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ABSTRACT: The high levels of docosahexaenoic acid (DHA) in cell membranes within the brain have B E &= &=
led to a number of studies exploring its function. These studies have shown that DHA can reduce 583 = &=
inflammatory responses in microglial cells. However, the method of action is poorly understood. Here, we =600 =
report the effects of DHA on microglial cells stimulated with lipopolysaccharides (LPSs). Data were  cuma  trs  bus  ouasies
acquired using the parallel accumulation serial fragmentation method in a hybrid trapped ion mobility- ,

quadrupole time-of-flight mass spectrometer. Over 2800 proteins are identified using label-free S Fmsmenon ﬂLc"MS/MS
quantitative proteomics. Cells exposed to LPSs and/or DHA resulted in changes in cell morphology e
and expression of 49 proteins with differential abundance (greater than 1.5-fold change). The data ™= =
provide details about pathways that are influenced in this system including the nuclear factor x-light- Fi

[——
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chain-enhancer of the activated B cells (NF-kB) pathway. Western blots and enzyme-linked
immunosorbent assay studies are used to help confirm the proteomic results. The MS data are available
at ProteomeXchange.
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1. INTRODUCTION global-scale proteomics study successfully defined proteins
associated with different phenotypic expressions of microglial
activation, ranging from M1 to M2a, M2b, and M2c stages."
Considering that activation of microglia plays an important role
in different neuroinflammatory diseases, it is of importance to
understand factors that mitigate microglial activation.'*™'®

Phospholipids in the central nervous system (CNS) are enriched
in docosahexaenoic acid (22:6(n-3), DHA). To-date, n-3
PUFAs in the form of fish oil are one of the most highly
consumed dietary supplements by humans. Because of its

diverse functions, a growing body of studies have suggested the 1 cr .
impact of DHA and related metabolites to exert anti- Despite high levels of DHA and arachidonic acid (20:4(n-6),

. L - ) ARA) in phospholipids in the brain, there is evidence that these
inflammatory and insulin-sensitizing effects in cells, thus two PUFAs are encaced in distinctly different physioloeical
mitigating the progression of inflammatory diseases.' . 538 . Y PIYSIOI08
. . . . . functions, largely because of different types of phospholipases A,
Microglial cells, the resident immune cells in the CNS, are (PLA,s) mediating their release from membrane phospholi-
recognized as an important cellular sentinel of inflammatory id 1321 ARA is released b lic PLA, (cPLA,), and i
responses in the brain.*”® These cells are highly dynamic and pics. Is reeased by cytosolic 2 V6T =Ag), And 18
P Sy vl metabolized by cyclooxygenases (COX) and lipoxygenases
exhibit a complex spectrum of pathways with multiple

7 (LOX) to form eicosanoids, lipid mediators that are largely
phenotypes affected by exogenous and endogenous factors. . s .
. .o associated with inflammation. In contrast, release of DHA by the
Our recent studies demonstrated similarities in inflammatory

i ) ) i calcium-independent PLA, (iPLA,) is linked to synthesis of pro-
responses between primary microglial cells isolated from the resolving oxvlivins through interaction with ALOX15.22% A
mouse brain and the murine immortalized BV-2 microglial g OXYIP & )

cells.® Subsequently. BV-2 microelial cells became a 0od model study with HT-29 colorectal cancer cells showed significant
- Subsequenty, 08 . 80 differences in functions between DHA and ARA at the proteome
for studies to investigate the biochemical profiles of inflamma-

L S—13 o level.** Our recent study on microglial cells also demonstrated
tory and oxidative pathways.” ~ In a recent quantitative

proteomics study using an orbitrap mass spectrometer,
information about proteomic changes in signaling pathways
upon stimulation of BV-2 cells with lipopolysaccharides (LPSs)
and interferon-y were investigated.'* That study showed that
activation of microglial cells was associated with the toll-like
receptor (TLR) signaling and increases in oxidation and
inflammatory responses at the proteome level. In addition, a
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the effects of DHA to inhibit LPS-induced oxidative and
inflammatory responses, including the NF-kB and the cPLA,/
ARA pathways."” However, investigations are needed to further
examine the multiple effects of DHA against microglial
activation at the proteome level. Ion mobility spectrometry is
a relatively new separation method, and when used in
combination with hybrid mass spectrometers, can provide a
powerful addition to proteomics.”> Compared to the orbitrap-
based methods, studies utilizing parallel accumulation serial
fragmentation (PASEF) in trapped ion mobility spectrometry
(TIMS) for proteome quantification have demonstrated
technical advantages, in both accuracy and reliability of protein
quantification, as well as increased identification of low-
abundance proteins.”**’

In this study, we performed label-free quantitative proteomics
to test the effects of LPS and/or DHA on BV-2 microglial cells.
Results identified differentially abundant proteins (DAPs) and
their corresponding pathways. In order to verify proteomic
changes, the study included supporting data including cell
morphology, viability, Western blot analysis, and enzyme-linked
immunosorbent assays (ELISAs). The results of the proteomic
study provided firm evidence regarding the multiple protective
effects of DHA on activated microglial cells, and further shed
light on the complex molecular mechanisms underlying the
effects of DHA and/or LPS on proteomes in microglial cells.

2. MATERIALS AND METHODS

2.1. Materials and Reagents

Docosahexaenoic acid (DHA, 100 mg in 0.4 mL of ethanol) and
prostaglandin E2 (PGE2) ELISA kit (#514010) were purchased
from Cayman Chemical (Ann Arbor, MI). Dithiothreitol
(DTT), iodoacetamide (IAA), fetal bovine albumin (FBS),
formic acid (FA, mass spectrometry grade), and monoclonal
anti-f-actin peroxidase (#A3854) were purchased from Sigma-
Aldrich (St. Louis, MO). The WST-1 assay kit was obtained
from Clontech (Mountain View, CA). Dulbecco’s modified
Eagle’s medium (DMEM) and penicillin/streptomycin were
obtained from Life Technologies (Grand Island, NY). Antibod-
ies of phospho-NF-xB p6S (Rabbit mAb #3033 ) and NF-«B p6S
(Rabbit mAb #8242) were from Cell Signaling (Beverly, MA).
Anti-inducible nitric oxide synthase (iNOS) (#ab15323) was
from Abcam (Cambridge, MA). Urea (electrophoresis grade),
thiourea (electrophoresis grade), sodium dodecyl sulfate (SDS),
ammonium bicarbonate, BCA protein assay kit, EZQ_protein
assay kit, SuperSignal west pico plus chemiluminescent
substrate, Restore PLUS Western blot stripping buffer, tumor
necrosis factor @ (TNF-a) mouse uncoated ELISA kit (#88-
7324-88), C4 tips, dimethyl sulfoxide (DMSO), water (H,O,
HPLC grade), and acetonitrile (ACN, HPLC grade) were
obtained from Thermo Fisher (Waltham, MA). Modified
porcine trypsin was acquired from Promega (Madison, WI).

2.2. Cell Culture and Treatments

BV-2 microglial cells were originally obtained from R. Donato
(University of Perugia, Italy), and subsequently maintained in G.
Sun’s laboratory as previously described.”® Briefly, cells were
cultured in 75 cm? flasks with DMEM supplemented with 5%
FBS, and 100 units/mL penicillin and streptomycin (100 ug/
mL), and maintained in a $% CO, incubator at 37 °C. For
proteomic analysis, cells were subcultured in 12-well plates; for
morphology experiments, cells were subcultured in 35 mm
dishes; for WST-1 experiments, cells were subcultured in 96-well
plates; and for TNF-q, phospho-NF-kB p6S, iNOS, and PGE2
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experiments, cells were subcultured in six-well plates. In all
conditions, cells were subcultured to 80—90% confluence and
then serum starved for 3 h prior to adding DHA (20 M) for 1 h,
followed by stimulation with or without LPS (100 ng/mL) for
16 h. For each treatment condition, three biological replicates
were used for the proteomics study. DHA was initially dissolved
in DMSO and further diluted in DMEM to a final concentration
of 20 uM. Controls were treated with the same dilution of
DMSO in DMEM.

2.3. Assessment of Cell Viability and Morphology

Cell viability was determined using the WST-1 kit as previously
described."” Briefly, after treatment conditions, WST-1 was
added to each well with medium/WST-1 reagent at 15:1 (v/v).
Cells were incubated for 1 h at 37 °C, and after dissolving the
formazan dye with DMSO, absorption was read at 450 nm using
a Synergy4 Plate Reader (BioTek Instruments, Inc., Winooski,

Assessment of cell morphology was performed as previously
described.”” Cells were examined using a phase contrast Nikon
Diaphot 300 microscope attached with a CCD cooled camera.
Images were obtained with the magnification at 20X and the
microscope was linked to MagnaFire 2.1C software for image
processing. Normally, three to four bright field pictures of cells
from triplicate experiments with different passages were
captured from each dish.

2.4. Quantification of TNF-a and PGE2 by ELISA

Previous studies demonstrated the ability for LPSs to stimulate
release of TNF-a and PGE2 from microglial cells, mainly
through activation of the NF-kB and the cPLA2/ARA/COX2
pathways.® In this study, the concentrations of TNF-a and
PGE2 in cell supernatants were determined using an ELISA
protocol. Briefly, after culturing cells with different conditions,
the culture media was obtained and centrifuged at 4000g for S
min to remove cell debris. The supernatant was obtained for
ELISAs of TNF-a and PGE2 as previously described.”'* The
remaining cells were lysed with RIPA buffer and saved for
protein determination using the BCA assay. TNF-a values were
read and analyzed at 450 nm and PGE2 values at 410 nm after
subtracting the respective backgrounds.

2.5. Western Blot Analysis of iNOS and Phospho-NF-«xB p65

In this study, Western blot analyses of phospho-p65 (subunit of
the NF-«kB complex) and the iNOS protein were used to
examine the effects of LPSs and/or DHA on the NF-«xB pathway
in microglial cells. After different incubation conditions, cells
were lysed in RIPA buffer with protease and phosphatase
inhibitors. Cell lysates were centrifuged at 14,000g for 15 min at
4 °C to remove cell debris. The protein concentration was
measured and normalized by using the BCA assay kit. The same
amount of total protein was loaded in SDS-PAGE for
electrophoresis, and afterward, proteins were transferred to
PVDF membranes at 100 V for 1 h. The membranes were then
incubated in Tris-buffered saline with 0.1% Tween 20 (TBS-T)
containing 5% nonfat milk for 1 h at room temperature. The
blots were incubated with antibodies of iNOS (1:200 dilution),
phospho-NF-kB p65 (1:1000 dilution), NF-xB p65 (1:1000
dilution), f-actin (1:50,000 dilution) overnight at 4 °C. After
washing with TBS-T, the blots were incubated with antirabbit
IgG (1:1000 dilution) for 1 h at room temperature.
Immunolabeling was detected by SuperSignal with the pico
plus chemiluminescent substrate.

https://dx.doi.org/10.1021/acs.jproteome.9b00792
J. Proteome Res. 2020, 19, 2236—2246
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2.6. Statistical Analysis for Cell Viability

Results for cell viability, TNF-a, phospho-NF-kB p65, iNOS,
and PGE2 were expressed as the mean + standard deviation
(SD) and analyzed by one-way ANOVA followed by Tukey’s
post-tests (version 8.01; GraphPad Prism Software, San Diego,
CA). Differences were considered significant at a p-value < 0.05
for all analyses.

2.7. Preparation of Cell Lysate for MS

After different treatment conditions, cells were harvested in a
buffer solution (4% SDS, SO mM Tris buffer), followed by
incubation at 95 °C for § min. The cell lysates were sonicated for
1S min, and then centrifuged for 15 min at 4 °C. The
supernatants were transferred to new centrifuge tubes with four
volumes of precipitation solution (100% acetone) and stored at
—80 °C overnight.”® The precipitate was washed three times
with cold 80% acetone and then resuspended with 6 M urea, 2 M
thiourea, and 100 mM ammonium bicarbonate. The EZQ
protein assay was conducted as per the manufacturer’s
instructions. The protein extract was reduced with 200 mM
DTT for 60 min at room temperature and alkylated with 200
mM IAA for an additional 60 min in the dark. After alkylation, an
excess of 200 mM DTT was added to neutralize the remaining
IAA for 60 min. The urea concentration was reduced to 0.6 M by
adding Milli-Q water. In-solution digestion was performed with
trypsin (1:50, w/w) overnight at 37 °C. The reaction was
stopped by the addition of FA to 1% (v/v), and desalted with a
C,s reversed-phase tips. Samples were stored at —80 °C until
use. Triplicate samples of each condition (biological replicates)
were collected.

2.8. LC—MS/MS Analysis

A Bruker nanoElute UHPLC system was coupled to a hybrid
TIMS-quadrupole time-of-flight mass spectrometer (tims-ToF
Pro, Bruker Daltonics, Billerica, MA) with a modified nano-
electrospray ion source.”’ A given peptide mixture (800 ng) was
reconstituted in 0.1% FA and 5% ACN, and loaded onto a Cg
reverse phase capillary column (IonOpticks, 75 ym X 150 mm,
1.9 um) with a constant flow rate of 400 nL/min. Mobile phases
A and B were water with 0.1% FA (v/v) and ACN with 0.1% FA
(v/v), respectively. Peptides were separated with a linear
gradient from 3 to 30% B within 65 min, followed by an
increase to 50% B within 10 min and further to 80% B within 7.5
min, and reequilibration.

MS and MS/MS spectra were recorded from m/z 100 to 1700
Da. Proteome coverage was achieved using the PASEF*” mode.
During the MS/MS data collection, each duty cycle included 1
TIMS-MS and an average of 10 PASEF scans. The data were
acquired with a 100 ms ramp time, and the quadrupole isolation
width was set to 2 Da. TIMS and MS operations were controlled
and synchronized using the Bruker OTOF Control software
(version 3.2, Bruker Daltonics, Billerica, MA).

2.9. Protein Identification Using PEAKS DB

Raw data were processed using Peaks Studio (version 8.5,
Bioinformatics Solutions, Inc, Waterloo, ON). Data were
searched against the Uniprot/Swissprot house mouse (Mus
musculus) protein database (June 2018; 16,977 total entries).
The searches were performed with the following guidelines:
trypsin as enzyme, two missed cleavages allowed; carbamido-
methyl cysteine as a fixed modification; oxidized methionine and
deamidation of asparagine and glutamine as variable mod-
ification; maximum three variable PTMs per peptide; 50 ppm
mass error tolerance on precursor ions; 0.1 Da mass error
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tolerance on fragment ions. Data were filtered with a peptide
match of 0.1% false discovery rate (FDR) with at least one
unique peptide required for protein identification. The Peaks
Studio software used a decoy fusion method to calculate FDR as
published.*” The program (Peaks Studio) adopts the
Benjamin—Hochberg method to adjust the p-value to the
FDR for all protein groups that have already passed the other
filters. Only protein groups with significance scores passing the
calculated FDR are listed in the “Protein” list.

2.10. Protein Quantification and Functional Analysis

DAPs were calculated in R using spectral counts and the
following criteria: a first pass analysis was conducted yielding 65
proteins as the differential abundant using one-way ANOVA and
a p < 0.01, with >1 spectral counts per protein (group average)
and in >2 replicates per group.

To further filter the DAP data for significance, a Benjamini—
Hochberg FDR correction was conducted yielding 26 proteins
(adjusted p < 0.0S) as significantly changed across the four
groups. Finally, correcting for >2 spectral counts (average per
group) yielded 20 DAPs, which were graphed as a heatmap in R
using the complete clustering method and a pairwise correlation
distance method. Database for Annotation, Visualization and
Integrated Discovery (DAVID)** was used for gene ontology
(GO) enrichment analysis of DAPs with the whole M. musculus
genome as the background and with a significant enrichment
threshold of a Benjamini correction of p < 0.05. A bubble plot
representing these data was generated using R. The DAPs were
also subjected to protein—protein interactions (PPI) analysis
using the STRING database’* and Cytoscape software”> V3.7.0.

2.11. Data Availability

The MS data were deposited at the ProteomeXchange
Consortium®® via the PRIDE partner repository, and are
available with the identifier PXD013086.

3. RESULTS AND DISCUSSION

3.1. DHA Pretreatment Attenuates LPS-Induced
Morphology Changes in BV-2 Cells

Prior to the proteomics study, we first examined the cell
morphology under treatment with DHA (20 M) and LPSs
(100 ng/mL). Similar to observations described in our previous
studies,”’ representative photomicrographs of control cells
taken at 6 h showed oblong or triangular shaped cells with
bright refringence, whereas cells after LPS treatment showed
extensive processes (Figure 1A). Whereas DHA pretreatment
resulted in more small round cells, DHA pretreatment decreased
the processes induced by LPSs (Figure 1A). When cells were
cultured for 16 h, many control cells became round, whereas
LPS-treated cells were flat with rugged edges and enlarged nuclei
surrounded with cytoplasmic inclusions, and some nuclei
showed multiple nucleoli (Figure 1B). Whereas DHA pretreat-
ment did not show obvious differences compared with controls,
DHA partially minimized the changes because of LPSs (Figure
1B). In these studies, an assay with WST-1 showed that LPS
treatment did not alter cell viability (Supplemental Material
S1—Figure S1). Based on these data, a 16 h incubation time was
used for subsequent proteomics analysis.

3.2. Global Protein Alterations in Cells Exposed to DHA
and/or LPSs

On the basis of PASEF scans, 265373 peptide-spectrum matches
(PSMs) and 22151 unique peptide sequences were identified
from the raw data and were employed for quantitation (FDR of

https://dx.doi.org/10.1021/acs.jproteome.9b00792
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Figure 1. Effects of DHA and/or LPSs on morphology. BV-2 microglial
cells were cultured in 35 mm dishes or 96-well plates until reaching 90%
confluence. After being serum-starved for 3 h, DHA (20 uM) was added
for 1 h and cells were incubated for (A) 6 and (B) 16 h. Representative
bright field microscopy images of cells without LPSs and DHA
(control), DHA, LPSs, and DHA and LPSs.

PSMs and peptide sequences are 0.1 and 1%, respectively). A
total of 2858 proteins with more than one unique peptide were
confidently identified and quantified. Using R, we defined 65
DAPs as those with an ANOVA p-value of <0.01 across the four
groups (Control, DHA, LPS, and DHA + LPS), and present in at
least two of three biological replicates per group. Following
Benjamini—Hochberg FDR correction, 26 DAPs were revealed
as significantly changed (BH-adjusted p value < 0.0S) of which
20 showed a spectral count of >2 (group average). Hierarchical
clustering analysis of these 20 DAPs showed relative abundance
patterns (Figure 2). There were 17 increases and 6 decreases in
DAPs across the four groups (Figure 2 and Table 1). We
observed four main trends in abundance of the DAPs (Table 1).
The most interesting trend was those proteins that increased in
abundance when exposed to LPSs, but are ameliorated by the
addition of DHA (i.e., their relative fold-change vs control is
lower than with LPS, at control levels, or below control levels,
including those not detected in the LPS + DHA group). These
proteins represent a number of classes, but the protective effect
of DHA is clear in these cases.

The second trend in abundance shown in Table 1 shows
increased abundance in response to LPSs but treatment with
DHA does not alter their increased expression or afford any
protective effects. The third trend in abundance is that related to
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Figure 2. Analysis of altered proteins induced by LPSs and/or DHA at
the global level. Hierarchical cluster analysis of DAPs in BV-2 cells. Red
indicates a higher relative expression, and purple indicates a lower
relative expression. The heat map was generated in R using the 20 DAPs
from Table 1 that were significant (BH-corrected p < 0.05) with >2
spectra (group average). CON, cells grown under normal conditions;
LPS, cells treated with LPSs; DHA, cells treated with DHA; LPS.DHA,
cells pretreated with DHA followed by exposure to LPS. The numbers
indicate the biological replicates (e.g, CONI etc.).

DHA treatment alone and remains unaffected by LPS or LPS +
DHA treatments. Lastly, two proteins show decreased
abundance in all groups relative to control; these are involved
in ER to Golgi transport and chromatin remodeling.

To gain insight into the functional categories, these DAPs
were grouped into three GO categories: biological process (BP),
cellular component (CC), and molecular function (MF) (Figure
3). The most dominant BPs represent cellular responses such as
immune and defense responses. The prominent cellular
compartment categories are cytoplasm, membrane, and nucleus,
likely reflecting changes in gene expression and perception of
stimuli (LPS + DHA). For MFs, the DAPs are predominantly
associated with poly-A RNA and RNA binding (suggesting
changes in transcription/translation) and protein kinases
(signaling).

PPIs were assessed using the STRING 11.0 database
(organism: M. musculus). All of the DAPs shown in Figure 2
were analyzed and are represented by 14 proteins shown in
Figure 4. Individual proteins are named inside circles. Darker
lines show significant relationships between NOS2 and PTGS2,
IRG1 and OASL1, OASL1 with both interferon-induced protein
with tetratricopeptide repeats 3 (IFIT3) and MMPK2. The
IFIT3 protein appears to be a node encompassing a number of
interactions with OASL1, CMPK2, PARP9, RNF213, and
HELZ2. An outlier group, comprising NSF, VPS11, and
SQSTM1 interactions, is also observed.

Many of the DAPs in this PPI map showed increased in
abundance when stimulated with LPSs and are then ameliorated
by DHA (the first group in Table 1). Some of these proteins are
tied to the NF-kB and the Ras/ERK/cPLA, pathways” >’ and
are discussed further below.

Using GO and PPI analyses, as well as information from the
literature,"*** the main functional classifications in response to
LPS and/or DHA included the NF-kB pathway, fatty acid

https://dx.doi.org/10.1021/acs.jproteome.9b00792
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Table 1. Log2 Fold-Change of DAPs Across Treatments”

accession no.

P29477
Q3UsQ7
P54987
Q05769
P08103
E9QAMS
QIR233
Q8CDI5

P28667
Q64345
QSCAS9
P27512
Q8BV49
DOQMC3
Q64337
E9Q555
Q8VI94

Q3UH60
Q9IWS6
QSCHPS
Q6PIC6

P46460
E9PVX6

nitric oxide synthase inducible
UMP-CMP kinase 2 mito
cis-aconitate decarboxylase
prostaglandin G/H synthase 2
tyrosine-protein kinase
helicase with zinc finger dom2

tapasin

protein name gene name LPS DHA LPS + DHA
Increased in LPSs and Ameliorated by DHA
NOS2 7.28% n.d. 6.57*
CMPK2 6.07 n.d. 5.59
ACOD1 5.77* n.d. 4.90%
PTGS2 4.77* n.d. 4.16*
HCK 4.43 n.d. 3.62
HELZ2 4.19% n.d. 3.66*
TAPBP 2.52 —0.62 1.36
RIOX2 2.61 n.d. n.d.

ribosomal oxygenase 2

Increased LPS and LPS + DHA, Unchanged/Lower in DHA

MARCKS-related protein MARKS1 5.36 n.d. 5.56
interferon-induced protein with tetratricopeptide repeats 3 IFIT3 4.88 n.d. 4.85
polyADP-ribose polymerase 9 PARP9 3.95 n.d. 4.1
tumor necrosis factor receptor superfamily member S CD40 3.94% nd. 4.25%
pyrin and HIN domain-containing protein 1 PYHIN1 3.73% n.d. 4.95%
myeloid cell nuclear differentiation antigen-like protein MNDAL 2.67 nd. 3.25
sequestosome-1 SQSTM1 1.86 0.22 2.02
E3 ubiquitin-protein ligase RNF213 1.66 -2.01 2.03
2'-5'-oligoadenylate synthase-like protein 1 OASL1 1.54 -1 1.94

Increased in DHA, Lower/Unchanged in LPS

disco-interacting protein 2-B DIP2B nd. 2.43% n.d.

vacuolar protein sorting-associated protein 11 homolog VPS11 n.d. 1.70%* n.d

glycerol-3-phosphate phosphatase PGP n.d. 0.46 n.d.

Na/K-transporting ATPase a-3 AT1A3 —0.11 0.16 -0.3
Decreased in All Treatments

vesicle-fusing ATPase NSF -0.93 -1.07 —2.82

proliferation marker Ki-67 MKI67 —1.85 —0.39 —3.64

“NOTES: 1: a positive value indicates increased abundance and a negative value decreased abundance. 2: * indicates imputed fold-change wherein
no peptides were detected in the control samples (0 value replaced with 1 for a single replicate). 3: n.d., not detected (no spectral counts were
observed in >1 replicate).

-log(adj_Pvalue)

2-
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Category G0:0002376 immune system process
BP G0:0035458 cellular response to interferon-beta
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G0:0045087 innate immune response
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G0:0032496 response to lipopolysaccharide
Protein count G0:0035457 cellular response to interferon-alpha
G0:0071222 cellular response to lipopolysaccharide
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Fold Enrichment

Figure 3. GO enrichment analysis of altered proteins induced by LPSs and/or DHA. The complete list of 65 DAPs (differential at p < 0.01, prior to BH
correction) were graphed as a bubble plot using R to show GO enrichment. Larger bubbles indicate a higher number of proteins in that GO enrichment
category. BP, biological process (red); CC, cellular component (green); MF, molecular function (blue). The dotted line represents the Benjamini
corrected p < 0.0S threshold, terms above this line are enriched. X-axis, fold-enriched GO term; Y-axis, —log(adj.-Pvalue), Benjamini corrected p value.

metabolism, mitochondrial activity, responses to external induce iNOS and proinflammatory cytokines (e.g.,, TNF-a and
stimuli, cytoskeleton, DNA binding, and ribosome biogenesis. IL-1f) in microglial cells.">*72% This study identified proteins,

3.3. Proteins Involved in the NF-xB Pathway

such sequestosome-1 (SQSTMIL1), nitric oxide synthase

Studies from our laboratory, as well as others, have (NOS2), and TNF receptor S (CD40), which may play
demonstrated the effects of endotoxins (such as LPSs) to important roles in regulating the NF-kB pathway. SQSTM1
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£ regulated by the Ca**-dependent RASA4."’ Induction of iNOS
and production of NO are regarded as signature markers of the
@ \J»\ NE-kB pathway.® In the present study, DHA pretreatment
M o | decreased the NOS2 expression increased by addition of LPSs
mpk Cd40 Nos2 )
(Table 1 and Figure SB). Compared to the elevated levels of
these proteins in cells stimulated with LPSs, the decreased
abundance of the same proteins in the DHA + LPS group
supports our findings that DHA diminishes the activation of NF-
kB by LPSs."” In a recent study, LRRC2S has been identified as a
novel inhibitor of the NF-kB pathway by targeting NF-«kB p65

degradation.”' In our study, LRRC2S appeared slightly elevated
in the LPS and LPS + DHA groups (although below ANOVA p

Figure 4. PPI network analysis of altered proteins induced by LPS and/ < 0.01). The protective effects of DHA are supported by the
or DHA. The PPI network was constructed using the STRING database increased abundance of LRRC2S, which suppressed LPS-
version 11.0 with a minimum interaction score of 0.4 (default). The PPI induced phospho-NF-kB p6S expression in the DHA + LPS

network for 23 DAPs was constructed using cytoscape, with thicker
lines indicating stronger interactions. Three clusters were observed.

group (Figure SA). Similarly, DHA pretreatment significantly
inhibited LPS-induced TNF-a secretion (Figure SC). In a
primary cell model, LGALS9 was shown to enhance microglial
(also known as the p62 protein) is a signaling adaptor protein, TNF-a production by activating the TLR signaling.** In our
which has been shown geneticallgr and biochemically to activate study, LPS stimulation of LGALS9 was observed in ANOVA
NF-kB through targeting Ras.”” The Ras-MAPK pathway is data (p < 0.01) with increased abundance in LPS and slightly
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Figure S. Effects of DHA on LPS-induced phospho-NF-«B p6S, iNOS, TNF-a, and PGE2 in BV-2 microglial cells. BV-2 microglial cells were cultured
in six-well plates until 90% confluence. After being serum-starved for 3 h, DHA (20 #M) was added for 1 h and cells were stimulated with LPS for 16 h.
Cell medium was taken for ELISA assay and cells were lysed for Western blot analysis as described in the text. Representative Western blots are shown
in (A,B). The lanes correspond to the plot directly below. Results were obtained from a triplicate assay from a single passage and expressed as mean +
standard deviation (n = 3). Repeated experiments with different passages showed similar results. Analysis by one-way ANOVA followed by Tukey’s
post-tests. (A) Quantification of phospho-NF-kB p6S in BV-2 microglial cells under different treatments, “a” denotes significant differences (p =
0.0018) comparing control and LPS; “b” denotes significant differences (p = 0.0025) comparing DHA + LPS and LPS. (B) Quantification of iNOS to
p-actin ratio in BV-2 microglial cells under different treatments, “a” denotes significant differences (p < 0.0001) comparing control and LPS; “b”
denotes significant differences (p < 0.0001) comparing DHA + LPS and LPS. (C) Quantification of TNF-a in BV-2 microglial cells under different
treatments, “a” denotes significant differences (p < 0.0001) comparing control and LPS; “b” denotes significant differences (p < 0.0001) comparing
DHA + LPS and LPS. (D) Quantification of PGE2 in BV-2 microglial cells under different treatments, “a” denotes significant differences (p = 0.0001)

comparing control and LPS; “b” denotes significant differences (p = 0.0018) comparing DHA + LPS and LPS.

2241 https://dx.doi.org/10.1021/acs.jproteome.9b00792
J. Proteome Res. 2020, 19, 2236—2246


https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00792?fig=fig5&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.9b00792?ref=pdf

Journal of Proteome Research

attenuated abundance in LPS + DHA (Supplemental Material
S3—Table S1). However, the data for this protein did not pass
BH correction. Tyrosine-protein kinase (hematopoietic cell
kinase, HCK) was increased in the LPS group but less so in the
DHA + LPS group. HCK is a myeloid SRC-family kinase known
as a pro-survival kinase involved in TLR signaling"’ and has been
shown to be rapidly activated in response to LPSs related to
chemokine secretions.** Tapasin (TAPBP) was increased in the
LPS groups, decreased in the DHA group, and its LPS-increased
abundance attenuated by DHA in the LPS + DHA group and is
associated with the immune response associated with peptide
loading on the MHCI complex.”

3.4. Proteins Involved in Fatty Acid Metabolism

PUFAs including DHA and ARA are enriched in the
phospholipids in the brain.”” Interestingly, this proteomics
study unveiled the ability for DHA treatment to significantly
increase several DAPs that are associated with fatty acid
metabolism (Figure 6). Therefore, future studies should include
investigating the physiological role for these fatty acid-associated
proteins. Fish oil diets have been shown to affect the steroid
production in adult pig testis.*®

Different PLA,s are present in microglial cells and play an
important role in regulating the release of PUFAs from the
phospholipids.*” ARA can be metabolized by PTGS2 (COX-2)
to produce inflammatory prostaglandins (e.g,, PGE2).** PTGS2
can bind to nonsteroidal anti-inflammatory drugs, including
aspirin and ibuprofen.”” cAMP-regulated phosphoprotein 19
(ARPP19) is an inhibitor for protein phosphatase 2A (PP2A).
Previous findings showed LPSs to induce PP2A activation and
consequently increased PTGS2 expression in murine lymphatic
endothelial cells.”” LPSs were also found to induce PTGS2 and
microsomal PGE2 synthase through the NF-«kB pathway and
mitogen-activated protein kinases (MAPKs) in cultured
astrocytes.”’ Additionally, treatment of rat astrocytes with
DHA could negatively regulate prostaglandin synthesis because
of the inhibition of PTGS2.>> As COX-2 is induced under
inflammatory stress, inhibition of COX-2 provides beneficial
effects.” In our study, prostaglandin G/H synthase 2 (PTGS2/
COX-2) significantly increased with LPS treatment (actually not
detected in either control or DHA), and this upregulation was
diminished by DHA. In order to further confirm this finding,
ELISA showed the ability for LPS to increase levels of PGE2, and
pretreatment with DHA completely abrogated the LPS-induced
increase in PGE2 (Figure SD).

3.5. Proteins Involved in Response to a Bacterium

Interferon is a mediator of inflammatory responses induced by
bacterial endotoxin. Upon stimulation by LPSs, interferon can
interact with TLR4 and activate the JAK-STAT signaling
pathway, leading to the transcriptional regulation of interferon-
stimulated genes (ISGs), which is induced at the transcriptional
level through the actions of interferon regulatory factor 3
(IRF3).>* In this study, several interferon-induced DAPs were
increased under LPS treatment. IFIT3 belongs to the group of
ISGs, which is induced at the transcriptional level through the
actions of IRF3.”* In a recent study, interferon-activable protein
204 (IF1204) is recognized to be a critical component for
canonical LPS-induced TLR4 signaling in mice.*® E3 ubiquitin-
protein ligase DTX3L (DTX3L) and MORC family CW-type
zinc finger protein 3 (MORC3) have been implicated in
regulatin% JAK-STAT signaling for interferon signal trans-
duction.””* cis-Aconitate decarboxylase (ACOD1/IRG1) is an
immunoresponsive anti-inflammatory protein shown to pro-
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Figure 6. Schematic presentation of key BPs affected by LPS and/or
DHA in BV-2 cells. Pathways related to LPS and DHA perception and
other downstream cellular processes are shown. Key DAPs’ levels are
increased (red) and decreased (green) represented by boxes, with the
color indicating their log, fold-change. The order of the abundance in
the boxes are (from left): control, LPS, DHA, and DHA + LPS.
Abbreviations: 2'-5'-oligoadenylate synthase-like protein 1, OASLI;
cis-aconitate decarboxylase, ACOD1; Disco-interacting protein 2-B,
DIP2B; E3 ubiquitin-protein ligase, RNF213; glycerol-3-phosphate
phosphatase, PGP; helicase with zinc finger domain 2, HELZ2;
interferon-induced protein with tetratricopeptide repeats 3, IFIT3;
MARCKS-related protein, MARKS1/MRP; myeloid cell nuclear
differentiation antigen-like protein, MNDAL; nitric oxide synthase
inducible, NOS2; poly[ADP-ribose] polymerase 9, PARPY; prosta-
glandin G/H synthase 2, PTGS2; pyrin and HIN domain-containing
protein 1, PYHIN1; ribosomal oxygenase 2, RIOX2; sequestosome-1,
SQSTM1; sodium/potassium-transporting ATPase subunit alpha-3,
AT1A3; tapasin, TAPBP; tumor necrosis factor receptor superfamily
member 5, CD40; tyrosine-protein kinase, HCK; UMP-CMP kinase 2
mitochondrial, CMPK2; vacuolar protein sorting-associated protein 11
homolog, VPSI1.

mote endotoxin tolerance related to suppression of pro-
inflammatory response.59 In our study, it was clearly elevated
in cells treated with LPS; in fact it was not detected in either
control or DHA groups, but this LPS-mediated increase was
suppressed in the LPS + DHA group, suggesting a protective
effect of DHA. UMP-CMP kinase (CMPK2) is similarly
abundant in LPSs and suppressed in the LPS + DHA group
and has been shown respond to LPSs and appears to have
antiviral properties.”’

The study here indicated an ability for DHA to suppress the
expression of proteins involved in response to a bacterium,
further supporting the protective effects of DHA against LPS-
induced inflammation.
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3.6. Proteins Involved in the Ribosome Function

Ribosomes serve as a complex molecular machine responsible
for mediating protein synthesis to maintain cellular homeostasis.
There is evidence for LPSs to induce ribosome dysfunction (e.g.,
mRNA translation).’” Our results showed the abundance of
ribosomal proteins, including ribosomal oxygenase 2 (RIOX2/
MINA) and polyADP-ribose polymerase 9 (PARPY), was
increased in the LPS group. Some DAPs altered in our LPS-
treated microglia cells were also reported from previous
proteomic analysis of microglia-derived extracellular vesicles
(EVs).”” In the study by Yang et al,”> LPSs were observed to
alter secretion of EVs by the activation of ribosomal assembly
and translation, which may play a role in the detrimental
inflammatory responses in neurodegenerative diseases.

Ribosomal oxygenase 2 (RIOX2/MINA) is a histone lysine
demethylase important in TNFb signaling” and is associated
with cell proliferation in a number of cancers.”*®* It is increased
in the LPS group, but not detected in DHA or the LPS + DHA
group, again indicating a protective effect of DHA. Helicase with
the zinc-finger domain 2 (HELZ2) is a transcriptional activator
of peroxisome proliferator-activated receptor Y°° which appears
to be involved in responses to oxidative stress’” know to be
caused by LPS exposure.

4. CONCLUSIONS

Opverall, data from this proteomic study provided details about
multiple protein profiles and their corresponding pathways for
effects of DHA on LPS-stimulated BV-2 microglial cells (Figure
6). Studies with Western blots and ELISA analysis further
confirm the ability for DHA to ameliorate the oxidative and
inflammatory responses because of LPSs, including inhibition of
the NF-kB pathway, induction of iNOS, and production of
TNF-a and PGE2. In addition, this study provided new
information regarding the ability of DHA to enhance fatty
acid metabolism and altering effects of LPSs on mitochondrial
impairments. Taken together, these results form a new basis for
therapeutic strategies of DHA against inflammation..
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