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Alzheimer’s disease (AD) remains the leading cause of dementia worldwide, and over 
the last several decades, the role of inflammation in the pathogenesis of this neuro-
degenerative disorder has been increasingly elucidated. The initiation of the acute 
inflammatory response is counterbalanced by an active process termed resolution. 
This process is designed to restore homeostasis and promote tissue healing by the 
activation of neutrophilic apoptosis, promotion of neutrophil clearance by macrophages, 
and increasing anti-inflammatory cytokine levels, while concurrently leading to a dim-
inution in pro-inflammatory mediators. The switch from the initiation to the resolution 
phase of inflammation is initially characterized by increased production of arachidonic 
acid-derived pro-resolving lipoxins and decreases in pro-inflammatory prostaglandin 
and leukotriene levels, subsequently followed by increases in specialized pro-resolving 
lipid mediators derived from omega-3 fatty acids (ω-3 FAs). There is mounting evidence 
that in AD, the resolution of inflammation is impaired, resulting in chronic inflammation 
and the exacerbation of the AD-related pathology. In this review, we examine preclinical 
and clinical evidence supporting the hypothesis that AD is a neurodegenerative disor-
der where the impairment or failure of resolution contributes to the disease process. 
Moreover, we review the literature supporting the potential therapeutic role of ω-3 FAs 
and specialized pro-resolving lipid mediators in the management of the disease. Lastly, 
we highlight areas that could strengthen the association of failed resolution to AD and 
should, therefore, be the focus of future scientific investigations in this research field.

Keywords: Alzheimer’s disease, resolution, inflammation, beta-amyloid, tau, resolvins, specialized pro-resolving 
lipid mediators, omega-3 fatty acids

INTRODUCTION

With an estimated global prevalence of 46.8 million affected individuals in 2015, Alzheimer’s disease 
(AD) remains the leading cause of dementia worldwide (1). The majority of new AD cases are spo-
radic and late-onset in nature, and without a major therapeutic breakthrough, it is estimated that the 
prevalence will quadruple by the middle of this century (2), ultimately reaching a global prevalence 
of approximately 131.5 million (1). The major neuropathological hallmarks of AD include extracel-
lular senile plaques composed of aggregates of beta-amyloid (Aβ) protein (3), and intraneuronal 
neurofibrillary tangles made up of aggregated tau protein (4, 5). Although the German psychiatrist 
and neuropathologist Alois Alzheimer described the neuropathological hallmarks of AD over a 
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Figure 1 | (A) The initiation phase of acute inflammation is characterized  
by an increase in the arachidonic acid-derived pro-inflammatory eicosanoids 
including prostaglandins, leukotrienes, and thromboxanes. Increases in 
prostaglandins eventually lead to a change in the biosynthesis of eicosanoids 
derived from arachidonic acid resulting in the formation of pro-resolution 
lipoxins via lipoxygenase-associated pathways. In the presence of aspirin, 
cyclooxygenase-2 is acetylated leading to the formation of the 15-epi-lipoxins 
(aspirin-triggered lipoxins). The aspirin-triggered isoforms are more resistant 
to degradation and hence more bioactive than native specialized  
pro-resolving mediators (SPMs). (B) Resolution is further propagated by the 
synthesis of SPMs derived from the omega-3 polyunsaturated fatty acids, 
docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA). SPMs 
derived from DHA include the resolvin D series, protectins, and maresins, as 
well as the aspirin-triggered epimeric (17R) forms of the resolvin D series and 
protectins. EPA derived SPMs include the resolvin E series.
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century ago (6), the role of inflammation in the pathogenesis of 
the disease was not fully appreciated until several decades later.

Recent work has demonstrated that the termination of the 
acute inflammatory response is dependent on an active process 
termed “resolution” (7–9). In this review, we will review the 
scientific evidence linking the impairment or failure of resolution 
to AD, the specific neuropathological consequences of resolu-
tion failure in this neurodegenerative disorder, and the potential  
for the restoration of resolution to serve as a therapeutic target 
in AD.

NEUROINFLAMMATION AND AD

Neuroinflammation has been implicated in playing a key role 
in the pathogenesis of AD, with studies suggesting various 
mechanisms including astrocyte (10–13) and microglial activa-
tion (14–18), increases in pro-inflammatory molecules such as 
cytokines and chemokines [reviewed in Ref. (19)]. Moreover, 
there is evidence to suggest that the activation of endothelial cells 
of the neurovascular unit, oligodendrocytes, and even neurons 
may be involved [reviewed in Ref. (20)]. In AD patients, the role 
of neuroinflammation is clinically supported by PET studies 
demonstrating microglial activation (21–23), increased serum 
(24–26), and brain (27, 28) pro-inflammatory cytokine levels 
as well as the downregulation of anti-inflammatory molecules 
in postmortem brain tissue (29). Moreover, although the CNS 
was once considered an immunologically privileged site, it is 
now recognized that peripheral inflammation can exacerbate the 
inflammatory environment of the brain and contribute to chronic 
neuroinflammation and neurodegeneration (30, 31).

RESOLUTION OF INFLAMMATION:  
A VITAL PROCESS FOR THE 
RESTORATION OF TISSUE HOMEOSTASIS

The initiation of the acute inflammatory phase, usually in 
response to trauma, infection, tissue injury, neoplasia, or other 
major homeostatic stressors, has been well characterized by 
the increased release of pro-inflammatory mediators such as 
prostaglandins and leukotrienes, leading to polymorphonuclear 
(PMN) leukocyte recruitment and monocyte-macrophage 
proliferation. It was initially believed that the acute response 
to inflammation passively dissipated over time; however, it has 
been more recently appreciated that acute inflammation is actu-
ally kept in homeostatic balance by resolution (32, 33), which 
ultimately results in the clearance of recruited granulocytes 
and a restoration of pre-activation immune profiles [reviewed 
in Ref. (7, 9)]. Failure of resolution has been associated with 
the development of chronic inflammation (34), which has been 
implicated in the pathogenesis of many diseases including 
asthma, periodontitis, rheumatoid arthritis, ulcerative colitis, 
multiple sclerosis, and AD [reviewed in Ref. (9)].

The resolution of inflammation is initiated by a change in 
eicosanoid signaling that shifts from a pro-inflammatory to a 
pro-resolution, anti-inflammatory state, which is characterized 
by the biosynthesis of specific mediators. Sophisticated advances 

in lipidomics and metabolomics, spearheaded by seminal 
investigations by Serhan and his colleagues, have resulted in 
the identification and functional classification of these special-
ized pro-resolving mediators (SPMs) that drive resolution (7–9, 
35–38). During the initiation phase of the acute inflammatory 
response, mediators derived from arachidonic acid become 
up-regulated and contribute to changes in vascular permeability 
and PMN leukocyte recruitment (39). However, the generation 
of these pro-inflammatory autacoids is eventually terminated 
by subsequent dynamic changes in prostaglandins E2 and D2 
(39). This can be seen as a switch where increased levels of SPMs, 
including pro-resolving lipoxins [e.g., Lipoxin A4 (LXA4)], 
diminish inflammatory molecules such as prostaglandins, 
leukotrienes, and cytokines (Figure  1A). Pivotal to this switch 
is a class of lipid mediators, or SPMs, which are biosynthesized 
from the omega-3 fatty acids (ω-3 FAs), docosahexaenoic acid 
(DHA) and eicosapentaenoic acid (EPA), and regulate acute 
inflammation by promoting active resolution (Figure 1B). These 
SPMs include the resolvin D series compounds, protectins/
neuroprotectins, and maresins, which are derived from DHA, 
as well as the resolvin E series compounds derived from EPA 
(Figure  1B) [reviewed in Ref. (34, 38, 40)]. The pro-resolving 
effects of the lipoxins and the ω-3 FA-derived SPMs collectively 
exert key features of resolution: suppression of PMNs, decrease 
vascular permeability, promotion of non-phlogistic monocyte 
recruitment, and increase macrophage-mediated clearance of 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


3

Whittington et al. Impaired Resolution and AD

Frontiers in Immunology  |  www.frontiersin.org November 2017  |  Volume 8  |  Article 1464

apoptotic PMNs. However, during chronic inflammatory states, 
including neurodegeneration, this balance is disrupted and the 
predominance of arachidonic acid-derived pro-inflammatory 
lipid mediators contributes to the impaired resolution of inflam-
mation and the persistence of a generalized pro-inflammatory 
state.

PRECLINICAL STUDIES SUPPORTING 
IMPAIRED RESOLUTION IN AD

In Vivo Studies
Aging is associated with increased inflammation (41–43), and 
this, in itself, is of critical importance as it also is the major risk 
factor for the development of late-onset AD. Indeed, it has been 
recently demonstrated in BalbC mice that aging is associated with 
a delay in the resolution of inflammation. This is characterized 
by a greater increase and slower clearance of recruited PMNs  
following an acute inflammatory challenge, resulting in higher 
levels of pro-inflammatory cytokines and defective SPM produc-
tion (44). Thus, given the impact that aging has on the develop-
ment of AD, it is reasonable to hypothesize that age-related defects 
in resolution and “inflammaging” (45) may potentially contribute 
to the development and propagation of this neurodegenerative 
condition.

Over the last several years, there has been an increase in pre-
clinical studies demonstrating that failed resolution plays a role 
in the development of AD pathology. Wang et al. demonstrated in 
senescence-accelerated mice-prone 8 (SAMP8), a murine model 
of accelerated aging that spontaneously exhibits β-amyloid (Aβ) 
overproduction, tau hyperphosphorylation, oxidative stress dam-
age, and cognitive decline (46) that aging was indeed associated 
with a pro-inflammatory state (47). However, when compared 
with similarly aged 9-month-old senescent-accelerated mouse 
resistant 1 (SAMR1) mice, a mouse strain that displays normal 
aging without cognitive decline, SAMP8 mice did not exhibit any 
difference in LXA4 or resolvin D1 (RvD1) levels, despite a greater 
degree of inflammation in SAMP8 mice. Levels of ALX/FPR2 
(N-formyl peptide receptor 2), the G protein-coupled receptor 
for Annexin-A1, LXA4, and RvD1, were also increased in SAMP8 
mice but remained at levels similar to that of SAMR1 mice. This 
suggests that, despite the increased inflammation observed in 
SAMP8 mice, there is not a commensurate increase in SPMs. 
Hence, changes in ALX/FPR2 receptor density may actually be 
a compensatory response. Interestingly, in 9-month-old SAMP8 
mice, these same investigators observed lower hippocampal 
levels of leukocyte-type 12-lipoxygenase (L12-LOX), the initial 
enzyme involved in the production of LXA4 and RvD1 from AA 
and DHA, respectively, when compared to similarly aged SAMR1 
mice. Furthermore, L12-LOX co-localized with Aβ in the hip-
pocampus. Interestingly, the lower L12-LOX levels positively 
correlated with increased levels of phosphorylated tau at the 
Ser202/Thr205 (AT8) phosphoepitope, suggesting that the impaired 
resolution response may impact the degree of Aβ and tau pathol-
ogy that manifests with age in this strain.

Recent studies, utilizing lipoxin treatment in transgenic mice 
that develop AD-like pathology, have also provided compelling 

preclinical evidence supporting the role of impaired resolution 
in the development of AD pathology (48, 49). Lipoxins, particu-
larly LXA4 and their aspirin-triggered (AT) carbon-15 (15R) 
epimers, are potent promoters of resolution by antagonizing 
pro-inflammatory mediators via activation of ALX/FPR2 recep-
tors, resulting in decreases in leukocyte recruitment, NF-κB 
activation, superoxide generation, and longer-lasting effects on 
pro-inflammatory chemokine/cytokine production (35, 50–53). 
Aspirin has been shown to modulate lipoxin biosynthesis by yield-
ing 15R epimerization products termed AT lipoxins, thus making 
it more resistant to inactivation and further promoting resolution 
signaling (52). In Tg2576 mice, which harbor the Swedish double 
mutation in human amyloid precursor protein leading to the 
rapid development of Aβ-related pathology, the administration 
of AT-LXA4 has been shown to reduce the activation of NF-κB 
and levels of pro-inflammatory cytokines as well as increase levels 
of the anti-inflammatory cytokine IL-10, ultimately resulting in 
an alternative microglial phenotype (48). This subsequent change 
in microglial phenotype was associated with improved phagocy-
tosis, increased Aβ clearance, decreased synaptotoxicity, as well as 
cognitive improvement in the Tg2576 mice. More recently, Dunn 
et al. demonstrated in triple transgenic AD (3xTg-AD) mice, a 
transgenic mouse strain that expresses the Aβ-processing related 
mutations APPSWE and PS1M146V as well as mutant, pro-aggregant 
tau (tauP301L), thus respectively developing accelerated senile 
plaque and neurofibrillary tangle pathology, that brain LXA4 
levels significantly decreased with age. This decrease in LXA4 
levels was more pronounced in the 3xTg-AD mice than in non-
transgenic mice; moreover, an 8-week treatment with AT-LXA4 
reduced cognitive impairment, Aβ levels, and tau phosphorylation 
(49). Interestingly, the reduction in brain tau phosphorylation 
was mediated by decreased activation of the tau-related kinases, 
GSK-3β and p38 MAPK. Taken together, these preclinical stud-
ies support the concept that increased lipoxin signaling restores 
resolution physiology that, in turn, may serve as therapeutic 
means for attenuating Aβ and tau pathology as well as cognitive  
decline.

There is now growing interest as to whether the resolvins can 
actually attenuate AD pathology and modulate cognitive deficits, 
especially as the potentially neuroprotective effects of SPMs 
are increasingly elucidated. Using a mouse model of postop-
erative cognitive dysfunction following orthopedic surgery, acute 
administration of AT RvD1 prevented neuronal dysfunction and 
cognitive impairment by regulating long-term potentiation, and 
astrocyte activation (54). Using this same murine neuroinflam-
mation model, we are currently conducting studies to determine 
whether the resolvins or other SPMs can attenuate changes in 
tau pathology following surgery-induced neuroinflammation. 
Recently, DHA-derived neuroprotectin D1 (NPD-1) has been 
observed to exert potent neuroprotective effects in multiple 
models of CNS injury and neurodegeneration by modulating 
synaptic plasticity, dendritic spine morphology, and microglia 
activation [reviewed in Ref. (55)]. Other SPMs, including resolvin 
E1 (RvE1), have also been implicated in the regulation of excito-
toxic signaling, synaptic transmission, and neuroinflammation in 
models of inflammatory and postoperative pain (56). Although 
the exact mechanisms of resolvins on neuron–glia interactions 
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have been only partly elucidated, SPMs may provide novel strate-
gies to modulate and possibly prevent the onset and progression 
of neurodegenerative conditions including AD.

In Vitro Studies
Human CHME3 microglia incubated with Aβ42, when compared 
with lipopolysaccharide (LPS) stimulation, have been recently 
observed to manifest decreased phosphorylation at serine 523 of 
5-lipoxygenase (57), a key enzyme involved in the regulation of 
leukotriene and lipoxin production. This decreased phosphoryla-
tion at serine 523 resulted in increased leukotriene production 
and decreased lipoxin formation, which are changes consistent 
with disrupted resolution. Interestingly, Aβ42 or LPS did not alter 
the levels of LXA4 or RvD1 in the cell culture medium; further-
more, in contrast to the increase observed with LPS, Aβ42 had 
no effect on receptor levels of ALX/FPR2, the receptor for LXA4 
and RvD1. Therefore, when compared to the pro-inflammatory 
stimulus LPS, it appears that Aβ42 is associated with changes 
that are consistent with impaired resolution and the potential 
propagation of a chronic inflammatory state.

Zhu et al. more recently demonstrated that LXA4, maresin 1, 
protectin DX, and RvD1 decreased staurosporine-induced apop-
tosis in human SH-SY5Y neuroblastoma cells (58). Furthermore, 
maresin 1 was observed to be particularly protective in terms of 
Aβ-related pathology, as this SPM increased microglial phago-
cytosis of Aβ42 as well as attenuated Aβ42-mediated activation 
of human CHME3 microglia. Of note, incubation of human 
CHME3 microglia with maresin 1 also attenuated levels of the 
pro-inflammatory biomarkers CD11b (activated), MHC II, and 
CD86. Hence, at least in  vitro, it appears that maresin 1 may 
have a greater potential for attenuating certain aspects of Aβ-
associated pathology in AD when compared to other SPMs.

Hitherto, most of the in vivo and in vitro investigations exam-
ining the impact of AD-associated neuropathology on resolution 
pathways have primarily focused on Aβ pathology. Indeed, 
although AD is a secondary tauopathy, the role of impaired 
resolution on the progression of tau pathology and vice  versa 
has been the focus of fewer studies compared to Aβ-related 
pathology. Whether failed resolution leads to an exacerbation 
of neurofibrillary pathology and the subsequent impairment of 
resolution, either directly or via the potentiation of Aβ-mediated 
mechanisms that suppress resolution, definitely warrants further 
investigation.

CLINICAL EVIDENCE SUPPORTING 
IMPAIRED RESOLUTION PHYSIOLOGY  
IN HUMANS WITH AD

Although age is the greatest risk factor for developing late-onset 
AD, only recently have investigators started to appreciate the 
impact of aging on resolution in humans. Gangemi et al., meas-
ured urine LXA4 and pro-inflammatory leukotriene levels in 30 
healthy humans who were divided into three average age groups: 
43.5, 77.9, and 102.5 years (59). Compared to the youngest group, 
both older age groups had significant lower urinary excretion of 
LXA4; moreover, there was a significant decrease in the LXA4/

leukotriene ratio in these older age groups. These findings suggest 
that, in response to a pro-inflammatory stimulus, the capacity 
for arachidonic acid-derived pharmacology to switch from the 
production of pro-inflammatory leukotrienes toward increased 
lipoxin formation decreases with age.

In terms of AD specifically, by examining levels of SPMs and 
receptor expression in human CSF and brain tissue, Wang et al. 
performed one of the initial human investigations demonstrating 
that the neurodegenerative disorder is associated with impaired 
resolution (60). Levels of LXA4 and RvD1 were measured in CSF 
collected from humans with AD, mild cognitive impairment 
(MCI), or subjective cognitive impairment (SCI). Interestingly, 
levels of LXA4 in CSF and hippocampal tissue were significantly 
lower in the AD group versus the MCI and SCI groups; whereas, 
no group-related differences in hippocampal or CSF RvD1 
levels were observed. Of note, there was a positive correlation 
between CSF LXA4 and RvD1 levels and cognitive performance 
as measured by the mini-mental state examination (60). In 
this same investigation, when compared with control subjects, 
immunohistochemical analyses of hippocampal tissue from 
AD patients revealed higher levels of the SPM receptors, ALX/
FPR2 and ChemR23, the latter a receptor for RvE1. They also 
observed increased levels of 15-LOX-2, a key enzyme involved 
in the production of LXA4, as well as decreased levels of IL-10, 
an anti-inflammatory cytokine associated with the resolution of 
inflammation (61, 62).

A more recent study by Zhu et  al. has provided additional 
evidence that resolution is impaired in humans with AD (58). 
These investigators measured SPM levels in the entorhinal cortex 
of AD patients and age-matched controls at 18–21 h post mortem. 
Compared to age-matched controls, levels of maresin 1, protectin 
1, and resolvin D5 were decreased, while levels of prostaglandin 
D2 were decreased in the entorhinal cortex of patients with AD. 
Again, these changes are consistent with an impairment of reso-
lution in AD and the predominance of a chronic inflammatory 
state.

ω-3 FAs AND AD

As SPMs are biosynthesized from ω-3 FAs (8, 9, 34, 37, 38, 40, 
63), the question of whether polyunsaturated fatty acids (PUFAs) 
impact the resolution of inflammation in AD has logically arisen. 
ω-3 FA-derived EPA and DHA have been demonstrated to modu-
late arachidonic acid metabolism in such a manner as to reduce 
the production of pro-inflammatory mediators. For example, 
DHA has been shown in astroglial cell cultures to decrease levels 
of pro-inflammatory thromboxane B2, 6-keto-Prostaglandin 
F1 alpha, and 12-hydroxyeicosatetraenoic acid (64), whereas 
EPA has been demonstrated to decrease the pro-inflammatory 
arachidonic acid derivatives, prostaglandin E2 and leukotriene 
B4 (65, 66). Patients with AD have lower plasma (67) and 
brain levels of DHA (68), suggesting that PUFA supplementa-
tion may provide beneficial effects on the neuropathology and 
cognitive function. Furthermore, in AD patients with moderate 
plaque and tangle pathology, Lukiw et  al. demonstrated that 
levels of NPD-1, a DHA-derived protectin compound with 
pronounced neuroprotective and anti-inflammatory effects, were 
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Figure 2 | Molecular features of Alzheimer’s disease (AD) pathophysiology and key targets of resolution agonists in neurodegeneration. Clockwise from 12 o’clock 
(1) neurotoxicity, including dysregulated glutamate and calcium signaling, and neurotransmission imbalance contribute to synaptic dysfunction and neuronal loss;  
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neurodegeneration; (3) tau phosphorylation and neurofibrillary tangle formation; (4) Aβ plaque formation are key hallmarks of the AD brain. Specialized pro-resolving 
mediators and strategies aimed at boosting resolution such as using omega-3 polyunsaturated fatty acid exert differential effects on these targets and provide 
anti-inflammatory and pro-cognitive effects in neuroinflammation/degeneration; and (5) The accumulation of Aβ may lead to the microglial accumulation and 
activation resulting in increases in pro-inflammatory cytokines such as interleukin-1 beta, interleukin-6, and tumor necrosis factor-alpha. These cytokine increases  
in the brain can subsequently lead to tau hyperphosphorylation and a pathological cycle of increased Aβ deposition and persistent microglial activation, ultimately 
resulting in chronic neuroinflammation and neurodegeneration.
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significantly decreased in the CA1 region of the hippocampus 
(68). Aging itself also appears to negatively affect FA metabolism 
(69, 70); hence, a better understanding of the impact of ω-3  
FAs on mechanisms associated with the resolution of inflamma-
tion is important to fully elucidate the potential therapeutic role 
of these compounds in AD.

In vitro studies have demonstrated that DHA and EPA enhance 
Aβ42 phagocytosis in CHME3 human microglial cell culture (71). 
Moreover, this occurred in a biphasic pattern characterized by an 
increase at 2 h followed by a quiescent period and then another 
phase of activated phagocytosis at 24  h. The late phase activa-
tion of Aβ42 phagocytosis was postulated to involve the time-
dependent accumulation of SPMs such as resolvins and maresins. 
Levels of SPMs were not measured in cell culture to confirm this; 
nevertheless, the time frame is consistent with possible activation 
of non-phlogistic phagocytosis.

In animal studies incorporating the use of transgenic AD 
rodent models, ω-3 FAs have been shown to have beneficial 
effects on Aβ pathology, tau pathology, and neuroinflammation 
[reviewed in Ref. (72)]. In terms of AD-related pathology, ω-3 
FAs have been observed to specifically induce the following 
potentially therapeutic effects: reductions in Aβ accumulation 
(73) and Aβ plaque density (74), changes in Aβ ratios favoring 
the less fibrillogenic forms of the peptide (75), protection against 
tau hyperphosphorylation (76), reduced inflammation (77), and 

improved cognitive performance (73, 74, 76). Furthermore, a 
systematic review and meta-analysis focusing on the impact of 
ω-3 FAs on cognition and AD pathology in AD animal models 
revealed that long-term supplementation, which was defined as a 
minimum of 10% of total life span, was associated with decreased 
Aβ levels, improved cognition, and decreased neuronal loss (78).

EFFECT OF ω-3 FA SUPPLEMENTATION 
IN HUMANS WITH OR AT RISK FOR AD 
ON MARKERS OF RESOLUTION

Despite this preclinical evidence, in humans with AD, clinical 
trials incorporating ω-3 FA supplementation have demonstrated 
more modest benefits. One of the largest trials to date is the 
OmegAD study, a randomized double-blind placebo-controlled 
study, which randomized 204 patients with mild-to-moderate 
AD to 1.7  g DHA and 0.6  g EPA or placebo treatment for 
6 months followed by 6 months of open treatment in both groups 
(79). These investigators observed that ω-3 FA treatment did not 
alter the rate of cognitive decline; however, in a small subset of 
patients with the baseline mini-mental state examination scores 
of >27, ω-3 FA supplementation significantly decreased cogni-
tive decline. In a subset of patients from the OmegAD study, who 
were treated with ω-3 FAs for 6 months, increased plasma levels 
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primarily early in the course of the disease; however, the cogni-
tive benefits appear to be quite modest (83). Interestingly, Salem 
et al. reviewed two recent clinical trials examining the impact of 
DHA supplementation on cognitive function (84), the Memory 
Improvement after DHA Study (85), and the Alzheimer’s Disease 
Cooperative Study (ADCS) (86), which examined the impact 
of DHA supplementation on memory and respectively demon-
strated mnemonic benefit in healthy elderly subjects and no such 
benefit in AD patients. However, based on the observation that 
in the ADCS study, lower cognitive decline was observed over an 
18-month period in apolipoprotein E4 (APOE4) allele negative 
patients, Salem et al. have postulated that APOE4 may mechanis-
tically impact the neuropathogenesis of AD by decreasing DHA 
transport into the brain (84). Therefore, in clinical trials focusing 
on the cognitive benefits of ω-3 FA supplementation in patients 
with or at risk for AD, APOE4 genotype may be an important 
factor regulating therapeutic benefit and should be taken into 
consideration in the subgroup analyses.

CONCLUSION

Resolution is an active process that terminates the acute phase 
of inflammation and restores tissue homeostasis. Multiple 

preclinical and clinical investigations support the hypothesis that 
resolution of neuroinflammation is disrupted in AD and that 
this perturbation may lead to the exacerbation of AD-associated 
pathology and even cognitive decline (Figure  2). Additional 
studies focusing on the impact of impaired resolution on tau-
related neurofibrillary pathology and function are warranted, 
as there is a relative dearth of tau studies versus those focusing 
on Aβ pathology. Furthermore, some studies have demonstrated 
that SPM treatment may reduce tau phosphorylation in mouse 
models of AD-like pathology (49).

Despite evidence that failed resolution may play a neuropatho-
genic role in AD, many mechanistic questions still remain unan-
swered. Whether the defect of resolution in AD is a consequence 
of a true or relative decrease in SPM levels and/or their receptor-
mediated downstream effects needs to be further addressed. 
Other resolution-related mechanisms that may be related to AD 
and warrant further investigation in humans include decreased 
SPM production due to neuronal loss and reactive gliosis, altera-
tions in the levels and efficiency of various enzymes responsible 
catalyzing SPM production, changes in arachidonic acid metabo-
lism favoring the production of pro-inflammatory products such 
as leukotrienes, prostaglandins, thromboxanes, and HETE, 
acquired defects in SPM receptor-mediated signaling as well as 
decreases in adequate brain levels of the ω-3 FAs.

Although they theoretically could have beneficial effects on 
resolution, human studies remain inconclusive as to whether sup-
plementation with ω-3 FAs can actually alter the clinical course 
of AD. Hitherto, the cognitive benefits observed with ω-3 FAs 
have been modest and primarily observed very early in the course 
of the disease. The mechanisms underlying the lack of impactful 
clinical benefit observed with ω-3 FAs supplementation in AD 
are probably multifactorial and may involve, in part, inadequate 
conversion of the parent ω-3 FA compounds to SPMs, alterations 
in SPM receptor function, and limited transport of ω-3 FA to the 
brain as a consequence of APOE4 genotype. Therefore, as the 
SPMs themselves become more readily available for clinical inves-
tigations, human clinical trials should be considered to examine 
whether these compounds have a therapeutic effect in AD via the 
restoration of normal resolution physiology, and whether their 
direct administration obviates some of the limitations observed, 
thus far, with ω-3 FA supplementation.

AUTHOR CONTRIBUTIONS

RW, EP, and NT conceived, wrote, and revised the manuscript.

FUNDING

This study was supported by grant 2R01GM101698 from the 
National Institute of General Medical Sciences (RW).

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://www.alz.co.uk/research/WorldAlzheimerReport2015.pdf
https://www.alz.co.uk/research/WorldAlzheimerReport2015.pdf
https://doi.org/10.1016/j.jalz.2007.04.381
https://doi.org/10.1016/S0006-291X
(84)80190-4
https://doi.org/10.1016/S0006-291X
(84)80190-4


7

Whittington et al. Impaired Resolution and AD

Frontiers in Immunology  |  www.frontiersin.org November 2017  |  Volume 8  |  Article 1464

4.	 Grundke-Iqbal I, Iqbal K, Quinlan M, Tung YC, Zaidi MS, Wisniewski HM. 
Microtubule-associated protein tau. A component of Alzheimer paired helical 
filaments. J Biol Chem (1986) 261:6084–9. 

5.	 Grundke-Iqbal I, Iqbal K, Tung YC, Quinlan M, Wisniewski HM,  
Binder LI. Abnormal phosphorylation of the microtubule-associated protein 
tau (tau) in Alzheimer cytoskeletal pathology. Proc Natl Acad Sci U S A (1986) 
83:4913–7. doi:10.1073/pnas.83.13.4913 

6.	 Maurer K, Volk S, Gerbaldo H. Auguste D and Alzheimer’s disease. Lancet 
(1997) 349:1546–9. doi:10.1016/S0140-6736(96)10203-8 

7.	 Serhan CN, Savill J. Resolution of inflammation: the beginning programs  
the end. Nat Immunol (2005) 6:1191–7. doi:10.1038/ni1276 

8.	 Serhan CN, Chiang N, Dalli J, Levy BD. Lipid mediators in the resolution of 
inflammation. Cold Spring Harb Perspect Biol (2014) 7:a016311. doi:10.1101/
cshperspect.a016311 

9.	 Serhan CN, Chiang N, Dalli J. The resolution code of acute inflammation: 
novel pro-resolving lipid mediators in resolution. Semin Immunol (2015) 
27:200–15. doi:10.1016/j.smim.2015.03.004 

10.	 Blasko I, Veerhuis R, Stampfer-Kountchev M, Saurwein-Teissl M, Eikelenboom P,  
Grubeck-Loebenstein B. Costimulatory effects of interferon-gamma and 
interleukin-1beta or tumor necrosis factor alpha on the synthesis of Abeta1-
40 and Abeta1-42 by human astrocytes. Neurobiol Dis (2000) 7:682–9. 
doi:10.1006/nbdi.2000.0321 

11.	 Li C, Zhao R, Gao K, Wei Z, Yin MY, Lau LT, et al. Astrocytes: implications  
for neuroinflammatory pathogenesis of Alzheimer’s disease. Curr Alzheimer 
Res (2011) 8:67–80. doi:10.2174/156720511794604543 

12.	 Garwood CJ, Ratcliffe LE, Simpson JE, Heath PR, Ince PG, Wharton SB. 
Review: astrocytes in Alzheimer’s disease and other age-associated demen-
tias: a supporting player with a central role. Neuropathol Appl Neurobiol  
(2017) 43:281–98. doi:10.1111/nan.12338 

13.	 Spampinato SF, Merlo S, Sano Y, Kanda T, Sortino MA. Astrocytes contribute 
to Abeta-induced blood-brain barrier damage through activation of endothe-
lial MMP9. J Neurochem (2017) 142:464–77. doi:10.1111/jnc.14068 

14.	 McGeer PL, Itagaki S, Tago H, Mcgeer EG. Reactive microglia in patients 
with senile dementia of the Alzheimer type are positive for the histocompat-
ibility glycoprotein HLA-DR. Neurosci Lett (1987) 79:195–200. doi:10.1016/ 
0304-3940(87)90696-3 

15.	 Schwab C, McGeer PL. Inflammatory aspects of Alzheimer disease and other 
neurodegenerative disorders. J Alzheimers Dis (2008) 13:359–69. doi:10.3233/
JAD-2008-13402 

16.	 Cho SH, Sun B, Zhou Y, Kauppinen TM, Halabisky B, Wes P, et  al.  
CX3CR1 protein signaling modulates microglial activation and protects 
against plaque-independent cognitive deficits in a mouse model of Alzheimer 
disease. J Biol Chem (2011) 286:32713–22. doi:10.1074/jbc.M111.254268 

17.	 Hoeijmakers L, Heinen Y, Van Dam AM, Lucassen PJ, Korosi A. Micro
glial priming and Alzheimer’s disease: a possible role for (early) immune 
challenges and epigenetics? Front Hum Neurosci (2016) 10:398. doi:10.3389/
fnhum.2016.00398 

18.	 Zuroff L, Daley D, Black KL, Koronyo-Hamaoui M. Clearance of cerebral 
Abeta in Alzheimer’s disease: reassessing the role of microglia and monocytes. 
Cell Mol Life Sci (2017) 74:2167–201. doi:10.1007/s00018-017-2463-7 

19.	 Liu L, Chan C. The role of inflammasome in Alzheimer’s disease. Ageing  
Res Rev (2014) 15:6–15. doi:10.1016/j.arr.2013.12.007 

20.	 Heppner FL, Ransohoff RM, Becher B. Immune attack: the role of inflamma-
tion in Alzheimer disease. Nat Rev Neurosci (2015) 16:358–72. doi:10.1038/
nrn3880 

21.	 Cagnin A, Brooks DJ, Kennedy AM, Gunn RN, Myers R, Turkheimer FE, 
et al. In-vivo measurement of activated microglia in dementia. Lancet (2001) 
358:461–7. doi:10.1016/S0140-6736(01)05625-2 

22.	 Fan Z, Brooks DJ, Okello A, Edison P. An early and late peak in microglial 
activation in Alzheimer’s disease trajectory. Brain (2017) 140:792–803. 
doi:10.1093/brain/aww349 

23.	 Parbo P, Ismail R, Hansen KV, Amidi A, Marup FH, Gottrup H, et  al.  
Brain inflammation accompanies amyloid in the majority of mild cognitive 
impairment cases due to Alzheimer’s disease. Brain (2017) 140:2002–11. 
doi:10.1093/brain/awx120 

24.	 Swardfager W, Lanctot K, Rothenburg L, Wong A, Cappell J, Herrmann N. 
A meta-analysis of cytokines in Alzheimer’s disease. Biol Psychiatry (2010) 
68:930–41. doi:10.1016/j.biopsych.2010.06.012 

25.	 Bishnoi RJ, Palmer RF, Royall DR. Serum interleukin (IL)-15 as a biomarker 
of Alzheimer’s disease. PLoS One (2015) 10:e0117282. doi:10.1371/journal.
pone.0117282 

26.	 Lai KSP, Liu CS, Rau A, Lanctot KL, Kohler CA, Pakosh M, et  al.  
Peripheral inflammatory markers in Alzheimer’s disease: a systematic review 
and meta-analysis of 175 studies. J Neurol Neurosurg Psychiatry (2017). 
doi:10.1136/jnnp-2017-316201 

27.	 Griffin WS, Stanley LC, Ling C, White L, Macleod V, Perrot LJ, et  al.  
Brain interleukin 1 and S-100 immunoreactivity are elevated in down syn-
drome and Alzheimer disease. Proc Natl Acad Sci U S A (1989) 86:7611–5. 
doi:10.1073/pnas.86.19.7611 

28.	 Morimoto K, Horio J, Satoh H, Sue L, Beach T, Arita S, et  al. Expression  
profiles of cytokines in the brains of Alzheimer’s disease (AD) patients com-
pared to the brains of non-demented patients with and without increasing 
AD pathology. J Alzheimers Dis (2011) 25:59–76. doi:10.3233/JAD-2011- 
101815 

29.	 Walker DG, Dalsing-Hernandez JE, Campbell NA, Lue LF. Decreased 
expression of CD200 and CD200 receptor in Alzheimer’s disease: a potential 
mechanism leading to chronic inflammation. Exp Neurol (2009) 215:5–19. 
doi:10.1016/j.expneurol.2008.09.003 

30.	 Butchart J, Holmes C. Systemic and central immunity in Alzheimer’s disease: 
therapeutic implications. CNS Neurosci Ther (2012) 18:64–76. doi:10.1111/j. 
1755-5949.2011.00245.x 

31.	 Holmes C. Review: systemic inflammation and Alzheimer’s disease. 
Neuropathol Appl Neurobiol (2013) 39:51–68. doi:10.1111/j.1365-2990.2012. 
01307.x 

32.	 Serhan CN, Fiore S, Brezinski DA, Lynch S. Lipoxin A4 metabolism by 
differentiated HL-60 cells and human monocytes: conversion to novel 
15-oxo and dihydro products. Biochemistry (1993) 32:6313–9. doi:10.1021/ 
bi00076a002 

33.	 Maddox JF, Serhan CN. Lipoxin A4 and B4 are potent stimuli for human 
monocyte migration and adhesion: selective inactivation by dehydroge-
nation and reduction. J Exp Med (1996) 183:137–46. doi:10.1084/jem. 
183.1.137 

34.	 Serhan CN. Resolution phase of inflammation: novel endogenous anti- 
inflammatory and proresolving lipid mediators and pathways. Annu Rev 
Immunol (2007) 25:101–37. doi:10.1146/annurev.immunol.25.022106. 
141647 

35.	 Serhan CN, Chiang N. Lipid-derived mediators in endogenous anti- 
inflammation and resolution: lipoxins and aspirin-triggered 15-epi-lipoxins. 
ScientificWorldJournal (2002) 2:169–204. doi:10.1100/tsw.2002.81 

36.	 Serhan CN. Controlling the resolution of acute inflammation: a new genus 
of dual anti-inflammatory and proresolving mediators. J Periodontol (2008) 
79:1520–6. doi:10.1902/jop.2008.080231 

37.	 Serhan CN, Yacoubian S, Yang R. Anti-inflammatory and proresolving 
lipid mediators. Annu Rev Pathol (2008) 3:279–312. doi:10.1146/annurev.
pathmechdis.3.121806.151409 

38.	 Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. 
Nature (2014) 510:92–101. doi:10.1038/nature13479 

39.	 Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid mediator class 
switching during acute inflammation: signals in resolution. Nat Immunol 
(2001) 2:612–9. doi:10.1038/89759 

40.	 Buckley CD, Gilroy DW, Serhan CN. Proresolving lipid mediators and mech-
anisms in the resolution of acute inflammation. Immunity (2014) 40:315–27. 
doi:10.1016/j.immuni.2014.02.009 

41.	 Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E,  
et  al. Inflamm-aging. An evolutionary perspective on immunosenescence. 
Ann N Y Acad Sci (2000) 908:244–54. doi:10.1111/j.1749-6632.2000.tb06651.x 

42.	 Vasto S, Candore G, Balistreri CR, Caruso M, Colonna-Romano G, Grimaldi MP,  
et  al. Inflammatory networks in ageing, age-related diseases and longevity. 
Mech Ageing Dev (2007) 128:83–91. doi:10.1016/j.mad.2006.11.015 

43.	 Sansoni P, Vescovini R, Fagnoni F, Biasini C, Zanni F, Zanlari L, et  al. 
The immune system in extreme longevity. Exp Gerontol (2008) 43:61–5. 
doi:10.1016/j.exger.2007.06.008 

44.	 Arnardottir HH, Dalli J, Colas RA, Shinohara M, Serhan CN. Aging delays 
resolution of acute inflammation in mice: reprogramming the host response 
with novel nano-proresolving medicines. J Immunol (2014) 193:4235–44. 
doi:10.4049/jimmunol.1401313 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.83.13.4913
https://doi.org/10.1016/S0140-6736(96)10203-8
https://doi.org/10.1038/ni1276
https://doi.org/10.1101/cshperspect.a016311
https://doi.org/10.1101/cshperspect.a016311
https://doi.org/10.1016/j.smim.2015.03.004
https://doi.org/10.1006/nbdi.2000.0321
https://doi.org/10.2174/156720511794604543
https://doi.org/10.1111/nan.12338
https://doi.org/10.1111/jnc.14068
https://doi.org/10.1016/
0304-3940(87)90696-3
https://doi.org/10.1016/
0304-3940(87)90696-3
https://doi.org/10.3233/JAD-2008-13402
https://doi.org/10.3233/JAD-2008-13402
https://doi.org/10.1074/jbc.M111.254268
https://doi.org/10.3389/fnhum.2016.00398
https://doi.org/10.3389/fnhum.2016.00398
https://doi.org/10.1007/s00018-017-2463-7
https://doi.org/10.1016/j.arr.2013.12.007
https://doi.org/10.1038/nrn3880
https://doi.org/10.1038/nrn3880
https://doi.org/10.1016/S0140-6736(01)05625-2
https://doi.org/10.1093/brain/aww349
https://doi.org/10.1093/brain/awx120
https://doi.org/10.1016/j.biopsych.2010.06.012
https://doi.org/10.1371/journal.pone.0117282
https://doi.org/10.1371/journal.pone.0117282
https://doi.org/10.1136/jnnp-2017-316201
https://doi.org/10.1073/pnas.86.19.7611
https://doi.org/10.3233/JAD-2011-
101815
https://doi.org/10.3233/JAD-2011-
101815
https://doi.org/10.1016/j.expneurol.2008.09.003
https://doi.org/10.1111/j.
1755-5949.2011.00245.x
https://doi.org/10.1111/j.
1755-5949.2011.00245.x
https://doi.org/10.1111/j.1365-2990.2012.
01307.x
https://doi.org/10.1111/j.1365-2990.2012.
01307.x
https://doi.org/10.1021/
bi00076a002
https://doi.org/10.1021/
bi00076a002
https://doi.org/10.1084/jem.
183.1.137
https://doi.org/10.1084/jem.
183.1.137
https://doi.org/10.1146/annurev.immunol.25.022106.
141647
https://doi.org/10.1146/annurev.immunol.25.022106.
141647
https://doi.org/10.1100/tsw.2002.81
https://doi.org/10.1902/jop.2008.080231
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151409
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151409
https://doi.org/10.1038/nature13479
https://doi.org/10.1038/89759
https://doi.org/10.1016/j.immuni.2014.02.009
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1016/j.mad.2006.11.015
https://doi.org/10.1016/j.exger.2007.06.008
https://doi.org/10.4049/jimmunol.1401313


8

Whittington et al. Impaired Resolution and AD

Frontiers in Immunology  |  www.frontiersin.org November 2017  |  Volume 8  |  Article 1464

45.	 Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its 
potential contribution to age-associated diseases. J Gerontol A Biol Sci Med 
Sci (2014) 69(Suppl 1):S4–9. doi:10.1093/gerona/glu057 

46.	 Pallas M, Camins A, Smith MA, Perry G, Lee HG, Casadesus G. From  
aging to Alzheimer’s disease: unveiling “the switch” with the senescence- 
accelerated mouse model (SAMP8). J Alzheimers Dis (2008) 15:615–24. 
doi:10.3233/JAD-2008-15408 

47.	 Wang X, Puerta E, Cedazo-Minguez A, Hjorth E, Schultzberg M. Insuffi
cient resolution response in the hippocampus of a senescence-accelerated 
mouse model – SAMP8. J Mol Neurosci (2015) 55:396–405. doi:10.1007/
s12031-014-0346-z 

48.	 Medeiros R, Kitazawa M, Passos GF, Baglietto-Vargas D, Cheng D,  
Cribbs DH, et  al. Aspirin-triggered lipoxin A4 stimulates alternative acti-
vation of microglia and reduces Alzheimer disease-like pathology in mice.  
Am J Pathol (2013) 182:1780–9. doi:10.1016/j.ajpath.2013.01.051 

49.	 Dunn HC, Ager RR, Baglietto-Vargas D, Cheng D, Kitazawa M, Cribbs DH,  
et  al. Restoration of lipoxin A4 signaling reduces Alzheimer’s disease-like 
pathology in the 3xTg-AD mouse model. J Alzheimers Dis (2015) 43:893–903. 
doi:10.3233/JAD-141335 

50.	 Takano T, Fiore S, Maddox JF, Brady HR, Petasis NA, Serhan CN.  
Aspirin-triggered 15-epi-lipoxin A4 (LXA4) and LXA4 stable analogues are 
potent inhibitors of acute inflammation: evidence for anti-inflammatory 
receptors. J Exp Med (1997) 185:1693–704. doi:10.1084/jem.185.9.1693 

51.	 Serhan CN. Lipoxins and aspirin-triggered 15-epi-lipoxin biosynthesis:  
an update and role in anti-inflammation and pro-resolution. Prosta­
glandins Other Lipid Mediat (2002) 6(8–69):433–55. doi:10.1016/S0090- 
6980(02)00047-3 

52.	 Serhan CN. Lipoxins and aspirin-triggered 15-epi-lipoxins are the first  
lipid mediators of endogenous anti-inflammation and resolution. Prosta­
glandins Leukot Essent Fatty Acids (2005) 73:141–62. doi:10.1016/j.plefa. 
2005.05.002 

53.	 Back M, Powell WS, Dahlen SE, Drazen JM, Evans JF, Serhan CN, et  al.  
Update on leukotriene, lipoxin and oxoeicosanoid receptors: IUPHAR  
review 7. Br J Pharmacol (2014) 171:3551–74. doi:10.1111/bph.12665 

54.	 Terrando N, Gomez-Galan M, Yang T, Carlstrom M, Gustavsson D,  
Harding RE, et  al. Aspirin-triggered resolvin D1 prevents surgery-induced 
cognitive decline. FASEB J (2013) 27:3564–71. doi:10.1096/fj.13-230276 

55.	 Asatryan A, Bazan NG. Molecular mechanisms of signaling via the docosa-
noid neuroprotectin D1 for cellular homeostasis and neuroprotection. J Biol 
Chem (2017) 292:12390–7. doi:10.1074/jbc.R117.783076 

56.	 Ji RR, Xu ZZ, Strichartz G, Serhan CN. Emerging roles of resolvins in the 
resolution of inflammation and pain. Trends Neurosci (2011) 34:599–609. 
doi:10.1016/j.tins.2011.08.005 

57.	 Zhu M, Wang X, Schultzberg M, Hjorth E. Differential regulation of  
resolution in inflammation induced by amyloid-beta42 and lipopolysaccha-
rides in human microglia. J Alzheimers Dis (2015) 43:1237–50. doi:10.3233/
JAD-141233 

58.	 Zhu M, Wang X, Hjorth E, Colas RA, Schroeder L, Granholm AC, et  al. 
Pro-resolving lipid mediators improve neuronal survival and increase 
Abeta42 phagocytosis. Mol Neurobiol (2016) 53:2733–49. doi:10.1007/
s12035-015-9544-0 

59.	 Gangemi S, Pescara L, D’urbano E, Basile G, Nicita-Mauro V, Davi G,  
et al. Aging is characterized by a profound reduction in anti-inflammatory 
lipoxin A4 levels. Exp Gerontol (2005) 40:612–4. doi:10.1016/j.exger. 
2005.04.004 

60.	 Wang X, Zhu M, Hjorth E, Cortes-Toro V, Eyjolfsdottir H, Graff C,  
et al. Resolution of inflammation is altered in Alzheimer’s disease. Alzheimers 
Dement (2014) 11:40–50.e1–2. doi:10.1016/j.jalz.2013.12.024 

61.	 de Waal Malefyt R, Abrams J, Bennett B, Figdor CG, De Vries JE.  
Interleukin 10(IL-10) inhibits cytokine synthesis by human monocytes: 
an autoregulatory role of IL-10 produced by monocytes. J Exp Med (1991) 
174:1209–20. doi:10.1084/jem.174.5.1209 

62.	 Moore KW, De Waal Malefyt R, Coffman RL, O’garra A. Interleukin-10 and the 
interleukin-10 receptor. Annu Rev Immunol (2001) 19:683–765. doi:10.1146/
annurev.immunol.19.1.683 

63.	 Serhan CN, Yang R, Martinod K, Kasuga K, Pillai PS, Porter TF, et  al.  
Maresins: novel macrophage mediators with potent antiinflammatory and 
proresolving actions. J Exp Med (2009) 206:15–23. doi:10.1084/jem.20081880 

64.	 Petroni A, Salami M, Blasevich M, Papini N, Galli C. Inhibition by n-3 fatty 
acids of arachidonic acid metabolism in a primary culture of astroglial cells. 
Neurochem Res (1994) 19:1187–93. doi:10.1007/BF00965154 

65.	 von Schacky C, Kiefl R, Jendraschak E, Kaminski WE. n-3 fatty acids  
and cysteinyl-leukotriene formation in humans in vitro, ex vivo, and in vivo. 
J Lab Clin Med (1993) 121:302–9. 

66.	 Peterson LD, Jeffery NM, Thies F, Sanderson P, Newsholme EA,  
Calder PC. Eicosapentaenoic and docosahexaenoic acids alter rat spleen 
leukocyte fatty acid composition and prostaglandin E2 production but have 
different effects on lymphocyte functions and cell-mediated immunity. Lipids 
(1998) 33:171–80. doi:10.1007/s11745-998-0193-y 

67.	 Olde Rikkert MG, Verhey FR, Sijben JW, Bouwman FH, Dautzenberg PL,  
Lansink M, et  al. Differences in nutritional status between very mild 
Alzheimer’s disease patients and healthy controls. J Alzheimers Dis (2014) 
41:261–71. doi:10.3233/JAD-131892 

68.	 Lukiw WJ, Cui JG, Marcheselli VL, Bodker M, Botkjaer A, Gotlinger K,  
et al. A role for docosahexaenoic acid-derived neuroprotectin D1 in neural cell 
survival and Alzheimer disease. J Clin Invest (2005) 115:2774–83. doi:10.1172/
JCI25420 

69.	 de Groot RH, Van Boxtel MP, Schiepers OJ, Hornstra G, Jolles J. Age 
dependence of plasma phospholipid fatty acid levels: potential role of linoleic 
acid in the age-associated increase in docosahexaenoic acid and eicosapen-
taenoic acid concentrations. Br J Nutr (2009) 102:1058–64. doi:10.1017/
S0007114509359103 

70.	 Fortier M, Tremblay-Mercier J, Plourde M, Chouinard-Watkins R,  
Vandal M, Pifferi F, et al. Higher plasma n-3 fatty acid status in the moder-
ately healthy elderly in southern Quebec: higher fish intake or aging-related 
change in n-3 fatty acid metabolism? Prostaglandins Leukot Essent Fatty Acids  
(2010) 82:277–80. doi:10.1016/j.plefa.2010.02.010 

71.	 Hjorth E, Zhu M, Toro VC, Vedin I, Palmblad J, Cederholm T, et  al. 
Omega-3 fatty acids enhance phagocytosis of Alzheimer’s disease-related 
amyloid-beta42 by human microglia and decrease inflammatory markers. 
J Alzheimers Dis (2013) 35:697–713. doi:10.3233/JAD-130131 

72.	 Devassy JG, Leng S, Gabbs M, Monirujjaman M, Aukema HM. Omega-3 
polyunsaturated fatty acids and oxylipins in neuroinflammation and manage-
ment of Alzheimer disease. Adv Nutr (2016) 7:905–16. doi:10.3945/an.116. 
012187 

73.	 Torres M, Price SL, Fiol-Deroque MA, Marcilla-Etxenike A, Ahyayauch H,  
Barcelo-Coblijn G, et  al. Membrane lipid modifications and therapeutic 
effects mediated by hydroxydocosahexaenoic acid on Alzheimer’s disease. 
Biochim Biophys Acta (2014) 1838:1680–92. doi:10.1016/j.bbamem.2013. 
12.016 

74.	 Teng E, Taylor K, Bilousova T, Weiland D, Pham T, Zuo X, et  al. Dietary  
DHA supplementation in an APP/PS1 transgenic rat model of AD reduces 
behavioral and Abeta pathology and modulates Abeta oligomerization. 
Neurobiol Dis (2015) 82:552–60. doi:10.1016/j.nbd.2015.09.002 

75.	 Hosono T, Mouri A, Nishitsuji K, Jung CG, Kontani M, Tokuda H,  
et al. Arachidonic or docosahexaenoic acid diet prevents memory impairment 
in Tg2576 mice. J Alzheimers Dis (2015) 48:149–62. doi:10.3233/JAD-150341 

76.	 Ma QL, Zuo X, Yang F, Ubeda OJ, Gant DJ, Alaverdyan M, et  al. Loss 
of MAP function leads to hippocampal synapse loss and deficits in the 
Morris water maze with aging. J Neurosci (2014) 34:7124–36. doi:10.1523/
JNEUROSCI.3439-13.2014 

77.	 Labrousse VF, Nadjar A, Joffre C, Costes L, Aubert A, Gregoire S, et al. Short-
term long chain omega3 diet protects from neuroinflammatory processes and 
memory impairment in aged mice. PLoS One (2012) 7:e36861. doi:10.1371/
journal.pone.0036861 

78.	 Hooijmans CR, Pasker-De Jong PC, De Vries RB, Ritskes-Hoitinga M.  
The effects of long-term omega-3 fatty acid supplementation on cognition  
and Alzheimer’s pathology in animal models of Alzheimer’s disease:  
a systematic review and meta-analysis. J Alzheimers Dis (2012) 28:191–209. 
doi:10.3233/JAD-2011-111217 

79.	 Freund-Levi Y, Eriksdotter-Jonhagen M, Cederholm T, Basun H, Faxen- 
Irving G, Garlind A, et al. Omega-3 fatty acid treatment in 174 patients with mild 
to moderate Alzheimer disease: OmegAD study: a randomized double-blind 
trial. Arch Neurol (2006) 63:1402–8. doi:10.1001/archneur.63.10.1402 

80.	 Wang X, Hjorth E, Vedin I, Eriksdotter M, Freund-Levi Y, Wahlund LO, 
et  al. Effects of n-3 FA supplementation on the release of proresolving  

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.3233/JAD-2008-15408
https://doi.org/10.1007/s12031-014-0346-z
https://doi.org/10.1007/s12031-014-0346-z
https://doi.org/10.1016/j.ajpath.2013.01.051
https://doi.org/10.3233/JAD-141335
https://doi.org/10.1084/jem.185.9.1693
https://doi.org/10.1016/S0090-
6980(02)00047-3
https://doi.org/10.1016/S0090-
6980(02)00047-3
https://doi.org/10.1016/j.plefa.
2005.05.002
https://doi.org/10.1016/j.plefa.
2005.05.002
https://doi.org/10.1111/bph.12665
https://doi.org/10.1096/fj.13-230276
https://doi.org/10.1074/jbc.R117.783076
https://doi.org/10.1016/j.tins.2011.08.005
https://doi.org/10.3233/JAD-141233
https://doi.org/10.3233/JAD-141233
https://doi.org/10.1007/s12035-015-9544-0
https://doi.org/10.1007/s12035-015-9544-0
https://doi.org/10.1016/j.exger.
2005.04.004
https://doi.org/10.1016/j.exger.
2005.04.004
https://doi.org/10.1016/j.jalz.2013.12.024
https://doi.org/10.1084/jem.174.5.1209
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1084/jem.
20081880
https://doi.org/10.1007/BF00965154
https://doi.org/10.1007/s11745-998-0193-y
https://doi.org/10.3233/JAD-131892
https://doi.org/10.1172/JCI25420
https://doi.org/10.1172/JCI25420
https://doi.org/10.1017/S0007114509359103
https://doi.org/10.1017/S0007114509359103
https://doi.org/10.1016/j.plefa.2010.02.010
https://doi.org/10.3233/JAD-130131
https://doi.org/10.3945/an.116.
012187
https://doi.org/10.3945/an.116.
012187
https://doi.org/10.1016/j.bbamem.2013.
12.016
https://doi.org/10.1016/j.bbamem.2013.
12.016
https://doi.org/10.1016/j.nbd.2015.09.002
https://doi.org/10.3233/JAD-
150341
https://doi.org/10.1523/JNEUROSCI.3439-13.2014
https://doi.org/10.1523/JNEUROSCI.3439-13.2014
https://doi.org/10.1371/journal.pone.0036861
https://doi.org/10.1371/journal.pone.0036861
https://doi.org/10.3233/JAD-2011-111217
https://doi.org/10.1001/archneur.63.
10.1402


9

Whittington et al. Impaired Resolution and AD

Frontiers in Immunology  |  www.frontiersin.org November 2017  |  Volume 8  |  Article 1464

lipid mediators by blood mononuclear cells: the OmegAD study. J Lipid Res 
(2015) 56:674–81. doi:10.1194/jlr.P055418 

81.	 Fiala M, Terrando N, Dalli J. Specialized pro-resolving mediators from 
omega-3 fatty acids improve amyloid-beta phagocytosis and regulate inflam-
mation in patients with minor cognitive impairment. J Alzheimers Dis (2015) 
48:293–301. doi:10.3233/JAD-150367 

82.	 Burckhardt M, Herke M, Wustmann T, Watzke S, Langer G, Fink A.  
Omega-3 fatty acids for the treatment of dementia. Cochrane Database Syst 
Rev (2016) 4:CD009002. doi:10.1002/14651858.CD009002.pub3 

83.	 Canhada S, Castro K, Perry IS, Luft VC. Omega-3 fatty acids’ supplementa-
tion in Alzheimer’s disease: a systematic review. Nutr Neurosci (2017):1–10.  
doi:10.1080/1028415X.2017.1321813 

84.	 Salem  N Jr, Vandal M, Calon F. The benefit of docosahexaenoic acid for  
the adult brain in aging and dementia. Prostaglandins Leukot Essent Fatty 
Acids (2015) 92:15–22. doi:10.1016/j.plefa.2014.10.003 

85.	 Yurko-Mauro K, Mccarthy D, Rom D, Nelson EB, Ryan AS, Blackwell A,  
et al. Beneficial effects of docosahexaenoic acid on cognition in age-related 

cognitive decline. Alzheimers Dement (2010) 6:456–64. doi:10.1016/j.jalz. 
2010.01.013 

86.	 Quinn JF, Raman R, Thomas RG, Yurko-Mauro K, Nelson EB, Van Dyck C,  
et  al. Docosahexaenoic acid supplementation and cognitive decline in 
Alzheimer disease: a randomized trial. JAMA (2010) 304:1903–11. doi:10.1001/ 
jama.2010.1510 

Conflict of Interest Statement: The authors declare that this review was designed 
and written in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2017 Whittington, Planel and Terrando. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1194/jlr.P055418
https://doi.org/10.3233/JAD-150367
https://doi.org/10.1002/14651858.CD009002.pub3
https://doi.org/10.1080/1028415X.2017.1321813
https://doi.org/10.1016/j.plefa.2014.10.003
https://doi.org/10.1016/j.jalz.
2010.01.013
https://doi.org/10.1016/j.jalz.
2010.01.013
https://doi.org/10.1001/
jama.2010.1510
https://doi.org/10.1001/
jama.2010.1510
http://creativecommons.org/licenses/by/4.0/

	Impaired Resolution of Inflammation in Alzheimer’s Disease: A Review
	Introduction
	Neuroinflammation and AD
	Resolution of Inflammation: A Vital Process for the Restoration of Tissue Homeostasis
	Preclinical Studies Supporting Impaired Resolution in AD
	In Vivo Studies
	In Vitro Studies

	Clinical Evidence Supporting Impaired Resolution Physiology in Humans with AD
	ω-3 FAs and AD
	Effect of ω-3 FA Supplementation in Humans with or at Risk for AD on Markers of Resolution
	Conclusion
	Author Contributions
	Funding
	References


