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Polyunsaturated fatty acids (PUFAs), such as arachidonic acid, linoleic acid, docosahexaenoic 
acid (DHA) and eicosapentaenoic acid (EPA), can be metabolized into a large number of bioactive 
lipids. These PUFA derivates play an important role in signal transduction by binding with nuclear 
or membrane receptors. A variety of PUFA metabolites have been reported to be involved in 
the regulation of glucose and lipid metabolism and participate in the development of metabolic 
disorders such as obesity, insulin resistance, nonalcoholic fatty liver disease and atherosclerosis. In 
addition to G protein-coupled receptors, nuclear receptors are important for mediating the effects 
of PUFA metabolites. On the other hand, nuclear receptors also act as upstream of PUFA derivates 
by regulating the expression of enzymes involved in PUFA metabolism. In the current review, 
we focused on the effects of PUFA metabolites on metabolic diseases by interacting with nuclear 
receptors.

Abstract

Introduction
Nuclear receptors (NRs) belong to the ligand-dependent 
transcription factor superfamily. Endocrine hormones, lipid 
metabolites, exogenous biological agents, and drugs can serve 
as ligands of nuclear receptors to regulate their activities. 

Currently, the human NR superfamily includes 48 transcription 
factors (De Bosscher et al., 2020). NRs bind with DNA 
response elements in the form of monomers, homodimers 
or heterodimers or bind with other transcription factors 
to regulate gene expression (Marciano et al., 2014). NRs 
play important roles in metabolic diseases such as diabetes, 
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obesity, nonalcoholic fatty liver disease, atherosclerosis, and 
hypertension (Marciano et al., 2014).

Arachidonic acid (ARA), linoleic acid (LA), docosahexaenoic 
acid (DHA) and eicosapentaenoic acid (EPA) are important 
bioactive lipid precursors that can be metabolized into a 
large number of bioactive lipids by cyclooxygenase (COX), 
lipoxygenase (LOX) and cytochrome P450s (CYPs) (Gabbs et al., 
2015; Zhang et al., 2015). LA can be metabolized into hydroxy-
octadecadienoic acid (HODE) mainly through the LOX pathway, 
including 9-HODE and 13-HODE, and into epoxyoctadecenoic 
acid (EpOME) through the CYP and COX pathways. ARA can be 
metabolized into prostaglandins (PGs) and thromboxanes (TXs) 
by COX. It also generates hydroperoxy-eicosatetraenoic acid, 
which is metabolized into leukotrienes (LTs) via the LOX pathway 
and generates hydroxy-eicosatetraenoic acids (HETEs) via the 
CYP pathway. EPA can be metabolized into 3-series PG and TXs 
through the COX pathway and resolvins (RvE; RvE1-E3) and 
hydroxyeicosapentaenoic acids (HEPEs) via the LOX pathway. 
Epoxyeicosatetraenoic acids (EEQs) and dihydroxyeicosatetraenoic 
acids (diHETEs) are derived from EPA through CYPs. DHA is 
catalyzed to produce D-series resolvins (RvD), maresins, protectins 
(PD), and hydroxydocosahexaenoic acids (HDoHEs) by the 
LOX pathway and into epoxydocosapentaenoic acids (EDPs) and 
dihydroxydocosapentaenoic acids (DiHDPAs) by the CYP pathway 
( Schmitz et al., 2008; Gabbs et al., 2015).

These bioactive lipids derived from PUFAs have various 
biological functions. They play important roles in the occurrence 
and development of metabolic diseases. The mechanisms 
underlying the regulation of tissue homeostasis and pathology 
by PUFA metabolites are complex. These PUFA derivatives play 
important roles in signal transduction by binding with nuclear 
or membrane receptors. Many of them have been reported to act 
on G protein-coupled receptors (GPCRs). Eicosanoids derived 
from arachidonic acid exerting their biological functions through 
membrane receptors have been well summarized (Calder, 2020). 
In addition, several PUFA metabolites have been identified as 
endogenous ligands of nuclear receptors that directly regulate their 
activities. Moreover, some eicosanoids can regulate cell function by 
indirectly regulating nuclear receptor activity. Nuclear receptors can 
also affect eicosanoid production by regulating the expression of 
enzymes related to eicosanoid metabolism. This article will mainly 
focus on the roles of the interaction between eicosanoid and nuclear 
receptors in metabolic diseases.

The Roles of ARA or LA-derived Metabolites 
in Metabolic Diseases through Nuclear 
Receptors
Various metabolites of ARA or LA are reported to be 
endogenous ligands of peroxisome proliferator-activated 

receptors (PPARs). In addition to PPARs, the bioactivities of 
testicular orphan nuclear receptor 4 (TR4), farnesoid X receptor 
(FXR), and liver X receptor (LXR) can also be affected by 
ARA, LA or their metabolites.

1. ARA or LA-derived Metabolites and PPARs
The PPAR nuclear receptor superfamily includes three 
subtypes, PPARα, PPARδ (also known as PPARβ) and PPARγ. 
PPARs play an important role in regulating glucose and lipid 
metabolism. PPARα promotes the uptake and utilization of 
fatty acids, and its agonist fibrate is used clinically to treat 
hyperlipidemia. PPARδ exerts beneficial effects on reducing 
weight gain, increasing the skeletal muscle metabolic 
rate and reducing atherogenic inflammation. PPARγ can 
promote glucose metabolism and lipid storage. Its agonist 
thiazolidinediones (TZDs) are used as insulin sensitizers in the 
treatment of type 2 diabetes (Marciano et al., 2014). Several 
metabolites derived from ARA or LA have been identified 
as endogenous ligands of PPARs, with 15d-PGJ2 being the 
earliest discovered endogenous ligand of PPARγ (Kliewer et 
al., 1995; Behl et al., 2016).
1.1 15d-PGJ2 and PPARγ
As early as 1995, 15d-PGJ2 was found to bind to and activate 
PPARγ to promote adipocyte differentiation, making it the 
first discovered endogenous ligand of PPARγ (Kliewer et 
al., 1995). Then, it is reported to affect physiological and 
pathophysiological processes such as lipogenesis, energy 
metabolism, and inflammation by activating PPARγ. Recent 
studies have demonstrated that a large number of mast cells 
are present in adipose tissue, which is further increased in 
the adipose tissue of obese mice. The conditioned medium 
of mast cells promotes 3T3-L1 cells to differentiate into 
adipocytes. Mechanistic studies show that 15d-PGJ2 secreted 
by mast cells acts on preadipocytes to activate PPARγ, thereby 
promoting adipocyte differentiation (Tanaka et al., 2011). In 
addition, 15d-PGJ2 improves insulin sensitivity in adipose 
tissue by mediating the interaction between G protein-coupled 
receptor 120 (GPR120) and PPARγ (Paschoal et al., 2020). 
GPR120 activation inhibited the metabolism of ARA into 
proinflammatory eicosanoids and promoted the production 
of 15d-PGJ2 by adipose tissue. 15d-PGJ2 can then activate 
PPARγ. Moreover, GPR120 is also a downstream target gene 
of PPARγ, which can then be activated after PPARγ activation 
(Paschoal et al., 2020). GPR120 is a membrane receptor of 
fatty acids, and PPARγ is a nuclear receptor of fatty acids. 
This study shows the key role of fatty acids in the metabolic 
regulatory network.

The interaction between adipose tissue and the central 
nervous system (CNS) plays important roles in regulating 
energy balance. Leptin secreted by adipose tissue can 
suppress appetite by acting on the hypothalamus. Meanwhile, 
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the occurrence of leptin resistance is indispensable in the 
pathogenesis of obesity. PPARγ activation in the central 
nervous system can inhibit leptin sensitivity and thus increase 
food intake (Ryan et al., 2011). 15d-PGJ2 is reported to inhibit 
leptin signal transduction by activating PPARγ, suggesting 
that it may act in the central nervous system to promote the 
development of leptin resistance (Hosoi et al., 2015).

Nonalcoholic fatty liver disease (NAFLD) is an important 
metabolic disease, and the activation of hepatic stellate cells 
(HSCs) promotes NAFLD-related liver fibrosis (Diehl et 
al., 2017). PPARγ improved liver fibrosis by inhibiting HSC 
activation (Tsuchida et al., 2017). 15d-PGJ2 was also found to 
inhibit the proliferation of HSCs and promote their apoptosis 
through activating PPARγ and inhibiting the expression of 
connective tissue growth factor mediated by TGF-β1 (Sun 
et al., 2006). In addition, activation of PPARγ by 15d-PGJ2 
induces HSC senescence by upregulating P53 expression (Jin 
et al., 2016). These studies suggest that 15d-PGJ2 may have a 
protective effect against liver fibrosis.

In addition, a number of studies have shown that 15d-PGJ2 
can suppress inflammation by activating PPARγ, thereby 
exerting a cardiovascular protective effect. 15d-PGJ2 can 
inhibit macrophage activation (Ricote et al., 1998), endothelial 
cell inflammation (Marcone et al., 2016), and adhesion of 
monocytes and neutrophils to endothelial cells (Jackson et 
al., 1999). Moreover, 15d-PGJ2 also inhibits the migration 
of vascular smooth muscle by activating PPARγ (Marx et al., 
1998). 15d-PGJ2 reduces the formation of atherosclerotic 
lesions in apolipoprotein E knockout mice (Seno et al., 2011).
1.2 15-HETE, 9-HODE, 13-HODE and PPARγ
In addition to 15d-PGJ2, 15-HETE derived from ARA through 
LOX, and 9-HODE and 13-HODE derived from LA through 
LOX can also activate PPARγ. ARA can promote glucose 
uptake in 3T3-L1 adipocytes. Mechanistic studies showed 
that LOX inhibitors, but not COX1 and COX2 inhibitors, 
significantly inhibited the promoting effect of ARA on glucose 
uptake in adipocytes. Overexpression of the dominant negative 
PPARγ mutant plasmid had the same effect. This study suggests 
that the LOX metabolites of ARA may affect glucose uptake in 
adipose tissue by activating PPARγ (Nugent et al., 2001).

At a concentration of 30 μM, 15-HETE and 13-HODE 
increased the transcriptional activity of the PPARγ reporter 
genes (Huang et al., 1999). Studies have shown that interleukin 
(IL)-4 can promote the expression of the PPARγ target gene 
CD36 in macrophages, which can be abolished by a 15-LOX 
inhibitor (Huang et al., 1999). This study suggested that ARA-
derived 15-HETE and LA-derived 13-HODE may be involved 
in IL-4-induced CD36 expression through activation of PPARγ.

The levels of 9-HODE and 13-HODE in plasma increased 
with the progression of NASH, indicating their potential as 

molecular markers of NASH (Maciejewska et al., 2020). 
Oxidized low-density lipoprotein (oxLDL) promotes monocyte 
maturation, PPARγ activity and CD36 expression. Through 
screening the lipids contained in oxLDL particles, 9-HODE 
and 13-HODE were found to promote monocyte maturation 
and CD36 expression as ligands for PPARγ (Nagy et al., 1998). 
Circulating levels of fatty-acid-binding protein 4 (FABP4) are 
increased in individuals with metabolic syndrome. HODEs 
increase the expression of FABP4 in THP-1 cells. 9-HODE 
was reported to act on the membrane receptor GPR132 and 
the nuclear receptor PPARγ. This study further found that the 
effects of 9-HODE and 13-HODE on the expression of FABP4 
were mediated via PPARγ rather than GPR132 (Vangaveti et 
al., 2018). Structural biology studies further confirmed the 
direct binding of HODEs to PPARγ. This study showed that 
two molecules of 9-HODE are present in the ligand binding 
pocket of PPARγ and that one molecule of 13-HODE is in the 
ligand binding cavity (Itoh et al., 2008).
1.3 LOX-mediated ARA Metabolites and PPARα
Leukotriene B4 (LTB4) and 8-HETE are derived from ARA 
through LOX, and they are both reported to be endogenous 
ligands of PPARα. LTB4 interacts with leukotriene B4 
receptors (BLTs) or the nuclear receptor PPARα. BLT1 and 
BLT2 are membrane receptors for LTB4. In HeLa cells lacking 
BLT1 and BLT2 receptors, LTB4 can still activate PPARα, 
indicating that its effect on PPARα is not caused by BLT1 and 
BLT2 receptors (Narala et al., 2010). Activation of BLTs has 
proinflammatory effects, while activation of PPARα has anti-
inflammatory effects, indicating that LTB4 acts on different 
receptors to exert different effects.

8-HETE and 8-HEPE (derived from EPA) are considered 
ligands of PPARα based on their effects on PPARα activation 
and PPARα-RXR heterodimer formation (Forman et al., 1997). 
8-HETE activates PPARα in a ligand-dependent manner and 
competes with GW2331 (an agonist of PPARα) to bind with 
PPARα. These data indicate that 8-HETE is an endogenous 
agonist of PPARα (Kliewer et al., 1997).

In addition, the LOX metabolites of PUFAs may also play a 
role by affecting the expression of PPARα. The study showed 
that 5-LOX knockout or inhibition had a protective effect on 
acetaminophen-induced liver injury in mice and increased and 
activated PPARα expression but had no effect on the expression 
of PPARγ or its target genes (Pu et al., 2016).
1.4 Prostacyclin (PGI2) and PPARs
PGI2 produced from ARA through COX is a potential 
endogenous ligand of PPARα and PPARδ (Forman et al., 1997). 
ARA increases the expression of uncoupling protein 2 (UCP2) 
in skeletal muscle cells. This effect is blocked by COX but 
not LOX inhibitors. Both cPGI2 (an analogue of PGI2) and a 
PPARδ agonist induced a robust increase in UCP-2 expression 
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in skeletal muscle cells (Chevillotte et al., 2001). This study 
suggests that cPGI2 may promote the expression of UCP2 in 
skeletal muscle cells by activating PPARδ. In myocytes, cPGI2 
promotes the expression of carnitine palmitoyltransferase 1, 
a key protein involved in fatty acid oxidation in myocardial 
cells. Mechanistic studies found that cPGI2 exerts this effect 
by activating PPARδ rather than its membrane receptor IP 
prostanoid receptor (Kuroda et al., 2007).

In addition, PGI2 released from endothelial cells participates 
in the regulation of smooth muscle cell function by blood 
flow (Tsai et al., 2009). Endothelial cells secrete PGI2 under 
the stimulation of laminar flow, which then promotes the 
expression of SM22-α through PPARα and δ activation to 
maintain the contraction phenotype of vascular smooth muscle 
cells (Tsai et al., 2009). cPGI2 is also reported to promote 14-
3-3 expression by activating PPARδ, which protects endothelial 
cells from H2O2-induced apoptosis (Liou et al., 2006).
1.5 Epoxyeicosatrienoic Acids (EETs) and PPARs
ARA can be metabolized by CYP2C and CYP2J to produce four 
EETs: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET. EETs can 
be further hydrolyzed by soluble epioxide hydrolase (sEH) (He et 
al., 2016). By increasing the levels of EETs, sEH inhibitors can 
significantly improve high-fat diet- and hyperhomocysteinemia-
induced liver steatosis (Wang et al., 2019; Yao et al., 2019). EETs 
are reported to exert their effects through PPARs. The luciferase 
reporter gene system shows that 8,9-EET or 11,12-EET treatment 
and overexpression of CYP2J2 activates PPARα (Wray et al., 
2009). Homocysteine can reduce the levels of 11,12-EET in the 
liver. Inhibition of sEH can increase the levels of 11,12-EET and 
activate PPARα in a ligand-dependent manner, which ameliorates 
liver steatosis by promoting oxidation of fatty acids (Yao et al., 
2019). The sEH inhibitor TPPU increased PPARα expression in 
the livers of methionine-choline deficient diet-fed mice (Wang 
et al., 2019). In addition, cardiomyocyte-specific expression 
of CYP2J2 increased 11,12-EET levels and prevented Ang-II-
induced cardiac remodeling through PPARγ activation (He et al., 
2015). Moreover, 14,15-EET activates PPARγ to disrupt TGF-
β1-Smad2/3 signaling in murine fibroblasts. Decreasing the level 
of 14,15-EET by blocking sEH can alleviate bleomycin-induced 
pulmonary fibrosis (Tao et al., 2022). Although a number of 
studies have reported the activation of PPARs by EETs, it is still 
unclear whether EETs directly bind to PPARs.

2. ARA or LA-derived Metabolites and TR4
TR4 is an orphan nuclear receptor. TR4 and PPARγ share 20.2% 
identity in overall structure, with 54.2% homology in their DNA-
binding domain and 21.2% homology in their LBD (Liu et al., 
2014). Although TR4 has high homology to the PPARγ protein, its 
effects on glucose and lipid metabolism are different from those 
of PPARγ in many ways. For example, TR4 activation causes 
insulin resistance and promotes the development of atherosclerosis, 

which is opposite to the effect of PPARγ (Lin et al., 2017). TR4 
deficiency protects mice from obesity-induced liver lipid deposition 
and insulin resistance (Kang et al., 2011). ARA-derived 15-HETE 
and LA-derived 13-HODE are endogenous ligands of TR4 (Xie 
et al., 2009). 15-HETE and 13-HODE bind to TR4 to promote the 
expression of CD36 (Xie et al., 2009). However, it is unknown 
whether 15-HETE and 13-HODE can participate in glucose and 
lipid metabolism by activating TR4.

3. ARA and LXRs
The LXR family is composed of two members: LXRα and 
LXRβ. LXR plays an important role in the regulation of lipid 
metabolism. Its agonists have therapeutic effects, such as anti-
atherosclerosis and anti-diabetes, but cause side effects of fatty 
liver and hyperlipidemia (Wang et al., 2018). Although the effects 
of ARA metabolites on LXR are unknown, ARA has been reported 
to exert biological functions by inhibiting LXR. PUFAs have been 
reported to inhibit the promoter activity of sterol regulatory element 
binding protein-1c (SREBP-1c) in an LXR-dependent manner. 
The inhibitory effect of ARA on the SREBP-1c promoter is greater 
than that of EPA, DHA, and LA (Yoshikawa et al., 2002). Further 
studies showed that ARA inhibited LXR activity by competing with 
endogenous LXR ligands ( Ou et al., 2001; Yoshikawa et al., 2002). 
ARA inhibits insulin induced SREBP-1c expression by inhibiting 
LXR activity (Chen et al., 2004). In addition, deficiency of 
lipoprotein receptor-related protein 1 increases the release of ARA 
by promoting the activity of cytosolic phospholipase A2. ARA in 
turn inhibits the expression of ATP-binding cassette transporter A1 
through the inhibition of LXR activity, which leads to an increase 
in cholesterol levels in smooth muscle cells (Zhou et al., 2009).

4. The Effects of ARA and Its Metabolites on Farnesyl 
Ester X Receptor (FXR)
FXR plays an important role in bile acid metabolism and 
glucose and lipid metabolism, and bile acids are its main 
endogenous ligands (Lu et al., 2020). PUFAs have also been 
reported to bind to FXR (Zhao et al., 2004). Further studies 
found that PUFAs act as FXR antagonists to inhibit the 
expression of FXR target genes (Zhao et al., 2004). Among 
ARA-derived eicosanoids, 15d-PGJ2 was reported to inhibit 
FXR in addition to activating PPARγ. Moreover, the inhibitory 
effects of 15d-PGJ2 on FXR promote the conversion of 
cholesterol to bile acids in HepG2 cells (Xu et al., 2013).

The Effects of DHA/EPA Metabolites 
on Metabolic Disease through Nuclear 
Receptors
DHA and EPA are important ω-3 PUFAs that have been 
reported to have protective effects on glucose and lipid 
metabolism. In recent years, an increasing number of studies 
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have focused on the function of metabolites derived from 
DHA and EPA. Several DHA and EPA metabolites have been 
reported to act on membrane receptors (GPCRs) and nuclear 
receptors (mainly PPARs) to exert their biological functions. 
By constructing the GAL4-PPARs system, researchers found 
that 5-, 8-, 9-, 12- and 18-HEPE produced by EPA metabolism 
could activate PPARα and PPARγ, while 5-, 8-, 9-, 12-HEPE 
also activated PPARβ (Yamada et al., 2014). That study also 
revealed that 8-HEPE promotes lipogenesis in preadipocytes 
by activating PPARγ and increases glucose uptake of myoblasts 
by activating PPARβ (Yamada et al., 2014). In addition, the 
EPA metabolite 15d-PGJ3 can promote 3T3-L1 cells to secrete 
adiponectin through PPARγ (Lefils-Lacourtablaise et al., 2013), 
but whether 15d-PGJ3 is a ligand of PPARγ remains to be 
studied. In obesity and NASH mouse models, 18-HEPE and 
17-HDHA can upregulate PPARα and PPARγ to exert liver 
protective functions (Rodriguez-Echevarria et al., 2018).

Retinoid-related orphan receptor alpha (RORα) agonists 
show protective effects against nonalcoholic steatohepatitis 
(Chai et al., 2020). MaR1, derived from DHA through LOX 
catalysis, activates RORα to promote M2 polarization of 
macrophages and alleviate inflammation in the progression of 
NASH. Surface plasmon resonance and fluorescence resonance 
energy transfer assays confirmed that MaR1 could directly bind 
to RORα, indicating that MaR1 is an endogenous ligand of 
RORα. Activation of RORα in macrophages further promotes 
the expression of 12-LOX to increase the production of 
MaR1, thus forming a metabolic circuit (Han et al., 2019). In 
cardiomyocytes, MaR1 increases IGF-1 production by binding 
with RORα and then induces cardiomyocyte hypertrophy through 
the PI3K/Akt pathway (Wahyuni et al., 2021). Because MaR1 has 
no activation effect on other nuclear receptors, such as retinoic 
acid receptors β and PPARs, and other eicosanoids, such as DHA 
and RvD1, cannot activate RORα.Thus, the activation of RORα 
by MaR1 is relatively specific (Han et al., 2019).

PUFAs and Other Nuclear Receptors
In addition to the above-mentioned nuclear receptors closely 

associated with metabolism, PUFAs may also bind to other 
nuclear receptors. However, it is still unclear whether they have 
a relevant effect on metabolic diseases through these nuclear 
receptors. Nurr1 pull-down combined with high-resolution 
mass spectrometry suggested that DHA may bind to Nurr1. 
Solution NMR spectroscopy revealed that the binding epitope 
between DHA and Nurr1 was in its ligand binding domain (de 
Vera et al., 2016). However, which biological functions DHA 
can exert through binding to Nurr1 remains to be studied. The 
binding of DHA and ARA to the Nur77 ligand domain was also 
discovered using the pull-down method combined with high-
resolution mass spectrometry (Vinayavekhin et al., 2011).

The Role of NRs in PUFA Metabolism
PUFA metabolites can act as endogenous ligands to affect the 
activity of nuclear receptors. Conversely, nuclear receptors 
can also regulate the production and metabolism of these 
bioactive PUFA metabolites, forming a complex regulatory 
network in energy metabolism homeostasis and metabolism. 
Nuclear receptors (PPARs, RORα and LXRs) can affect the 
production and metabolism of ω-6/ω-3 PUFA-derived bioactive 
metabolites by regulating the expression of related metabolic 
enzymes (Figure 1).

PPARγ knockout increases the expression of mPGES-1 
and COX in adipose tissue to promote PGE2 production. 
PGE2 in turn represses the expression of PPARγ and blocks 
rosiglitazone-mediated preadipocyte differentiation (Garcia-
Alonso et al., 2013). This indicates that PPARγ and PGE2 have 
a mutual regulatory network in adipose tissue, thus affecting 
adipose tissue function. In myocardial cells, PPARγ can also 
inhibit the expression of COX-2 and reduce the level of PGE2 
(Mendez et al., 2003). The expression of CYP4A, as well as 
the ARA metabolites 19-HETE and 20-HETE, in the livers 
of diabetic rats and fasting rats is increased. Further study 
found that the increased expression of CYP4A was mediated 
by PPARα activation (Kroetz et al., 1998). CYP2C8 can 
metabolize ARA into EETs, and PPARα is reported to directly 
act on the promoter of CYP2C8 to promote its transcription 

Figure 1. Summary of the effects of nuclear receptors on production of ω-6/ω-3 PUFA-derived bioactive metabolites
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(Thomas et al., 2015).
RORα can inhibit the expression of 5-LOX in prostate cancer 

cells, thereby inhibiting the proliferation-promoting effect of 
ARA on prostate cancer cells (Moretti et al., 2004). Melatonin 
can act on RORα receptors to inhibit the expression of 5-LOX 
and inhibit the activation of hepatic stellate cells (Shajari et 
al., 2015). In addition, CYP2C8 is also a target gene of RORα; 
overexpression of RORα can increase its expression (Chen et 
al., 2009).

The  LXR agon i s t  p romoted  the  t r ansc r ip t ion  o f 
lysophosphatidyltransferase 3 in macrophages and significantly 
increased the content of ARA in polar lipids, especially 
phosphatidylcholine. LXR agonist pretreatment increased the 
release of arachidonate-derived eicosanoids such as PGE2 and 
thromboxane after lipopolysaccharide stimulation (Ishibashi 
et al., 2013). Moreover, ARA redistributed into neutral lipids 
when lysophosphatidyltransferase 3 was Knocked down 
(Ishibashi et al., 2013). In addition, LXR also mediated the 

expression of multiple synthetic PUFA genes, including 
FADS1, FADS2, ACSL3, and ELOVL5. LXR agonists 
promoted the generation of ω-6 and ω-3 PUFAs derived from 
C18 substrates (Varin et al., 2015).

Conclusion
A large number of bioactive lipids are produced by the metabolism 
of PUFAs, and they can serve as signaling molecules to exert 
biological functions through corresponding receptors. Various 
PUFA metabolites can bind to GPCRs or NRs to regulate energy 
metabolism and participate in the development of related diseases. 
PPARs, LXR, FXR and TR4 can act as fatty acid receptors and 
thus become an important link between PUFA metabolism and 
cell function changes (Table 1). There are still numerous PUFA 
metabolites with complex functions, and their receptors are 
unknown. Compared with mechanistic studies of EPA- or 
DHA-derived metabolites, more studies have focused on ARA-

Table 1. The effects of ω-6/ω-3 PUFA-derived bioactive metabolites on metabolic disorders through nuclear receptors
Precursors Metabolites NRs Function References
ARA&LA 15d-PGJ2

 

PPARγ Adipocyte differentiation↑ (Kliewer et al., 1995), (Tanaka et al., 2011)

Adipose tissue insulin sensitivity↑ (Paschoal et al., 2020)

Leptin sensitivity↓ (Hosoi et al., 2015)

Hepatic stellate cell proliferation↓
apoptosis↑

(Sun et al., 2006)

Hepatic stellate cell senescence↑ (Jin et al., 2016)

Vascular smooth muscle cell migration↓ (Marx et al., 1998)

FXR Conversion of cholesterol to bile acids in HepG2 cells↑ (Xu et al., 2013)

15-HETE PPARγ Expression of CD36↑ (Huang et al., 1999), (Nagy et al., 1998)

Monocyte maturation↑ (Nagy et al., 1998)

TR4 Expression of CD36↑ (Xie et al., 2009)

9-HODE PPARγ Circulation level of FABP4↑ (Vangaveti et al., 2018)

13-HODE PPARγ Expression of CD36↑ (Huang et al., 1999), (Nagy et al., 1998)

Monocyte maturation↑ (Nagy et al., 1998)

Circulation level of FABP4↑ (Vangaveti et al., 2018)

TR4 Expression of CD36↑ (Xie et al., 2009)

PGI2 PPARδ Level of UCP2 in skeletal muscle cell ↑ (Chevillotte et al., 2001)

Expression of 14-3-3↑
Endothelial cell apoptosis↓

(Liou et al., 2006)

PPARα
PPARδ

Synthetic-to-contractile phenotypic phenotype of vascular smooth 
muscle cell ↑

(Tsai et al., 2009)

11,12-EET PPARα Hyperhomocysteinemia-induced hepatic steatosis↓ (Yao et al., 2019)

PPARγ Ang-II-induced cardiac remodeling↓ (He et al., 2015)

EPA & DHA 15d-PGJ3 PPARγ Adiponectin secretion in 3T3-L1 cells ↑ (Lefils-Lacourtablaise et al., 2013)

8-HEPE PPARα
PPARγ
PPARδ

Lipogenesis in preadipocytes↑
Glucose uptake↑

(Yamada et al., 2014)

18-HEPE
17-HDHA

PPARα
PPARγ

Protective function in obesity or NASH mice liver (Rodriguez-Echevarria et al., 2018)

MaR1 RORα M2 macrophages polarization ↑
NASH inflammation and fibrosis↓

(Han et al., 2019)
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derived eicosanoids. However, in recent years, an increasing 
number of studies have focused on the underlying mechanism 
of ω-3 PUFA-derived metabolites. Direct or indirect regulation 
of nuclear receptors is one of the key mechanisms for their 
functions. The changes in nuclear receptor activity can, in turn, 
affect the production of PUFA metabolites by regulating the 
expression of related enzymes. Therefore, PUFA metabolites 
and nuclear receptors form a regulatory network and play 
an important role in metabolic diseases. Studies focused on 
eicosanoid metabolism, exploring their targets and downstream 
signaling pathways will contribute to exploring new therapeutic 
targets for metabolic diseases.
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