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Abstract

OBJECTIVE: Although the cause of Alzheimer's disease (AD) is still controversial,
it is generally accepted that neuroinflammation plays a key role in AD pathogen-
esis. Thus, regulating the polarization of microglia will help in recovering from AD
since microglia can be polarized into classical M1 and alternative M2 phenotypes,
M1 microglia leading to neuroinflammation and M2 microglia acting as anti-
inflammatory effectors. Our previous study demonstrated that eicosapentaenoic
acid (EPA), an essential n-3 polyunsaturated fatty acid, may modulate glial cell
activity and functions, but it is not clear whether EPA plays a role in microglial
polarization. Here, we aimed to test the hypothesis that EPA may regulate the
polarization of microglia and subsequently alleviate neuroinflammation and
neuronal damage.

METHODS: Male C57BL/6 mice were fed an EPA-supplemented diet or a palm
oil-supplemented diet for 42 days. On day 28 of diet feeding, the mice received
a single intracerebroventricular injection of f-peptide fragment 1-42(AB,_4,) or
saline. The polarization of M1 and M2 microglia was evaluated by western blot
using the respective markers. Changes in inflammatory cytokine mRNA levels
were examined using real-time PCR. Neurological deficits were analysed using
the Morris water maze and TdT-mediated dUTP Nick-End Labeling (TUNEL)
assays.

RESULTS: EPA supplementation effectively reversed the increasing trend of M1
microglial markers and the decreased expression of M2 microglial markers in the
hippocampus mediated by AP, 4, and normalized the AP-induced upregulation
of proinflammatory cytokines and the downregulation of anti-inflammatory
factors. Consistent with these findings, EPA significantly improved cognitive
function and inhibited apoptotic neuronal death in the hippocampus.
CONCLUSION: These results demonstrated that EPA appears to have potential
effects on regulating microglial polarization, which contributes to allevi-
ating neuroinflammation and may have beneficial effects for preventing and
treating AD.
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Abbreviations:

AB - Amyloid f8

AD - Alzheimer’s disease

BDNF - Brain-derived neurotrophic factor
CNS - Central nervous system

EPA - Eicosapentaenoic acid

IL-18 - Interleukin-1p

NGF - Nerve growth factor

PUFAs - Polyunsaturated fatty acids
TUNEL - TdT-mediated dUTP Nick-End Labeling
TNF-a - Tumor necrosis factor-a
INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenera-
tive disease with a high incidence in the elderly popula-
tion. It is characterized by the deposition of extracellular
amyloid-beta (Ap) in the brain and progressive cogni-
tive decline. Although the pathogenesis of AD remains
unclear, an increasing number of studies have shown
that neuroinflammation plays a key role in AD (Kaur
et al. 2019; Calsolaro et al. 2016). Therefore, microglia,
the key effector cells of neuroinflammation, have
received increasing attention.

Microglia are innate immune cells of the central
nervous system (CNS). Similar to peripheral macro-
phages, macrophages can be polarized into proinflam-
matory M1 (classical activation) or anti-inflammatory
M2 (alternative activation) phenotypes in response
to microenvironmental disturbances (Walker et al.
2015). M1 microglia secrete proinflammatory cytokines
such as interleukin-1f (IL-1B) and tumour necrosis
factor-a (TNF-a), which initiate neuroinflammation
and induce nerve injury, while M2 microglia release
anti-inflammatory factors as well as nerve growth
factor (NGF) and brain-derived neurotrophic factor
(BDNF) to promote neuronal repair (Ghosh et al. 2016;
Ju et al. 2015). Generally, M1 and M2 microglia main-
tain dynamic balances that benefit CNS homeostasis
by releasing various cytokines under different condi-
tions (Tang ef al. 2016). However, it has been reported
that the expression of proinflammatory cytokines is
increased in the human AD brain accompanied by
M1-skewed microglial activation (Hoozemans et al.
2006). These findings were reproduced by Jimenez and
colleagues, who demonstrated that there was a distinc-
tive shift from the M2 to M1 microglial phenotype in
the hippocampus in AD mice (Jimenez et al. 2008).
Obviously, excess M1 microglia ultimately result in
the M1/M2 disequilibrium involved in AD pathology
(McGeer et al. 2015). Therefore, repressing the overac-
tivation of M1 microglia is beneficial for improving AD.

Eicosapentaenoic acid (EPA) is an essential n-3 poly-
unsaturated fatty acid (PUFA) that cannot be synthe-
sized by the body itself but can only be supplied by
food, especially cold-water fish. Growing evidence has
demonstrated the links between diets high in EPA and
a reduced risk of AD (Wiesmann et al. 2013; Wu et al.
2014; Wen et al. 2018). Importantly, many studies have
shown that dietary supplementation with EPA reversed

age-related increases in proinflammatory cytokine
concentrations in the brain (Martin et al. 2002), and
alleviating neuroinflammation is an important mecha-
nism by which EPA protects against AD-like neuronal
injury, confirming the role of EPA in the anti-inflam-
matory profile (Serini et al. 2012; Labrousse et al. 2012).
Furthermore, our previously published data revealed
that EPA may indeed ameliorate neuroinflammation
by modulating microglial activity (Dong et al. 2018);
however, which subtype of microglia was affected was
not observed in this study. Thus, the objective of the
present study was to test the hypothesis that EPA can
improve AD, and these effects are mediated by abating
M1 microglial polarization and attenuating neuro-
inflammation and neuronal damage. To further test
these hypotheses, hippocampal samples were collected
from mice fed a normal or EPA diet with or without Ap
administration, and the expression of M1/M2 microg-
lial markers, inflammatory cytokines and neuronal
death was measured. The learning and memory ability
of the mice was also estimated.

MATERIALS AND METHODS

AP, 4, HFIP, 3,3'-diaminobenzidine (DAB) substrate
and palm oil were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Antibodies against Argl,
CCL2 and p-actin were purchased from Abcam
(Abcam, England). Ethyl (E)-EPA (99% pure) was
purchased from Amarin (Amarin Neuroscience Ltd.,
UK). The phosphatase inhibitor, protease inhibitor
mixture, BCA protein assay kit and enhanced chemi-
luminescence substrate kit were purchased from Pierce
Biotechnology (Rockford, IL, USA). TRIzol reagent
was purchased from Invitrogen (Carlsbad, CA, USA).
The Ominiscript RT kit and SYBR Green Mix were
purchased from Qiagen (Dusseldorf, Germany). The In
Situ Cell Death Detection Kit was obtained from Roche
(Basel, Switzerland). Guide cannulas were purchased
from RWD Life Science (Shenzhen, China). All other
chemicals used are the highest grade commercially
available.

Preparation of AB1-42 oligomers

The AP,_4, peptide was dissolved in HFIP and then
incubated at room temperature for 1 h. HFIP was
slowly evaporated using nitrogen gas. The dried AP, 4,
pellet was dissolved in phosphate-buffered saline (PBS)
to a final concentration of 1 pg/pl and then incubated
for 96 h at 37°C before use.

Animals and treatments

Forty-eight male C57BL/6 mice (6-8 weeks, 20-25 g)
were purchased from Beijing Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). Animals
were housed 3 per cage at 22 + 1°C with a 12-h light-
dark cycle and free access to food and water at all
times. After acclimation for 5 days, the animals were
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anaesthetized with ketamine (100 mg/kg) and xylazine
(20 mg/kg) and placed in a stereotaxic apparatus. Guide
cannulas for PBS or AP, intracerebroventricular
(i.c.v.) administration were located over the right lateral
ventricle (L=1.1 mm, AP=0.48 mm, 2.2 mm depth).
Following surgery, the mice were allowed to recover
for 14 days. The animal protocol was approved by
the animal care committee of Yunnan University and
complied with the Yunnan University guidelines for the
care and use of laboratory animals.

After recovery, the animals were randomly divided
into 4 groups (n=12), including the control, EPA, Af
and EPA+AP groups. Animals in the control and AP
groups were fed a diet consisting of regular chow powder
(Beijing Vital River) mixed with 0.8% palm oil, while
animals in the EPA and EPA+A groups were fed a diet
mixed with 0.8% ethyl (E)-EPA as described previously
(Dong et al. 2018). The diet was fed to the mice (8-10 g
per mouse/day) before the light was turned off for the
night and it was generally consumed over 12 h. The full
feeding period was 42 days.

The animals received an i.c.v. injection of AP (AP
and EPA+AP group) or PBS (control and EPA group)
on day 28 of diet feeding. On the injection day, 2 pg
AP or PBS (a total of 2 ul) was placed into a 4.2-mm
internal needle connected to a PE50 polyethylene
tube. The mice were gently restricted in a towel, and
the cap of the guide cannulas was carefully unscrewed.
The needle was then inserted into the guide cannulas,
and AP or PBS was infused into the brain slowly over
a period of 30 s. The injection needle was allowed
to remain inside the guide cannulas for another 30 s
and then slowly removed.

Morris Water Maze

On day 39 of diet feeding, the Morris water maze task
was used to evaluate spatial learning and memory. This
process of the Morris water maze test consisted of 3 days
of training and a testing trial on day 4. Animals were
trained in a water tank (100 cm in diameter) located
in a lit room with visual cues. A black escape platform
(9.5 cm in diameter) was submerged 1.0 cm below the
surface of water, located in the middle of the southwest
quadrant of the tank. In the training trial, each mouse
was immediately placed by the tail into the water and
was allowed a maximum time of 60 s to find the plat-
form. Mice that found the platform were allowed to stay
on the platform for 10 s and subsequently placed into
an empty and warm cage before the next trial began.
If a mouse did not reach the platform within 60 s, it
was gently guided to the platform by the experimenter,
where it remained for 10 s. Two training trials were
conducted each day for 3 consecutive days. In the test
trial, the time required to escape onto the platform
(escape latency) was recorded first, and then the plat-
form was removed. The mice were allowed to swim
freely for 60 s inside the tank. The time spent in the
southwest quadrant (exploring time in the location
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where the platform was originally placed) and their
swimming speed were recorded by a computerized
video system (Beijing Sunny Instruments Co. Ltd.,
China).

Sample preparation

Twenty-four hours after the last behavioural test,
9 animals in each group were deeply anaesthetized by
isoflurane inhalation and sacrificed by decapitation, and
the brain was removed and dissected on ice. The hippo-
campus was removed and stored at -80°C until further
analysis. The remaining 3 animals were perfused with
PBS and 4% paraformaldehyde under deeply anaes-
thetized conditions. Their brains were removed and
postfixed in 10% sucrose/4% paraformaldehyde for 8 h
at 4°C and then placed in 20% sucrose/PBS at 4°C over-
night. The 6 pm frozen sections were then cut for image
analyses using a cryostat microtome (Leica, Germany).

Western blot

Hippocampal samples were homogenized in lysis buffer
supplemented with protease inhibitor and then centri-
fuged at 12,000 rpm for 15 min at 4°C. The superna-
tant was collected, and the protein concentration was
estimated by a BCA Protein Assay Kit. Thirty micro-
grams of total protein from each sample was loaded
onto a polyacrylamide gel for separation and then
electrophoretically transferred to PVDF membranes.
After incubation with 5% fat-free milk for 1 h at room
temperature, the membranes were then incubated
overnight at 4°C with the primary antibodies against
CCL2 (1:1000), Argl (1:1000) and B-actin (1:5000).
After washing, the membranes were incubated with
goat radish peroxidase-conjugated secondary antibody
(1:5000), followed by detection using enhanced chemi-
luminescence. Band intensities were quantified using
ImagePro Express 4.0 software (Media Cybernetics Inc.
Rockville, MD, USA).

Tab. 1. Real-time RT-PCR Primers. Sequences are shown for forward
(F) and reverse (R) primers

Objective / q
control gene primer sequence

BDNF F: 5'- CAAAAGGCCAACTGAAGC -3’
R: 5'- CGCCAGCCAATTCTCTTT -3’

NGF F:5'- AAACGGAGACTCCGTTCACC -3’
R: 5’- GATTGTACCATGGGCCTGGA -3’

IL-18 F: 5'- GGATGATGACGACCTGCTAGTG -3’
R: 5'- ACATGGGTCAGACAGCACGA -3’

TNF-a F: 5'- TCATTCCTGCTCGTGGCGGG -3’
R: 5'- CGGCTGACGGTGGGGTGAG -3’

B-actin F: 5'-GTCGTACCACTGGCATTGTG-3’

R: 5-CTCTCAGCTGTGGTGGTGAA-3’
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Fig. 1. EPA supplementation improved deficits in spatial learning and memory mediated by Ap. Morris
water maze training began on the 39th day of feeding the EPA diet, 4 days in a row. The escape
latency and exploration time were analysed on day four. **p <0.01 vs. control group; ##p <0.01 vs.

AB group.

Real-time PCR

Total RNA was extracted from the hippocampus
using TRIzol, and first-strand cDNA was synthesized
from 1 pg of total RNA using the Ominiscript RT kit
according to the manufacturer’s instructions. The PCR
sequence was run on a Corbett Life Science (Sydney,
Australia) Rotor-Gene 6000 system with SYBR Green
fluorescence. The PCRs were carried out in a reac-
tion mixture consisting of 7.5 ul SYBR Green Mix, 1 pl
c¢DNA, 0.5 ul of each primer (10 pM) and 5.5 pl RNase-
free water. Amplification was performed using an initial
15 min step at 95°C, followed by 45 cycles of 94°C for

15 s, 59°C for 30 s and 72°C for 30 s. Each sample
was tested in triplicate. Gene expression levels were
quantified by normalizing Ct values of the target genes
to the Ct values of the reference gene (beta actin) with
the AACt method. The following primers (Sengong,
Shanghai, China) were used to measure the target gene
expression (Table 1).

TdT-mediated dUTP Nick-End Labelling Assay
(TUNEL)

The TUNEL assays were performed using the in situ Cell
Death Detection kit according to the manufacturer's
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Fig. 2. EPA promotes microglia polarization into the M2 phenotype. Different microglial marker proteins were assessed by western blotting
(A) and quantified by densitometry (B). Data from the western blots were normalized by taking the value of the control group as 1.
**p <0.01 vs. the control group; #p <0.05, ##p <0.01 vs. the AP group.
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Fig. 3. EPA modulated AP mediated neuroinflammation. Proinflammatory cytokines were significantly
increased, but anti-inflammatory cytokines were decreased by Af, whereas EPA attenuated this effect.
Data from the PCRs were normalized by taking the value of the control group as 1. *p <0.05, **p <0.01
vs. the control group; #p <0.05, ##p <0.01 vs. the AB group.

instructions. Briefly, tissue sections on slides were
treated with 0.3% hydrogen peroxide at room tempera-
ture for 10 min. After washing with PBS, the slides were
quenched in proteinase K at room temperature for
15 min. The sections were then rinsed and incubated in
TUNEL reaction mixture containing digoxigenin anti-
body with TdT enzyme at 37°C for 1 h, blocked with
stop/washing buffer, and incubated with peroxidase-
conjugated anti-digoxigenin antibody at room temper-
ature for 15 min. Finally, the reaction product was
visualized by incubation with DAB substrate. To quan-
tify the TUNEL-positive cells, 12 slides were selected
randomly from each group, and the positive cells were
counted in the hippocampal CA region using an optical
microscope (Leica, Germany) at 40x magnification.
Apoptotic cells were stained brown.

Statistical analysis of data

Data are expressed as the mean + SEM. Statistical
significance was analysed using ANOVA, followed
by Dunnett’s test (SPSS 18.0). p< 0.05 was considered
statistically significant.

RESULTS

1 EPA improves learning and memory impairment

induced by Af

Spatial learning and memory were evaluated by the
Morris water maze. As shown in Fig. 1, Ap-treated
animals took a longer time to find the platform and
spent less time in the target quadrant in the test trial
than animals in the control group (both p<0.01).
However, EPA-treated animals showed significantly

shorter escape times but longer exploration times
than the AP animals (both p<0.05). EPA alone caused
no changes in healthy animal behaviour in the Morris
water maze tests.

2 EPA attenuates the overactivation of M1 microglia

induced by Ap

The expression of the M1 marker CCL2 and the M2
marker Argl was detected by western blot. As shown in
Fig. 2, the expression of CCL2 was increased, but Argl
expression was decreased in the AP group compared
to the control group, while these changes were partially
reversed by EPA treatment. Although EPA alone
repressed CCL2 expression compared with the control
group, the changes were not significantly different.

3 EPA alleviated neuroinflammation induced by A

The expression of inflammatory cytokines was exam-
ined by real-time PCR. As shown in Fig. 3, AP signifi-
cantly increased IL-1B and TNF-a expression but
decreased BDNF and NGF expression compared to the
control group, while these changes were alleviated
by EPA. Additionally, EPA alone downregulated the
expression of proinflammatory cytokines compared
with the control group, but there was no significant
difference between the two groups.

4 EPA attenuates apoptotic neuronal death induced

by AB

Apoptotic neuronal death in the hippocampal CA1l
subregion was evaluated using TUNEL staining. As
shown in Fig. 4, abundant brown nuclei cells were
found in the AP animals, and the number of apoptotic
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Fig. 4. EPA normalized apoptotic cell death induced by AB. A. TUNEL staining in hippocampal CA
regions (x400). B. Quantitative analysis of TUNEL positive cells. **p <0.01 vs. control group;

##p <0.01 vs. AB group.

cells was increased significantly compared to control
animals. However, the number of TUNEL-positive
neurons was markedly reduced in EPA-treated animals.

DISCUSSION

In this study, we demonstrated that regulation
of microglial polarization resulted in attenuation
of neuroinflammation to inhibit apoptotic cell death as
one of the neuroprotective effects of EPA.

It is well accepted that neuroinflammation is
a major risk factor for AD (Kaur et al. 2019). As resi-
dent macrophages in the brain, microglia are the main
effectors of neuroinflammation. They can be activated
by extracellular AB. Their activation states can be
categorized into classically activated (M1) and alter-
natively activated (M2) subtypes (Walker et al. 2015).
Although the two activated cells are both derived
from resting microglia, they show different or even
opposite functions. M1 microglia are the main source
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of proinflammatory cytokines, including IL-1p and
TNF-a, which trigger inflammatory effects. Conversely,
M2 microglia function as anti-inflammatory cells by
releasing neuroprotective factors such as BDNF and
NGEF. With A deposition, microglia tend to polarize
into the M1 phenotype in AD brains (Zhang et al. 2017).

In the present study, AP was applied to imitate AD
pathology and the microglial polarization process.
Similar to Cheng et al., who reported that AP contributes
to microglial M1-like activation (Cheng et al. 2019), our
results clearly showed that M1 markers were elevated,
whereas M2 markers were reduced in the hippocampal
tissue of A-treated mice, suggesting that AP may
stimulate M1-like microglia. Importantly, the present
findings showed that EPA could attenuate microglial
polarization into the M1 phenotype and promote M2
activation, as evidenced by decreased CCL2 expression
and increased Argl expression. Specifically, Argl can
metabolize arginine into hydroxyproline, proline and
polyamine, and products such as hydroxyproline and
proline are important sources of collagen synthesis that
help strengthen tissues and are used for cell repair (Wu
et al. 2011). Additionally, polyamines such as agmatine
could help neurons counteract injury from proinflam-
matory cytokines (Xu et al. 2018). Thus, the present
findings, on the one hand, showed that EPA regulates
microglial M1/M2 polarization; on the other hand,
the increase in Argl expression suggested increasing
neuroprotection from EPA.

In parallel with our previous studies implicating
the anti-inflammatory role of EPA (Dong et al. 2018),
the present work demonstrated the upregulation
of proinflammatory cytokines and the downregula-
tion of anti-inflammatory cytokine expression induced
by AP, which could be partially reversed by EPA. As
mentioned earlier, M1 microglia are the main source
of proinflammatory cytokines, while anti-inflamma-
tory cytokines are the main source of M2 microglia
(Ghosh et al. 2016; Ju et al. 2015). These findings not
only support EPA normalizing AD-like neuroinflam-
mation but also confirm that EPA regulates microglial
polarization. Obviously, the effect of EPA on polarizing
microglia from the M1 phenotype to the M2 phenotype
is beneficial for attenuating neuroinflammation, which
overall contributes to alleviating apoptotic cell death
and improving cognitive impairment induced by A.

Notably, when following the EPA diet without AP
injections, although EPA alone downregulated the
expression of proinflammatory cytokines and M1
microglial markers, these changes were not statisti-
cally significant. These results seem to support the
hypothesis EPA is not a direct anti-inflammatory
precursor and that the regulation of microglial polar-
ization is a key mechanism by which EPA improves
neuroinflammation.

Although the signalling involved in EPA modulating
microglial polarization was not explored in this study,
it was reported that M1/M2 microglial polarization is
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mainly regulated by JAK/STAT signalling (Choi et al.
2016), based on the findings that EPA may regulate
Fyn, an important upstream regulator of JAK/STAT
(Kurahara et al. 2020; Jiang et al. 2008). We speculate
that the effect of EPA on microglial polarization may be
mediated by the Fyn-STAT pathway, which needs to be
verified by further experiments.

We know there are some limitations to this study,
such as: 1) the signalling related to EPA modulating
microglia polarization should be investigated; 2) addi-
tional EPA concentrations should be studied to compare
the efficiency of different EPA levels on microglia
polarization; and 3) more M1/M2 microglia markers
should be analysed. Our present results supported the
hypothesis that EPA can effectively improve cognitive
impairment and neuronal death in AD animals and
that the neuroprotective effect of EPA, at least in part, is
attributable to its ability to repress microglia polariza-
tion into the M1 phenotype but promote cell conver-
sion into the M2 phenotype and subsequently alleviate
excessive neuroinflammation. Therefore, the benefits
of EPA on microglial polarization suggest it has poten-
tial future uses for treating neuroinflammatory condi-
tions associated with AD.
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