammatory mediators involved in NAFLD development and progression.
OEA decreases feeding and attenuates obesity-induced NAFLD by stimulating the hedonic dopamine pathways and lowering hedonic CB1R
signalling as well as boosting homeostatic oxytocin and brain histamine. Dashed lines trace the path. Col1a, type | collagen; Col3a, type Il collagen;
FAT/CD36, fatty acid translocase/cluster of differentiation 36; HCC, hepatocellular carcinoma; IL-1B, interleukin 1 beta; IL-6, interleukin 6;
MMP2, matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; NEFA, nonesterified fatty acid; OA, oleic acid; OEA, oleoylethanolamide; PPAR-qa, peroxisome proliferator-activated receptor a; a-
SMA, alpha-smooth muscle actin; TG, triglyceride; TGF-B, transforming growth factor beta; TIMP1, tissue inhibitor of metalloproteinase-1; TNF-q,
tumour necrosis factor alpha (gene); 1, increased; |, decreased [Colour figure can be viewed at wileyonlinelibrary.com]
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Overweight and obesity conditions, sex hormones, and genetic
variations, such as single nucleotide polymorphisms (SNPs), may affect
the individual response to nutrition-specific interventions. Thus, fur-
ther research is required to confirm the effects of nutrition interven-
tions in attenuating food consumption, inflammation, and fibrosis as
well as in reducing hepatic TG and liver steatosis. Human clinical trials
with subject selection based on the selected SNP-related genotypes
are also required. Additionally, biopsy specimens of the liver, adipose,
and muscle tissues will provide important data on the ability of OEA to
stimulate gene expression in the liver and in oxidative tissues, enabling
this conceptual framework to be examined in humans.

Future clinical trials are also required to investigate the effects of
OEA on the factors involved in the AMPK signalling pathway, such as
sirtuin-1, FGF-21, and peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a). The evidence indicates that the
interaction of AMPK with sirtuin-1 and FGF-21 may result in increased
expression of the PGC-la gene.!®? Overexpression of PGC-la
increases peroxisomal activity and mitochondrial fatty acid oxida-
tion.*>® Furthermore, the activation of the AMPK signalling pathway
inthe liver leads to the reduction of the gene expression of the lipogenic
enzymes, and the suppression of SREBP-1c, and ACC expression.*>*
Therefore, research is required to investigate the effects of OEA on
the factors involved in the AMPK signalling pathway. A simplified
possible mechanism about the actions of OEA in the liver is shown in

Supplemental Figure 2.

7 | CONCLUSIONS

The findings of this review indicate that the lipid-amide OEA contrib-
utes to NAFLD prevention and treatment by (1) increasing the
expression of PPAR-a and other PPAR-a target genes; (2) modulating
the energy homeostasis and feeding behaviour, leading to the con-
trol of food intake; (3) enhancing fatty acid uptake, lipolysis, and oxi-
dation; (4) regulating lipid levels in circulation and tissues; (5)
improving the metabolism of apolipoproteins; (6) decreasing the
hepatic accumulation of TG in the liver, leading to the inhibition of
hepatic steatosis; and (7) reversing oxidative stress and inflammation
by interfering with the activation of inflammatory and profibrotic sig-
nalling pathways.

In summary, the beneficial effects of OEA, together with its greater
potency and efficacy compared with other PPAR-a agonists, have led
to the conclusion that OEA may be a suitable and effective therapeu-
tic strategy for improving and reducing the progression of NAFLD.
Although a wide range of studies have demonstrated the most useful
effects of OEA on NAFLD and the associated risk factors, further clin-
ical trials, from both in vivo studies and in vitro experiments, are war-

ranted to verify these outcomes.
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