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Introduction
Alzheimer’s disease (AD) is a common neurode-
generative disease characterized by progressive 
memory loss. The pathological characteristics of 
AD include the deposition of amyloid beta (Aβ), 
neurofibrillary tangles, and neuronal loss.1–4 
Evidence accumulated during the last three dec-
ades has shown the existence of inflammation in 
AD, including activated microglia within and sur-
rounding senile plaques,5,6 and an increase in the 
concentration of molecules involved in innate 
immunity and inflammation such as human 
leukocyte antigen (HLA)-DR7 and interleukin 
(IL)-1.8 Moreover, results from studies employ-
ing imaging techniques that detect microglial 
activation,9 and from genome-wide association 
studies, have shown that gene mutations involved 
in inflammation and innate immunity such as 
complement receptor (CR)1 and CD33 are 
associated with an increased incidence of AD.10 

In addition, data from in vitro studies show that 
Aβ can activate microglia and astrocytes,11,12 
leading to increased production of proinflamma-
tory cytokines, which can in turn increase the 
neuronal production of Aβ precursor protein 
(APP)13–15 and the amyloidogenic processing 
of APP, resulting in increased levels of Aβ. 
Furthermore, inflammation is further potentiated 
by cellular debris and the microenvironment of 
damaged tissue. Therefore, a self-reinforcing 
cycle has been proposed to exist in the pathogen-
esis of AD13 (Figure 2). Further evidence sup-
porting the involvement of inflammation in AD 
has been provided by epidemiological studies 
showing that among patients with rheumatoid 
arthritis with long-term medication of non-
steroidal anti-inflammatory drugs (NSAIDs) the 
incidence of AD is lower.16 However, clinical tri-
als based on NSAIDs in patients with AD have 
not been successful,17–19 or only beneficial in a 
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subgroup of patients with higher baseline plasma 
levels of tumor necrosis factor (TNF)-α and 
C-reactive protein.20 Several explanations for this 
have been suggested, such as treatment starting 
when the pathology was already too extensive, the 
duration of the intervention having been too 
short, or that the patient group was too heteroge-
neous. It may be that the beneficial effects of 
NSAIDs in AD only emerge in situations where a 
strong, chronic, peripheral inflammation is 
present.

Inflammation is a defensive response of the body 
to harmful stimuli, such as infection and injury, 
with the purpose of eliminating the threat, after 
which restorative processes take place. 
Ultimately, the damaged tissue is meant to be 
repaired and to return to homeostasis. 
Inflammation is a dynamic process under the 
strict control of regulatory mechanisms that 

under normal conditions orchestrate the pro-
gression of the response of detection, activation, 
destructive defense, and lastly of downregula-
tion and restoration.21–24 In addition to inflam-
matory proteins such as proinflammatory or 
anti-inflammatory cytokines, lipids represent 
groups of molecules that are involved in the reg-
ulation of inflammation, such as prostaglandins 
(PGs) that mediate fever and pain. Recent stud-
ies have shown that a group of lipid mediators 
(LMs) termed ‘specialized pro-resolving lipid 
mediators’ (SPMs) mediate the ending of inflam-
mation. This process is called ‘resolution of 
inflammation’.23–27 A self-limiting inflammatory 
response normally occurs, where pro-resolving 
activities are sufficient to counteract the proin-
flammatory response. However, in the situation 
of a chronic inflammatory disease, pro-resolving 
activities are not sufficient to counteract the pro-
inflammatory signaling, leading to persistent 

Figure 1.  Synthesis and signaling of specialized pro-resolving lipid mediators. LXA4 is derived from AA 
by sequential processing and the activity of 15- and 5-LOXs. On the other hand, AA can also give rise to 
proinflammatory LMs such as LTB4 and prostaglandins by the action of COXs. Under certain circumstances, 
the production of proinflammatory LMs can be switched to the pro-resolving LMs, a process called ‘class-
switching’. The D-series resolvins PD1 and MaR1 are derived from DHA by the enzymatic processing of 15- and 
5-LOXs. The E-series resolvins are derived from EPA by the action of CYP450. LXA4 and RvD1 have been found 
to bind to ALX/FPR2 and GPR32, and RvE1 binds to ChemR23 and BLT1. However, the receptors for PD1 and 
for MaR1 have not been identified.
ω resiFA, omega-3 polyunsaturated fatty acid; AA, arachidonic acid; ALX/FPR2, lipoxin A4/formyl peptide receptor 2; 
BLT1, leukotriene B4 receptor 1; ChemR23, chemerin receptor 23; COX, cyclooxygenase; CYP450, cytochrome P450; DHA, 
docosahexenoic acid; EPA, eicosapentenoic acid; GPR32, G protein receptor 32; LM, lipid mediator; LOX, lipoxygenase; LTB4, 
leukotriene B4; LXA4, lipoxin A4; MaR1, maresin 1; omeUFA, omega-6 polyunsaturated fatty acid; PD1, protectin D1; RvD1, 
resolvin D1; RvE1, resolvin E1; SPM, specialized pro-resolving lipid mediator.
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inflammation which may lead to chronic inflam-
matory disease. Therefore, understanding the 
regulation of resolution of inflammation under 
normal and pathological conditions is impor-
tant. In this review, we summarized current 
knowledge about SPMs in AD, and discuss the 
feasibility of possible novel treatment strategies 
through stimulating resolution in AD.

SPMs and their signaling pathways
Since inflammation is a protective but potentially 
self-destructive biological response, it should be 
ended by resolution after the pathogen is elimi-
nated. Inflammation has commonly been held to 
end by a passive dissipation of the inflammatory 
mediators. However, accumulating evidence 
supports the theory that the resolution of inflam-
mation is a highly regulated process.28 Using a 
liquid chromatography tandem mass spectrome-
try (LC-MS-MS) technique, a new group of 

LMs derived from polyunsaturated fatty acid 
(PUFA) were discovered, the levels of which 
were found to be increased at the later phase of 
inflammation.29–31 The chemical structures of 
these molecules have been elucidated.23 The 
molecules were named SPMs, and four classes of 
SPMs have been identified so far. They include 
lipoxin A4 (LXA4), which is derived from arachi-
donic acid (AA), the D-series resolvins, protec-
tins, and maresins derived from docosahexenoic 
acid (DHA), and the E-series resolvins derived 
from eicosapentenoic acid (EPA).28,32–34

SPMs are synthesized from their PUFA precur-
sors via the activities of lipoxygenases (LOXs) and 
cyclooxygenases (COXs; Figure 1). LOXs add 
oxygen to the carbon chain of PUFAs, and 
depending on the site of incorporation, the enzyme 
is classified as either 5-LOX or 15-LOX.35 
Notably, besides the role in synthesis of SPMs, 
5-LOX is also involved in the synthesis of 

Figure 2.  Aβ  can activate microglia, leading to increased production of proinflammatory cytokines, which 
in turn can increase the neuronal production and amyloidogenic processing of APP, resulting in increased 
levels of Aβ. Furthermore, inflammation is further potentiated by cellular debris and the microenvironment 
of damaged tissue. Therefore, a self-reinforcing cycle has been proposed to exist in the pathogenesis of AD. 
SPMs have been shown to be beneficial in different cellular and animal models of AD. Several mechanisms 
that mediate the protective effects of SPMs have been reported. Firstly, SPMs can modify the microglial 
phenotype from a proinflammatory to anti-inflammatory phenotype and can increase microglial phagocytosis 
of Aβ. Secondly, SPMs can inhibit the production of proinflammatory cytokines. Thirdly, SPMs can shift APP 
processing from amyloidogenic to nonamyloidogenic pathway. Lastly, SPMs can improve neuronal survival.
Aβ, beta amyloid; AD, Alzheimer’s disease; APP, Aβ precursor protein; SPM, specialized pro-resolving lipid mediator.
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proinflammatory leukotrienes (LTs).35,36 
COXs are crucial enzymes involved in the synthe-
sis of PGs, which mediate inflammation and pain. 
Interestingly, COXs and LOXs can give rise to 
aspirin-triggered forms of SPMs in response to 
aspirin. Thus, the production profile of LMs by 
this enzymatic machinery can change from proin-
flammatory classes of LMs to pro-resolving classes 
of LMs, a process termed ‘class-switching’.37 
Increased knowledge on the activation and regula-
tory mechanisms of these enzymes, and how this 
can prevent or result in class-switching, is neces-
sary to increase our understanding of chronic 
inflammatory diseases, and how tissue regenera-
tion may be stimulated.

Receptors for LXA4, RvD1, and RvE1 have been 
identified, while the receptors for other SPMs are 
unknown. The receptors identified so far belong 
to the 7-transmembrane G protein-coupled 
receptor family. LXA4 and RvD1 have been 
found to bind to lipoxin A4 (LXA4)/formyl pep-
tide receptor 2 (ALX/FPR2) and G protein recep-
tor (GPR) 32,38,39 and RvE1 binds to chemerin 
receptor 23 (ChemR23) and the leukotriene B4 
receptor 1 (BLT1).40,41 RvE1 binds to BLT1 as a 
partial agonist, and counteracts proinflammatory 
signals transduced by BLT1 to mediate the reso-
lution of inflammation.41 These receptors bind 
other ligands upon which they can transduce a 
proinflammatory signal. ALX/FPR2 has been 
identified as a receptor for Aβ,42 which activates 
microglia, and thereby transducing proinflamma-
tory signals. ChemR23 binds chemerin,43 a chem-
otactic peptide,43 associated with increased 
inflammation.44 Furthermore, the nuclear recep-
tor peroxisome proliferator-activated receptor 
(PPAR)-γ has been reported to mediate protec-
tive effects of SPMs.45 GPR120 binds long chain 
fatty acids (FAs) including DHA and EPA,46 and 
is also a candidate receptor for SPMs.

The biological functions of SPMs have been 
investigated in different systems. In patients with 
severe asthma, a chronic inflammatory airway 
allergic disease, the levels of LXA4 and neuropro-
tectin (NP) D1were found to be reduced,47,48 and 
lower plasma levels were described in patients 
with localized aggressive periodontitis compared 
with healthy individuals.49 Utilizing SPMs as a 
means of treating inflammatory diseases has been 
investigated in several models of inflammatory 
diseases. Thus, treatments with SPMs have 
yielded protective effects in models for asthma,50–52 

colitis,53,54 and peritonitis.41,55 Furthermore, there 
is evidence of beneficial effects of SPMs in cellu-
lar and animal models involving the nervous sys-
tem (i.e. for cerebral ischemia,56–61 pain,62–66 
Parkinson’s disease,67 and AD).68,69

Resolution of inflammation is impaired in 
AD
A deficiency in resolution has been described in 
chronic inflammatory diseases, including AD. 
SPMs are small molecular lipids derived from 
PUFA, and lipid dysregulation is a feature of sev-
eral conditions in which chronic inflammation is 
present, including obesity, vascular disease, and 
diabetes. Interestingly, these diseases share many 
risk factors and features with AD, suggesting a 
complex picture of overlapping and interacting 
etiologies. A dysregulation of lipids in AD is sug-
gested by studies showing decreased levels of 
DHA in the human AD hippocampus compared 
with those of control participants,70 and by the 
dysfunctional conversion of dietary FAs to 
omega-3 FAs in the liver in AD.71 Furthermore, 
Bazan and collaborators have previously reported 
reduced levels of both DHA and its derivative 
neuroprotectin (NP) D1 in the hippocampus of 
patients with AD,70 and more recently we showed 
reduced LXA4 levels in both the hippocampus 
and cerebrospinal fluid (CSF) of patients with 
AD.72 Interestingly, CSF levels of LXA4 and 
RvD1 correlated with cognitive function,72 indi-
cating that these SPMs may play a role in preserv-
ing memory functions. More recently, studies on 
the entorhinal cortex showed lower levels of 
maresin 1 (MaR1) in AD.73 Furthermore, RvD5 
was detected in the human brain for the first time, 
and at lower levels in AD patients as compared 
with age-matched controls.73 In contrast, the lev-
els of the proinflammatory PGD2 were higher in 
AD. Altogether these data indicate a disturbance 
in the resolution of inflammation in AD, and 
counteracting this by stimulation of pro-resolving 
activities may be of therapeutic value in AD.

Supplementation with omega-3 FAs in AD 
patients
Several epidemiological studies suggest that an 
increased intake of omega-3 FAs is associated 
with a reduced risk of dementia.74–77 Furthermore, 
omega-3 FAs have been showed beneficial in 
AD-related disease models.78 However, clinical 
trials in which patients with AD are treated with 
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omega-3 FAs have not been clearly successful,79–81 
although in patients with the mildest cognitive dis-
turbance and in elderly people with minor cogni-
tive disturbance82 there was improvement. A 
possible explanation may be that there are factors 
inhibiting the beneficial effects of omega-3 FAs in 
patients with late-stage AD. A lack of conversion 
from omega-3 FAs to SPMs could be one such 
factor, in the case that SPMs represent the effec-
tive molecular components that mediate the ben-
eficial effects of omega-3 FAs. Further studies are 
required to investigate whether indeed this con-
version is inhibited in the AD brain.

Restoring resolution of inflammation

Administration of SPMs in animal and cellular 
models of AD
In view of a deficiency in resolution in AD, it is 
important to understand the biological function 
of SPMs in the brain. In studies on transgenic 
animal models of AD, treatment with aspirin-trig-
gered LXA4 was shown to ameliorate Aβ and tau 
pathology, and to improve memory function.68,69 
Moreover, our group has shown that SPMs can 
increase microglial phagocytosis of Aβ  and 
improve neuron survival in in vitro models.73 
Stimulating resolution of inflammation repre-
sents a novel strategy that differs from treatments 
with anti-inflammatory drugs, which inhibit a 
pathway or block the synthesis of proinflamma-
tory mediators. Instead, stimulating pro-resolving 
activities represents a way to end inflammation in 
a similar fashion as under ‘normal’ physiological 
conditions. In the following sections, several pos-
sible means of stimulating the resolution of 
inflammation are discussed, direct treatment with 
SPMs, namely treatment with precursors for 
SPMs, activation of receptors of SPMs, modula-
tion of biosynthetic enzyme activity, and stimu-
lating class-switching.

With a normal diet, omega-3 FAs can be con-
verted from other essential FAs, and it is 
hypothesized that this conversion is disturbed in 
AD, which, together with a decreased capacity 
to convert omega-3 FAs to SPMs, would lead to 
decreased levels of SPMs. It has been shown 
that the formation of DHA in the liver is dis-
turbed in AD.71 SPMs have also been reported 
protective in AD in different animal and cellular 
models68–70,72,73,83,84 (Table 1 and Figure 2), indi-
cating that treatment with SPMs may represent a 

therapeutic strategy. The mechanism underlying 
the protective effects of SPMs have also been 
intensively studied, in the following sections we 
will discuss the protective roles of SPMs and the 
underlying mechanisms of them.

LXA4. The level of LXA4 has been shown to be 
reduced in post-mortem AD brains and in various 
AD animal models inluding 3×Tg mice and 
5×FAD mice.72,73,85 Furthermore, LXA4 has 
been shown to be protective in AD-related animal 
and cellular studies.68,69,85 Treatment of aspirin-
triggered LXA4 (ATL) has been shown improved 
cognition in Tg2576 transgenic AD mice through 
mechanisms related to reduced nuclear factor 
kappa B (NF-κB) activation and levels of proin-
flammatory cytokines and chemokines, as well as 
increased levels of anti-inflammatory cytokines 
IL-10 and transforming growth factor-β. In addi-
tion, ATL was shown to modify microglia pheno-
types from the proinflammatory M1 to the 
anti-inflammatory M2.68,69 In line with these 
findings, another study using 3×Tg AD mice 
showed that ATL treatment improved the mem-
ory impairment of 3×Tg AD mice, reduced Aβ 
deposition, and decreased tau phosphorylation. 
Moreover, the decrease in p-tau was associated 
with the inhibition of the tau kinases GSK-3β and 
p38 mitogen-activated protein kinase (MAPK). 
In addition, ATL also reduced microglial and 
astrocyte activation.69 Most recently, another 
study utilizing 5×FAD mice model showed that 
LXA4 treatment decreased Aβ  pathology as well 
as the inflammation induced by Aβ.85 In Aβ-
stimulated BV2 cells, LXA4 has been shown to 
decrease the levels of proinflammatory cytokines 
IL-1β and TNFα, inhibiting the degradation of 
IκBα, and the translocation of the NF-κB p65 
subunit into the nucleus induced by Aβ.86 We 
have previously found that LXA4 promotes neu-
ronal survival in staurosporine (STS)-induced 
neuronal death.73 In summary, the levels of LXA4 
are decreased in AD and treatment with LXA4 is 
protective in AD by reducing Aβ deposition and 
tau phosphorylation, inhibiting inflammatory 
cytokine production, modifying microglial phe-
notypes and inhibiting NF-κB signaling.

Resolvins. The levels of RvE1 were found to be 
significantly lower in the hippocampus of 5×FAD 
mice than in control mice and administration of 
RvE1 restored the levels of RvE1 in these mice. 
Furthermore, RvE1 has been shown to decrease 
Aβ pathology and to restore the homeostasis for 
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Table 1.  Specialized pro-resolving lipid mediators in Alzheimer’s disease and their effects in animal and cellular models.

SPMs Disease model Action Methods/mechanisms Reference

Observational 
study

 

PD1 human post-mortem 
brain

reduced levels of PD1 
in hippocampus of AD 
patients

LC-MS-MS Lukiw and 
colleagues70

LXA4, RvD1 human post-mortem 
brain, CSF samples from 
AD patients

reduced levels of LXA4 
in hippocampus and 
CSF of AD patients

EIA, LC-MS-MS Wang and 
colleagues72

MaR1, RvD5 human post-mortem 
brain

reduced levels of MaR1 
and RvD5 in entorhinal 
cortex of AD patients

LC-MS-MS Zhu and 
colleagues73

LXA4 3×Tg AD mice model reduced levels of LXA4 
levels with age and 
levels of LXA4 were 
significantly more 
impacted in 3×Tg AD 
mice

LC-MS-MS Dunn and 
colleagues69

RvE1, LXA4 5×FAD mice model reduced levels of 
RvE1 and LXA4 in 
the hippocampus of 
5×FAD mice

EIA Kantarci and 
colleagues76

PD1 3×Tg AD mice model reduced levels of PD1 
in hippocampus of AD 
patients

LC-MS-MS Zhao and 
colleagues45

Treatment study  

ATL Tg2576 APP transgenic 
mice model

reduced Aβ pathology, 
improved cognition

reduced NF-κB activation, 
inhibited proinflammatory 
cytokines and chemokines 
production, modulated 
microglia phenotype

Medeiros and 
colleagues68

ATL 3×Tg AD mice model reduced Aβ and tau 
pathology, improved 
cognition

inhibited GSK-3β and P38 
MAPK activity, inhibited 
microglia and astrocyte 
reactivity

Dunn and 
colleagues69

LXA4 intracerebroventricular 
injection of Aβ in mice

inhibited IL-1β and 
TNFα production 
in the cortex and 
hippocampus of mice

blocked IκBα degradation 
and NF-κB p65 subunit 
translocation into the 
nucleus stimulated by Aβ

Wu and colleagues77

PD1 human neuronal cells promoted neuronal cell 
survival

induced the anti-apoptotic 
and neuroprotective genes 
expression

Lukiw and 
colleagues70

PD1 human neuron-glia 
coculture

suppressed Aβ induced 
apoptosis

downregulated COX-2 and 
B-94, upregulated ADAM10 
while downregulated 
BACE1

Zhao and 
colleagues45
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inflammatory cytokines and chemokines such as 
GM-CSF, interferon (IFN)-γ, IL-1β, MCP-1, 
MIP-1α, and MIP-1β.85 Another study utilizing 
macrophages derived from AD patients showed 
that RvD1 increased the phagocytosis of Aβ and 
inhibited fibrillar Aβ-induced apoptosis via 
MEK1/2, PKA, and PI3K signaling.83 In the same 
study, the authors also showed that RvD1 down-
regulated soluble Aβ (sAβ) induced secretions of 
proinflammatory cytokines and chemokines.83 In 
accord with these reports, our group has observed 
that RvD1 improved neuronal survival induced by 
STS in differentiated SH-SY5Y cells. We also 
showed RvD1 downregulated Aβ42-induced up-
regulation of CD11b in human microglia cells.73 In 
summary, the levels of resolvins are decreased in 
AD and treatment with resolvins are protective in 
AD by reducing antibody pathology, decreasing 
inflammatory mediators producing modifying 
microglia phenotype, and promoting microglia 
phagocytosis via mechanisms associated with 
MEK, PKA and PI3K signaling.

PD1. The levels of PD1 have been shown to be 
decreased in human post-mortem AD brains and 
in 3×Tg AD mice.70 Moreover, it has been dem-
onstrated that PD1 promoted neuronal cell survival 
via the induction of anti-apoptotic genes encoding 
Bcl-2, Bcl-xl, and Bfl-1(A1) and repressed Aβ42-
triggered activation of proinflammatory genes in a 

human neuron-glia (HNG) coculture model.70 In 
addition, the authors also showed that PD1 
downregulated Aβ42-triggered expression of the 
proinflammatory enzyme cyclooxygenase-2 
(COX-2) and of B-94 (a TNF-α-inducible proin-
flammatory element) and apoptosis in HNG cells. 
In human neural cells transfected with βAPPsw 
(Swedish double mutation APP695sw, K595N-
M596L), PD1 was shown to suppress Aβ42 pro-
duction by down-regulating β-secretase (BACE1) 
while activating α-secretase (ADAM10), thus 
shifting the APP cleavage from the amyloidogenic 
pathway into nonamyloidogenic pathway.45 The 
PD1-mediated downregulation of BACE1 and 
Aβ42 peptide release is PPARγ-dependent in 
3×Tg AD model.45 In summary, the levels of 
PD1 are decreased in AD and treatment with 
PD1 is protective by inducing the anti-apoptotic 
gene and inhibiting inflammatory gene expres-
sion, modify APP processing, and promoting 
PPAR-γ  signaling. More studies are needed to 
further clarify the mechanism of PD1 on AD.

MaR1.  Our group has previously shown that the lev-
els MaR1 were lower in the entorhinal cortex (ENT) 
of AD patients as compared with age-matched con-
trols. In vitro studies showed MaR1exerted neuro-
protective activity, and that MaR1down-regulated 
Aβ42-induced up-regulation of CD40 in human 
microglia.73 Moreover, MaR1 increased microglial 

SPMs Disease model Action Methods/mechanisms Reference

RvD1 PBMC increase the 
phagocytosis of Aβ

downregulated the 
proinflammatory cytokines 
and chemokines production

Mizwicki and 
colleagues74

RvE1, LXA4 5×FAD mice model restored the levels 
of SPMs, decreased 
Aβ  pathology

reversed the inflammatory 
process, and decreased 
the neuroinflammation 
associated with Aβ 
pathology

Kantarci and 
colleagues76

LXA4, RvD1, PD1, 
MaR1

human microglia and 
neuronal cells

improved neuronal 
survival and increased 
microglia phagocytosis 
of Aβ

modulated microglia 
phenotype

Zhu and 
colleagues73

Aβ, beta amyloid; AD, Alzheimer’s disease; ADAM10, A disintegrin and metalloproteinase domain-containing protein 10; ATL, aspirin-triggered 
lipoxin; B-94, a TNF-B inducible proinflammatory element; BACE1, β secretase 1; ChemR23, chemerin receptor 23; COX-2, cyclooxygenase 2; 
CSF, cerebrospinal fluid; EIA, enzyme immune assay; I cyc nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; IL, 
interleukin; LC-MS-MS, liquid chromatography tandem mass spectrometry; LXA4, lipoxin A4; MaR1, maresin 1; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B-cells; p38 MAPK, p38 mitogen-activated protein kinase; PBMC, peripheral blood mononuclear cell; PD1, protectin 
D1; SPM, specialized pro-resolving lipid mediator; RvD1, resolvin D1; RvD5, resolvin D5; Tg, transgenic; TNF-α tumor necrosis factor alpha.

Table 1. (Continued)
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phagocytosis of Aβ42.
73 However, animal studies 

regarding the effects of MaR1 on AD animal 
model are lacking. However, the effects of 
MaR1 on other inflammatory models have been 
reported. MaR1 has been shown to inhibit neu-
trophil infiltration in murine peritonitis as well as 
enhancing human macrophage uptake of apop-
totic neutrophils.87 Interestingly, MaR1 also 
accelerated surgical regeneration in Planaria sp., 
increasing the rate of head reappearance.64 In 
experimental colitis, MaR1 has been showed to 
be protective by inhibiting the NF-κB pathway 
and decreasing the production of proinflamma-
tory mediators, as well as by shifting the macro-
phage phenotype from M1 to M2.54 In 
IL-10−/− mice with spontaneous colitis, MaR1 
ameliorates iron-deficient anemia by the inhibi-
tion of hepcidin expression though the IL-6/
STAT3 pathway.88 In the future, the effects of 
MaR1 on AD animal and cellular models and its 
mechanisms need further investigation.

Modulation of enzymes involved in the 
formation of SPMs
5-LOX.  In the brain, 5-LOX is expressed by all 
cell types,89 and higher levels have been shown in 
the AD brain and that of an AD mouse model.90 
The role of 5-LOX in AD is not completely 
understood. Crossing 5-LOX knockout (KO) 
mice with a mouse model for AD, based on trans-
genic expression of mutated human APP, resulted 
in reduced Aβ pathology and improved cognitive 
performance.91 Interestingly, 5-LOX inhibitor 
minocycline has been shown to inhibit β-
secretase (BACE) 1, and reduce Aβ  pathology 
and inflammation in APP transgenic mice.92 
5-LOX is activated by phosphorylation at three 
currently known sites, Ser663, Ser271, and 
Ser523. Ser271 is phosphorylated by P38 MAPK, 
and extracellular-signal-regulated kinases phos-
phorylate 5-LOX at Ser663.36 Interestingly, 
phosphorylation of 5-LOX at Ser523 has been 
reported to shift the production of LMs towards 
LXA4, while the production of LTB4 is decreased, 
and Ser523 is therefore considered to be an anti-
inflammatory phosphorylation site involved in 
class-switching.93,94 Above all, 5-LOX functions 
as a double edged sword in AD. 5-LOX modula-
tors capable of inhibiting its proinflammatory 
activity or increasing phosphorylation at Ser523, 
and promoting class-switching without increas-
ing the production of proinflammatory LMs, are 
of potential interest.

15-LOX-1 and 15-LOX-2. There are two isoforms 
of 15-LOX found in the brain: 15-LOX-1 and 
15-LOX-2.72,95 15-LOX is implicated in many 
diseases, including AD.96 It has been reported 
that in the AD brain, in pathologically affected 
areas such as the frontal and temporal regions, 
the levels of 15-LOX-1 are higher, and that the 
concentration of its metabolic product 
15-hydroxyeicosatetraenoic acid (15-HETE) is 
markedly elevated in the CSF of patients with AD 
compared with controls.95,97 The levels of 
15-LOX-2 were found to be elevated in the AD 
brain as well.72 The role of 15-LOX in AD is 
unclear, since 15-LOX-1 can directly oxidize lip-
ids in the cell membrane,98 generating oxidative 
stress that can be detrimental to neurons. How-
ever, 15-LOX is also involved in the synthesis of 
SPMs and is thus related to anti-inflammatory 
and pro-resolving activities. Inhibition of 
15-LOX-1 in APP-over-expressing neuroblas-
toma cells significantly reduced the levels of solu-
ble APP and BACE.99 Moreover, crossing APP 
transgenic mice with 15-LOX KO mice resulted 
in a progeny with reduced Aβ  pathology.100 To 
summarize, 15-LOX-1 may play a dual role in 
AD, but further studies are needed to elucidate 
the biology of these enzymes and how it is 
regulated.

COX-1 and COX-2. The genes encoding COX-1 
and COX-2 are located on chromosome 9 and 1, 
respectively. In an immunohistochemical study 
on post-mortem brain tissue from the frontal 
and temporal cortex COX-1 immunoreactivity 
was found both in neurons and microglial cells, 
while COX-2 immunoreactivity was found only 
in neurons.101 The number of COX-2-positive 
neurons was higher in AD brains compared with 
control brains.101 Later studies showed increased 
levels of COX-2 in the early stages of AD, 
whereas decreased levels were observed at a late 
stage of the disease.102,103 Aspirin is a well-known 
NSAID, widely used for the treatment of inflam-
mation, and low doses are prescribed for the pre-
vention of cardiovascular events. The mechanism 
of aspirin’s action is one of irreversible acetyla-
tion of COX-1 and COX-2, thereby affecting 
their catalytic activity and inhibiting the syn-
thesis of PGs and thromboxanes (TXs).104 
Interestingly, aspirin was found to stimulate the 
formation of a novel series of aspirin-triggered 
lipoxins (ATLs) during the co-incubation of 
human umbilical vein endothelial cells with 
neutrophils.105 Later studies showed that ATLs 
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inhibited neutrophil infiltration in a mouse ear 
inflammation model, showing anti-inflammatory 
and pro-resolving properties.106 Further studies 
on the mechanisms of ATL synthesis showed that 
acetylated COX-2 is still active and can convert 
AA to 15-RHETE and give rise to ATL.107 ATL 
has also been shown to improve memory function 
and ameliorate AD pathology in the 3xTg mouse 
model.68 It is hoped that the development of more 
specific modulators of COXs could help to pro-
mote the production of SPMs without causing 
the side effects, such as gastrointestinal (GI) irri-
tation,108 associated with aspirin.

Activation of receptors for SPMs
We have previously shown alterations in the levels 
of receptors for SPMs in the AD brain.72 Both 
neurons and glial cells express ChemR23 in the 
human brain, with higher levels found in AD 
compared with control participants.72 Similarly, 
ALX/FPR2 was detected in both neurons and glia 
in the human brain, with higher levels in AD.72 
Furthermore, the levels of PPAR-γ were higher in 
the hippocampus of patients with AD.72 The 
increased levels of SPM receptors in the AD brain 
may be interpreted as a compensatory mecha-
nism for the reduced levels of SPMs.72 
Interestingly, at least some of the anti-inflamma-
tory effects of SPMs seem to be due to the com-
petition of SPMs with proinflammatory ligands 
such as LTB4, which act as partial agonists or 
antagonists.41 The PPAR-γ agonist rosiglitazone 
has been shown to increase the production of 
LXA4,57 however, PPAR-γ has been shown to 
bind other ligands and have other biological func-
tions, such as a glucose-reducing capacity. Thus, 
rosiglitazone has been used for the treatment of 
diabetes. Also, other receptors of SPMs can medi-
ate transduction of a proinflammatory signal, for 
example, ALX/FPR2 has been found to bind 
Aβ,42 which is known to activate microglia. 
However, whether this binding results in proinflam-
matory signals remains to be shown. ChemR23 
binds chemerin,43 a chemotactic peptide43 asso-
ciated with increased inflammation.44 To summa-
rize, owing to the multi-ligand binding capacity of 
the receptors for SPMs, the mechanism under-
pinning the transduction of pro-resolving signal-
ing must be investigated if we are to target this 
pathway. Partial agonists of these receptors capa-
ble of stimulating the resolution of inflammation 
without activating proinflammatory signals would 
be ideal for this purpose.

Comparison between anti-inflammatory and 
pro-resolving strategies in treating AD
As we have discussed before, different from an 
anti-inflammatory strategy, which is based on 
inhibiting the production of proinflammatory 
mediators, a pro-resolving strategy is one where 
positive activation of the resolution of inflamma-
tion is more likely to naturally occur in physiolog-
ical conditions. Anti-inflammatory drugs have 
been tested in the AD field, although some of 
these drugs showed positive effects in animal 
models or in phase I/II clinical trials, not all of 
them showed efficacy in large double blind rand-
omized large phase III clinical trials. Many rea-
sons have been proposed for this, such as 
differences between animal models and human 
beings or because the treatment was too late in 
the pathological phase of AD; indeed, inflamma-
tion has been shown decades before the clinical 
symptoms onset. Although the pro-resolving 
strategy has not yet been tested in clinical trials, in 
principle, it has many advantages towards an anti-
inflammatory strategy. In this section, we will 
summarize the anti-inflammatory drugs and dis-
cuss the advantages of the pro-resolving strategy 
over the anti-inflammatory strategy.

Different stages of inflammation in AD
Neuroinflammation, discovered in AD more than 
30 years ago, has now become a major field of 
AD research today. Inhibiting neuroinflamma-
tion in AD may be the key to successful treatment 
of AD. Epidemiological studies showed an asso-
ciation between the intake of NSAIDs and a lower 
prevalence of AD.109 A similar association was 
found for the intake of n-3 FAs.110 Inspired by the 
epidemiological studies, several studies have been 
carried out to investigate the possibility to treat 
and prevent AD by NSAIDs.111 However, these 
studies have rendered varying results. 
Heterogeneous study populations may mask 
small improvements in cognition, and it may be 
that there are forms of pathology in AD that 
inhibit the beneficial effects of NSAIDs.

The question whether inflammation is a cause or 
the consequence of the pathology in AD is con-
troversial, and little is known regarding the role of 
resolution in AD. To pinpoint the role of inflam-
mation and resolution of inflammation in AD, we 
need to know how they change during the patho-
logical course of the disease in comparison with 
normal aging. Aging is associated with a gradual 
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increase in inflammation as shown by increased 
microglial activation112,113 and increased plasma 
levels of proinflammatory cytokines such as IL-6 
and TNF-α.114 Resolution of inflammation in 
normal human aging has not been investigated. 
However, in a senescence-accelerated mouse 
model (SAMP8), resolution of inflammation was 
suggested to be insufficient to cope with the 
increased levels of inflammation associated with 
aging.115 AD is associated with increased inflam-
mation compared with age-matched controls.116 
However, in general, longitudinal studies that 
monitor inflammation in the pathological course 
of AD are lacking. Mild cognitive impairment 
(MCI) is considered as the prodromal stages of 
AD, and therefore comparing inflammation-
related changes in MCI with AD and with healthy 
controls can give some hints about changes of 
inflammation during the progression AD. It 
seems that the changes of inflammatory cytokines 
during the disease are very dynamic. At the indi-
vidual cytokine level, there are data showing an 
increase, a temporary increase, unchanged or 
decreased levels117 during the pathological course 
of AD, indicating the complexity of the inflam-
matory process in AD. The differentially altered 
inflammatory cytokines during the progression of 
AD may play distinct roles at different stages of 
the disease. The levels of LXA4 in CSF were 
found to be lower in AD compared with both 
MCI and control participants. It may be specu-
lated that the pro-resolution signal steadily 
decreases as AD pathology progresses117

Advantages of the pro-resolving strategy over 
the anti-inflammatory strategy
Clinical trials regarding anti-inflammatory treat-
ment have given disappointing results. Even 
though no clinical trials have been tried regard-
ing pro-resolving therapy in AD, it may have 
advantages over the anti-inflammatory therapy. 
First of all, the anti-inflammatory therapy with 
NSAIDs is based on inhibiting the inflammation 
pathway, which may have its own physiological 
role, and therefore, may have side effects. On the 
contrary, the pro-resolving strategy is based on 
activating the pro-resolution pathway as it natu-
rally occurs. It is plausible that the pro-resolving 
method may have fewer side effects. Secondly, as 
we have discussed, the failure of the anti-inflam-
matory therapy may partly be due to the treat-
ment coming too late in the AD pathological 
phase, when the pathological changes already 

exist and are difficult to revise. The pro-resolving 
strategy includes two aspects: anti-inflammation 
and repairing. Since SPMs have been shown as 
potentially promoting the regeneration in animal 
models,64 it can be hypothesized that SPMs can 
stimulate neuronal regeneration, therefore, giv-
ing hope to patients who were at the later phase 
of AD. However, clinical trials of SPMs on AD 
are needed to further evaluate the role of SPMs 
in AD.

Questions need to be considered before 
SPMs can be used on AD patients
Before their use on patients with AD can be 
assessed, several questions must be addressed. 
Safety is one of the most important aspects to con-
sider. Omega-3 FAs have been shown to contrib-
ute to an increased risk of bleeding and 
hemorrhagic stroke, owing to their effects on 
platelet aggregation.118 Omega-3 FA supplemen-
tation has also been associated with suppressed 
immune responses to infections.119–121 No side 
effects of SPMs have been reported so far; how-
ever, since they are the downstream products of 
omega-3 FAs, this must be investigated. 
Considering that SPMs are relatively new subjects 
of research, more studies focused on safety are 
needed to rule out potential harmful effects. The 
administration route must also be considered. 
There is no direct evidence showing that SPMs 
can pass the blood–brain barrier (BBB). However, 
since SPMs are small lipophilic molecules, it is 
conceivable that they can cross the BBB, similarly 
to their precursors, DHA and EPA. The choice of 
SPMs for use in treatments is another important 
point of consideration. Our in vitro studies have 
shown different efficacy with respect to neuropro-
tection, anti-inflammation, and phagocytosis.73 In 
addition, there are SPM analogs for which the 
biological activities are largely unknown. Whether 
one SPM is more effective than another, or 
whether a combination is stronger, requires fur-
ther investigation.

Conclusions and future perspectives
To summarize, stimulation of resolution of 
inflammation is beneficial by increasing removal 
of Aβ  via phagocytosis, counter-regulating Aβ 
induced proinflammatory microglial activation, 
and preventing neuronal cell death. However, 
factors affecting resolution such as AD-related 
pathology need to be taken into consideration 
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when translating the results from cellular studies 
to the clinical situation. Promoting resolution of 
inflammation represents a novel strategy for treat-
ment of inflammatory disorders. However, 
numerous studies are required to enable us to 
fully understand the mechanisms of resolution 
before it can be successfully translated to the 
clinic. First, resolution of inflammation includes 
two factors: anti-inflammation and repair. The 
repair mechanisms have received less attention. 
In the case of diseases involving chronic inflam-
mation, such as AD, in which the tissue has 
already been damaged, it is important to deter-
mine whether stimulating pro-resolving activities 
can initiate repair and neuronal regeneration. 
Second, promoting endogenous production of 
SPMs, potentially by stimulating class-switching 
mechanisms, is of great interest since the stability 
of SPMs in the brain is not known. Modulators of 
COXs and LOXs, as well as PPAR-γ agonists, are 
also of potential interest. Furthermore, SPMs are 
produced under physiological conditions, but it 
remains to be determined whether they have 
functions separate from their role in resolving 
inflammation. Lastly, SPMs are end products of 
PUFAs in the metabolic pathways of COXs and 
LOXs, and there are many intermediates in these 
pathways. The functions of these molecules are 
largely unknown, and merit further investigation.
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