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Neuroinflammation plays a crucial role in the development and progression of

Alzheimer’s disease (AD), in which activated microglia are found to be associated with

neurodegeneration. However, there is limited evidence showing how neuroinflammation

and activated microglia are directly linked to neurodegeneration in vivo. Besides, there

are currently no effective anti-inflammatory drugs for AD. In this study, we report on

an effective anti-inflammatory lipid, linoleic acid (LA) metabolite docosapentaenoic acid

(DPAn-6) treatment of aged humanized EFAD mice with advanced AD pathology. We

also report the associations of neuroinflammatory and/or activated microglial markers

with neurodegeneration in vivo. First, we found that dietary LA reduced proinflammatory

cytokines of IL1-β, IL-6, as well as mRNA expression of COX2 toward resolving

neuroinflammation with an increase of IL-10 in adult AD models E3FAD and E4FAD

mice. Brain fatty acid assays showed a five to six-fold increase in DPAn-6 by dietary

LA, especially more in E4FAD mice, when compared to standard diet. Thus, we

tested DPAn-6 in aged E4FAD mice. After DPAn-6 was administered to the E4FAD

mice by oral gavage for three weeks, we found that DPAn-6 reduced microgliosis

and mRNA expressions of inflammatory, microglial, and caspase markers. Further,

DPAn-6 increased mRNA expressions of ADCYAP1, VGF, and neuronal pentraxin 2

in parallel, all of which were inversely correlated with inflammatory and microglial

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.558036
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.558036&domain=pdf&date_stamp=2020-10-16
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:qiulanma@mednet.ucla.edu
mailto:gregorycole@mednet.ucla.edu
https://doi.org/10.3389/fimmu.2020.558036
https://www.frontiersin.org/articles/10.3389/fimmu.2020.558036/full


Ma et al. Resolving Neuroinflammation With DPAn-6

markers. Finally, both LA and DPAn-6 directly reduced mRNA expression of COX2

in amyloid-beta42 oligomer-challenged BV2 microglial cells. Together, these data

indicated that DPAn-6 modulated neuroinflammatory responses toward resolution and

improvement of neurodegeneration in the late stages of AD models.

Keywords: Alzheimer’s disease, neuroinflammation, fatty acid, linoleic acid, docosapentaenoic acid, APOE, EFAD

INTRODUCTION

Neuroinflammation, derived from innate immune responses,
is commonly characterized by the release of inflammatory
cytokines from activated microglia. It substantially contributes
to the pathogenesis and progression of Alzheimer’s disease
(AD) (1). The important role of neuroinflammation in AD is
underscored by findings in recent years from human genome-
wide association studies, whole-genome sequencing, and gene
expression network analysis, which have uncovered common and
rare genetic variants that are associated with AD. These genes
are involved in innate immunity, implicating microglial genes in
the development and progression of AD such as TREM2, CD33,
TYROBP, and other disease-associated microglia genes (2–6).
In addition, environmental factors also influence inflammatory
responses that could contribute to neuroinflammation and
pathologies of AD such as systemic infection, obesity, type 2
diabetes mellitus, coronary artery disease, trauma, and dietary
habits (7). In AD, a sustained chronic neuroinflammatory
response can not only be toxic to neurons but also decrease the
capability of microglia to phagocytize or degrade Aβ, causing
further exacerbation of AD pathologies. Thus, inhibition of
inflammation by either effective anti-inflammatory drugs or
limiting environmental risk factors could be an important
preventive and therapeutic strategies for AD.

Epidemiological and animal studies have shown convincing

evidence that nonsteroidal anti-inflammatory drug (NSAID) use

is associated with risk reduction for AD in humans and AD

pathology in animal models (8, 9). In an early longitudinal study

of aging which included 1,686 participants, a 50% reduction of

AD was associated with consistent NSAID consumption (10). In

subsequent studies, more than 15 epidemiological studies have

reported a consistent finding that the longer the NSAIDs were

used prior to clinical diagnosis, the greater the sparing effect (8).

NSAIDs are typically competitive inhibitors of cyclooxygenase

(COX), the enzyme that mediates the bioconversion of
arachidonic acid to inflammatory prostaglandins (PGs) (11).

However, clinical trials with NSAIDs have generally not

shown positive results for treating or preventing AD (12),
suggesting the complexity of the inflammatory process in AD
and a need to explore other effective anti-inflammatory or
immunomodulatory agents.

Extensive studies have suggested that omega-6 arachidonic
acid is primarily pro-inflammatory. However, long-chain
omega-3 (n-3) polyunsaturated fatty acids (PUFAs), namely
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
as well as their enzymatically oxygenated mediators such as
protectins, resolvins, and maresins have anti-inflammatory

effects in AD (13–15). In many studies, the ratio of n-3 to n-6
has been often used as an index to reflect the relative abundance
of n-3 PUFAs. The role of n-6 PUFAs has not been as well
studied. It is typically considered pro-inflammatory although
some n-6 PUFAs exhibit effects similar to n-3 PUFA in some
studies (16). Therefore, we explored the role of dietary linoleic
acid (LA) in neuroinflammation and investigated its possible
anti-inflammatory mechanisms in AD models. Because the
most altered CNS n-6 fatty acid metabolite on LA diet in EFAD
mice was docosapentaenoic acid (DPAn-6) which can serve
as a substrate for anti-inflammatory resolving lipid mediators,
we tested the impact of daily direct gavage administration
of DPAn-6 on neuroinflammation in late stages of a severe
AD pathology model E4FAD (APOE4-TR+/+/5xFAD+/−)
mice for three weeks, which carries human APOE4 targeted
replacement (APOE4-TR+/+). We found that DPAn-6, a
long-chain metabolite of LA, has anti-neuroinflammatory
and neuroprotective effects in late stages of E4FAD mice.
Our results provide the first evidence of DPAn-6 control of
neuroinflammation in AD models.

MATERIALS AND METHODS

Ethics Statement—All animal experiments were conducted with
the approval of the Animal Research Committee, University of
California, Los Angeles and carried out with strict adherence to
the current guidelines set out in the NIH Guide for the Care and
Use of Laboratory Animals at the Association for Assessment and
Accreditation of Laboratory Animal Care.

High Omega-6 (n-6) Linoleic Acid Diet in
Adult E3FAD and E4FAD Mice
Since APOE4 is a strong genetic risk factor for AD (17), we
used E3FAD and E4FAD mice for this study. These EFAD mice
were originally obtained from Dr. Mary Jo Ladu (University
Illinois, Chicago). They were made by crossing human APOE-
target replace (APOE-TR+/+) mice on a C57/BL6 background
with 5xFADmice+/−(18). The 5xFAD transgenic mice developed
amyloid plaques at the age of 2-month old and markedly over-
produce human Aβ42 (19), the most abundant peptide found
in AD amyloid plaque pathology. In EFAD mice, Aβ deposition
was delayed by about 4 months compared to 5xFAD mice (20).
E4FAD mice, analogous to human APOE4-carriers, have more
accelerated AD pathology than E3FAD mice (20). In addition,
APOE4-TR mice have impaired lipid metabolism (21). In this
study, we tested whether high n-6 linoleic acid (LA) diet has
a different impact on APOE isoforms with E3FAD and E4FAD
mice. The EFAD mice of both sexes were raised on a standard
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diet (ST, Purina 5015 breeder chow; Purina Mills, St. Louis, MO)
until 3–4-months. then, the mice were split into two groups. Two
groups (high LA diet, n = 8/per group, 5 females, 3 males for
both E3FAD and E4FAD mice, respectively) were switched to
LA-enriched diet using safflower oil that delivered 4.86% of LA
or 6% of total fat in mouse food diet (weight/weight) (Harlan
Teklad, Madison, WI) for 4 months. The other two groups (ST
diet, n = 9/per group, 5 females, 4 males for both E3FAD and
E4FAD mice, respectively) remained on ST diet (5015 breeder
chow) as controls.

Administration of n-6 Docosapentaenoic
Acid (DPAn-6) by Oral Gavage to Aged
E4FAD Mice
In the high LA diet experiment, we found that a high LA diet
increased its metabolite docosapentaenoic acid (DPAn-6) in the
brain, which was increased more in E4FAD mice than in E3FAD
mice. Thus, we further tested whether DPAn-6 per se had a
treatment effect in aged E4FAD mice. During this experiment,
DPAn-6 was administrated daily by oral gavage to 12 to 14-
months old E4FAD mice (n = 5, 3 females, 2 males) at 700
mg/Kg body weight for three weeks. They were then compared
to age-matched control vehicle-treated mice (n = 7, 4 females, 3
males) that received oral gavage with vehicle containing 0.1% of
antioxidants of alpha-tocopherol and 0.1% of palmitoyl ascorbic
acid. These antioxidants provided to all groups were used to
prevent the ex vivo lipid peroxidation of the DPAn-6 (ethyl ester)
preparation. DPAn-6 was purchased from Nu-Chek Prep Inc.

Animal Brain Tissue Collection
At the end of the experiment, the mice were sacrificed under
deep anesthesia and perfused by TBS buffer with protease and
phosphatase inhibitors. Different brain regions were dissected
from one hemisphere for biochemistry. The other brain
hemisphere was fixed in 4% paraformaldehyde and sectioned for
immunohistochemistry as previously described (22).

Brain Fatty Acid Analysis
Brain fatty acid analysis was conducted on the frontal cortex
using the Folch method and gas chromatography with flame
ionization detection as reported previously (23, 24).

Brain Proinflammatory Cytokines Assay
An MSD V-Plex cytokine panel assay was performed on
brain hippocampal tissues using a 10-multi-spot 96 well plate
according to the manufacturer’s instructions. The assay is
a multiplex sandwich immunoassay. Among the 10 capture
antibodies, only interleukin 1 beta (IL-1β), interleukin 5,
interleukin 6 (IL-6), interleukin 8, interleukin 10 (IL-10),
and tumor necrosis alpha (TNFα) were reliably detected in
hippocampus. Bovine serum albumin coating was used to reduce
non-specific binding. Cytokine levels were measured using
duplicate determinations for standards and samples and then
analyzed by an MSD SECTOR Imager.

Immunohistochemical Staining, Light
Microscopy, and Confocal Microscopy
Frozen formalin-fixed mouse brains were sectioned for coronal
sections at a thickness of 12µm, mounted on pre-cleaned
and pre-coated Superfrost Plus slides (Fisher Scientific), dried
overnight, and slides were stored in sealed boxes in a −20◦C
freezer for two more days to allow cold drying before use. For
3,3’-diaminobenzidine (DAB) staining, slides with sections were
stained for Ionized calcium-binding adaptor molecule 1 (Iba1,
Wako Chemicals USA, Inc., Richmond, VA) and evaluated by
light microscopy. Stored slides with cryosections of mouse brain
were removed from−20◦C freezer, warmed to room temperature
for 20min, then steamed for 15min in Unmasking Antigen
Solution. Sections were quenched in 0.6% hydrogen peroxide
with methanol for 30min at room temperature and washed 3
times with TBS. After treating with 0.3% Triton X-100 in TBS
for 10min, sections were incubated in a blocking solution with
5% normal goat serum and 3% BSA in TBS at 37◦C for one
hour. Then the primary antibody (1:200 dilution) was added
to sections, and they were incubated at 4◦C overnight. Vector
biotinylated goat anti-rabbit (BA-1000) antibody (1:1,200) was
used with 1.5% normal goat serum and 3% bovine serum albumin
(BSA) in TBS. Then sections were incubated in secondary
antibody followed by VECTASTAIN ABC Elite Standard Kit
(PK-6100, Vector Labs) at 37◦C for one hour. Sections were
developed using a Peroxidase/Diaminobezidiene Metal Enhance
Substrate kit (Cat. 34065; Pierce, Rockford, IL.). The images were
taken every 10 sections through the hippocampus and analyzed
with ImageJ. First, the images of layers 4–6 of the temporal
cortex are acquired in TIFF format at 10x magnification on a
Leica digital MC170HD camera with 5M pixels, attached to a
Nikon Eclipse E800 microscope. Then the macros for Image J
are run. The first macro calibrates the image to micrometers
and optical densities (OD) from 0 (white) to 2.6 (black), runs
“RGB stack,” enhances contrast at saturation 0.2%, then smooths
stacks and set threshold range for 1.65 to 2.55 OD. The second
macro analyzes particles in the green channel slices, which best
picks up the brown microglia images. Variables measured are
“count” (# of particles in selected region), average particle size
(µm2), percentage area, total area (all particle areas in field).
Then the “summary clipboard” of average values are pasted into
excel. The region of interest area (ROI) is calculated by (100∗total
area/%area). Cell density is expressed as cells/1000 µm2 and
calculated by (Count/RO1).

For immunofluorescence staining, after additional slides
with sections were removed from the freezer and allowed to
equilibrate to room temperature, they were immersed in distilled
water for 5min followed by Vector antigen unmasking solution
(cat# H-3300) and steamed for 15min. After washing in Tris
buffer solution (TBS); 0.3% triton X-100 in TBS for 10min,
sections were incubated at 37◦C for one hour in blocking solution
containing 5% normal goat serum and 3% BSA in TBS. Sections
are incubated with the first primary antibody anti-caspase cleaved
actin (fragment of actin or “Fractin”) at a dilution to 1: 100 at
4◦C overnight, then followed by incubation with the secondary
antibody tagged with a fluorescent dye (Red, Alexa Flour plus
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594) at a dilution to 1:1200 at 37◦C for one hour. Fractin antibody
was developed in our lab to detect end-specific cleavage by
caspase-3 or caspase-6 (25). Finally, sections were counterstained
with DAPI dye to stain nuclei by VECTASHIELD Antifade
Mounting Medium with DAPI. To minimize quenching of the
signal, sections were stored in the dark during staining, and
examined at The UCLA Confocal Microscopy Core using LEICA
Confocal Microscope (SP2 1P-FCS) and then analyzed with
NIH-Image public domain software ImageJ. The fluorescence
macros were the same as above analyzing Iba1 except using
“setAutoThreshold” (“Default dark”) and setThreshold (166,
255, “raw”).

RNA Purification and Library Preparation
Total RNA was isolated from mouse brain cortex tissue or
harvested cultured cells using Ambion RNAqueous R© phenol-
free total RNA isolation kit with DNase treatment according
to the manufacturer’s instructions (Ambion Inc., Austin, Texas,
USA). DNA libraries were prepared using KAPA mRNA (Roche)
according to the manufacturer’s instructions and sequenced
on Hiseq3000 at the UCLA Technology Center for Genomics
& Bioinformatics.

RNA-Sequencing (RNA-Seq) Processing
and Analysis
RNA-Seq reads (generated using STAR quantmode) were aligned
using STAR 2.5 (26) to the mouse reference genome ENSEMBL
(version GRCm38.88) and read counts per gene “GeneCounts”
were generated in a gtf file. Differential gene expression analysis
was performed using the voom method that is designed to
accommodate the mean-variance relationship of the transformed
data using precision weights (Part of limma-voom method).
Limma-voom is a widely used method for the RNA-Seq
differential gene expression analysis (27). We defined a select
subset of treatment-affected genes based on a two-tailed t-test (p
< 0.05) (28) and whether these genes were decreased or increased
by DPAn-6.

cDNA Synthesis and Quantitative
Real-Time Reverse Transcription PCR
(RT-PCR)
RETROscriptTM first strand synthesis kit was used for reverse
transcription of cDNA synthesis (Ambion Inc., Austin, Texas,
USA). Gene mRNA levels of cyclooxygenase-2 (COX-2) and
hypoxanthine guanine phosphoribosyl transferase (HPRT) were
measured by RT-qPCR (TaqMan technology) in 384 well plates
using an ABI 7900HT real-time PCR machine. Pre-designed
TaqMan Rodent primers and probes were used for the assay
(Thermo Fisher Scientific). The HPRT was used as an internal
control to normalize the relative expression of COX-2.

Microglial BV2 Cell Culture and Treatments
Immortalized BV2 murine microglial cells were gifted from Dr.
Monica J. Carson (University of California, Riverside). Cells were
cultured in 6 well plates in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco-BRL, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/mL

penicillin, 100µg/mL streptomycin and 2mM L-glutamine in
a 5% CO2-humidified air environment incubator at 37◦C.
BV2 cells were pretreated with or without 50µM of n-6
docosapentaenoic acid or linoleic acid in DMEM culture media
with 2% serum for 24 h. The cells were then changed to a
serum-free media of DMEM with or without 0.25µM of Aβ42
oligomers for an additional one or four hours. Tocopherol
acetate (10µg/mL) was used as an antioxidant to prevent ex
vivo lipid peroxidation for all groups including controls. At the
end of the experiments, the BV2 cells were collected using a
lysis buffer (provided in the Ambion RNAqueous R© phenol-free
total RNA isolation kit) for RNA extraction and analysis. COX-
2 and HPRT mRNA expressions were measured by RT-qPCR as
described above.

Statistical Analysis
Experimental data were presented as group means ± SEM.
RNA-Seq expression unit was normalized as log counts per
million (log CPM). RNA-Seq data distribution was assumed to
be normal but this was not formally tested (29). Law et al.
proposed the voom transformation to transform the count
distribution to a distribution close to the normal distribution
in RNA-Seq data analysis and demonstrated that using limma
with the voom-transformed count data performed comparable to
count-based RNA-Seq analysis methods, such as edgeR, DESeq,
baySeq, and DSS (27, 30). Recent evaluation of the limma-
voom method ranks it among the top performing RNA-Seq
differential expression analysis tool, and Limma+voom is one of
the most balanced software programs considering the precision,
accuracy, and sensitivity that it delivers (31). In addition, the
published methods article using limma-voom tutorial specifies
that it does not require testing of transformed read counts for
normality of the distribution (29). The voom transformation is
a sample-specific transformation, defined as log-CPM (30). Two
tailed Student t-test (unpaired) was used to compare two groups.
One-way ANOVA was used to compare more than two groups
using GraphPad Prism software. Experimental animals were
coded. Experiments conduct, data collection, and analysis were
performed with the experimenter blind to the assigned groups.

RESULTS

Impact of Omega-6 Linoleic Acid-Enriched
Diet on Brain Polyunsaturated Fatty Acids
in EFAD Mice
There are two essential classes of polyunsaturated fatty acid
(PUFAs) that humans cannot synthesize. They must be obtained
from food. One series is omega-3 (n-3) that begins with alpha
linolenic acid (ALA, 18:3) which is used for the synthesis
of long-chain n-3 PUFAs such as DHA and EPA, which can
be metabolized to anti-inflammatory eicosanoids to reduce
the risks for AD, cardiovascular diseases and other chronic
inflammatory diseases (32–34). The other essential PUFA is n-
6 linoleic acid (LA, 18:2) which is used for the synthesis of
long-chain n-6 PUFAs. Physically both n-3 and n-6 PUFAs are
important constituents of cell membranes influencing protein
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TABLE 1 | Polyunsaturated fatty acids (PUFAs) content in frontal cortex of EFAD mice.

n-6 PUFAs n-3 PUFAs

Diet N LA 18:2n-6(1) DGLA 20:3n-6(2) ARA 20:4n-6(3) DTA 22:4n-6(4) DPA 22:5n-6(5) DHA 22:6n-3(6)

ST diet in C57BL/J mice 9 0.57 ± 0.016 0.344 ± 0.006 9.8 ± 0.084 2.44 ± 0.61 0.23 ± 0.009 17.24 ± 0.179

LA diet in E3FAD mice 8 0.54 ± 0.021 0.275 ± 0.014**** 10.74 ± 0.168**** 2.95 ± 0.055**** 1.02 ± 0.120**** 16.02 ± 0.291***

LA diet in E4FAD mice 8 0.61 ± 0.020 0.258 ± 0.011**** 10.62 ± 0.128*** 3.05 ± 0.028**** 1.55 ± 0.087**** 15.278 ± 0.155****

Values are expressed as mean % of total frontal cortex fatty acid ± SEM. The comparison is high LA diet vs. standard (ST) diet.

***P < 0.001, ****P < 0.0001. (1) linoleic acid (LA), (2) dihomo g-linolenic acid (DGLA), (3) arachidonic acid (ARA), (4) docosatetraenoic acid (DTA), (5) docosapentaenoic acid (DPA),

(6) docosahexaenoic acid (DHA).

FIGURE 1 | The high n-6 linoleic acid diet reduced brain hippocampal tissue pro-inflammatory cytokines in EFAD mice. (A) High linoleic acid (n-6 or LA) diet reduced

brain pro-inflammatory cytokine IL-1β in E3FAD (p < 0.0001) and a trend in E4FAD mice (p = 0.1) compared to the EFAD mice on standard (ST) diet. (B) High n-6 diet

reduced pro-inflammatory cytokine IL-6 in E3FAD (p < 0.0001) and E4FAD mice (p < 0.5). (C) High n-6 diet did not change pro-inflammatory cytokine TNF-α.

(D) High n-6 diet increased the inflammation-resolving cytokine IL-10 in both E3FAD (p < 0.05) and E4FAD mice (p < 0.001). Data represent the mean ± SEM.

Significance was determined by one-way ANOVA, *p < 0.05, ***p < 0.001, and ****p < 0.0001.

mobility while their enzymatically oxidized metabolites influence
cellular function via membrane-bound receptors. The n-6 PUFAs
have often been assumed to have a proinflammatory function
but this has not been as extensively studied in CNS as n-
3 PUFAs. To begin to understand whether a high LA diet
had an impact on neuroinflammation locally in the brain,
we evaluated whether high LA diet altered brain fatty acid
composition. The fatty acids are expressed as % of total fatty
acids. Table 1 shows that a high n-6 diet did not alter brain
LA levels. However, it dramatically increased its metabolite, n-
6 docosapentaenoic acid (DPAn-6, 343% in E3FAD, p < 0.0001;
574% in E4FAD, p < 0.0001) compared to standard diet (ST)
diet in C57BL/6 mice. In contrast, the high n-6 diet only slightly
increased arachidonic acid levels (ARA, 9.6% in E3FAD, p <

0.0001; 8.4% in E4FAD, p < 0.001) and docosatetraenoic acid
(DTA, 20.9% in E3FAD, p < 0.0001; 25% in E4FAD, p <

0.0001). In addition, high LA diet also slightly reduced n-3
docosahexaenoic acid (DHA, 7.6% in E3FAD mice, p < 0.001;
12.8% in E4FAD mice, p < 0.0001) and dihomo-gamma-linoleic
acid (DGLA, 25.1% in E3FAD, p < 0.0001; 33.3% in E4FAD,
p < 0.0001). These data clearly indicate that a high LA diet
affects the brain fatty acid content more in E4FAD mice than in
E3FAD mice, possibly due to increased n-6 turnover by higher
amyloid beta and inflammation-driven cytosolic phospholipases.
These data also show that the brain level of DPAn-6 was
significantly more increased than other PUFAs due to high
LA intake in these EFAD mice while DHA showed a modest
loss. As a result, we decided to study the impact of DPAn-6

on neuroinflammation in aged E4FAD mice. DPAn-6 (22:5n-
6) has a similar structure to the n-3 DHA (22:6n-3), which
also has 22 carbons and ≥ 3 double bonds; the main difference
from DHA is the single carbon-carbon double bond at the
119 position.

Modulation of Brain Pro-inflammatory
Cytokines and Cytokine Receptors With
Omega-6 Fatty Acids in EFAD Mice
To test whether a high linoleic acid (LA) diet had an
impact on neuroinflammation in EFAD mice, we measured
proinflammatory cytokines from brain hippocampal tissue
with an MSD V-Plex multiplex ELISA kit panel. Surprisingly,
we found that a high LA diet, which was initially predicted
to increase pro-inflammatory arachidonic acid products and
inflammation, actually significantly reduced several pro-
inflammatory cytokines and increased anti-inflammatory
cytokines. Figure 1 shows that high n-6 diet reduced brain
pro-inflammatory cytokines IL-1β (p < 0.0001 in E3FAD, a
trend p = 0.1 in E4FAD mice, Figure 1A) and IL-6 (p < 0.0001
in E3FAD, p < 0.05 in E4FAD mice, Figure 1B) compared to
the standard (ST) diet in EFAD mice. TNF-α had no significant
changes (p > 0.05, Figure 1C). Interestingly, the inflammation-
resolving cytokine IL-10 was increased by high LA diet in both
E3FAD (p < 0.05) and E4FAD mice (p < 0.001, Figure 1D).
This data suggested that a high LA diet promoted resolution of
neuroinflammation in EFAD mice.
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FIGURE 2 | DPAn-6 reduced mRNA expression of proinflammatory cytokine and cytokine receptors in the brain of aged E4FAD mice. In RNA-Seq data, (A) DPAn-6

reduced interleukin-1 receptor-like 2 (ILRL2, p < 0.01). (B) DPAn-6 reduced interleukin 6 receptor alpha (IL6RA, p = 0.01). (C) DPAn-6 reduced IL6 signal transducer

(IL6ST, p = 0.01). (D) DPAn-6 reduced tumor necrosis factor receptor 2 (TNFR2, p = 0.01). (E) DPAn-6 reduced tumor necrosis factor-related apoptosis-inducing

ligand (TRAIL, also known as tumor necrosis factor superfamily, member 10 (TNFSF10), p < 0.05)). (F) DPAn-6 decreased IL-10 receptor beta (IL-10Rß, p < 0.05).

The RNA-Seq data were normalized by Count Per Million (CPM) and presented as Log2 expression. Data represent the mean ± SEM. Significance was determined

using an unpaired, two-tailed Student’s t-test, *p < 0.05, and **p < 0.01.

Because the high LA diet dramatically increased brain levels
of DPAn-6 but did not alter the levels of LA in EFAD mice, we
speculated that dietary LA’s impact on neuroinflammation might
be through its metabolite DPAn-6.

To understand the role of DPAn-6 in neuroinflammation,
12 to 14-month-old E4FAD mice were treated by oral gavage
DPAn-6 for three weeks. Brain total RNA was extracted from
the cortex for RNA sequencing (RNA-Seq) analysis. Our results
show that DPAn-6 reduced mRNA expression of interleukin-
1 receptor-like 2 (IL1RL2, p < 0.01, Figure 2A), interleukin
6 receptor alpha (IL6RA, p = 0.01, Figure 2B), IL6 signal
transducer (IL6ST, p = 0.01, Figure 2C), tumor necrosis factor
receptor 2 (TNFR2, p = 0.01, Figure 2D) and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL, also known as
tumor necrosis factor superfamily, member 10 (TNFSF10), p <

0.05, Figure 2E). These inflammatory markers are significantly
upregulated in the AD brain and implicated in the pathogenesis

of many diseases. IL1RL2 is strongly expressed in the vicinity
of Aβ plaques and neurofibrillary tangles in AD (35). IL-6
receptor (IL6RA) is upregulated in AD frontal and occipital
cortex (36). IL6ST is a constituent of a cell-surface type
I cytokine receptor complex required in the IL-6 signaling
cascade that contributes to neuroinflammation in AD (36). High
levels of TNFR1 and TNFR2 in CSF are associated with the
conversion of mild cognitive impairment (MCI) to dementia
(37). In addition, TNFR1 is required for Aβ-induced neuron
death in mouse AD model brains (38). Interestingly, DPAn-
6 also decreased IL-10 receptor beta (IL-10Rβ, p < 0.05,
Figure 2F). IL-10 is a key component of anti-inflammatory
signaling that inhibits proinflammatory responses to resolve
inflammation in most early disease conditions (39). However,
IL-10 is upregulated in AD brain and serum (40–42), and IL-
10 knockout preserves synaptic integrity and mitigates cognitive
disturbance in APP/PS1 mice (43). IL-10Rβ mRNA expression
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FIGURE 3 | DPAn-6 attenuated microgliosis and reduced mRNA expression of microglial markers in aged E4FAD mice. (A,B) Immunostaining for the microglial

marker Iba1 showed that DPAn-6 altered microglia morphology from an overactive hypertrophied shape to small ramified cell shape. (C) Quantification showed

reduction of numbers of hypertrophied microglia and cellular size of activated microglia by DPAn-6 (p < 0.05). (D–F) DPAn-6 suppressed microglial gene expressions

of TMEM119 (p < 0.01, D), CD68 (p = 0.01, E), and TREM2 (p < 0.05, F) compared to controls (CTRL) on standard diet. (G–I) TREM2 was positively correlated with

Iba1 (Aif1, p = 0.0002, R2 = 0.78, G), TMEM119 (p = 0.0002, R2 = 0.77, H), and CD68 (p = 0.0148, R2 = 0.46, I). (J–N) Activated microglial marker CD68 was

positively corelated with IL1RL2 (p < 0.0001, R2 = 0.799, J), IL6RA (p = 0.0012, R2 = 0.667, K), IL6ST (p = 0.0001, R2 = 0.788, L), TNFR1 (p = 0.0028, R2 =

0.608, M), IL10Rß (p = 0.0011, R2 = 0.673, N). The RNA-Seq data were normalized by Count Per Million (CPM) and presented as Log2 expression. Data represents

the mean ± SEM. Significance was determined using an unpaired, two-tailed Student’s t-test, *p < 0.05, and **p < 0.01.

is also upregulated in AD patient brain detected by cDNA
microarrays (44). Our data here suggest that DPAn-6 might
modulate the neuroinflammatory response toward resolution
and homeostasis from severe disease conditions. Consistently,
DPAn-6 inhibited LPS-stimulated elevation of IL-1β and TNFα
in human peripheral blood mononuclear cells and acute rat paw
edema in vivo (45), providing similar direct evidence for the
DPAn-6 modulation of inflammation toward resolution.

Attenuation of Microgliosis With DPAn-6 in
Aged E4FAD Mice
Since microglia are primary CNS resident immune cells
(46, 47) that consistently respond to Aβ deposits and/or
neurodegeneration in AD to cause neuroinflammation and

microgliosis (48), we further evaluated the impact of DPAn-
6 on microglia. Figure 3 immunohistochemical staining of
brain tissue sections with microglial marker Iba1 shows
that DPAn-6 altered microglia morphology from overactive
hypertrophied shapes toward small ramified morphology
similar to functional “resting or surveillant microglia”
(Figures 3A,B). DPAn-6 also quantitively reduced numbers of
hypertrophied microglia and the size of activated microglial cells
(p < 0.05, Figure 3C).

In support of the reduction of microgliosis, RNA-Seq data
shows that DPAn-6 suppressed multiple innate immune specific
microglial gene expression, including TMEM119 (p < 0.01,
Figure 3D), CD68 (p = 0.01, Figure 3E) and TREM2 (p <

0.05, Figure 3F). Consistently, TREM2 was positively correlated
with Iba1 (Aif1, p = 0.0002, R2 = 0.78, Figure 3G), TMEM119
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FIGURE 4 | DPAn-6 reduced apoptosis in aged E4FAD mice. In RNA-Seq data, (A–C) DPAn-6 reduced gene expression of caspase 2 (CASP2, a trend p = 0.064,

(A)), caspase 6 (CASP6, p < 0.05, (B)), and caspase 8 (CASP8, a trend p = 0.057, (C)) compared to controls (CTRL) on standard diet (ST). (D,E)

Immunofluorescence staining revealed that DPAn-6 reduced caspase-cleaved fragment of actin (Fractin (red), D; p < 0.001, E). Nuclei were stained by DAPI (blue).

(F,G) Activated microglial marker CD68 was positively correlated with CASP2 (p = 0.0274, R2 = 0.40, (F)) and CASP8 (p = 0.0138, R2 = 0.47, (G)). The RNA-Seq

data were normalized by Counts Per Million (CPM) and presented as Log2 expression. Data represent the mean ± SEM. Significance was determined using an

unpaired, two-tailed Student’s t-test, *p < 0.05, and ***p < 0.001.

(p = 0.0002, R2 = 0.77, Figure 3H) and CD68 (p = 0.0148,
R2 = 0.46, Figure 3I). Iba1, expressed in both resting and
activated microglia, had a trend toward reduction by DPAn-
6 (p = 0.096, data not shown). Intriguingly, CD68, a specific
marker for activated microglia in neuroinflammatory responses,
was positively corelated with IL1RL2 (p < 0.0001, R2 = 0.799,
Figure 3J), IL6RA (p = 0.0012, R2 = 0.667, Figure 3K), IL6ST
(p = 0.0001, R2 = 0.788, Figure 3L), TNFR1 (p = 0.0028, R2

= 0.608, Figure 3M), and IL10Rβ (p = 0.0011, R2 = 0.673,
Figure 3N). These data support coordinated gene upregulation in
activated microglia and/or microgliosis with neuroinflammation
in EFAD and their attenuation by DPAn-6 in aged E4FAD mice.

Improvements of Neurodegeneration and
Neuroprotection With DPAn-6 in Aged
E4FAD Mice
Since neurodegeneration can be mediated by neuroinflammation
in AD (49), to understand whether DPAn-6 improves
neurodegeneration and/or neuroprotective function from
the reductions of neuroinflammation and microgliosis, we

analyzed apoptotic, neurotrophic, and synaptic markers in
RNA-Seq data. Caspase function has been well established in
apoptosis, a major form of programmed cell death (50), and is
implicated in neurodegeneration of AD (51). Figure 4 shows that
DPAn-6 resulted in reduction of mRNA expression of apoptotic
markers of caspase 2 (CASP2, a trend, p = 0.064, Figure 4A),
caspase 6 (CASP6, p < 0.05, Figure 4B), and caspase 8 (CASP8,
a trend, p = 0.057, Figure 4C) in aged E4FAD mice. Consistent
with the reduction of caspases, caspase-cleaved action (Fractin)
was also reduced by DPAn-6 quantified by immunofluorescent
staining (p < 0.001, Figures 4D,E). In addition, activated
microglial marker CD68 was positively correlated with
CASP2 (p = 0.0274, R2 = 0.40, Figure 4F) and CASP8 (p
= 0.0138, R2 = 0.47, Figure 4G), consistent with the view that
neuroinflammation and microgliosis may play important roles
in apoptosis.

In addition, we found DPAn-6 increased gene expression
of neurotrophins and synaptic markers. Our data show that
DPAn-6 increased mRNA expression of adenylate cyclase
activating polypeptide 1 (ADCYAP1, p < 0.0001, Figure 5A),
VGF nerve growth factor (VGF, p < 0.01, Figure 5B) and
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FIGURE 5 | DPAn-6 increased mRNA expression of ADCYAP1, VGF, and NPTX2, which were inversely correlated with activated microglia in aged E4FAD mice. In

RNA-Seq data, (A-C) DPAn-6 significantly increased gene expressions of ADCYAP1 (p < 0.0001, A), VGF (p < 0.01, B), and NPTX2 (p < 0.001, C). (D–F) These

neuronal markers were positively correlated with each other. ADCYAP1 was positively correlated with VGF (p = 0.0019, R2 = 0.635, D) and NPTX2 (p = 0.0029, R2 =

0.605, E). NPTX2 was positively correlated with VGF (p = 0.0003, R2 = 0.748, F). (G–I) The microglial activation marker CD68 is was inversely correlated with

ADCYAP1 (p = 0.0003, R2 = 0.745, G), VGF (p = 0.0003, R2 = 0.742, H), and NPTX2 (p = 0.0084, R2 = 0.517, I). The RNA-Seq data were normalized by Count

Per Million (CPM) and presented as Log2 expression. Data represent the mean ± SEM. Significance was determined using an unpaired, two-tailed Student’s t-test,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.

excitatory synaptic marker neuronal pentraxin-2 (NPTX2, p
< 0.001, Figure 5C). ADCYAP1 encodes pituitary adenylate
cyclase-activating polypeptide 1, a hypophysiotropic hormone
that functions as both neurotransmitter and neuromodulator
in the brain. ADCYAP1 gene expression is reduced in multiple
regions of the human AD brain (52). VGF is a neuroprotective
neuropeptide that can be increased by BDNF and regulates
synaptic plasticity, including NPTX2 (53). Multiple studies have

demonstrated the downregulation of VGF in the AD brain,
CSF, and plasma (54–62). NPTX2 (also called Narp, neuronal
activity–regulated pentraxin) is selectively enriched at excitatory
synapses and plays an essential role in excitatory synaptogenesis
by clustering AMPA Receptors (63). NPTX2 is markedly reduced
in the AD brain and CSF (64).

Furthermore, these genes were positively corelated among
each other. However, they were inversely correlated with
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FIGURE 6 | Correlation analysis of ADCYAP1, VGF, and NPTX2 with proinflammatory cytokines, cytokine receptors and caspases. In RNA-Seq data, (A–C). IL1RL2

was inversely correlated with ADCYAP1 (p = 0.0003, R2 = 0.738, A), VGF (p = 0.0015, R2 = 0.653, B), and NPTX2 (p = 0.0019, R2 = 0.635, C). (D,E) IL6RA was

inversely correlated with ADCYAP1 (p = 0.0052, R2 = 0.559, D) and VGF (p < 0.0001, R2 = 0.817, E). (F–H) IL6ST was inversely correlated with ADCYAP1 (p =

0.0053, R2 = 0.557, F), VGF (p <0.0001, R2 = 0.817, G), and NPTX2 (p = 0.0026, R2 = 0.613, H). (I–K) TNFAF10 was inversely correlated with ADCYAP1 (p =

0.0082, R2 = 0.519, I), VGF (p = 0.016, R2 = 0.456, J), and NPTX2 (p = 0.0109, R2 = 0.493, K). (L,M) IL10Rß was inversely correlated with ADCYAP1 (p = 0.0093,

R2 = 0.507, L) and VGF (p = 0.0153, R2 = 0.461, M). (N,O) CASP2 was inversely correlated with VGF (p = 0.0016, R2 = 0.646 N) and NPTX2 (p = 0.0032, R2 =

0.598, O).

cytokines, cytokine receptors, activated microglia and apoptosis
markers. Figures 5D–F shows positive correlations between
ADCYAP1 and VGF (p = 0.0019, R2 = 0.635, Figure 5D),
and NPTX2 (p = 0.0029, R2 = 0.605, Figure 5E). NPTX2
was positively corelated with VGF (p = 0.0003, R2 = 0.748,
Figure 5F). Figures 5G–I reveals inverse correlations between
CD68 and ADCYAP1 (p= 0.0003, R2 = 0.745, Figure 5G), VGF
(p = 0.0003, R2 = 0.742, Figure 5H), and NPTX2 (p = 0.0084,
R2 = 0.517, Figure 5I). Figures 6A–C show inverse correlations
between IL1RL2 and ADCYAP1 (p = 0.0003, R2 = 0.738,
Figure 6A), VGF (p= 0.0015, R2 = 0.653, Figure 6B), NPTX2 (p
= 0.0019, R2 = 0.635, Figure 6C). Figures 6D,E display inverse
correlations between IL6RA and ADCYAP1 (p = 0.0052, R2 =

0.559, Figure 6D), VGF (p < 0.0001, R2 = 0.817, Figure 6E).
Figures 6F–H show inverse correlations between IL6ST and
ADCYAP1 (p= 0.0053, R2 = 0.557, Figure 6F), VGF (p<0.0001,
R2 = 0.817, Figure 6G), and NPTX2 (p = 0.0026, R2 = 0.613,
Figure 6H). Figures 6I–K show inverse correlations between
TNFSF10/TRAIL and ADCYAP1 (p = 0.0082, R2 = 0.519,
Figure 6I), VGF (p= 0.016, R2 = 0.456, Figure 6J), NPTX2 (p=
0.0109, R2 = 0.493, Figure 6K). Figures 6L,M show the inverse
correlations between IL10Rβ and ADCYAP1 (p = 0.0093, R2 =

0.507, Figure 6I), VGF (p = 0.0153, R2 = 0.461, Figure 6M).
Figures 6N,O show the inverse correlations between CASP2 and
VGF (p= 0.0016, R2 = 0.646 Figure 6N), NPTX2 (p= 0.0032, R2

= 0.598, Figure 6O). Taken together, these data suggest that the
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reduction of neuroinflammation and microgliosis with DPAn-6
is associated with improvements in indices of neurodegeneration
and the protective VGF>NPTX2 pathway.

Suppression of Cyclooxygenases (COXs)
With Omega-6 Fatty Acids in vivo and
in vitro
A major negative concern with high n-6 linoleic acid (LA)
intake has been the potential overproduction of eicosanoids
derived from arachidonic acid metabolism via cyclooxygenases
(COX) pathways, during which the inflammation is upregulated
by eicosanoids. To test whether high LA diet influences COX,
we measured brain COX2 mRNA expression by quantitative
real-time RT-qPCR in EFAD mice fed with the high LA diet.
Figure 7A shows that the high LA diet significantly suppressed
COX2 mRNA expression in both E3FAD and E4FAD mice
compared to standard (ST) diet (p < 0.0001). In the DPAn-6
experiment, DPAn-6 reduced COX1 gene expression in RNA-Seq
data in aged E4FAD mice (p < 0.01, Figure 7B). COX1 elevation
is more microglia-specific than COX-2 which is elevated in
neurons in AD brains, so we measured the impact of DPA
on COX-2 in a cultured microglial cell line. DPAn-6 inhibited
Aβ42 oligomer-stimulated COX2 mRNA expression in cultured
microglial BV2 cell lines in vitro measured by RT-qPCR. In this
experiment, BV2 cells were pretreated with 50 µM of DPAn-
6 or 50 µM of LA for 24 h followed by treatment with 0.25
µM of Aβ42 oligomers for an additional 1 or 4 h. We found
that DPAn-6 inhibited Aβ42 oligomers-stimulated elevation of
COX2 mRNA expression at both 1 and 4 h, compared to Aβ42
oligomer-challenged control group without DPAn-6 treatment (p
< 0.01, Figures 7C,D). In contrast, LA only showed short-term
protective effects at 1 h (p= 0.056, Figure 7C) but not at 4 h (p >

0.05, Figure 7D). These data indicate that high n-6 LA diet and
DPAn-6 suppress, rather than increase, COX mRNA expression,
thus providing one possible explanation for high n-6 fatty acids’
prevention of neuroinflammation.

DISCUSSION

For decades, omega-6 (n-6) polyunsaturated fatty acids (PUFAs)
have been widely considered pro-inflammatory. However, in
this study, we provide initial evidence that a high dietary n-6
linoleic acid (LA, 18:2n-6) or oral gavage of its metabolite n-6
docosapentaenoic acid (DPAn-6, 22:5n-6) actually promote
resolution of neuroinflammation, suppressing microglia
activation and cyclooxygenases (COXs), and improving indices
of apoptotic neurodegeneration and the neuroprotective
VGF pathway implicated in neurons in Alzheimer’s disease
(AD) model 5xFAD/APOE mice, including E3FAD and
E4FAD mice.

Extensive studies have suggested that n-6 PUFAs are primarily
pro-inflammatory because n-6 arachidonic acid (ARA, 20:4n-6)
is a substrate for COX enzymes that produce prostaglandins,
well-known important inflammatory mediators. While LA is a
precursor of ARA, unexpectedly, here both dietary LA and oral
gavage DPAn-6 reduced COX gene expression in AD models

FIGURE 7 | Linoleic acid and DPAn-6 reduced cyclooxygenases (COXs) in

EFAD mice and in Aβ42 oligomers-stimulated microglial BV2 cells. (A) A high

LA diet reduced mRNA expression of COX2 in both E3FAD and E4FAD mice

compared to standard (ST) diet (p < 0.0001) measured by RT-qPCR.

(B) DPAn-6 reduced COX1 gene expression in RNA-Seq data (p < 0.01) in

DPAn-6 treatment of aged E4FAD. (C,D) DPA n-6 inhibited Aβ42

oligomer-stimulated elevation of COX2 mRNA measured by RT-qPCR at 1 h

and 4 h compared to the Aβ42 oligomer-stimulated cells without DPAn-6

treatment (p < 0.01, C,D). LA showed a trend for short-term protective effects

at 1 h (p = 0.056, C) but not at 4 h (p > 0.05, D). Data represent the mean ±

SEM. Significance was analyzed by one-way ANOVA (A,C,D) and an

unpaired, two-tailed Student’s t-test (B), **p < 0.01 and ****p < 0.0001.

in vivo and in Aβ stimulated BV2 microglia in vitro (Figure 7).
Our results are consistent with a study using LPS-stimulated
human peripheral blood mononuclear cells where DPAn-6 also
reduced COX-2 and the production of prostaglandin E2 (45).
In fact, several studies have indicated that there is insufficient
evidence supporting the common belief that high LA intake
is harmful due to causing inflammation. A review paper that
summarized 15 randomized controlled trials of dietary n-6
PUFAs (mainly LA), reported that none of the studies showed
elevation of pro-inflammatory markers by n-6 PUFAs in healthy
adult populations (65). Further, there is no conclusive evidence
available regarding a safe upper limitation of LA intake (66). In
addition, our data are also supported by clinical studies, in which
high LA intake was associated with anti-inflammatory effects in
healthy adults and in chronic inflammatory-related diseases such
as allergic airway inflammation and periodontitis (16, 67–69).
The underlying mechanisms remain unclear. Here we found that
a high LA diet did not alter brain LA levels. Instead, it increased
its metabolite DPAn-6 in the brain of AD models (Table 1),
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FIGURE 8 | Schematic representation of omega-6 fatty acid docosapentaenoic acid (DPAn-6) positively resolving neuroinflammation in early and late stages of

Alzheimer’s disease (AD) models with the background of humanized APOE isoforms. In aging, MCI and early-stage AD, Aβ and other cellular debris can induce innate

immune responses to activate microglia for phagocytosis (74). During this process, activated microglia release proinflammatory cytokines that can damage neurons if

the response is not resolved adequately. Many studies have indicated that NSAIDs and other anti-inflammatory drugs, including COX2 inhibitors, can inhibit

neuroinflammation in animal models (8, 9). However, clinical trials with these drugs have failed to date (12). Here we found that DPAn-6 resolved neuroinflammation in

early-stage AD models, suggesting DPAn-6 may function similarly to NSAIDs. Further, with the progression of AD, sustainably activated microglia (overactivated

microglia) may lose their phagocytotic function. These overactivated microglia may reduce expression of some known proinflammatory cytokines but sustain increases

in cytokine receptors of IL1RL2, IL6RA, IL6ST, TNFR2, TRAIL, and IL10Rß (35–43), which may further damage neurons. Here we found that DPAn-6 suppressed the

expression of these selected cytokines and cytokine receptors at late stages in the E4FAD model. It also improved toxicity evidenced by reductions of caspases and

caspase-cleavage fragments. DPAn-6, which is normally produced in the liver and can be taken up by the brain in response to high n-6 diets, can resolve

neuroinflammation at the late stage of AD models with advanced AD pathology in the background of APOE4 isoform, a strong genetic risk factor for AD.

indicating LA could function through the very large percentage
changes in its long chain metabolite, DPAn-6.

Although neuroinflammation plays a vital role in the
development and progression of AD (70), we lack an effective
treatment to control neuroinflammation relevant to AD.
In human studies, n-6 PUFAs could have robust anti-
neuroinflammatory effects toward resolution at both early and
late disease stages as they do in our mouse ADmodels. In human,
the neuroinflammatory phenotype occurs more robustly at
earlier rather than later stages of AD (71). Consistent with human
studies, we found that unlike adult 6–8-month-old E4FAD mice,
the aged E4FAD mice display extremely low expression levels
of IL-6, TNF, and IL-10, which were not even detectable in
our RNA-seq data. IL-1 (IL1α and IL1ß) were barely detectable
(Value of IL1α mRNA expression counts was 0.128∼0.353,
IL1ß was−1.68∼−1.75, data not shown). This indicates that
the elevation of these cytokines which can be detected at both
the protein and mRNA level in younger animals was more
pronounced at early rather than late stages of E4FAD mice.
In human AD, pro-inflammatory cytokine levels also decline
as the disease progresses, apparently reflecting a “tolerance” to
the amyloid burden. This might explain why the reduction of
neuroinflammation by NSAIDs has been ineffective in treating
AD in clinical trials but repeatedly associates with reduced AD
risk in epidemiological studies. Intriguingly, unlike NSAIDs,
we found that DPAn-6 modulated neuroinflammation toward
resolution in the late stage of aged E4FADmice. DPAn-6 reduced

mRNA expressions of IL1RL2, IL6RA, IL6ST, TNFR2, TRAIL,
and IL10Rß (Figure 2), which are all significantly upregulated in
AD brain (36, 37, 40, 42).

Microgliosis is one of the important pathological features of
AD. We found that DPAn-6 attenuated microgliosis revealed by
immunostaining. It also reduced gene expression of microglial
markers of TMEM119, CD68, and TREM2 (Figure 3). TREM2
was correlated with Iba1, TMEM119, and CD68, consistent
with TREM2 upregulation in specific phenotypes of disease or
amyloid-associated microglia. TREM2 is a key player in the
sustained-microglial expansion during aging (72) although its
function is not yet fully understood. The genetic variants of
TREM2 have been reported to increase AD risk (2, 3). TREM2
has been suggested as a receptor required for disease-associated
microglia (DAM) (6). In support of this concept, TREM2
deficiency eliminates TREM2+ inflammatory macrophages and
ameliorates pathology at later stages in ADmousemodels (73). In
addition, our data showed that the microglial activation marker
CD68 was positively correlated with inflammatory markers
of IL1RL1, IL6RA, IL6ST, TNFR1, and IL10Rß (Figure 3).
Although numerous studies have demonstrated that activated
microglia respond to phagocytosis of Aβ (74), however, after a
prolonged period of activation, these activated microglia may
decrease or lose their Aβ phagocytic capacity (75, 76). This
may correlate with an Aβ “tolerant” phenotype that can be
reversed by effective antibody therapies and treatments that
reduce Aβ (77). Therefore, the improvement of microgliosis by
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DPAn-6 could improve microglial phagocytic function relevant
to AD.

Furthermore, we found that DPAn-6 reduced gene expression
of caspase 6 and trended to reduce caspase 2 and caspase 8
(Figure 4). These caspases are endoproteases that provide critical
links in cell regulatory networks controlling inflammation
and cell death, implicated in neurodegenerative diseases.
Interestingly, the activated microglia marker CD68 was
positively correlated with CASP2 and CASP8, indicating a
close association of activated microglia with apoptosis in EFAD
mice. DPAn-6 also reduced caspase-cleaved actin fragments
(Fractin), further supporting DPAn-6 limiting apoptosis. In
addition, DPAn-6 increased ADCYAP1 and the neurotrophic
factor VGF as well as a known downstream excitatory synaptic
protein marker, neuronal pentraxin 2 (NPTX2). They were
inversely correlated with activated microglial marker CD68
(Figure 5), proinflammatory cytokine, cytokine receptors
and apoptotic genes (Figure 6), consistent with a reciprocal
relationship between a neurodegenerative “activated” microglial
phenotype and the loss of excitatory synapses that occurs early
in MCI.

In conclusion for this study, we found that n-6 fatty acid
linoleic acid and its metabolite DPAn-6 can have robust anti-
neuroinflammatory effects in vivo in AD models while linoleic
acid may exert protective functions through increasing brain
DPAn-6 levels. DPAn-6 by gavage reduced neuroinflammation,
microgliosis, and apoptosis, and it improved neuroprotective
gene expression in the late stage of our ADmodels with advanced
AD pathology against the background of APOE4, a strong
genetic risk factor for late-onset AD (Figure 8). These indicate
that DPAn-6 could be a new potential anti-inflammatory lipid
mediator for treating neuroinflammation in AD.

DATA AVAILABILITY STATEMENT

The RNA-Seq data was deposited to NCBI - GSE156936.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Research Committee, University of California, Los Angeles.

AUTHOR CONTRIBUTIONS

Q-LM contributed to the experimental design, funding,
conducting experiments, analyzing data, preparing figures, and
writing the first manuscript of the paper. GC and SF contributed
to the experimental design and funding and paper writing. MM
and MP contributed to the RNA-Seq assay. TS contributed to
the RNA-Seq data processing and analysis. BT contributed to
his expertise in RNA-Seq/RT-qPCR assistance. MJ contributed
to the proinflammatory cytokine assay. CZ, PD, DC, and XG
contributed to the conduction of animal experiments. FR and
KC contributed to the immunohistochemistry. ZL contributed
to funding in support CZ living in USA. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by the NIH/NIA R21 (AG069100-01,
Q-LM), Alzheimer’s Association NIRG-07-59659 (Q-LM), State
of California Department of Public Health Alzheimer’s Disease
Program (RFA #16-10054, Q-LM), the Oskar Fischer Project
(GC, SF), VA MERIT (BX000542, GC), NIH R01 (AT008916,
GC), NIH R01 (AG13471, GC), and NIH R21 (AG050269, SF).

REFERENCES

1. Smith JA, Das A, Ray SK, Banik NL. Role of pro-inflammatory cytokines

released from microglia in neurodegenerative diseases. Brain Res Bull. (2012)

87:10–20. doi: 10.1016/j.brainresbull.2011.10.004

2. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, et al.

TREM2 variants in Alzheimer’s disease. N Engl J Med. (2013) 368:117–27.

doi: 10.1056/NEJMoa1211851

3. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal

J, et al. Variant of TREM2 associated with the risk of Alzheimer’s

disease. N Engl J Med. (2013) 368:107–16. doi: 10.1056/NEJMoa12

11103

4. Malik M, Simpson JF, Parikh I, Wilfred BR, Fardo DW, Nelson

PT, et al. CD33 Alzheimer’s risk-altering polymorphism, CD33

expression, and exon 2 splicing. J Neurosci. (2013) 33:13320–5.

doi: 10.1523/JNEUROSCI.1224-13.2013

5. Pottier C, Ravenscroft TA, Brown PH, Finch NA, Baker M, Parsons M, et al.

TYROBP genetic variants in early-onset Alzheimer’s disease.Neurobiol Aging.

(2016) 48:222 e9–222 e15. doi: 10.1016/j.neurobiolaging.2016.07.028

6. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-

Szternfeld R, Ulland TK, et al. A unique microglia type associated with

restricting development of Alzheimer’s Disease. Cell. (2017) 169:1276–90 e17.

doi: 10.1016/j.cell.2017.05.018

7. Migliore L, Coppede F. Genetics, environmental factors and the emerging role

of epigenetics in neurodegenerative diseases. Mutat Res. (2009) 667:82–97.

doi: 10.1016/j.mrfmmm.2008.10.011

8. McGeer PL, Rogers J, McGeer EG. Inflammation antiinflammatory agents,

and Alzheimer’s disease: the last 22 years. J Alzheimers Dis. (2016) 54:853–7.

doi: 10.3233/JAD-160488

9. Lim GP, Yang F, Chu T, Chen P, Beech W, Teter B, et al. Ibuprofen suppresses

plaque pathology and inflammation in a mouse model for Alzheimer’s disease.

J Neurosci. (2000) 20:5709–14. doi: 10.1523/JNEUROSCI.20-15-05709.2000

10. Stewart WF, Kawas C, Corrada M, Metter EJ. Risk of Alzheimer’s

disease and duration of NSAID use. Neurology. (1997) 48:626–32.

doi: 10.1212/WNL.48.3.626

11. Zarghi A, Arfaei S. Selective COX-2 inhibitors: a review of their structure-

activity relationships. Iran J Pharm Res. (2011) 10:655–83.

12. Miguel-Alvarez M, Santos-Lozano A, Sanchis-Gomar F, Fiuza-Luces C,

Pareja-Galeano H, Garatachea N, et al. Non-steroidal anti-inflammatory

drugs as a treatment for Alzheimer’s disease: a systematic review

and meta-analysis of treatment effect. Drugs Aging. (2015) 32:139–47.

doi: 10.1007/s40266-015-0239-z

13. Vedin I, Cederholm T, Freund Levi Y, Basun H, Garlind A, Faxen Irving G,

et al. Effects of docosahexaenoic acid-rich n-3 fatty acid supplementation on

cytokine release from bloodmononuclear leukocytes: the OmegAD study.Am

J Clin Nutr. (2008) 87:1616–22. doi: 10.1093/ajcn/87.6.1616

14. Miyata J, Arita M. Role of omega-3 fatty acids and their metabolites

in asthma and allergic diseases. Allergol Int. (2015) 64:27–34.

doi: 10.1016/j.alit.2014.08.003

15. Schwanke RC, Marcon R, Bento AF, Calixto JB. EPA- and DHA-derived

resolvins’ actions in inflammatory bowel disease. Eur J Pharmacol. (2016)

785:156–64. doi: 10.1016/j.ejphar.2015.08.050

Frontiers in Immunology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 558036

https://doi.org/10.1016/j.brainresbull.2011.10.004
https://doi.org/10.1056/NEJMoa1211851
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1523/JNEUROSCI.1224-13.2013
https://doi.org/10.1016/j.neurobiolaging.2016.07.028
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.mrfmmm.2008.10.011
https://doi.org/10.3233/JAD-160488
https://doi.org/10.1523/JNEUROSCI.20-15-05709.2000
https://doi.org/10.1212/WNL.48.3.626
https://doi.org/10.1007/s40266-015-0239-z
https://doi.org/10.1093/ajcn/87.6.1616
https://doi.org/10.1016/j.alit.2014.08.003
https://doi.org/10.1016/j.ejphar.2015.08.050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ma et al. Resolving Neuroinflammation With DPAn-6

16. Navarro-Xavier RA, de Barros KV, de Andrade IS, Palomino Z, Casarini

DE, Flor Silveira VL. Protective effect of soybean oil- or fish oil-rich

diets on allergic airway inflammation. J Inflamm Res. (2016) 9:79–89.

doi: 10.2147/JIR.S102221

17. Poirier J, Davignon J, Bouthillier D, Kogan S, Bertrand P, Gauthier S.

Apolipoprotein E polymorphism and Alzheimer’s disease. Lancet. (1993)

342:697–9. doi: 10.1016/0140-6736(93)91705-Q

18. Youmans KL, Tai LM, Nwabuisi-Heath E, Jungbauer L, Kanekiyo T, Gan M,

et al. APOE4-specific changes in Abeta accumulation in a new transgenic

mouse model of Alzheimer disease. J Biol Chem. (2012) 287:41774–86.

doi: 10.1074/jbc.M112.407957

19. Eimer WA, Vassar R. Neuron loss in the 5XFAD mouse model of Alzheimer’s

disease correlates with intraneuronal Abeta42 accumulation and Caspase-3

activation.Mol Neurodegener. (2013) 8:2. doi: 10.1186/1750-1326-8-2

20. Tai LM, Youmans KL, Jungbauer L, Yu C, Ladu MJ. Introducing human

APOE into Abeta transgenic mouse models. Int J Alzheimer’s Dis. (2011)

2011:810981. doi: 10.4061/2011/810981

21. Hamanaka H, Katoh-Fukui Y, Suzuki K, Kobayashi M, Suzuki R, Motegi Y,

et al. Altered cholesterol metabolism in human apolipoprotein E4 knock-in

mice. Human Mol Gen. (2000) 9:353–61. doi: 10.1093/hmg/9.3.353

22. Lim GP, Calon F, Morihara T, Yang F, Teter B, Ubeda O, et al. A diet

enriched with the omega-3 fatty acid docosahexaenoic acid reduces amyloid

burden in an aged Alzheimer mouse model. J Neurosci. (2005) 25:3032–40.

doi: 10.1523/JNEUROSCI.4225-04.2005

23. Moriguchi T, Greiner RS, Salem N Jr. Behavioral deficits associated with

dietary induction of decreased brain docosahexaenoic acid concentration. J

Neurochem. (2000) 75:2563–73. doi: 10.1046/j.1471-4159.2000.0752563.x

24. Calon F, LimGP, Yang F,Morihara T, Teter B, UbedaO, et al. Docosahexaenoic

acid protects from dendritic pathology in an Alzheimer’s disease mouse

model. Neuron. (2004) 43:633–45. doi: 10.1016/j.neuron.2004.08.013

25. Yang F, Sun X, Beech W, Teter B, Wu S, Sigel J, et al. Antibody to

caspase-cleaved actin detects apoptosis in differentiated neuroblastoma and

plaque-associated neurons and microglia in Alzheimer’s disease. Am J Pathol.

(1998) 152:379–89.

26. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.

STAR: ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15–21.

doi: 10.1093/bioinformatics/bts635

27. Law CW, Chen Y, Shi W, Smyth GK. voom: Precision weights unlock linear

model analysis tools for RNA-seq read counts. Genome Biol. (2014) 15:R29.

doi: 10.1186/gb-2014-15-2-r29

28. Deczkowska A, Matcovitch-Natan O, Tsitsou-Kampeli A, Ben-Hamo S, Dvir-

Szternfeld R, Spinrad A, et al. Mef2C restrains microglial inflammatory

response and is lost in brain ageing in an IFN-I-dependent manner. Nat

Commun. (2017) 8:717. doi: 10.1038/s41467-017-00769-0

29. Law CW, Alhamdoosh M, Su S, Dong X, Tian L, Smyth GK, et al. RNA-seq

analysis is easy as 1-2-3 with limma, Glimma and edgeR. F1000Res. (2016)

5:2. doi: 10.12688/f1000research.9005.2

30. Zhang Z, Yu D, Seo M, Hersh CP, Weiss ST, Qiu W. Novel data

transformations for RNA-seq differential expression analysis. Sci Rep. (2019)

9:4820. doi: 10.1038/s41598-019-41315-w

31. Costa-Silva J, Domingues D, Lopes FM. RNA-Seq differential expression

analysis: An extended review and a software tool. PLoS ONE. (2017)

12:e0190152. doi: 10.1371/journal.pone.0190152

32. Saini RK, Keum YS. Omega-3 and omega-6 polyunsaturated fatty acids:

dietary sources, metabolism, and significance - A review. Life Sci. (2018)

203:255–67. doi: 10.1016/j.lfs.2018.04.049

33. Innes JK, Calder PC. The differential effects of eicosapentaenoic acid and

docosahexaenoic acid on cardiometabolic risk factors: a systematic review. Int

J Mol Sci. (2018) 19:32. doi: 10.3390/ijms19020532

34. Freund-Levi Y, Eriksdotter-JonhagenM, Cederholm T, BasunH, 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

35. Xiong Z, Thangavel R, Kempuraj D, Yang E, Zaheer S, Zaheer A. Alzheimer’s

disease: evidence for the expression of interleukin-33 and its receptor ST2 in

the brain. J Alzheimers Dis. (2014) 40:297–308. doi: 10.3233/JAD-132081

36. Hampel H, Haslinger A, Scheloske M, Padberg F, Fischer P, Unger J, et al.

Pattern of interleukin-6 receptor complex immunoreactivity between cortical

regions of rapid autopsy normal and Alzheimer’s disease brain. Eur Arch

Psychiatry Clin Neurosci. (2005) 255:269–78. doi: 10.1007/s00406-004-0558-2

37. Buchhave P, Zetterberg H, Blennow K, Minthon L, Janciauskiene S, Hansson

O. Soluble TNF receptors are associated with Abeta metabolism and

conversion to dementia in subjects withmild cognitive impairment.Neurobiol

Aging. (2010) 31:1877–84. doi: 10.1016/j.neurobiolaging.2008.10.012

38. Li R, Yang L, Lindholm K, Konishi Y, Yue X, Hampel H, et al.

Tumor necrosis factor death receptor signaling cascade is required for

amyloid-beta protein-induced neuron death. J Neurosci. (2004) 24:1760–71.

doi: 10.1523/JNEUROSCI.4580-03.2004

39. Shouval DS, Biswas A, Goettel JA, McCann K, Conaway E, Redhu NS, et al.

Interleukin-10 receptor signaling in innate immune cells regulates mucosal

immune tolerance and anti-inflammatory macrophage function. Immunity.

(2014) 40:706–19. doi: 10.1016/j.immuni.2014.03.011

40. Cribbs DH, Berchtold NC, Perreau V, Coleman PD, Rogers J, Tenner AJ, et al.

Extensive innate immune gene activation accompanies brain aging, increasing

vulnerability to cognitive decline and neurodegeneration: a microarray study.

J Neuroinflammation. (2012) 9:179. doi: 10.1186/1742-2094-9-179

41. Sudduth TL, Schmitt FA, Nelson PT, Wilcock DM. Neuroinflammatory

phenotype in early Alzheimer’s disease. Neurobiol Aging. (2013) 34:1051–9.

doi: 10.1016/j.neurobiolaging.2012.09.012

42. D’Anna L, Abu-Rumeileh S, Fabris M, Pistis C, Baldi A, Sanvilli N, et al.

Serum interleukin-10 levels correlate with cerebrospinal fluid amyloid beta

deposition in alzheimer disease patients. Neurodegener Dis. (2017) 17:227–34.

doi: 10.1159/000474940

43. Guillot-Sestier MV, Doty KR, Gate D, Rodriguez J Jr, Leung BP, et al. Il10

deficiency rebalances innate immunity to mitigate Alzheimer-like pathology.

Neuron. (2015) 85:534–48. doi: 10.1016/j.neuron.2014.12.068

44. Wang G, Zhang Y, Chen B, Cheng J. Preliminary studies on Alzheimer’s

disease using cDNA microarrays. Mech Ageing Dev. (2003) 124:115–24.

doi: 10.1016/S0047-6374(02)00188-4

45. Nauroth JM, Liu YC, Van Elswyk M, Bell R, Hall EB, Chung G, et al.

Docosahexaenoic acid (DHA) and docosapentaenoic acid (DPAn-

6) algal oils reduce inflammatory mediators in human peripheral

mononuclear cells in vitro and paw edema in vivo. Lipids. (2010) 45:375–84.

doi: 10.1007/s11745-010-3406-3

46. Glenn JA, Jordan FL, Thomas WE. Further studies on the identification of

microglia in mixed brain cell cultures. Brain Res Bull. (1989) 22:1049–52.

doi: 10.1016/0361-9230(89)90018-X

47. Glenn JA, Ward SA, Stone CR, Booth PL, Thomas WE. Characterisation of

ramified microglial cells: detailed morphology, morphological plasticity and

proliferative capability. J Anat. (1992) 1992:109–18.

48. Farina C, Aloisi F, Meinl E. Astrocytes are active players in cerebral innate

immunity. Trends Immunol. (2007) 28:138–45. doi: 10.1016/j.it.2007.01.005

49. Kempuraj D, Thangavel R, Natteru PA, Selvakumar GP, Saeed D, Zahoor

H, et al. Neuroinflammation induces neurodegeneration. J Neurol Neurosurg

Spine. (2016) 1:1003.

50. Cohen GM. Caspases: the executioners of apoptosis. Biochem J. (1997) 326:1–

16. doi: 10.1042/bj3260001

51. Graham RK, Ehrnhoefer DE, Hayden MR. Caspase-6 and neurodegeneration.

Trends Neurosci. (2011) 34:646–56. doi: 10.1016/j.tins.2011.09.001

52. Han P, Liang W, Baxter LC, Yin J, Tang Z, Beach TG, et al. Pituitary adenylate

cyclase-activating polypeptide is reduced in Alzheimer disease. Neurology.

(2014) 82:1724–8. doi: 10.1212/WNL.0000000000000417

53. Alder J, Thakker-Varia S, Bangasser DA, Kuroiwa M, Plummer MR, Shors

TJ, et al. Brain-derived neurotrophic factor-induced gene expression reveals

novel actions of VGF in hippocampal synaptic plasticity. J Neurosci. (2003)

23:10800–8. doi: 10.1523/JNEUROSCI.23-34-10800.2003

54. Carrette O, Demalte I, Scherl A, Yalkinoglu O, Corthals G, Burkhard

P, et al. A panel of cerebrospinal fluid potential biomarkers for

the diagnosis of Alzheimer’s disease. Proteomics. (2003) 3:1486–94.

doi: 10.1002/pmic.200300470

55. Selle H, Lamerz J, Buerger K, Dessauer A, Hager K, Hampel H, et al.

Identification of novel biomarker candidates by differential peptidomics

analysis of cerebrospinal fluid in Alzheimer’s disease. Comb Chem High

Throughput Screen. (2005) 8:801–6. doi: 10.2174/138620705774962391

56. Antonell A, Llado A, Altirriba J, Botta-Orfila T, Balasa M, Fernandez M, et al.

A preliminary study of the whole-genome expression profile of sporadic and

Frontiers in Immunology | www.frontiersin.org 14 October 2020 | Volume 11 | Article 558036

https://doi.org/10.2147/JIR.S102221
https://doi.org/10.1016/0140-6736(93)91705-Q
https://doi.org/10.1074/jbc.M112.407957
https://doi.org/10.1186/1750-1326-8-2
https://doi.org/10.4061/2011/810981
https://doi.org/10.1093/hmg/9.3.353
https://doi.org/10.1523/JNEUROSCI.4225-04.2005
https://doi.org/10.1046/j.1471-4159.2000.0752563.x
https://doi.org/10.1016/j.neuron.2004.08.013
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1038/s41467-017-00769-0
https://doi.org/10.12688/f1000research.9005.2
https://doi.org/10.1038/s41598-019-41315-w
https://doi.org/10.1371/journal.pone.0190152
https://doi.org/10.1016/j.lfs.2018.04.049
https://doi.org/10.3390/ijms19020532
https://doi.org/10.1001/archneur.63.10.1402
https://doi.org/10.3233/JAD-132081
https://doi.org/10.1007/s00406-004-0558-2
https://doi.org/10.1016/j.neurobiolaging.2008.10.012
https://doi.org/10.1523/JNEUROSCI.4580-03.2004
https://doi.org/10.1016/j.immuni.2014.03.011
https://doi.org/10.1186/1742-2094-9-179
https://doi.org/10.1016/j.neurobiolaging.2012.09.012
https://doi.org/10.1159/000474940
https://doi.org/10.1016/j.neuron.2014.12.068
https://doi.org/10.1016/S0047-6374(02)00188-4
https://doi.org/10.1007/s11745-010-3406-3
https://doi.org/10.1016/0361-9230(89)90018-X
https://doi.org/10.1016/j.it.2007.01.005
https://doi.org/10.1042/bj3260001
https://doi.org/10.1016/j.tins.2011.09.001
https://doi.org/10.1212/WNL.0000000000000417
https://doi.org/10.1523/JNEUROSCI.23-34-10800.2003
https://doi.org/10.1002/pmic.200300470
https://doi.org/10.2174/138620705774962391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ma et al. Resolving Neuroinflammation With DPAn-6

monogenic early-onset Alzheimer’s disease. Neurobiol Aging. (2013) 34:1772–

8. doi: 10.1016/j.neurobiolaging.2012.12.026

57. Spellman DS, Wildsmith KR, Honigberg LA, Tuefferd M, Baker D, Raghavan

N, et al. Development and evaluation of a multiplexed mass spectrometry

based assay for measuring candidate peptide biomarkers in Alzheimer’s

Disease Neuroimaging Initiative (ADNI) CSF. Proteomics Clin Appl. (2015)

9:715–31. doi: 10.1002/prca.201400178

58. Jahn H, Wittke S, Zurbig P, Raedler TJ, Arlt S, Kellmann M, et al. Peptide

fingerprinting of Alzheimer’s disease in cerebrospinal fluid: identification

and prospective evaluation of new synaptic biomarkers. PLoS ONE. (2011)

6:e26540. doi: 10.1371/journal.pone.0026540

59. Holtta M, Minthon L, Hansson O, Holmen-Larsson J, Pike I, Ward

M, et al. An integrated workflow for multiplex CSF proteomics and

peptidomics-identification of candidate cerebrospinal fluid biomarkers of

Alzheimer’s disease. J Proteome Res. (2015) 14:654–63. doi: 10.1021/pr50

1076j

60. Hendrickson RC, Lee AY, Song Q, Liaw A, Wiener M, Paweletz CP, et al.

High resolution discovery proteomics reveals candidate disease progression

markers of alzheimer’s disease in human cerebrospinal fluid. PLoS ONE.

(2015) 10:e0135365. doi: 10.1371/journal.pone.0135365

61. Duits FH, Brinkmalm G, Teunissen CE, Brinkmalm A, Scheltens P, Van der

Flier WM, et al. Synaptic proteins in CSF as potential novel biomarkers for

prognosis in prodromal Alzheimer’s disease. Alzheimers Res Ther. (2018) 10:5.

doi: 10.1186/s13195-017-0335-x

62. Brinkmalm G, Sjodin S, Simonsen AH, Hasselbalch SG, Zetterberg H,

Brinkmalm A, et al. A parallel reaction monitoring mass spectrometric

method for analysis of potential CSF biomarkers for alzheimer’s

disease. Proteomics Clin Appl. (2018) 12:131. doi: 10.1002/prca.201

700131

63. O’Brien RJ, Xu D, Petralia RS, Steward O, Huganir RL, Worley

P. Synaptic clustering of AMPA receptors by the extracellular

immediate-early gene product Narp. Neuron. (1999) 23:309–23.

doi: 10.1016/S0896-6273(00)80782-5

64. Xiao MF, Xu D, Craig MT, Pelkey KA, Chien CC, Shi Y, et al. NPTX2

and cognitive dysfunction in Alzheimer’s Disease. Elife. (2017) 6:23798.

doi: 10.7554/eLife.23798

65. Johnson GH, Fritsche K. Effect of dietary linoleic acid on markers

of inflammation in healthy persons: a systematic review of

randomized controlled trials. J Acad Nutr Diet. (2012) 112:1029–41.

doi: 10.1016/j.jand.2012.03.029

66. Fritsche KL. Too much linoleic acid promotes inflammation-

doesn’t it? Prostagl Leukotri Essent Fatty Acids. (2008) 79:173–5.

doi: 10.1016/j.plefa.2008.09.019

67. Kramer N, Chuzhin Y, Kaufman LD, Ritter JM, Rosenstein ED.

Methotrexate pneumonitis after initiation of infliximab therapy for

rheumatoid arthritis. Arthr Rheum. (2002) 47:670–1. doi: 10.1002/art.

10803

68. Chang YW, Assari S, Prossin AR, Stertz L, McInnis MG, Evans

SJ. Bipolar disorder moderates associations between linoleic acid

and markers of inflammation. J Psychiatr Res. (2016) 85:29–36.

doi: 10.1016/j.jpsychires.2016.10.021

69. Calder PC. Dietary modification of inflammation with lipids. Proc Nutr Soc.

(2002) 61:345–58. doi: 10.1079/PNS2002166

70. Johnson ECB, Dammer EB, Duong DM, Ping L, Zhou M, Yin L,

et al. Large-scale proteomic analysis of Alzheimer’s disease brain and

cerebrospinal fluid reveals early changes in energy metabolism associated

with microglia and astrocyte activation. Nat Med. (2020) 26:769–80.

doi: 10.1038/s41591-020-0815-6

71. Cacabelos R, Alvarez XA, Fernandez-Novoa L, Franco A, Mangues R, Pellicer

A, et al. Brain interleukin-1 beta in Alzheimer’s disease and vascular dementia.

Methods Find Exp Clin Pharmacol. (1994) 16:141–51.

72. Poliani PL, Wang Y, Fontana E, Robinette ML, Yamanishi Y, Gilfillan S,

et al. TREM2 sustains microglial expansion during aging and response to

demyelination. J Clin Invest. (2015) 125:2161–70. doi: 10.1172/JCI77983

73. Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML, et al.

TREM2 deficiency eliminates TREM2+ inflammatory macrophages and

ameliorates pathology in Alzheimer’s diseasemousemodels. J ExpMed. (2015)

212:287–95. doi: 10.1084/jem.20142322

74. Bolmont T, Haiss F, Eicke D, Radde R, Mathis CA, KlunkWE, et al. Dynamics

of the microglial/amyloid interaction indicate a role in plaque maintenance. J

Neurosci. (2008) 28:4283–92. doi: 10.1523/JNEUROSCI.4814-07.2008

75. Baik SH, Kang S, Son SM, Mook-Jung I. Microglia contributes to plaque

growth by cell death due to uptake of amyloid beta in the brain of Alzheimer’s

disease mouse model. Glia. (2016) 64:2274–90. doi: 10.1002/glia.23074

76. Hickman SE, Allison EK, El Khoury J. Microglial dysfunction and defective

beta-amyloid clearance pathways in aging Alzheimer’s disease mice. J

Neurosci. (2008) 28:8354–60. doi: 10.1523/JNEUROSCI.0616-08.2008

77. Krabbe G, Halle A, Matyash V, Rinnenthal JL, Eom GD, Bernhardt U,

et al. Functional impairment of microglia coincides with Beta-amyloid

deposition in mice with Alzheimer-like pathology. PLoS ONE. (2013)

8:e60921. doi: 10.1371/journal.pone.0060921

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Ma, Zhu, Morselli, Su, Pelligrini, Lu, Jones, Denver, Castro,

Gu, Relampagos, Caoili, Teter, Frautschy and Cole. 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) and the copyright owner(s) 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.

Frontiers in Immunology | www.frontiersin.org 15 October 2020 | Volume 11 | Article 558036

https://doi.org/10.1016/j.neurobiolaging.2012.12.026
https://doi.org/10.1002/prca.201400178
https://doi.org/10.1371/journal.pone.0026540
https://doi.org/10.1021/pr501076j
https://doi.org/10.1371/journal.pone.0135365
https://doi.org/10.1186/s13195-017-0335-x
https://doi.org/10.1002/prca.201700131
https://doi.org/10.1016/S0896-6273(00)80782-5
https://doi.org/10.7554/eLife.23798
https://doi.org/10.1016/j.jand.2012.03.029
https://doi.org/10.1016/j.plefa.2008.09.019
https://doi.org/10.1002/art.10803
https://doi.org/10.1016/j.jpsychires.2016.10.021
https://doi.org/10.1079/PNS2002166
https://doi.org/10.1038/s41591-020-0815-6
https://doi.org/10.1172/JCI77983
https://doi.org/10.1084/jem.20142322
https://doi.org/10.1523/JNEUROSCI.4814-07.2008
https://doi.org/10.1002/glia.23074
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1371/journal.pone.0060921
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Novel Omega-6 Fatty Acid Docosapentaenoic Acid Positively Modulates Brain Innate Immune Response for Resolving Neuroinflammation at Early and Late Stages of Humanized APOE-Based Alzheimer's Disease Models
	Introduction
	Materials and Methods
	High Omega-6 (n-6) Linoleic Acid Diet in Adult E3FAD and E4FAD Mice
	Administration of n-6 Docosapentaenoic Acid (DPAn-6) by Oral Gavage to Aged E4FAD Mice
	Animal Brain Tissue Collection
	Brain Fatty Acid Analysis
	Brain Proinflammatory Cytokines Assay
	Immunohistochemical Staining, Light Microscopy, and Confocal Microscopy
	RNA Purification and Library Preparation
	RNA-Sequencing (RNA-Seq) Processing and Analysis
	cDNA Synthesis and Quantitative Real-Time Reverse Transcription PCR (RT-PCR)
	Microglial BV2 Cell Culture and Treatments
	Statistical Analysis

	Results
	Impact of Omega-6 Linoleic Acid-Enriched Diet on Brain Polyunsaturated Fatty Acids in EFAD Mice
	Modulation of Brain Pro-inflammatory Cytokines and Cytokine Receptors With Omega-6 Fatty Acids in EFAD Mice
	Attenuation of Microgliosis With DPAn-6 in Aged E4FAD Mice
	Improvements of Neurodegeneration and Neuroprotection With DPAn-6 in Aged E4FAD Mice
	Suppression of Cyclooxygenases (COXs) With Omega-6 Fatty Acids in vivo and in vitro

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References




