
INTRODUCTION

Excessive inflammation is associated with various chronic 
diseases, including nonalcoholic steatohepatitis (NASH), 
diabetic obesity, and cardiovascular and neurodegenerative 
diseases. Under homeostatic conditions, acute inflammation 
is self-limiting and resolves by itself. An acute inflammatory 
response is divided into two phases: the pro-inflammatory ini-
tiation phase and the anti-inflammatory resolution phase. In 
the resolution phase, the cessation of immune cell infiltration 
occurs in response to chemotactic signals, apoptosis of poly-
morphonuclear cells, and active clearance of apoptotic cells 
and debris by macrophages. Charles Serhan was the first re-
searcher to describe lipid mediators for self-resolution of in-
flammation, called specialized proresolving mediators (SPMs) 
(Serhan, 2017). His research group identified SPMs via liquid 

chromatography–tandem mass spectrometry-based analysis 
of self-limited exudates formed in in vivo animal models and 
human cells (Serhan et al., 2000). Serhan and colleagues 
demonstrated that SPMs led to activation of efferocytosis to 
remove apoptotic neutrophils and inflammatory molecules 
(Dalli and Serhan, 2012). Furthermore, SPMs could induce a 
polarity switch of macrophages from pro-inflammatory M1 to 
anti-inflammatory M2 to resolve acute inflammation and se-
crete tissue repair and wound healing molecules (Buckley et 
al., 2014). Presently, it is well known that SPMs modulate pro-
inflammatory responses, host defense, pain, tissue remodel-
ing, and organ dysfunction via immunological mechanisms.

During the resolution phase of acute inflammation, SPMs 
are biosynthesized from essential polyunsaturated fatty ac-
ids (PUFAs), including docosahexaenoic acid (DHA), eicos-
apentaenoic acid (EPA), and arachidonic acid (AA) (Fig. 1). 
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Uncontrolled inflammation is considered the pathophysiological basis of many prevalent metabolic disorders, such as nonalcohol-
ic fatty liver disease, diabetes, obesity, and neurodegenerative diseases. The inflammatory response is a self-limiting process that 
produces a superfamily of chemical mediators, called specialized proresolving mediators (SPMs). SPMs include the ω-3-derived 
family of molecules, such as resolvins, protectins, and maresins, as well as arachidonic acid-derived (ω-6) lipoxins that stimulate 
and promote resolution of inflammation, clearance of microbes, and alleviation of pain and promote tissue regeneration via novel 
mechanisms. SPMs function by binding and activating G protein-coupled receptors, such as FPR2/ALX, GPR32, and ERV1, and 
nuclear orphan receptors, such as RORα. Recently, several studies reported that SPMs have the potential to attenuate lipid me-
tabolism disorders. However, the understanding of pharmacological aspects of SPMs, including tissue-specific biosynthesis, and 
specific SPM receptors and signaling pathways, is currently limited. Here, we summarize recent advances in the role of SPMs in 
resolution of inflammatory diseases with metabolic disorders, such as nonalcoholic fatty liver disease and obesity, obtained from 
preclinical animal studies. In addition, the known SPM receptors and their intracellular signaling are reviewed as targets of resolu-
tion of inflammation, and the currently available information on the therapeutic effects of major SPMs for metabolic disorders is 
summarized.
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Resolvins are metabolites biosynthesized from ω-3 PUFAs, 
including DHA and EPA, via diverse lipoxygenases (LOXs), 
resulting in the production of D- and E-series resolvins (Ser-
han, 2017). D-series resolvins (RvD1–RvD6) are mainly de-
rived from an epoxide of DHA via a reaction involving 15-LOX 
and 17S-hydroxy-4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic 
acid (17-HDHA) (Chiang and Serhan, 2017). Furthermore, 
the biosynthesis of protectins (PDs) and maresins (MaRs) 
occurs from lipoxygenase-mediated epoxide intermediates 
of DHA. However, lipoxins (LXs) including LXA4 and LXB4 
are synthesized from ω-6 arachidonic acid via conversion of 
15-hydroperoxyeicosatetraenoic acid (Park et al., 2020). The 
biosynthesis of these SPMs is mainly initiated during the late 
phase of the acute inflammatory response, wherein polymor-
phonuclear neutrophils undergo apoptosis and macrophages 
perform efferocytosis (Buckley et al., 2014). Moreover, these 
lipid mediators can influence immune cell responses as well 
as tissue homeostasis.

The inflammatory response plays an essential role in mod-
ulating lipid metabolism-related diseases, such as obesity and 
nonalcoholic fatty liver disease (NAFLD). Acute and chronic 
inflammation involving recruitment of neutrophils and macro-
phages is associated with dysregulated metabolism following 
dampening of functions of homeostatic parenchymal cells (Lu-
meng and Saltiel, 2011). Obesity and NAFLD are often as-
sociated with nonresolving inflammation in adipose and liver 

tissues, which is a key pathological event that leads to insulin 
resistance and metabolic dysregulation (Spite et al., 2014). 
The persistent inflammation can lead to metabolic disorders. 
In addition, disrupted metabolic homeostasis drives the on-
set of inflammation. Thus, it is reasonable to hypothesize that 
SPMs could modulate lipid metabolism-related diseases via 
resolution of the feedback loop of inflammatory stimulations 
and metabolic dysfunctions. In this regard, dysregulation of 
SPM biosynthesis in adipose tissue, the liver, and other tis-
sues is involved in the pathogenesis of lipid metabolic dis-
eases (Spite et al., 2014). In this review, we summarize the 
following: 1) the role of SPMs in resolution of inflammatory dis-
eases with metabolic disorders, such as NAFLD and obesity; 
2) SPM receptors and their intracellular signaling as targets 
of resolution of inflammation; and 3) the therapeutic effects of 
major SPM species for the treatment of metabolic disorders 
with chronic inflammation.

RESOLUTION OF LIVER INFLAMMATION: 
IMPLICATIONS OF SPMS IN THE PROGRESSION OF 
NAFLD

NAFLD is an umbrella term for a range of hepatic diseases 
ranging from simple lipid accumulation (steatosis) to compli-
cated inflammations (steatohepatitis). With impaired adipose 
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Fig. 1. SPMs and their biosynthesis. Biosynthesis of SPMs starts from the long-chain PUFAs such as docosahexaenoic acid (DHA), eicos-
apentaenoic acid (EPA), and arachidonic acid (AA). Enzymes, including lipoxygenase (LOX) and cyclooxygenase (COX), convert PUFAs 
towards various SPM families. Maresins (MaR1 and MaR2), protectins (PD1 and PDX), and D-series resolvins (RvD1-RvD6) are derived 
from DHA. 14-Hydroxy docosahexaenoic acid (14-HDHA) is the intermediate of maresins produced by 12/15-LOX, and 17-hydroperoxy 
docosahexaenoic acid (17-HpDHA) is the intermediate of other SPM families derived from DHA. E-series resolvins (RvE1, RvE2, and RvE3) 
are synthesized from EPA. 18-Hydroxyeicosapentaenoic acid (18-HEPE) is the major intermediate which is produced by COX-2 or CYP450. 
Lipoxins (LXA4 and LXB4), the first SPMs identified, are biosynthesized from AA in two different routes by either 15-LOX or 5-LOX in differ-
ent cells or tissues. 
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tissue homeostasis, the steatotic liver undergoes progres-
sive inflammations to develop nonalcoholic steatohepatitis 
(NASH), fibrosis, and ultimately cirrhosis (Neuschwander-
Tetri, 2020). Lipotoxicity and release of endogenous damage-
associated molecular patterns begin the hepatic inflammatory 
response by accumulation of leukocytes, including activated-
neutrophils and macrophages (Koyama and Brenner, 2017). 
The relevance of compositional change of ω-6 and ω-3 PU-
FAs in patients with NASH suggested that specific lipid media-
tors could modulate the symptoms of progressive NASH (Puri 
et al., 2007).

Several studies have reported the role of eicosanoids, 
metabolites of inflammatory ω-6 arachidonic acid, in NASH 
diseases. Moreover, cyclooxygenase 2-mediated prostaglan-
din E2 production by Kupffer cells induced accumulation of 
hepatic triglycerides via cyclic adenosine monophosphate 
(cAMP) (Enomoto et al., 2000). In addition, leukotriene (LT) 
signaling exhibited a potential effect on the progression from 
steatosis to NASH (Araújo et al., 2018). In particular, 5-LOX, 

an enzyme involved in the synthesis of LT family members 
from arachidonic acid, was remarkably activated in patients 
and mouse models of NASH (Puri et al., 2009; Horrillo et al., 
2010). Pharmacological and genetic ablation of the LT path-
way consistently inhibited progression of high fat diet (HFD)-
induced hepatic steatosis and inflammatory responses (Hor-
rillo et al., 2010; Martínez-Clemente et al., 2010). 

Considering the proresolving function of inflammatory lipid 
mediators, it is not surprising that SPMs, metabolites of ω-3 
PUFAs, have a beneficial effect on the progression of NASH 
(Table 1). Indeed, the feeding of a ω-3-enriched diet amelio-
rated steatotic and inflammatory liver injury in mouse models 
(González-Périz et al., 2006, 2009). These hepatoprotective 
effects of a ω-3-enriched diet were involved in the produc-
tion of SPMs including resolvins, protectins, and 17-HDHA. 
RvE1 reduced hepatic lipid levels and macrophage activation 
along with adiponectin-mediated improvement of adipose tis-
sue homeostasis (González-Périz et al., 2009). 17-HDHA and 
protectin D 1 (PD1) mediated beneficial effects of ω-3 PU-

Table 1. Effects of SMPs in mouse liver, adipose, vessel, and neuron

Tissues SPMS Receptors Effects in adipose and liver tissue Ref

Liver RvD1 Not studied Suppresses TLR4-mediated inflammatory signalling in 
liver

Li et al., 2020

RvD1 Not studied Inhibits proinflammatory NF-κB activitiy Kuang et al., 2016
RvE1 Not studied Inhibits proinflammatory NF-κB activitiy Kuang et al., 2016
RvE1 ChemR23/ERV1 Induces adiponectin in adipose tissue González-Périz et al., 2009
PD1 Not studied Decreases TNF release of macrophages and DNA 

damage of hepatocytes
González-Périz et al., 2006

MaR1 Not studied AMPK-mediated inhibition of liver steatosis Laiglesia et al., 2018b
MaR1 Not studied Suppresses lipotoxicity and ER stress Rius et al., 2017
MaR1 Not studied Reduces ER stress via AMPK-SERCA2b pathway Jung et al., 2018
MaR1 Not studied Regulates hepatocyte metabolism by modulating 

FGF21
Martinez-Fernandez et al., 2019

MaR1 RORα Induces M2 polarity of liver macrophages Han et al., 2019
MaR1 ALX/FPR2 Protects I/R liver injuries via Akt signaling Tang et al., 2021

Adipose RvD1 FPR2/ALX Increases M2:M1 adipose tissue macrophage ratio Hellmann et al., 2011
RvD2 GPR18/DRV2 Increased UCP1 and PGC1α expression in BAT and 

increased whole body consumption
Pascoal et al., 2017

RvD1 GPR32/DRV1 Decreased Anti-inflammatory activity* Claria et al., 2012
RvE1 ChemR23/ERV1 Regulation of NFKb and modulate IL-12 production Arita et al., 2005
RvE1 BLT1 Induces Pro-inflammatory activity Claria et al., 2013
RvE1 ChemR23/ERV1 Protect against obesity induced glucose disorder Sima et al., 2018
RvE2 BLT1 Inhibition of LTB4 mediated NF-κB activation Arita et al., 2007
LxA4 ALX/FPR2 Significantly increased adiponectin secretion under 

obese condition
Claria et al., 2012

LxA4 GPR32 Inhibit IL-6 secretion and induce  anti-inflammatory 
cytokine IL-10

Claria et al., 2012

ω-3 PUFA GPCR120 Regulation of TNF-α-induced inflammatory signalling Oh et al., 2010
Blood vessel RvD1 FPR2/ALX Suppress lesional oxidative stress and necrosis Fredman et al., 2016

RvD2 Not studied Halt necrotic expansion and macrophage accumulation Viola et al., 2016
Neuron RvD1 GPR32 Induce microglial phagocytosis for amyloid-β Zhu et al., 2016

PD1 Not studied Decrease proinflammatory genes and increases  
antiapoptotic genes

Lukiw et al., 2005

PD1 Not studied Neuroprotection against proteotoxic and oxidative 
stress

Calandria et al., 2015b

PD1 Not studied Regulates NF-κB activity Calandria et al., 2015a
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FAs by downregulation of tumor necrosis factor (TNF) release 
and DNA damage in the liver (González-Périz et al., 2006). In 
particular, RvD1 significantly attenuated the symptoms of ste-
atohepatitis, including steatosis, fibrosis, oxidative stress, and 
inflammatory activations via inhibiting nuclear factor-κB (NF-
κB) and mitogen-activated protein kinase (MAPK) signaling 
in macrophages of mice models (Li et al., 2020). In addition, 
Kuang et al. (2016) reported that RvD1 and RvE1 decreased 
excessive activation of hepatic leukocytes in a concanavalin 
A-induced hepatitis model with mechanisms similar to NF-κB 
blockade (Kuang et al., 2016).

Among the SPMs, MaR1 is the most validated lipid media-
tor to protect against HFD-induced liver injuries. Moreover, 
MaR1 ameliorated liver steatosis via decreasing the expres-
sion of lipogenic enzymes. Treatment of MaR1 induced acti-
vation of AMP-activated protein kinase (AMPK) and its down-
stream factors that are associated with fatty acid oxidation and 
autophagy (Laiglesia et al., 2018b). Furthermore, MaR1 was 
observed to directly affect hepatocytes by increasing AMPK 
phosphorylation, and ultimately decreasing lipid accumula-
tions and endoplasmic reticulum stress (Rius et al., 2017; Jung 
et al., 2018). In addition, MaR1 modulated the expression of 
fibroblast growth factor 21 (FGF21), a key growth factor in sys-
temic metabolism, in cultured hepatocytes (Martinez-Fernan-
dez et al., 2019). In a previous study, nuclear receptor RORα 
was identified as an important regulator of liver macrophage 
polarization to induce an anti-inflammatory M2 phenotype in 
NASH (Han et al., 2017). In addition to effects on hepatocytes, 
MaR1 contributed to enhancement of RORα-induced M2 po-
larization in liver macrophages, resulting in resolution of liver 
inflammation in NASH (Han et al., 2019). Interestingly, RORα 
was activated by direct binding of MaR1 as an endogenous 
lipid ligand, suggesting that the MaR1-RORα axis may link 
inflammation and metabolic dysfunction in the liver. Further-
more, MaR1 reduced hepatic ischemia–reperfusion injury and 
led to a large decrease in the necrotic area (Tang et al., 2021). 
Taken together, the ability of MaR1 to ameliorate NAFLD inju-
ries could offer new therapeutic candidates to impede the pro-
gression from simple steatosis to NASH in fatty liver diseases.

RESOLUTION OF ADIPOSE TISSUE 
INFLAMMATION: EFFECTS OF SPMS ON  
OBESITY-RELATED METABOLIC DYSFUNCTION

Serhan’s research group examined human adipose tissue 
using liquid chromatography–tandem mass spectrometry-
based lipidomics analysis and found that RvD1, RvD2, PD1, 
MaR1, and LXA4 are endogenous to human subcutaneous 
adipose tissue (Claria et al., 2013). Using anatomical loca-
tion-dependent profile analysis, they also demonstrated that 
perivascular fat depots possess higher biosynthetic capacity 
of SPMs compared with subcutaneous adipose tissue (Claria 
et al., 2013). Furthermore, an analysis of pathologic condi-
tions with regard to SPM levels demonstrated that 17-HDHA 
and PD1 are downregulated in patients with peripheral vas-
cular disease, which is associated with the induction of cy-
tokines such as monocyte chemoattractant protein-1, plas-
minogen activator inhibitor-1, and interleukin (IL)-10 (Claria 
et al., 2013). In human omental adipose tissue under nutri-
tional stress, the levels of SPMs such as resolvins, lipoxins, 
and protectins were reduced with increased activity of IL-10 

(Titos et al., 2016). An in vivo mouse study identified RvD1 
and RvD2 as the major SPMs regulating the inflammatory 
responses in adipose tissue and demonstrated the reduction 
of RvD1, RvD2, and PD1 in adipose tissue from obese mice 
compared with that from lean mice (Claria et al., 2012). Anoth-
er in vivo study demonstrated that dietary supplementation of 
ω-3 PUFAs improved thermogenic activity of brown and white 
adipose tissues in mice and that recruitment of thermogenic 
adipocytes was affected by local concentration of oxylipins, 
including SPMs (Ghandour et al., 2018). The positive correla-
tion between thermogenic activity of human brown adipose 
tissue and levels of ω-3 fatty acid-derived SPMs (Kulterer et 
al., 2020) suggested the clinical relevance of the regulatory ef-
fects of SPMs in energy metabolism. We next summarize the 
recent research on the obesity-driven defects in biosynthesis 
of the major SPMs: resolvins, MaRs, lipoxins, and protectins.

Neuhofer et al. (2013) showed that obesity significantly re-
duces the levels of RvD1 in gonadal adipose tissue, along with 
an accumulation of adipose tissue inflammatory factors. RvD1 
treatment in leptin receptor-deficient mice enhanced glucose 
tolerance and insulin sensitivity, together with reduced pro-
inflammatory gene expression and crown-like structure forma-
tion in epididymal white adipose tissue (Hellmann et al., 2011). 
In inflamed human adipose tissue, RvD1 treatment increased 
MAPK activity and inhibited the activity of STAT-1 and related 
inflammatory genes without affecting the anti-inflammatory ef-
fects of IL-10 (Titos et al., 2016). Furthermore, RvD1 treatment 
modulated overactivation of STAT-3 phosphorylation at Tyr705 
but maintained IL-10-induced anti-inflammatory response by 
inhibiting IL-6, IL-1β, IL-8, and TNF-α activity in adipose tissue 
(Titos et al., 2016). RvD1 and its precursor DHA were shown 
to classically polarize macrophages toward an M2-like phe-
notype by increasing M2 markers, such as IL-10, Arg1, Ym1, 
REALMα, and CD206, in adipose tissue of obese mice (Titos 
et al., 2011). Consequently, RvD1 protects against obesity-
induced adipose tissue inflammation, insulin resistance, and 
metabolic liver disease (Titos et al., 2011). RvD1 treatment 
under calorie restriction status reduced the size of adipocytes 
in epididymal white adipose tissue, increased adiponectin lev-
els, and reduced circulating leptin levels (Rius et al., 2014). In 
addition, depletion of RvD1 was related to obesity-associated 
osteoarthritis, wherein ω-3 PUFAs resulted in reduced expres-
sion of pro-inflammatory factors and induced M2 macrophage 
polarization (Sun et al., 2019).

A recent study demonstrated that RvE1 treatment pre-
vented hyperinsulinemia and hyperglycemia in mice consum-
ing a HFD. Moreover, the fasting glucose or insulin levels 
in RvE1 receptor (resolvin E1 receptor [ERV1]/ChemR23) 
knockout mice were not recovered by RvE1 treatment (Pal et 
al., 2020). Using transgenic mice that overexpressed human 
ERV1 in myeloid cells, Sima et al. (2018) demonstrated that 
ERV1 reduced body weight and provided protection against 
HFD-induced hyperglycemia. In addition, the administration of 
RvE1 reproduced the protective effects of ERV1 overexpres-
sion (Sima et al., 2018). In the same mouse model, endog-
enous production of SPMs such as RvD1, RvD4, RvD5, PD1, 
and LXA4 increased, indicating a significant contribution of 
ERV1 receptor signaling to the regulation of SPM production. 
Furthermore, RvE1 was identified to modulate the immune re-
sponse via LTB4 receptor BLT1 in polymorphonuclear leuko-
cytes, by inhibiting the pro-inflammatory response induced by 
LTB4 via blocking the mobilization of intracellular calcium and 
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NF-κB activation (Arita et al., 2007).
The anti-inflammatory effects of MaRs have been ad-

dressed in previous studies. MaR1 treatment reversed the ef-
fect of pro-inflammatory cytokine TNF-α and induced Akt phos-
phorylation in subcutaneous adipose tissue from patients with 
obesity as well as improved glucose homeostasis in obese 
mice (Martinez-Fernandez et al., 2020). Furthermore, MaR1 
treatment in diet-induced obesity mice regulated FGF21 and 
its production in hepatocytes, resulting in improved glucose 
metabolism and insulin sensitivity. In addition, it reversed the 
HFD-induced downregulation of FGF21, FGFR1, and β-Klotho 
in white adipose tissue (Martinez-Fernandez et al., 2019). In 
another study with a similar mouse model, MaR1 treatment 
improved anti-inflammatory effects by reducing the levels of 
pro-inflammatory agents IL-1β and TNF-α in colonic mucosa 
of obese mice (Leon et al., 2020). In an in vitro study using 
mature 3T3L1 adipocytes, MaR1 treatment reversed the effect 
of TNF-α-induced lipolysis and autophagy by regulating phos-
phorylation of hormone sensitive lipase; moreover, it counter-
acted the cytokine-induced decrease of p62 and prevented 
the induction of autophagy flux (Laiglesia et al., 2018a). MaR1 
treatment also promoted resolution of inflammation in adipose 
tissue in obese mice by reducing macrophage infiltration, 
downregulating M1 macrophage phenotype marker expres-
sion, reducing the levels of pro-inflammatory markers, and 
subsequently increasing expression of the anti-inflammatory 
adipokine adiponectin in white adipose tissue (Martinez-Fer-
nandez et al., 2017).

The mechanism of action of LXA4 was investigated in peri-
gonadal adipose tissue of mice. LXA4 was found to induce the 
proresolving effect by inhibiting IL-6 secretion and enhancing 
IL-10 production. This finding suggested a protective effect 
of LXA4 in reprogramming of pro-inflammatory macrophages 
to a relatively proresolving phenotype and inhibiting the ef-
fect of inflammatory cytokines on adipose tissue inflamma-
tion, indicating a possible direct regulation of adipocyte insu-
lin signaling pathways (Börgeson et al., 2012). Claria et al. 
(2012) identified the expression of LXA4 receptor FPR2/ALX 
in human adipose tissue. Furthermore, Börgeson et al. (2015) 
studied the role of lipoxins in preserving p62 and LC3-II levels 
in obese mice. They also reported that lipoxins regulate M1 to 
M2 macrophage phenotype conversion to induce resolution 
of inflammation in adipose tissue. Lipoxins demonstrate this 
protective effect independent of adiponectin secretion by re-
ducing TNF-α expression and restoring annexin-1 level in the 
adipose tissue. Moreover, LXA4 administration in HFD mice 
can induce recovery from renal damage and inflammation due 
to NF-κB and ERK/P38 MAPK by inhibiting the phosphoryla-
tion of ERK/P38 MAPK (Tourki et al., 2020). In addition, pre-
treatment with a LXA4 antagonist was shown to worsen the 
inflammation and renal damage, suggesting that LXA4 activity 
in obese mice can decrease the inflammatory affects caused 
by NF-κB and ERK/P38 MAPK pathways (Tourki et al., 2020).

Administration of protectin DX (PDX), a double lipoxygen-
ase derivative of docosahexaenoic acid, was found to reduce 
the increase in body weight and epididymal white adipose 
tissue mass, improve glucose tolerance, and improve insulin 
sensitivity (Piao et al., 2020).

ROLE OF SPMS IN LIPID METABOLISM DISORDERS 
IN ARTERIES AND NEURONS

Atherosclerosis is a complex human disease associated 
with inflammation and lipid metabolism dysfunction in arteries. 
Interestingly, imbalances between SPMs and pro-inflammato-
ry mediators in the circulatory system are involved in preva-
lent atherosclerotic diseases. The ratio of SPMs to pro-inflam-
matory LTB4 was lower in the human carotid atherosclerotic 
regions, but the administration of RvD1 promoted recovery 
in the damaged areas (Fredman et al., 2016). Furthermore, 
exogenous treatment of RvD2 and MaR1 prevented athero-
progression via suppressing necrosis of endothelial cells and 
formation of collagen fibrous plaque (Viola et al., 2016). Nu-
clear localized 5-LOX generated pro-inflammatory LTs instead 
of proresolving lipoxins and human carotid atherosclerotic 
regions contained higher expression of nuclear 5-LOX com-
pared with healthy regions (Spanbroek et al., 2003; Qiu et al., 
2006). The impaired efferocytosis of vessel macrophages to 
produce SPMs on their own was found to be another possible 
mechanism underlying the imbalance of lipid mediators. How-
ever, the elevated expression of Mertk receptors to recognize 
apoptotic cells could support effective efferocytosis and pro-
duction of SPMs in the artery (Fredman and Tabas, 2017). 
Therefore, investigation of anti-inflammatory SPMs is impor-
tant to explore the pathological link between inflammation and 
lipid metabolism in atherosclerotic cardiovascular disease.

SPMs also modulate neuroinflammation and lipid metab-
olism-associated neurodegenerative diseases such as Al-
zheimer’s and Parkinson’s diseases. Alzheimer’s disease is 
characterized by the excessive accumulation of amyloid-β in 
the brain. MaR1 and RvD1 alleviate neurodegeneration by 
promoting microglial phagocytosis of amyloid-β (Zhu et al., 
2016). In particular, protectin D1 (PD1), produced by 15-LOX 
and 5-LOX, is a well-known lipid mediator that promotes the 
reduction of neurodegenerative injuries. The levels of PD1 
were reduced in the hippocampus and temporal lobe of pa-
tients with Alzheimer’s disease (Lukiw et al., 2005). Moreover, 
PD1 inhibited cell death and increased neural cell survival, 
which alleviated the symptoms of Alzheimer’s and Parkin-
son’s diseases (Lukiw et al., 2005; Stark and Bazan, 2011; 
Calandria et al., 2015b). PD1 also regulated the NF-κB cyclic 
response and showed anti-inflammatory effects (Calandria et 
al., 2015a). Although SPMs have shown protective effects for 
neural diseases, few clinical trials have been undertaken to 
explore the potential use of SPMs for Alzheimer’s and Parkin-
son’s diseases.

SPM RECEPTORS AND THEIR INTRACELLULAR 
SIGNALING

SPMs bind to G protein-coupled receptor (GPCR) family 
members and activate them. FPR2/ALX is expressed on a 
wide range of leukocytes and leads to pro- and anti-inflamma-
tory effects (Fig. 2) (Chiang and Serhan, 2017). Lipoxins such 
as LXA4 and resolvins such as RvD1 and RvD3 can effectively 
activate FPR2/ALX receptor signaling. Moreover, anti-inflam-
matory and efferocytotic functions of RvD1 under peritonitis 
were inhibited when FPR2/ALX receptor signaling was defec-
tive (Krishnamoorthy et al., 2012). GPR32 is an orphan recep-
tor predominantly expressed on human neutrophils, mono-



460https://doi.org/10.4062/biomolther.2021.094

cytes, adipose tissue, and endothelial cells. RvD1, RvD3, and 
RvD5 activate the cellular response via this receptor. Although 
RvD1 has a higher affinity for GPR32 than for FPR2/ALX, the 
former is not expressed in rodents. This finding indicated that 
the function of RvD1 in rodents is mainly mediated via FPR2/
ALX signaling (Schmid et al., 2016; Chiang et al., 2019a). Chi-
merin receptor 1 (ChemR23 or ERV1) is expressed on im-
mune cells, including monocytes, macrophages, natural killer 
cells, and dendritic cells. ERV1 was identified as a surface 
receptor for RvE1 among the GPCRs (Arita et al., 2005). RvE1 
treatment reduced IL-12 production and dendritic cell traffick-
ing, but these effects were eliminated by ERV1 siRNA (Arita 
et al., 2005). GPR37 is mostly expressed on brain cells and 
macrophages and is associated with neurological diseases, 
such as Parkinson’s disease (Lopes et al., 2015). Especially, 
GPR37 was revealed to PD1 receptors, and PD1-induced 
anti-inflammatory effects were reduced in GPR37 knockout 
mice (Bang et al., 2018). Recently, the receptors for MaR1 
were identified in two studies. First, LGR6, a human leucine-
rich repeat containing GPCR, was identified as a stereose-
lective receptor of MaR1 for efferocytotic functions (Chiang 
et al., 2019b). Second, MaR1 could act as an endogenous 
ligand for nuclear receptor RORα, which modulates M2 polar-
ization of macrophages and induces anti-inflammatory effects 
(Han et al., 2019). The functions of MaR1 differed at differ-

ent time points: LGR6-mediated phagocyte action was rapid 
but RORα-mediated M2 polarization was moderately slow. 
These findings underlie the potential signaling of intracellular 
functions of SPMs as well as surface GPCRs. Furthermore, 
PPARγ is a possible potent nuclear receptor for other SPMs, 
including PD1 and RvD1, to mediate anti-inflammatory re-
sponses (Zhao et al., 2011; Liao et al., 2012).

THERAPEUTIC POTENTIAL OF SPMS IN DISEASES 
WITH LIPID METABOLISM DISORDERS

SPMs showed high potential to ameliorate diverse inflam-
matory and lipid-related diseases in preclinical animal models 
(Table 2). However, few clinical trials of SPMs have been per-
formed, although some SPMs demonstrated significant anti-
inflammatory effects, because the stability of SPMs is low due 
to their complex physiochemical nature and structure (Arita et 
al., 2006). A synthetic analog of RvE1, RX-10045, was synthe-
sized by Resolvyx Pharmaceuticals. It was tested regarding 
ocular inflammation diseases, and a phase 2 randomized trial 
was recently completed (Clinicaltrials.gov; NCT02329743). In 
addition, a combination of DHA metabolite SPMs, including 
17-HDHA, 18-HEPE, and 14-HDHA, called Lipinova, dem-
onstrated resolution of inflammation after orthopedic sur-

Biomol  Ther 29(5), 455-464 (2021) 

Fig. 2. SPM receptors and associated intracellular signaling pathways. SPMs signal through specific G-protein coupled receptors (GPCRs). 
RvD1, RvD3 and LXA4 are agonist for ALX/FPR2 and its activity leads to PKA activation to phosphorylate CREB promoting production of 
anti-inflammatory cytokines, macrophage polarization. RvD1 also influences AKT phosphorylation via PI3K pathway to inhibit NF-kB medi-
ated pro-inflammatory effects. It also enhances ERK1/2 phosphorylation via MEK1/2 to induce anti-inflammatory effects. RvD2 works 
through DRV2, leading to ERK1/2 or PLC pathway to promote resolution. RvE1 is an agonist for ChemR23 and BLT1. The ChemR23-RvE1 
downstream signaling activates AKT phosphorylation, inhibiting NF-kB inflammatory effects. PD1-GPR37 mechanistic actions also found to 
block PKA activation. MaR1 acts via two distinct receptors, LGR6 and RORα. MaR1 activates RORα transcriptional activity, leading to M2 
polarization and 12-LOX expression, an enzyme required for MaR1 syntheis. MaR1 activates LGR6-mediated cAMP signaling to promote 
macrophage efferocytosis and resolution. 
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gery (Clinicaltrials.gov; NCT03434236). Furthermore, some 
synthetic analogs of SPMs showed high potency in reducing 
inflammatory responses. A synthetic benzo-diacetylenic-17R-
RvD1-methyl ester (BDA-RvD1) significantly reduced acute 
recruitment of neutrophils in ischemia–reperfusion-induced 
lung injury and enhanced phagocytosis (Orr et al., 2015). A 
benzo-fused ring-modified LXA4 analog (BLXA4-ME) showed 
proresolving properties and is currently under clinical trials 
for a topical rinse treatment of gingivitis (Clinicaltrials.gov; 
NCT02342691). In addition to SPM mimetics, GPCR ago-
nists, especially for the receptor FPR2/ALX, are extensively 
being developed for clinical trials. AR234245 (Arena Pharma-
ceuticals) was the first developed synthetic agonist of FPR2/
ALX. After the development of AR234245, many pharmaceuti-
cal and academic groups have endeavored to develop other 
FPR2/ALX agonists. ACT-389949 (Actelion Pharmaceuticals) 
was the first-in-class candidate of anti-inflammatory GPCR 
agonists to show good safety and toleration in healthy sub-
jects during clinical trials (Stalder et al., 2017). Recently, a 
clinical trial for peripheral artery diseases with dietary admin-
istration of SPM emulsion was endeavored, and the outcomes 
will be posted soon (Clinicaltrials.gov; NCT02719665).

SPMs and their corresponding receptors have been tar-
geted to develop therapeutic strategies for the resolution of in-
flammation and its consequent diseases. However, even after 
20 years since SPMs were first identified, no clinically usable 
drugs have been successfully developed for the therapeu-
tic strategy involving GPCRs and SPM mimetics. Numerous 
GPCRs have been identified for SPMs, but the downstream 
signaling is complex and evokes multiple responses, and a 
lack of in-depth knowledge regarding these physiological re-
sponses hampers the exploration of GPCRs for clinical use. 
Recently, new mechanisms of SPM actions were identified, 

and it was reported that SPMs can enter cells and directly bind 
with nuclear receptors as agonistic ligands (Han et al., 2019). 
Many nuclear receptors interact with lipid mediators as en-
dogenous ligands, such as PPARα–LT, HNF4α–linoleic acid, 
RORβ–stearic acid, and RORα–MaR1 (Holzer et al., 2017). 
These mechanisms could broaden the clinical usage of SPMs 
because the use of nuclear receptors for treatment of human 
diseases is being established.

CONCLUSIONS

SPMs have the potential to attenuate or prevent chronic 
inflammatory diseases with lipid metabolism disorders through 
resolution of the feedback loop of inflammatory stimulations 
and metabolic dysfunctions. SPMs can trigger anti-inflamma-
tory processes by binding and activating GPCRs and nuclear 
receptors. Currently, however, the understanding of SPMs and 
their receptor signaling pathways is limited. Thus, identifica-
tion and characterization of specific receptors and intracellular 
signaling pathways for each SPM that are intricately linked to 
the pathogenesis of lipid metabolism disorders would provide 
new insights to overcome the hurdles in therapeutic applica-
tion of SPMs. Due to the high potency of SPMs for resolu-
tion of acute and chronic inflammations, clinical SPM therapy 
for inflammatory and lipid metabolism-related diseases could 
soon be established.
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Table 2. Potential therapeutic effects of SPM on tissue dysfunction 

SPMs Dosage Experimental model Resolution Ref

RvE1 1.2 ng/g (4 days) Ob/ob mice Reduces liver steatosis and macrophage 
activation

González-Périz et al., 2009

RvD1 300 ng C57BL/6J under 4 weeks 
of MCD diet

Decreases expression of inflammatory genes 
and stress markers for restoring NASH

Li et al., 2020

MaR1 50 ug/kg Ob/ob and HFD-fed (3 
months) mice

Ameliorates hepatic triglycerides and fasting 
glucose levels

Laiglesia et al., 2018b

MaR1 5 ug/kg HFD-fed (3 months) 
mice

Reduces liver fibrosis Han et al., 2019

MaR1 20 ng Ischemic/reperfusion 
injury

Lowered liver injuries including necrosis Tang et al., 2021

RvE1 300 ng C57BL/6J under 5 weeks 
of HFD

Restored glucose level in obese mice Pal et al., 2020

MaR1 50 ug/kg (3 h) Diet induced obesity 
mice

Induced Akt phosphorylation for better insulin 
sensitivity

Martinez-Fernandez et al., 2020

MaR1 2 mg/kg (10 
days)

Genetic obese mice Blocks the activity of TNFa, IL-1b  
pro-inflammatory action, and upregulates 
adiponectin and Glut-4, Akt phosphorylation

Martinez-Fernandez et al., 2017

LxA4 LXA4 (5ng/g) or 
benzo-LXA4 
(1.7 ng/g)

C57BL/6J and C57BL/6J 
adiponectin−/− mice 
under 3 month of HFD

Block adipose tissue inflammation and  
increases insulin sensitivity 

Börgeson et al., 2015

RvD1 100 ng LDLR knockout mice Reduces fibrous cap in vessels Fredman et al., 2016
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