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Abstract
Background/Aims: Microglial cells play a crucial role in the development of neuroinflammation 
in response to harmful stimuli, such as infection, ischemia or injury. Their chronic activation, 
however, is associated with a progression of neurodegenerative diseases. Therefore, looking 
for potential factors limiting microglial activation, the effect of docosahexaenoic acid (DHA) 
on the inflammatory response and TREM2-dependent phagocytic activity in microglia was 
investigated. Methods: In LPS-induced primary microglia preincubated with DHA, or without 
preincubation the expression of ATF3 and TREM2 genes and TREM2, Syk, Akt proteins were 
determined by RT-PCR and WB, respectively.  Cell viability was assayed by MTT and cytokine 
and chemokine expression was determined by the Proteome Profiler assay.  Moreover, the 
phagocytic activity of microglia was assayed using immunofluorescence. Results: We found 
that DHA significantly increased the expression of ATF3, and decreased the levels of CINC-
1, CINC-2αβ, CINC-3 chemokines, IL-1α and IL-1β cytokines, and ICAM-1 adhesion protein. 
Additionally, preincubation of microglia with DHA resulted in increased Src/Syk kinases 
activation associated with increased phagocytic microglia activity. Conclusion: These findings 
indicate that DHA efficiently inhibits ATF3-dependent release of proinflammatory mediators 
and enhances phagocytic activity of microglia. The study provides a new mechanism of 
DHA action in reactive microglia, which may help limit neuronal damage caused by the pro-
inflammatory milieu in the brain.
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Introduction

Microglia, the macrophages of the central nervous system (CNS), are essential for 
protection of the brain parenchyma against inflammation and infection. During the neonatal 
and juvenile development of the CNS they support myelination, oligodendrogenesis, 
neurogenesis and axon fasciculation through the synthesis and release of cytokines and 
growth hormones [1–3]. Microglia can also stimulate dendritic spine and synapse formation, 
releasing brain-derived neurotrophic factor (BDNF), prostaglandin E2 (PGE2) and IL-10 
[4–6]. In the adult brain, microglia are essential for antibacterial and antiviral defense, as 
well as for elimination of cell debris, redundant synapses and protein aggregates harmful 
for neurons [7, 8]. In response to the harmful stimuli, microglia change their morphology, 
increase the expression of COX2 and iNOS, and release pro-inflammatory cytokines, such 
as TNF-α, IL-6, IL-1β, TGF-β, which contribute to various aspects of neuroinflammation [9–
11]. Undoubtedly, phagocytosis and immunomodulation are the most important functions 
of microglia, and their dysregulation leads to CNS malfunction and contributes to the 
progression of neurological diseases, such as Alzheimer’s (AD) and Parkinson’s diseases.

TREM2 (Triggering receptor expressed on myeloid cells 2) is a ∼40-kDa type I 
membrane glycoprotein that is believed to be exclusively expressed on microglia [12, 
13]. This membrane receptor binds various ligands, such as phosphatidylserine (PS), and 
phosphatidylethanolamine (PE) [14], sphingosine-1-phosphate [15], low-density and high-
density lipoproteins [16], Hsp 60 [17], apolipoprotein E (ApoE) [18] or amyloid β (Aβ) 
[19]. As a result of TREM2 activation, the adaptor proteins, DAP12 or DAP10, interact with 
TREM2 via their transmembrane lysine and aspartic acid, followed by tyrosine Src kinase 
phosphorylation of the specific motifs in the adaptor proteins, the immunoreceptor tyrosine-
based activation motif (ITAM), or the tyrosine–isoleucine–asparagine–methionine motif 
(YINM). Phosphorylation of the adaptor protein motifs creates the docking sites for Syk 
and PI3K kinases [20] which triggers a downstream signaling involved in various cellular 
processes, proliferation, survival, phagocytosis, production of pro-inflammatory cytokine, 
and cytoskeletal rearrangement [21]. It has been demonstrated that mutations in TREM2 
are associated with a greater risk of earlier and more rapid development of early-onset 
dementia and AD [22, 23]. To date, more than 40 TREM2 mutations have been identified 
that are associated with microglial dysfunction, in particular an impaired phagocytosis [24]. 
Moreover, a diminished phagocytic clearance of amyloid plaques by microglia in AD mice 
models with TREM2 knockout gene was demonstrated [25, 26]. Thus, a modification of 
TREM2 downstream signalling is of primary interest as a potential target for a new strategy 
of neurodegenerative disease treatment.

Cumulative evidence indicates that n-3 PUFAs, including docosahexaenoic acid (DHA), 
are powerful anti-inflammatory nutrients [27]. They regulate synthesis and release of 
pro-inflammatory mediators [28, 29] and their supplementation significantly decreases 
the circulating inflammatory markers and oxidative stress [30]. Numerous studies have 
demonstrated that DHA and its derivatives down-regulate the expression of the pro-
inflammatory mediators and at the same time, up-regulate the anti-inflammatory ones [31, 
32]. Consequently, a dietary n-3 PUFAs supplementation inhibited LPS-induced increase of 
IL-1β and TNF-α in the mouse hippocampus [33]. Moreover, it has been demonstrated that 
DHA and its derivative RvD1 stimulate Aβ phagocytosis by microglia [34, 35].

However, the anti-inflammatory effect and modulation of phagocytic activity of microglia 
by DHA via TREM2 receptor signaling is not fully understood yet. Therefore, we investigated 
the effect of DHA on the pro-inflammatory cytokines and TREM2 expression, and activation 
of the down-stream TREM2 receptor kinases, Src and Syk, involved in phagocytosis by 
activated microglia.
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Materials and Methods

Microglia culture
Microglia were isolated from the cerebral cortex of 1-2 days old Wistar rat pups. The brain was 

removed from the skull, cleaned from the meninges, and brain tissue was dispersed by repeated triturating 
with a pipette. Cell suspension was filtered through Nitex 180 µm and 30 µm filters (Merck, Millipore), and 
centrifuged at 800 rpm for 5 min. Supernatant was discarded while cells were counted and seeded into 
polylysine-coated 75 cm2 culture flasks (3x106 cells/flask) in DMEM containing 10% FBS and 10% horse 
serum. After 10 days without medium changing microglia were isolated by shaking the flasks on an orbital 
shaker at 240 rpm for 3 h at 37°C. The supernatant was collected and centrifuged at 1000 rpm for 10 min at 
RT. Pellet was resuspended, cells were plated in polylysine-coated culture plates in DMEM containing 10% 
FBS and 10% horse serum and then used for experiments.

MTT assay
The colorimetric MTT assay based on the cleavage of yellow tetrazolium salt (MTT) to purple formazan 

was used. The cells were seeded in 96-well microplates at density of 3x104 cells/well for 24 h. Then they 
were incubated in serum-free DMEM with DHA at concentrations from 5 µM to 50 µM for 12h and LPS at 
concentrations from 2.5 to 1000 ng/ml for 2.5 h. Control cells were cultured in serum-free DMEM w/o DHA 
and LPS. Next, medium was discarded, cells washed twice, and MTT solution at final concentration 0.5 mg/
ml was added. The cells were incubated in the dark for 2 h, the solution was aspirated, then the formazan 
crystals were dissolved in DMSO, and the absorbance was measured at 570 nm using plate reader (Victor2, 
Perkin-Elmer). The percentage of viable cells was calculated with respect to control cells.

Cytokines and chemokines detection
Cytokines and chemokines in microglia were detected using the Proteome Profiler Cytokine Array Panel 

A (R&D Systems) which recognizes cytokines, chemokines, and other soluble mediators (Table 1). The cells 
were cultured in 9 cm Petri dishes (11x106 cells) and incubated with 20 µM DHA, or control medium for 12 
h and then activated with LPS (10 ng/ml) for 2.5 h. Next, the cells were lysed with M-PER Reagent according 
to manufacturer’s instruction and lysates were incubated with the array membranes containing the assayed 
cytokine/chemokine antibodies for 
18 h at 4°C. After several washings, 
the membranes were incubated with 
secondary antibodies conjugated with 
horseradish peroxidase (HRP)and 
exposed to HRP substrate. The images 
were documented by the  ChemiDoc 
MP Imager (BioRad) and analyzed 
densitometrically with the ImageJ 
software (National Institute of Health, 
USA) using the Dot Blot Analyzer 
plugin.

Western blot assay
Briefly, cells incubated with 20 

µM DHA for 12 h and next treated with 
10 ng/ml LPS for 2.5 h were lysed 
with M-PER Reagent supplemented 
with Protease and Phosphatase 
Inhibitor Cocktails and the extracts 
were aliquoted and stored at −80°C. 
To inhibit Src kinase, before DHA 
incubation microglia were pretreated 
for 1h with 1 µM PP2, a reversible, 
ATP-competitive, inhibitor of the Src 

Table 1. The list of proteins detected by the Proteome Profiler 
Cytokine Array

2αβ

γ
1α
1β

1α 
3α

α
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family of protein tyrosine kinases. The total protein concentration was measured by Bradford’s method and 
the concentration was read from a BSA standard curve. Proteins (30 µg total) were separated on SDS-PAGE 
gels and blotted (120 min, 200 mA, 4°C) onto nitrocellulose membranes (Bio-Rad, USA). The membranes 
were then blocked for one hour with Tris-buffered saline (TBS) containing 5% BSA at RT and incubated 
with primary antibodies: anti-TREM21:500 (Novus Biologicals, Inc., USA); anti-Syk 1:1000 (Invitrogen, 
ThermoFischer Scientific, USA); anti-pSyk 1:1000 (Invitrogen, ThermoFischer Scientific, USA); anti-Akt 
1:1000 (Cell Signalling Technology, USA); anti-pAkt 1:2000 (Cell Signalling Technology, USA); anti-GAPDH 
1:1200 (Cell Signalling Technology, USA). After overnight at 4 °C, the membranes were washed, incubated 
for 1.5 h at RT with horseradish peroxidase-conjugated secondary antibodies (Jackson Immunoresearch, 
USA) (1:10000) and further processed for chemiluminescence detection. The antibody complexes were 
detected using Pierce ECL Western Blotting Substrate. The images were documented by ChemiDoc MP 
Imager (BioRad). Densitometric analysis was carried out using ImageLab software ver 6.1. The Western 
blot analysis was performed in triplicate.

Immunofluorescence phagocytosis assay
Cells plated at density of 120 × 103 cells/well on 1.5-mm2 coverslips were preincubated with 1 µM PP2 

for 1h and then exposed to 20 µM DHA for 12 h. Then, fluorescence-labeled latex beads were added (5 μl/ml 
for 1 h at 37 °C). Cells were washed three times with PBS to remove the non-phagocytized beads, fixed with 
4% paraformaldehyde (Avantar Performance Materials, Poland) in PBS at RT and permeabilized with 0.2% 
Triton X-100 (Avantar Performance Materials, Poland). Subsequently, they were blocked with 2% serum 
in PBS and incubated overnight at 4 °C with anti-IBA1 antibodies (1:500). Next day, Alexa 594-conjugated 
secondary antibodies (Thermo Fisher Scientific, USA) were applied at RT, in the dark for 2 h. Finally, the 
coverslips with the cells were mounted on glass microscope slides using ProLong Gold antifade reagent with 
DAPI (Thermo Fischer Scientific, USA). Cells with phagocytic activity were analyzed using a AxioExaminer 
epifluorescence microscope (Carl Zeiss, Germany) equipped with a water immersion objective. Images were 
captured at 40× magnification. the number of phagocytic cells containing beads (Ncell with beads) was 
counted in 10 images and presented as a percentage of the total counted cells (Ntotal) for each group. The 
phagocytic microglia activity was calculated as the number of beads per phagocytic cell. All the experiments 
were repeated twice.

RNA Isolation and Gene Expression Analysis
The total RNA was isolated using the Trizol reagent (Invitrogen, ThermoFischer Scientific, USA), 

then purified with the PureLink RNA Mini Kit (Invitrogen, ThermoFischer Scientific, USA) according to the 
manufacturer’s instructions. The RNA concentration and purity were examined spectrophotometrically 
in duplicate. From each sample, 1 µg of RNA was reverse-transcribed using M-MLV reverse transcriptase 
(Promega, USA) and oligo(dT)15 primer (Promega, USA) in a 25 µl reaction volume. The cDNA samples were 
used for quantitative real-time PCR (qRT-PCR) with specific primers (Table 2 [36–38]). The constitutively 
expressed GAPDH gene was applied as a reference gene. Quantitative RT-PCR was carried out in Rotorgene 
6000 machine (Corbett Research, UK) using KAPA™ SybrFast qPCR Master Mix (Kapa Biosystems, the 
Netherlands), according to the manufacturer’s instructions, in a total volume of 20 µL and 1/10 cDNA 
dilution for each tested sample. The annealing temperature for all the primers was 58°C. The melting curves 
of the amplified products were analyzed at the end of each PCR, and the analysis was carried out at 72-95°C, 
with temperature increased by 1°C/5s. 
Four ten-fold dilutions of cDNA were 
run together with the analyzed samples 
for a calculation of the standard curve 
(correlation coefficient > 0.99) and the 
PCR efficiency. The relative quantification 
of the mRNA level of the tested genes was 
read out from the standard curve and 
normalized to the GAPDH gene. All the 
calculations were done using the Rotor-
Gene 6000 Series Software 1.7 (Corbett 
Research, United Kingdom). The results 
were obtained from two independent 
experiments each in triplicate.

Table 2. Sequences of the primer pairs used for the RT-PCR 
experiments

Forward 5′ 3′
Reverse 5′ 3′

Forward 5′ 3′
Reverse5′ 3′

Forward 5′ 3′

Reverse 5′ 3′
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Statistical analysis
The results are presented as mean values ± SEM. All the data were analyzed using the GraphPad Prism 

software 6.0. Statistical significance was determined by one-way ANOVA with Bonferroni correction. For 
nonparametric data, the Kruskal–Wallis test, followed by the Dunn’s multiple comparison test, was applied. 
The level of significance was set at p < 0.05.

Results

Viability of microglia treated with DHA and LPS
The results show that 12-hour cell incubation with DHA above 20 µM was increasingly 

cytotoxic (Fig. 1A). DHA at 30 µM decreased microglia viability to 65.4% and at 50 µM 
to 35.4%. Therefore, for further experiments DHA at concentration of 20 µM have been 
chosen. Then we determined dose-dependent 
decrease in cell viability after LPS treatment (in 
the range from 2.5 to 1000 ng/ml) (Fig. 1B) and 
established the working concentration of LPS 
to 10 ng/ml. Next, we examined whether DHA 
at a selected concentration was not harmful to 
LPS-stimulated microglia. Viability of microglia 
incubated with DHA and treated with 10 ng/ml 
LPS was similar to LPS-only treated cells and 
was not significantly different from viability of 
control cells (Fig. 1C).

Effect of DHA on proinflammatory response 
of LPS-treated microglia

Treatment of microglia with LPS resulted in 
the expression of proteins not present in non-
activated microglia (CINC-1, CINC-2αβ, CINC-3, 
IL-1α and IL-1β) (Fig. 2A and B). Moreover, the 
expression of MIP-1α increased 9-fold and the 
ICAM-1 expression increased by about 30% 
compared to control cells. Cell preincubation 
with DHA inhibited the expression of the 
proinflammatory proteins in activated microglia. 
The strongest inhibitory effect of DHA in 
comparison to LPS-treated cells was found for 
CINC-2αβ (by 68%) and IL-1β (by 48%). The 
expression of other proteins, i.e., CINC-3, MIP-1α, 
CINC-1 and IL-1α, was decreased by 30%, 25%, 
20% and 16%, respectively (Fig 2B).

In order to determine whether the ATF3 
factor, involved in the reduction of inflammatory 
response, is controlled by DHA, the ATF3 
gene expression was assayed. Incubation of 
resting microglia with DHA increased the ATF3 
expression by two-fold (p<0.001) compared 
to control cells. In LPS-induced microglia, 
preincubation of cell with DHA significantly 
increased ATF3 as compared to LPS-treated cells 
(p<0.05) (Fig. 2C).

Fig. 1. Viability of microglia incubated with 
various concentration of DHA for 12 h (A) 
and LPS for 2.5 h (B). Viability of microglia 
incubated with 20 µM DHA followed by 10 ng/
ml LPS treatment (C). Data is expressed as a 
mean viability of control cell in percentages ± 
SEM from three independent experiments.
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Effect of DHA on TREM2 gene and protein expression
The results of qRT-PCR showed that DHA increased the TREM2 gene expression 

insignificantly (by approximately 20%) and LPS downregulated TREM2 mRNA by half 
(p<0.001), both in comparison to control cells (Fig. 3A). The supplementation of microglia 
with DHA before LPS treatment had no significant effect on TREM2 gene expression.

The Western blot analysis revealed increased TREM2 expression after incubation with 
DHA activated microglia, however, not significantly. Interestingly, next to 28 kDa molecular 
weight of TREM2, the additional band of 72 kDa TREM2 appeared on the membrane. This 
form of TREM2 is most likely the glycosylated TREM2 protein (Fig. 3B).

Effect of DHA on the activation of kinases downstream of TREM2
We determined the activation of Syk and Akt kinases by measuring their phosphorylated 

(pSyk, pAkt) and unphosphorylated forms (Syk, Akt) in microglia preincubated with DHA 
and treated with LPS. The ratio of pAkt/Akt in LPS-treated cells, incubated and not incubated 
with DHA, did not differ significantly (Fig. 4A). The analysis of Syk kinase activation in LPS-
treated microglia showed a slight (11%) decrease in the pSyk/Syk ratio, while DHA pre-
treatment of activated cells increased this ratio by 20% (p<0.01) (Fig. 4B)

Fig. 2. Proteome profiler arrays (A and B) and expression of ATF3 gene (C) in microglia. Representative 
array membranes (A) and the relative levels of cytokines and chemokines (B) in microglia preincubated 
with 20 µM DHA and next treated with 10 ng/ml LPS. Determination of gene and protein expression is 
described in the method section. The results are given as mean ±SEM. **p<0.01, ***p<0.001 vs control; 
#p<0.05 ##p<0.01, ###p<0.001 vs LPS-treated cells.
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To examine whether the Syk kinase is activated by DHA through the Src family of tyrosine 
kinases, we used PP2 reversible inhibitor of Src kinase. In microglia pretreated with PP2 
and next incubated with DHA, the pSyk/Syk ratio was 3-fold lower in comparison to cells 
incubated exclusively with DHA (p<0.001) (Fig. 4C). Such results indicate that DHA induces 
Syk phosphorylation through activation of the Src kinases.

Effect of DHA on microglial phagocytosis
The result of previous works indicate that Syk kinase activation is a key regulator of 

microglial phagocytosis. Thus, we investigated whether activation of Src/Syk kinases by 
DHA may increase microglial phagocytosis. We found that a number of the phagocytic cells 
incubated with DHA, did not differ significantly in comparison to control cells. However, 
DHA significantly (p<0.05) increased the number of fluorescence-labeled latex beads per 
phagocytic cell indicating enhanced phagocytic microglia activity. Pretreatment of cells with 
the Src inhibitor, PP2, completely blocked the beads phagocytosis, and DHA did not reverse 
this effect, indicating that DHA induces phagocytosis most likely via the Src-dependent 
pathway (Fig. 5).

Fig. 3. Expression of TREM2 gene (A) and TREM2 protein (B) in microglia preincubated with DHA and 
treated with LPS. The WB results are given as a percentage of the total TREM2 level in each group (left 
bottom graph) and the percentage of each molecular weight form of TREM2 (right bottom graph) with 
a representative WB blot (right upper image). The results are mean ±SEM from three independent 
experiments. ***p<0.001 vs control.
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Fig. 4. Activation of Akt and Syk kinases presented 
as the pAkt/Akt ratio (A) and the pSyk/Syk ratio 
(B). Activation of Syk kinase in DHA treated 
microglia after inhibition of the Src kinase by PP2 
inhibitor (C). Microglia were treated as described 
in the method section. The results are given as 
mean ±SEM from three independent experiments. 
***p<0.001 vs control, ##p<0.01 vs LPS-treated 
cells, ^^^p<0.001 vs DHA-treated cells.
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Discussion

In the present study, primary microglia were used to identify the DHA-dependent 
transcription factor which restrains the inflammatory response of active microglia, and 
to investigate an activation of the TREM2 receptor downstream kinases, involved in the 
regulation of microglial phagocytosis. As expected, the treatment of microglia with LPS, 
markedly increased expression of pro-inflammatory mediators, not expressed in resting 
microglia, cytokines (IL-1α, IL-1β), chemokines (CINC-1, CINC-2αβ, CINC-3, MIP-1α) and 
ICAM-1 adhesion receptor. DHA effectively inhibited expression of these pro-inflammatory 
and chemoattractant protein which corresponds to the results of the study on cortex glial 
culture [39]. It has also been demonstrated that in rats, after a traumatic brain injury, 
DHA promoted a shifting of microglia from a pro-inflammatory M1 phenotype to an anti-
inflammatory M2 phenotype [40], which helps in resolution of neuroinflammation, a 
crucial pathogenic hallmark in different neurodegenerative disorders. The present anti-
inflammatory DHA effect on the expression of pro-inflammatory cytokines in LPS-induced 
microglia is consistent with the previous result [41], however, in our study, this effect was 
observed for a DHA concentration of 20 µM, which was lower than concentration used in 
the BV-2-immortalized microglia line [41]. The difference in the DHA dose used in our and 
previous studies, arises most likely from a cell origin, primary microglia vs immortalized 

Fig. 5. Phagocytic activity of microglia. Representative images of microglia incubated with fluorescent latex 
beads (green), immunolabelled for Iba1 to visualize cytoplasmic volume (red) and nuclei with DAPI (blue) 
(A). Mean percentage of phagocytic cells counted as described in the method section (B). Mean number 
of beads in phagocytic cells (C). The results are given as mean ±SEM from two independent experiments. 
*p<0.05 vs control, ##p<0.01 vs DHA-treated cells.
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BV-2 cells, since BV-2 cells are less fragile to irradiation [42], as well, a lower responsiveness 
to LPS and IFN-γ stimulation [43]. Furthermore, the immortalized cell lines, such as BV-2 
and HAPI, are considered as an inadequate culture system for assessing microglial response 
to LPS stimulation since they only partially resemble a functional microglia [44].

Previous studies on the anti-inflammatory effect of DHA on microglia showed a 
reduction of NF-κB activation associated with decreased expression of CD14 and TLR4 cell 
surface receptors following LPS treatment [41]. Moreover, we have previously demonstrated 
that DHA increased the activity of NF-κB and AP-1 transcription factors in astrocytes [45, 
46]. Another important transcription factor, strongly induced in activated microglia and 
regulating the expression of cytokines, is ATF3, a member of the CREB/ATF transcription 
factors family. The gene promoter of ATF3 contains a TATA box and the binding sites for 
transcription factors such as ATF/CRE, AP-1, p53, E2F and NF-κB [47–49]. We observed that 
LPS treatment significantly increased the ATF3 expression in microglia. This is in agreement 
with the previous studies [50–52] and confirms that ATF3 is a  negative regulator of the 
TLR signaling pathway activated in our experiment by LPS [53–55]. A reduction of pro-
inflammatory cytokine expression by ATF3 has been reported after middle cerebral artery 
occlusion in rats [57]. Furthermore, ATF3 KO mice were much more susceptible to endotoxic 
shock-induced death than their wild-type littermates [58]. Therefore, upregulation of the 
ATF3 expression by DHA seen in our study support the hypothesis that the anti-inflammatory 
effect of DHA in resting and LPS-treated microglia, next to a regulation of the transcription 
factors inhibiting the proinflammatory gene expression, results also from the upregulation 
of the ATF3 expression.

The TREM2, a transmembrane glycoprotein highly expressed in microglia, inhibits 
cytokine production in response to TLR activation by ligands [59]. It has also been reported 
the high expression of TREM2 in microglia surrounding amyloid plaques in APP/PS1 mice 
[60] and an attenuated pathological inflammation in the brain of mice with TREM2 deficiency 
[61]. TREM2, activated by various lipid ligands, is described as a phagocytic receptor for 
micropathogens [62] and promotes phagocytosis of apoptotic neurons [63] and tissue debris 
[64]. Moreover, previous studies demonstrated that TREM2 mutations resulted in markedly 
less microglial clustering around Aβ plaques in AD mouse model [25] and are associated 
with an increased risk of AD development [65]. Though the correlation between the TREM2 
and ATF3 expression has been reported [66, 67], in the present study we did not find a 
change in the TREM2 expression in microglia challenged with DHA. However, an additional 
72 kDa protein band was identified that may be related to the glycosylated form of TREM2 
[68]. It has been reported that TREM2 mutation impairs N-glycosylation and trafficking of 
TREM2 from endoplasmic reticulum/Golgi to plasma membrane, thus inhibiting microglial 
phagocytosis [68, 69]. Nevertheless, a specific mechanism of DHA-induced glycosylation 
of TREM2 and modification of its subcellular transport to the cell surface remain yet to be 
elucidated.

The unchanged expression of TREM2, however, was accompanied by increased microglial 
phagocytosis. TREM2 receptor transmits intracellular signals through two transmembrane 
adaptors, DAP12 and DAP10, whose phophorylation by the Src family kinases recruits the 
protein tyrosine kinase Syk, or PI3K, respectively, activating multiple downstream signaling 
mediators [70, 71]. To explore a possible signaling pathway mediating the DHA effect, our 
study investigated activation of kinases downstream of TREM2 signaling, Syk and PI3K, a 
primary Akt kinase activator. We have found, that only the Syk kinase was markedly induced 
in microglia pretreated with DHA. Additionally, PP2, the Src inhibitor, completely abolished 
the DHA effect which suggests that DHA acts through activation of Src kinases. The important 
role of Syk kinase in supporting the CNS function during neuroinflammation has previously 
been demonstrated in Syk knockout AD model mice and in MS mice [72, 73]. Assuming that 
the Src/Syk-dependent pathway is involved in phagocytosis regulation [74–76], we conclude 
that Src kinases can also mediate DHA-dependent enhanced phagocytic microglial activity. A 
role of the Src kinases in the DHA effect has been demonstrated both in human microglia [34] 
and N9 microglial cells [77]. Furthermore, since Src-dependent upregulation of the ATF3 
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expression has been reported [78] a contribution of the Src/Syk dependent upregulation of 
the ATF3 expression by DHA should be considered.

Conclusion

To summarize, the present study demonstrate that DHA inhibits the expression of 
cytokines in activated microglia and increases their phagocytic activity, partly through 
activation of Src/Syk/ATF3 pathway, downstream kinases and transcription factor in TREM2 
signalling. Numerous studies based on dietary intervention or survey, reported beneficial 
effect of n-3 PUFAs in alleviating symptoms of diseases associated with neuroinflammation, 
such as Alzheimer’s and Parkinson’s diseases [79–82]. We believe that the present findings 
provide a new insight into understanding of the DHA protective effect in neuroinflammation 
and may help to develop a new strategy for microglia-activated inflammation.
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