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Abstract: Air pollution has become one of the most serious issues for human health and has
been shown to be particularly concerning for neural and cognitive health. Recent studies suggest
that fine particulate matter of less than 2.5 (PM2.5), common in air pollution, can reach the brain,
potentially resulting in the development and acceleration of various neurological disorders including
Alzheimer’s disease, Parkinson’s disease, and other forms of dementia, but the underlying pathological
mechanisms are not clear. Astaxanthin is a red-colored phytonutrient carotenoid that has been
known for anti-inflammatory and neuroprotective effects. In this study, we demonstrated that
exposure to PM2.5 increases the neuroinflammation, the expression of proinflammatory M1, and
disease-associated microglia (DAM) signature markers in microglial cells, and that treatment with
astaxanthin can prevent the neurotoxic effects of this exposure through anti-inflammatory properties.
Diesel particulate matter (Sigma-Aldrich) was used as a fine particulate matter 2.5 in the present
study. Cultured rat glial cells and BV-2 microglial cells were treated with various concentrations of
PM2.5, and then the expression of various inflammatory mediators and signaling pathways were
measured using qRT-PCR and Western blot. Astaxanthin was then added and assayed as above
to evaluate its effects on microglial changes, inflammation, and toxicity induced by PM2.5. PM2.5
increased the production of nitric oxide and reactive oxygen species and upregulated the transcription
of various proinflammatory markers including Interleukin-13 (IL-13), Interleukin-6 (IL-6), Tumor
necrosis factor o« (TNF«), inducible nitric oxide synthase (iNOS), triggering receptor expressed on
myeloid cells 2 (TREM2), Toll-like receptor 2/4 (TLR2/4), and cyclooxygenase-2 (COX-2) in BV-2
microglial cells. However, the mRNA expression of IL-10 and arginase-1 decreased following PM2.5
treatment. PM2.5 treatment increased c-Jun N-terminal kinases (JNK) phosphorylation and decreased
Akt phosphorylation. Astaxanthin attenuated these PM2.5-induced responses, reducing transcription
of the proinflammatory markers iNOS and heme oxygenase-1 (HO-1), which prevented neuronal
cell death. Our results indicate that PM2.5 exposure reformulates microglia via proinflammatory M1
and DAM phenotype, leading to neurotoxicity, and the fact that astaxanthin treatment can prevent
neurotoxicity by inhibiting transition to the proinflammatory M1 and DAM phenotypes. These results
demonstrate that PM2.5 exposure can induce brain damage through the change of proinflammatory
M1 and DAM signatures in the microglial cells, as well as the fact that astaxanthin can have a potential
beneficial effect on PM2.5 exposure of the brain.
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1. Introduction

The term “air pollution” refers to a complex mixture of substances, including particulate matter
(PM), carbon monoxide, lead, nitrogen dioxide, and sulfur dioxide, among others, known to be
detrimental to human health [1]. On the basis of size and aerodynamic properties, PM can be classified
as PM10 (<10 pM), PM2.5 (<2.5 uM), and ultrafine particulate matter (<0.1 uM) [2]. PM2.5 particles
originate from various sources including oil refineries, metal processing facilities, tailpipe and brake
emissions from mobile sources, power plants, and residential fuel combustion. PM2.5 is one of the
most harmful materials to our health, and for this reason, it is also the most commonly evaluated
type of air pollution. Once inhaled, PM2.5 can induce damage throughout the body and is not
easily and shortly removed from the body. Most studies on PM2.5 have focused on respiratory and
cardiovascular damage, but it is increasingly likely that PM2.5 may affect tissues beyond the respiratory
system. PM2.5 enters the human body through various pathways and has been linked to pathological
effects in the central nervous system (CNS). PM2.5 can destroy the integrity of the blood—brain barrier
(BBB), allowing for increased access to the sensitive neural tissues and increased peripheral systemic
inflammation. PM2.5 has also been linked to damage in the olfactory neurons [3] with supporting
epidemiological studies of long-term exposure to PM2.5. These particles infiltrate through the lungs,
resulting in neurodegenerative diseases, type-2 diabetes, obesity, respiratory infection, cardiovascular
disease, systemic inflammation, and metabolic syndrome [1,4]. Recently, a study reported that PM2.5
can gain access to the gastrointestinal tract via the gut microbiota, exacerbating injuries to the CNS and
inducing various neurodegenerative diseases including Alzheimer’s disease (AD) [5].

Microglia are the resident innate immune cells of the central nervous system that play a critical
role in both normal and pathological conditions. Neuroinflammation following microglia activation
is considered a double-edged sword that can exert either neuroprotective or neurotoxic effects in
the brain [4,5]. Microglia are the first line of host defense against various neuronal injuries and/or
other stimuli, releasing either proinflammatory mediators such as proinflammatory cytokines, reactive
oxygen species, nitric oxide (NO), nerve growth factor, and chemotactic cytokines inducing the
neuronal toxicity or anti-inflammatory factors preventing neuronal damage [6]. Microglia exert
beneficial effects in mediating the neuronal development and brain homeostasis maintenance. When
the brain is injured or affected by brain diseases, “resting” microglia transform into “activated microglia”
through a series of cellular and molecular changes [7,8]. Different stimuli produce different microglial
phenotypes that can be classified as classical, either M1 or M2. M1 microglia increase proinflammatory
responses in the brain while M2 microglia induce neuroprotective effects, playing an anti-inflammatory
role. Previously, many studies have demonstrated that an imbalance in microglial polarization
through the excessive activation of M1 microglia or inhibition of M2 microglia may promote the
development and progression of various neuronal disorders and neurodegenerative diseases such as
AD. Recent studies suggest the existence of disease-associated microglia (DAM), a recently identified
subgroup of CNS microglia found in neurodegeneration, chronic neuroinflammatory states, and
advanced aging [6,9]. This is a distinct phenotype that challenges the classical view of the microglia
polarization, proinflammatory M1, and immunosuppressive M2 state. In disease conditions including
AD, homeostatic microglial phenotype changes into proinflammatory DAM and anti-inflammatory
DAM through triggering receptor expressed on myeloid cells 2 (TREM2) checkpoint. DAM has a dual
role, immunosuppressive and inflammatory, in disease progression, including AD. These roles involve
the TREM2 expression and control microglial activity and survival [6], while several variants of TREM2
increase the developing late-onset AD. In the earlier stage of AD, increased levels of TREM2 may be
a neuroprotective role associated with amyloid clearance. In more advanced stages of the disease,
involving TREM2-expressing microglia, DAM has been shown to cause extensive inflammation and
neurodegeneration [10,11].

Therefore, microglia-mediated neuroinflammation is a hallmark of various neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS) [12-14]. Modulation of microglial polarization toward the anti-inflammatory
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DAM phenotype could be an effective therapeutic and preventive strategy for the treatment of
neuroinflammatory and neurodegenerative diseases resulting from various environmental factors,
including air pollution, especially PM2.5. However, it is still unclear as to whether exposure to PM2.5
directly results in the polarization into proinflammatory M1 and DAM phenotype.

Astaxanthin (3,3’-dihydroxy-f3,’-carotene-4,4’-dione, ATX) is a natural xanthophyll carotenoid
found in many marine organisms including Haematococcus pluvialis, Chlorella zofingiensis, Chlorococcum,
and Phaffia rhodozyma [15,16]. It has been reported to exert anti-inflammatory, antioxidant, and
neuroprotective effects [17-19], and the results from various experimental models have shown
that these effects are associated with the reduced expression of pro-inflammatory cytokines and
the reduced production of reactive oxygen species (ROS) and free radicals [17,20]. Owing to its
multiple beneficial effects, ATX is under investigation for its protective effects against inflammatory
and immunomodulatory responses, diabetes, cardiovascular damage, neuronal damage, aging, and
cancer [15,20,21]. In general, ATX exerts its anti-inflammatory function by reducing the expression of
pro-inflammatory cytokines through the inhibition of Nuclear factor-«B (NF-«B) activation [22,23],
as well as its antioxidative effects via a NF-E2-related factor 2 (Nrf2)-mediated mechanism [17,24].
However, although ATX plays a critical role in the prevention of oxidative stress and inflammatory
response, the effects of ATX on particulate matter-induced -microglial activation are yet to be determined.
Therefore, we sought to demonstrate the mechanism underlying PM2.5-induced brain damage and
evaluate the effect of ATX treatment on the microglial activation. Our results suggest the novel
therapeutic strategy for preventing particulate matter-induced brain damage.

2. Results

2.1. PM2.5 Increased Neuroinflammation via Microglial Activation

Previously reported data showed that exposure to PM2.5 increases inflammation and oxidative
stress in respiratory systems including in the lung and alveoli. We investigated whether PM2.5 exposure
increased inflammation in brain cells such as the microglia. To investigate the effects of PM2.5 on brain
cells, we used diesel particulate matter (DPM) provided by Sigma-Aldrich Ltd. as a PM2.5 alternative.
Mixed rat glial cells were treated with 5, 25, 50, and 100 pg/mL DPM dissolved in 0.02% DMSO and
sonicated for 30 min freshly. We observed significant accumulation of the particulate matter around the
microglia with density closely related to dose from 25 pg/mL PM2.5 to 100 pg/mL PM2.5 (Figure 1A).
To investigate the effects of PM2.5 on microglial activation, we evaluated the effects of PM2.5 treatment
on the inflammatory response in BV-2 microglial cells. PM2.5 treatment increased ROS and NO
production in BV-2 microglial cells. Interestingly, PM2.5 treatment also significantly upregulated NO
release from 1 h (Figure 1B). However, lipopolysaccharide (LPS; O111:B4), a well-known as NO and
inflammatory response inducer, did not exhibit the same results at that time (data not shown). PM2.5
treatment increased ROS production, which was measured using 2’,7’-Dichlorofluorescin Diacetate
(DCF-DA) fluorescence (Figure 1C). To evaluate the effect of PM2.5 treatment on cell viability, we
treated mixed rat glial cells with different concentrations of PM2.5 (5, 25, 50, 100 pg/mL) and measured
the cell viability by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay. PM2.5
treatment reduced cell viability in a dose-dependent manner (Figure 1D). These results indicate that
PM2.5 exposure results in the rapid induction of the inflammatory response and microglial activation.
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Figure 1. The toxic effects of PM2.5 treatment on cultured glial cells. Rat primary cultured glial cells
were treated in Dulbecco’s modified Eagle’s medium (DMEM)/F12 with increasing concentration of
PM2.5 (5, 25, 50, 100 ug/mL) for 24 h. (A) Toxic effects of PM2.5 in cultured glial cells. After 24 h, cell
morphology was measured by phase contrast imaging. Bar size = 50 um. (B) High magnification. Scale
bar = 50 pm. (C) Nitrite production in the medium was assessed using Griess reagent. Rat primary
cultured glial cells were incubated in DMEM/F12 with increasing concentration of PM2.5 (1, 5, 25,
50, 100 pug/mL) for each incubation time. (D) Intracellular reactive oxygen species (ROS) production
was measured by 2’,7’-Dichlorodihydrofluorescein diacetate (HyDCE-DA) fluorescence (490/530 nm).
(E) Effect on cell viability was measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (MTT) assay. Rat primary cultured glial cells were incubated in DMEM/F12 with increasing
concentration of PM2.5 (5, 25, 50, 100 ng/mL) for 24 h. Data represent means + SEM. (n = 4) * p < 0.05,
**p <0.01, ** p < 0.001, *** p < 0.0001; veh (0.1% DMSO) vs. PM2.5.

2.2. PM2.5 Increased the Transcription of Proinflammatory M1 and DAM Phenotype Molecules, and Decreased
the Expression of Anti-Inflammatory Genes

The results above demonstrated that PM2.5 treatment induced inflammatory responses in rat
glial cells. Therefore, we investigated whether microglia phenotype change can be induced by
exposure to PM2.5 in BV-2 microglial cells. We measured the gene expression profiles of various
inflammatory cytokines as M1 markers; the gene expression of Interleukin-10 (IL-10) and arginase-1
as anti-inflammatory marker genes; and the gene expression of TREM2, TLRs, and COX-2 as
proinflammatory DAM phenotype markers using qRT-PCR. To measure the mRNA expression
of total cellular TNFe, IL-6, IL-1f3, iNOS, and COX-2, we incubated BV-2 microglial cells in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 with increasing concentrations of PM2.5 (5, 10, 25 ug/mL) for
4 h. To measure the gene expression of IL-10, arginase-1, TREM2, TLR2/4, and COX-2, we treated
cells with PM2.5 (5, 10, 25 pg/mL) for 24 h. Exposure to PM2.5 increased the gene expression of
inflammatory M1 markers such as IL-13, TNF«, IL-6, and iNOS, as well as the gene expressions
of proinflammatory DAM phenotype factors such as TREM2, TLR2/4, and COX-2, while reducing
the expression of anti-inflammatory genes including IL-10 and arginase-1 (Figure 2). These results
indicated that PM2.5-inudced inflammation is associated with the change of microglia signature via
the upregulation of the proinflammatory molecules. Taken together, our data suggest that PM2.5
promotes the excessive inflammation through signature change into the proinflammatory M1 and
DAM phenotype in microglial cells.
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Figure 2. Effect of PM2.5 treatment on the mRNA expression of proinflaimmatory M1 and
disease-associated microglia (DAM) phenotype molecules and anti-inflammatory markers in BV-2
microglial cells. BV-2 microglial cells were incubated in DMEM/F12 increasing concentration of PM2.5
(5, 10, 25 pug/mL) for 1 h and 24 h. (A-D) Effect on the mRNA expression of proinflammatory M1
marker genes. (E-H) Effect of the mRNA expression of DAM phenotype. (I]J) Effect on the mRNA
expression of anti-inflammatory markers. Expression of total cellular of TNF«, IL-6, IL-13, IL-10,
arginase-1, triggering receptor expressed on myeloid cells 2 (TREM2), COX-2, TLR2, and TLR4 mRNA
quantified by qRT-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were measured
as an internal control. Data represent means + SEM. (n = 4) * p < 0.05, ** p < 0.01, ** p < 0.001,
3% p < 0.0001; veh vs. PM2.5.

2.3. ATX Treatment Inhibited PM2.5-Induced Neuroinflammation in BV-2 Microglial Cells

There are accumulating pieces of evidence supporting the application of ATX as potential
antioxidant and anti-inflammatory compounds [15,17,20]. Here, we examined the protective effects
of ATX on PM2.5-induced neuroinflammation in BV-2 microglial cells. To investigate the protective
effects of astaxanthin on PM2.5-induced neuroinflammation, we added ATX to culture media of BV-2
microglial cells for 4 h and then these cells were treated with PM2.5. ATX treatment decreased the
expression of various inflammatory cytokines including IL-13, TNF«, and IL-6 increased by PM2.5
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treatment as the level of vehicle control (Figure 3). Additionally, the gene expression of TREM2,
TLR2/4, and COX-2 increased by PM2.5 treatment was inhibited by ATX treatment, whereas the
gene expression levels of IL-10 and arginase-1 decreased by PM2.5 were restored by ATX treatment.
These results demonstrate that ATX can inhibit PM2.5-induced neuroinflammation via reformulating

anti-inflammatory microglia signature.
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Figure 3. Effects of astaxanthin on PM2.5-induced microglial signature in BV-2 microglial cells. BV-2
microglial cells were treated with ATX (1, 10 pg/mL, astaxanthin). After 4 h, PM2.5 (50 pg/mL) was
added in cultured media for 4 h and 24 h. (A) Expression of total cellular of TNF«, IL-6, IL-1f3, IL-10,
and arginase-1 mRNA were measured by RT-PCR. GAPDH levels were measured as a loading control.
(B) The graph represents quantification data of RT-PCR. (C) Gene expression of DAM phenotype was
measured by gqRT-PCR. Data represent means + SEM. (n = 4) * p < 0.05, **** p < 0.0001, veh vs. PM2.5,
#p < 0.05, ###H p < 0.0001; PM2.5 vs. PM2.5 + ATX.

To further verify the inhibitory effects of ATX on PM2.5-induced neuroinflammation in BV-2
microglial cells, we examined cell viability, NO production, iNOS, and heme oxygenase-1 (HO-1)
mRNA and protein expression. PM2.5 exposure in BV-2 microglial cells increased NO production,
which was inhibited following ATX treatment. Increasing NO production following PM2.5 exposure
was supported by increases in the expression of iNOS at both the transcript and protein levels,
with ATX inhibiting both this iNOS and the inflammatory cytokine expression associated with
increased neuroinflammation. In addition, for HO-1, a stress-induced protein, transcription and
protein expression was significantly increased following PM2.5 treatment, and ATX treatment was
shown to inhibit both the transcription and expression of the HO-1 protein, reversing another effect
of PM2.5 treatment (Figure 4A-C). PM2.5 decreased cell viability, while ATX treatment prevented
PM2.5-induced cell toxicity in BV-2 microglial cells. In addition, we examined whether PM2.5 induces
microglial activation using ionized calcium-binding adapter molecule 1 (Iba-1, a microglia-specific
marker) staining. These results showed that PM2.5 treatment increased Iba-1 staining in cells, as well
as morphological change, confirming our belief that PM2.5 exposure increases microglia activation.
However, ATX treatment prevented the increase in the length of the cytoplasmic process induced by
PM2.5 treatment in BV-2 microglial cells (Figure 4D,E). Taken together, these results suggest that PM2.5
exposure enhances oxidative stress and inflammation in microglia cells, and ATX treatment can inhibit
this PM2.5-induced neuroinflammation.
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Figure 4. Effects of astaxanthin on PM2.5-induced microglial inflammatory response in BV-2 microglial
cells. BV-2 microglial cells were treated with ATX (1, 10 ug/mL, astaxanthin). After 4 h, PM2.5 (50 pug/mL)
was treated in cultured media for 24 h. (A) Expression of total cellular of iNOS and heme oxygenase-1
(HO-1) mRNA were measured by RT-PCR. GAPDH levels were measured as a loading control. (B) The
level of total cellular iNOS and HO-1 protein was determined by Western blot using specific antibody
against iNOS and HO-1. 3-Actin levels were measured as a loading control. (C) Nitrite production
was measured using Griess reagent. (D) Cell viability was measured by MTT assay. (E) Microglial
activation by immunocytochemistry using the microglial-specific antibody Iba-1. Bar size = 50 pm.
Data represent means + SEM. (n = 4) * p < 0.05, ** p < 0.01, *** p < 0.0001; veh vs. PM2.5, # p < 0.05,
##p < 0.01, #H# p < 0.001, PM2.5 vs. PM2.5 + ATX.

2.4. ATX Decreased PM2.5-Induced p]NK Activation and Increased Akt Phosphorylation

To investigate the signaling pathways associated with PM2.5-induced neuroinflammation,
we examined the expression and phosphorylation of various Mitogen-activated protein kinase (MAPK),
including Extracellular Signal Regulated Kinase (ERK), p38, and c-Jun NH2-terminal kinase (JNK),
using Western blot. PM2.5 exposure increased JNK phosphorylation about threefold but there was
no change in p38 or ERK activation. Additionally, PM2.5 exposure decreased Akt phosphorylation
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while ATX treatment inhibited JNK activation and increased Akt activation (Figure 5). To verify the
association between JNK activation and PM2.5-induced inflammatory mediators, we evaluated the
effect of SP600125, a JNK inhibitor, on iNOS and HO-1 expression. These results showed that SP600125
treatment (10 pM) inhibited the expression of both proteins in PM2.5-treated cells.
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Figure 5. Effects of astaxanthin on PM2.5-induced JNK and Akt phosphorylation in BV-2 microglial
cells. (A,B) Cultured cells were treated with ATX (1, 10 pg/mL, astaxanthin). After 24 h, PM2.5
(50 pg/mL) was treated in cultured media for 30 min and was harvested for Western blot analysis.
Immunoblots of lysates were probed with phospho-ERK, phospho-JNK, phospho-p38 antibodies, and
phospho-Akt. As a loading control, total ERK/JNK/p38/Akt levels were measured. Data represent
means + SEM. (n = 4), ** p < 0.01; veh vs. PM2.5, # p < 0.05, ## p < 0.01;, PM2.5 vs. PM2.5 + ATX.

To evaluate the relationship with NF-«B, Nrf2, and neuroinflammation following PM2.5 exposure,
we measured their effect on the regulation of iNOS and HO-1 expression. PM2.5 increased the nuclear
translocation of NF-kB and Nrf2 in BV-2 microglial cells, while ATX treatment inhibited NF-«B and
Nrf2 translocation (Figure 6). These results suggest that PM2.5 increases the nuclear translocation of
NF-«B and Nrf2, resulting in increased expression of various inflammatory mediators, and that the
inhibition of these signals is part of the mechanism underlying the effects of ATX treatment.
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Figure 6. Effects of JNK inhibitor on PM2.5-induced inflammatory mediators in BV-2 microglial cells.
BV-2 microglial cells were treated with SP60015 (a specific inhibitor of JNK, 10 uM). After 30 min,
PM2.5 (50 pg/mL) was treated in cultured media for 24 h and was harvested for Western blot analysis.
(A,B) Expression of total cellular of iNOS and HO-1 protein. (3-Actin levels were measured as a
loading control. (C) Effects of astaxanthin on PM2.5-induced inflammatory transcription factors in
BV-2 microglial cells. BV-2 microglial cells were treated with ATX (1, 10 pg/mL, astaxanthin). After 24 h,
PM2.5 (50 ng/mL) was treated in cultured media for 4 h and was harvested for subcellular fraction
of NF-E2-related factor 2 (Nrf2) and NF-«B. The nuclear translocation level of Nrf2 and p65 protein
was determined by Western blot using specific antibody against Nrf2 and p65. GAPDH for cytosolic
fraction and H3 for nuclear fraction levels were measured as a loading control. (D) The graph represents
quantification data of Western blot. Data represent means + SEM. (n = 4), ** p < 0.01; veh vs. PM2.5,
#p < 0.05, PM2.5 vs. PM2.5 + ATX.

2.5. Astaxanthin Inhibited Neuronal Cell Death through PM2.5-Induced Microglial Activation

To investigate whether PM2.5 exposure increases neuronal cell death through the microglial
activation and whether ATX prevents PM2.5-induced neuronal cell death, we used two model systems:
mixed cultured neurons with glia and primary cortical neurons without glia. In mixed cultured neurons
with glia, we treated PM2.5 and ATX in culture media. On the other hand, either microglia-conditioned
media with PM2.5 (MCMP) or microglial conditioned media with PM2.5 and ATX (MCMA) was added
in rat primary cortical neurons. Mixed cultured neuron with glial cells were treated with ATX for 4 h
and then added with PM2.5 directly. PM2.5-treated microglial conditioned medium (MCMP) and
microglia conditioned medium treated with PM2.5 and ATX (MCMA) were added to rat primary
cortical neurons for 24 h. Cell viability was measured by MTT assay. PM2.5 exposure increased
neuronal cell death in mixed cultured neurons with glia, while ATX prevented PM2.5-induced toxicity.
In addition, MCM stimulated by PM2.5 (MCMP) significantly increased neuronal cell death, while
MCM-treated ATX (MCMA) inhibited neuronal cell death (Figure 7). These results indicate that PM2.5
exposure induces neuronal cell death via microglial activation, as well as the fact that ATX treatment
can inhibit this PM2.5-induced neuronal damage.
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Figure 7. Effects of astaxanthin on PM2.5-induced cell death in rat primary cultured cortical neurons.
(A) Mixed cultured neurons with glia were treated with ATX (1, 10 pg/mL, astaxanthin) for 4 h. PM2.5
(100 pg/mL) was treated in cultured media for 24 h and was added to MTT solution for MTT assay.
***x p < 0.0001; veh vs. PM2.5, ## p < 0.01; PM2.5 vs. PM2.5 + ATX. (B) Rat primary cortical neurons
without glia were treated with PM2.5-treated microglial conditioned medium (MCMP) and microglial
conditioned media treated with PM2.5 and ATX (MCMA) for 24 h. Data represent means + SEM.
(n=4). *p<0.01; MCM vs. MCMP, ## p < 0.01; MCMP vs. MCMA.

3. Discussion

Air pollution is closely associated with the development of several adverse effects on the human
body throughout life, having been linked to decrease in function of several organs including the
brain, where it has been associated with an increased risk of developing neurodevelopment disorders
including autism spectrum disorder and neurodegenerative disorders such as dementia [25-28].
Recently, studies evaluating the extensive toxicity mediated by air pollution, especially particulate
matter (PM2.5), have shown that these particles via several different routes, including a direct way
by inhalation or ingestion and indirect routes by systemic responses in the human body, reach the
brain and then damage the parenchyma of the CNS through the blood-brain barrier (BBB) [29,30].
In the adult brain, PM2.5 passes through the BBB, inducing the inflammatory responses via (1) glial
activation [31-33], (2) amyloid toxicity [34,35], and (3) altered expression of the glutamatergic pathway
genes [25,36]. Many studies on air pollution have focused on the effects of inhaled pollution in
the respiratory systems, especially on the nose and lungs. Interestingly, gestational exposure to
air pollutants such as PM2.5 can induce glial activation [33,37], impairment of myelination [38],
attenuation of adult neural stem cell [39], and increased observation of depressive behaviors [40].
In this study, we sought to determine whether PM2.5, modeled by DPM, might lead to microglial
activation and polarization in the CNS and whether ATX could be a candidate for therapeutic or
preventive interventions.

We observed the accumulation of PM2.5 around the microglia in mixed glial cells developed from
a combination of rat primary astrocytes and microglia. Microglia are activated in response to various
stimuli, including amyloid beta (Af), x-synuclein, cytokines, neuronal death, and environmental
toxins, especially components of air pollution such as PM2.5 [41,42]. A previous study used diesel
exhaust particles (DEP), a type of PM derived from diesel fossil fuels and combustible engines, to
show that microglia are activated by PM treatment in vitro [42,43]. Microglia treated with DEP
were activated and underwent morphological changes, also displaying an increase of superoxide
production, TNFx production, and NO production. Our results indicated that PM2.5 treatment
enhanced microglial activation, even after a limited exposure, increasing the mRNA expression of
proinflammatory molecular markers, including IL-6, IL-13, TNF«, iNOS, COX-2, TREM2, and TLR2/4,
while decreasing the mRNA expression of anti-inflammatory markers of IL-10 and Arg-1. In this
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study, our results demonstrated that PM2.5 treatment significantly enhanced the induction of the
proinflammatory M1 and DAM phenotype through TREM2 and TLR2/4 and inhibited the development
of the anti-inflammatory phenotype. As the first line of defense in the brain, the balance between
proinflammatory and anti-inflammatory phenotypes of microglia in the brain is crucial for regulating
the inflammatory responses. Previous studies have shown that PM affects pro-inflammatory cytokine
release in M1 phenotype and the anti-inflammatory response in M2 phenotype microglia [43-45].

Recent studies suggest DAM as a new population of microglia under different disease conditions,
which has challenged the classical view of microglia polarization, proinflaimmatory M1, and
immunosuppressive M2 state [12,46,47]. In neurodegenerative diseases such as AD and PD,
microglia-mediated neuroinflammation and oxidative stress are involved in detrimental events. Besides
the classical category of microglia polarization, recent studies have shown microglia polarization
states such as DAM, a recently identified subset of microglia. DAM is a unique phagocytic microglia
phenotype associated with disease conditions, including AD, and they have TREM2 (triggering
receptor expressed on myeloid cells 2)-dependent roles [48]. Recent findings have shown that TREM2
represents a promising candidate for AD susceptibility and progression, but the association between
TREM2 and AD risk was found to be quite different among ethnicities and populations. Endogenous
ligands of TREM2 include Af, apolipoprotein E, and galectin-3. These ligands induce a microglia
polarization to the DAM phenotype. Microglia polarization is increased with oxidative stress in
neurodegenerative disease, chronic neuroinflammatory states, and advanced aging. In our study,
PM2.5 induced the microglial polarization into proinflammatory M1 state combined with the DAM
phenotype. Our results showed that PM2.5 can be a pleiotropic ligand of the DAM phenotype as
well as the classical proinflammatory M1 state. Several reports demonstrate that PM2.5 exposure can
increase the risk of AD. Our results suggest that PM2.5 exposure can promote the development of
neurodegenerative diseases including AD, which is associated with proinflammatory DAM phenotype
combined with M1 state and promotes excessive inflammation. In addition, our results prove that ATX
can be a potential therapeutic candidate by targeting decreased proinflammatory DAM and increased
anti-inflammatory microglia phenotype.

To further investigate the regulatory mediator of M1 polarization induced by PM2.5, we examined
the potential roles of iNOS and HO-1, which are known to be inflammatory and anti-inflammatory
mediators. Interestingly, our data showed that PM2.5 exposure significantly increased both iNOS and
HO-1 expression in BV-2 microglial cells. This indicates that PM2.5 is a potent inducer of inflammation
in the CNS. Lipopolysaccharide (LPS), a well-known inflammatory inducer in macrophages as well
as microglia, also induces the expressions of iNOS [49] and HO-1 in microglia. Pretreatment with a
HO-1 inhibitor, SnPP, significantly increased both LPS-induced iNOS expression and NO production,
and inhibition of HO-1 activity by SnPP prevented LPS-induced microglial activation [50]. The
interaction between NO and HO-1 plays a critical role in modulating the adaptive response of activated
microglia [51], and both iNOS and NO are well known mediators of the inflammatory response in
microglial and neuronal cells. Nitric oxide increases oxidative stress by various stimuli and generates
more toxic products including peroxynitrite (ONOQO"), which ultimately leads to neurotoxicity and
brain damage. Agents that increase NO production also increase the expression of HO-1, and the
production of ONOO™ is important in the NO-mediated modulation of HO-1 [51,52].

HO-1 plays a role in the regulation of the inflammation and redox status of cells and its expression
is upregulated in response to oxidative stressors such as metal ions and LPS. HO-1 plays a dual
role in several cellular responses including oxidative stress, cellular injury, and diseases [50]. HO-1
catabolizes heme into biliverdin/bilirubin, carbon monoxide, and ferrous iron, which commonly play a
protective role in various disease conditions including in the development of several neurodegenerative
diseases [53,54]. However, recently there has been an increase in the number of studies that describe
a more destructive role for HO-1. These studies show that HO-1 is a critical mediator of ferroptosis
induction through the excessive accumulation of cellular iron and severe lipid peroxidation, which
has been shown to be a causative factor in the progression of several diseases [55,56]. A Janus-faced
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role for HO-1 has been shown in that both tin(IV)-protoporphyrin (SnPP) as a HO-1 inhibitor and
cobaltic(Il)-protoporphyrin (CoPP) as a HO-1 activator induce HO-1 expression in rat liver [57]. In this
study, PM2.5 (DPM) dramatically increased the expression of inducible HO-1 and iNOS/NO. Treatment
with HO-1 inhibitor SnPP inhibited the PM2.5-induced cell death (data not shown), and our data
indicate that increased HO-1 expression by PM2.5 augments inflammation and reinforces the feedback
loops, trapping the cells in hyperinflammation through a vicious cycle.

Further, our results indicate that PM2.5 induced HO-1 protein expression via the Nrf2 transcription
factor and that ATX treatment decreased both Nrf2 and HO-1 expression. NF-E2-related factor 2 (Nrf2)
is a transcription factor that plays a critical role in defending against oxidative stress by increasing
the production of antioxidant enzymes such as heme oxygenase-1 (HO-1) and NAD(P)H: quinone
oxidoreductase 1 (NQOL1) [17,58]. Recently, it has been reported that Nrf2 has a pivotal role in
inflammation [59]. Nrf2 is involved in inflammatory diseases via regulating NLR family pyrin domain
containing 3 (NLRP3) inflammasome activity. Additionally, the activation of the Nrf2 pathway is
associated with pro-inflammatory signaling pathways and the inhibition of the NF-«B signaling
pathway [60]. Decreases of Nrf2 after exposure to DEP extracts (DEPe) maintained the LPS-induced
IL-6 expression in macrophages [45]. ATX decreased LPS-induced Nrf2 mRNA expression, however,
Nrf2 nuclear translocation was increased following ATX treatment in LPS-stimulated Raw264.7
macrophages [17,24,61]. These different cellular functions may be related to differences in the various
regulatory pathways in these cell models. In a mouse sepsis model, Nrf2 disruption after DEPe
exposure was related to changes in the regulation of IL-6 expression through NF-«kB activation [62].
In this study, we found that ATX repressed PM2.5-stimulated Nrf2 protein expression in BV-2 microglial
cells, and a previous study showed that H,O; treatment induced endogenous Nrf2 expression in rat
cardiomyocytes [63]. Many reports have demonstrated that Nrf2 plays a crucial role in regulating
intracellular redox homeostasis by activating the antioxidative system [17,64]. Macrophages from Nrf2
Knockout (KO) mice showed no increase in ROS production following LPS stimulation. However, LPS
treatment increased the inflammatory response via increased IL-6 and IL-13 mRNA expression in Nrf2
KO mice. These results demonstrate that Nrf2 also plays a critical role in mediating the inflammatory
response, although it can prevent ROS accumulation and oxidative stress by activating the antioxidant
enzymes. In this study, our results show that ATX treatment decreased the inflammatory response
induced by PM2.5 treatment in BV-2 microglia. Surprisingly, the inhibitory effects of ATX treatment
on PM2.5-induced inflammatory responses might be mediated by the inhibition of inflammatory
mediators such as HO-1 and iNOS via changes in the expression of Nrf2 and NF-«kB. Therefore, our
results indicate that Nrf2 might be a critical player in the mediation of the inflammatory response,
despite its potential role in the antioxidative response facilitated by HO-1.

4. Materials and Methods

4.1. Materials

Materials used in this study were sourced as follows: Dulbecco’s modified Eagle’s
medium (DMEM)/F12, neurobasal medium (NBM), penicillin-streptomycin (P/S), 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA), horse serum (HS), and fetal bovine serum (FBS) were sourced
from Gibco BRL (Grand Island, NY, USA). Dimethyl sulfoxide (DMSQO) was sourced from Invitrogen
(Carlsbad, CA, USA), and ECL Western blotting detection reagent was bought from iNtRON Biotech
(Seoul, Korea). The PM2.5 (diesel particulate matter) (NIST1605b), lipopolysaccharide (LPS; O111:B4),
and anti-B-actin were sourced from Sigma-Aldrich (St. Louis, MO, USA), while the anti-iINOS was
sourced from Abcam (Cambridgeshire, United Kingdom). The anti-phospho-ERK, anti-phospho-JNK,
anti-phospho-p38, anti-phospho-Akt, anti-ERK, anti-]NK, anti-p38, and anti-Akt antibodies were all
sourced from Cell Signaling Technology (Danvers, MA, USA), and the anti-heme oxygenase-1 (HO-1)
was bought from Invitrogen.
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4.2. Cell Culture and Drug Treatment

BV-2 cell lines were derived from immortalized murine neonatal microglia and the cells were grown
in high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% heat-inactivated
FBS, 100 units/mL penicillin, 100 mg/mL streptomycin, and 2 mM glutamine (Gibco BRL, Grand Island,
NY, USA). The cells were seeded at 2 x 10° cells/mL in 24-well or 6-well plates (TPP, Switzerland) and
incubated at 37 °C in humidified 5% CO, and 95% air.

For mixed cortical neuron culture with glia, we purchased pregnant Sprague-Dawley rats from
Orient Bio (Gyeonggi, Korea), and primary cortical neurons were isolated from embryonic day-17
(E17) cortices of Sprague Dawley (SD) rat embryos, as described previously [65]. Briefly, the cortex
was mechanically dissociated and gently triturated in the culture medium (minimal essential media).
Then, the cells were seeded at 2 x 107 cells/mL onto 50 pg/mL poly-d-lysine (PDL)-coated plates in
the culture medium supplemented with 5% HS, 5% FBS, and 2 mM L-glutamine. The cultures were
maintained at 37 °C in a humidified 5% CO; incubator and cultured media was changed every 2 days.
The cultured cells were used after 8 days of in vitro differentiation.

Primary cortical neurons were isolated from the cerebral cortex of embryonic day 17 (E17) SD rats.
Cortical cell suspension was seeded on the poly-D-lysine-coated plate (50 ug/mL) and incubated at
7 x 10° cells/mL onto 50 pg/mL poly-d-lysine (PDL)-coated plates in NBM with B27 and L-glutamine
in a 95% CO; incubator at 37 °C for 10 days, and media were half-replaced with fresh media every
3 days.

Mixed rat glial cultures were prepared from the prefrontal cortices of 2-day-old AD rat pus. Cell
suspensions were seeded onto poly-D-lysine (20 ng/mL)-coated plates and the cultures were maintained
in DMEM/F12 with 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Confluent cells were sub-cultured by re-plating at low density (2.5 x 10° cells/mL) in 24-well or 6-well
plates (TPP, Trasadingen, Switzerland). Cells that reached confluence at 5 days after subculture were
used for this study. Animal experimental procedures were carried out following the protocols approved
by the Institutional Animal Care and Use Committee (IACUC) of Konkuk University (KU19137).

Astaxanthin (ATX) was provided as 97% Haematococcus pluvialis extracts from Korean Drug Co.,
LTD (Seoul, Korea). Cultured cells were treated with 1-10 pg/mL of ATX or vehicle for 4 h and then
added with 100 pg/mL of PM2.5 (diesel particulate matter, Sigma-Aldrich, St. Louis, MO, USA) for the
indicated time with or without ATX. ATX was handled in the dark to prevent any light-stimulated
degradation and was freshly diluted with DMSO for each experiment.

4.3. Determination of Nitrite Concentration

NO production was determined by measuring nitrite production, as described previously [66,67].
Briefly, Griess reagent was freshly prepared by mixing equal volumes of 0.1% napthylethylenediamine
dihydrochlroride and 1% sulfanilamide in 5% phosphoric acid and then added to spent culture media
for 5 min. These mixtures were then evaluated for absorbance at 540 nm using a UV spectrophotometer
(Spectramax 190, Molecular device, Palo Alto, CA, USA), and NO was quantified by using a sodium
nitrite (1-80 uM) standard curve [68].

4.4. Measurement of Intracellular ROS

Intracellular ROS formation was measured by fluorescence detection using
2’,7'-dichlorodihydrofluorescein diacetate (H2DCF-DA; Invitrogen, Carlsbad, CA, USA) [69].
This non-fluorescent dye freely permeates into cells, where it de-esterifies to form the ionized-free acid
(DCFH), which reacts with ROS to form fluorescent 2’,7’-dichlorofluorescein (DCF). After the PM2.5
treatment, we washed the cells with Phosphate Buffered Saline (PBS), loaded 20 uM of H2DCF-DA
for 30 min at 37 °C, and then washed them again with PBS. DCF fluorescence was analyzed using a
fluorescence plate reader (Gemini EM, Molecular Devices, Palo Alto, CA, USA) at an excitation of
490 nm and an emission of 530 nm.
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4.5. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Expression of 1I-1, 1I-6, TNF«, IL-10, Arginase-1, iNOS, COX-2, Trem2, Tlr2 and Tlr4, HO-1, and
Gapdh in treated BV-2 microglial cells was determined by qRT-PCR. RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) and concentration was measured using a spectrophotometer
(Nanodrop Technologies, Wilmington, NC, USA). cDNA synthesis was performed using 0.5 ug of total
RNA and an RT reaction mixture including RevertAid Reverse transcriptase, reaction buffer (Thermo
Fisher Scientific, Waltham, MA, USA), and dNTP (Promega, Madison, WI, USA). The gene-specific
primer pairs used in this analysis are described in Table 1.

Table 1. Gene-specific primers used in this study.

Sense Antisense

1I-1B AAA ATG CCT CGT GCT GTC TG CTA TGT CCC GAC CAT TGC TG

1l-6 TTG TGC AATGGC AAT TCT GA TGG AAG TTG GGG TAG GAA GG
TNF«x TAG CCC ACG TCG TAG CAA AC GGA GGC TGA CTT TCT CCT GG
iNOS CTG GCT GCCTTG TTC AGC TA AGT GTA GCG TTT CGG GAT CT
COX-2 TGCTGTACAAGCAGTGGCAA AGGTGCTCGGCTTCCAGTAT
HO-1 TGTCACCCTGTGCTTGACCT ATACCCGCTACCTGGGTGAC
IL-10 AGGCGCTGTCATCGATTTCT ATGGCCTTGTAGACACCTTGG
Arg-1 ACAAGACAGGGCTCCTTTCAG CGTTGAGTTCCGAAGCAAGC
Trem?2 GACCTCTCCACCAGTTTCTCC TACATGACACCCTCAAGGACTG

T2 TGCTTTCCTGCTGGAGATTT TGTAACGCAACAGCTTCAGG

Tlrd ACCTGGCTGGTTTACACGTC CTGCCAGAGACATTGCAGAA

185rRNA CATTAAATCAGTTATGTTGGTTCCTTTGD TCGGCATGTATTAGCTCTAGAATTACC
Gapdh GTG AAG GTC GGT GTG AAC GGA TIT CAC AGT CTT CTG AGT GGC AGT GAT

gqRT-PCR was carried out using a 20 pL reaction system containing 5 L. cDNA, 1.2 pL of each
primer set at a final concentration of 10 pM, 3.8 uL distilled water (DW), and 10 uL BrightGreen 2x
gPCR Master Mix (Applied Biological Materials Inc., Richmond, Canada) on a QuantStudio3 Real-Time
PCR System (A28132, Applied Biosystems, Foster City, CA, USA) using the following parameters:
[94 °C, 30 s; 60 °C, 1 min; 72 °C, 30 s] x 30 cycles then 72 °C for 10 min for II-18, II-6, TNFa, iNOS,
COX-2, Trem2, Tlr2, and Tlr4, and [94 °C, 30 s; 60 °C, 1 min; 72 °C, 30 s] x 23 cycles then 72 °C, 10 min
for Gapdh. All assays including those for the controls were performed in triplicate. The expression
levels of GAPDH and 18 s rRNA were used as internal controls and the relative expression of each
transcript was calculated using the 2 AACT formula to the fold change as described the ABI user guide.

4.6. Western Blot Analysis

After we treated cells with PM2.5 and ATX, they were harvested in radioimmunoprecipitation
assay [70] buffer consisting of 2 mM EDTA, 0.1% (w/v) SDS, 50 mM Tris-HCI, 150 mM sodium chloride,
1% Triton X-100, and 1% (w/v) sodium deoxycholate. Total proteins was quantified using a Bicinchoninic
acid (BCA) assay kit (Thermo Fisher Scientific, MA, USA) and boiled for 5 min at 100 °C. A total of
10 pg of protein from each sample was loaded onto 10% SDS-polyacrylamide gel and then subjected
to electrophoresis (SDS-PAGE) at 100 V for 120 min. Separated proteins were then transferred to the
nitrocellulose membranes for 90 min and the blots were blocked with 5% skim milk in Tris-buffered
saline with 0.1% Tween 20 (TBST) for 1 h at room temperature. Blots were then washed with
Tris-buffered saline and 0.1% Tween 20 (TBS-T) and incubated in their appropriate primary antibody,
-actin (1:40,000), iNOS (1:2000), HO-1 (1:10,000), p-pERK/ERK/p-p38/p38/p-JNK/JNK (1:1000), and
NEF-«kB p65 (1:1000) overnight at 4 °C. Then, blots were washed three times and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (Life Technologies, Carlsbad, CA,
USA) at room temperature for 60 min. The bands were detected using the enhanced chemiluminescence
detection system (iNtRON Biotech., Seoul, Korea) and visualized on a LAS-3000 image detection
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system (Fuji, Japan). The bands were quantitated with Image] system and 3-actin was used as the
loading control.

4.7. Measurement of Cell Viability

BV-2 microglial cells were cultured in 24-well plates with each treatment group represented
by 4 wells. After we treated them with different concentrations of PM2.5 (5, 25, 50, 100 pg/mL),
cells were incubated for a further 24 h and then evaluated for cell viability using the
3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl-tetrazolium bromide (MTT) assay. MTT is a water-soluble
tetrazolium salt that is reduced by metabolically viable cells to a colored, water-insoluble formazan
salt. MTT (5 mg/mL) was added to the cell culture medium and then incubated at 37 °C for 2 hin a 5%
CO; atmosphere. Then, the MTT-containing medium was replaced with DMSO and the absorbance
was read at 570 nm with a microplate reader (Spectramax 190, Molecular Devices, Palo Alto, CA, USA).
The percentage of surviving cells was calculated compared to the control (untreated cells) [71].

4.8. Immunocytochemistry

To investigate the microglial activation, we washed cultured BV-2 cells twice with PBS and fixed
them with 4% paraformaldehyde for 20 min. Samples were then permeabilized in permeabilization
buffer (0.3% Triton X-100 in PBS) at room temperature for 15 min and then blocked using blocking
buffer (1% BSA, 5% FBS in PBS) for 1 h at room temperature. Samples were then incubated with their
appropriate primary antibody against microglia (Iba-1, 1:500; FUJIFILM Wako Pure Chemical Corp.
Osaka, Japan) overnight at 4 °C and rinsed with washing buffer (1.5% HS, 0.1% Triton X-100 in PBS)
3 times for 10 min. Samples were then treated with secondary antibodies conjugated with Alexa488
(Invitrogen, Carlsbad, CA, USA) in blocking buffer and incubated for 2 h at room temperature. After
we washed them 3 times with PBS, samples were incubated with ToPro3 (Invitrogen, Carlsbad, CA,
USA) to allow for nuclear staining, mounted using Vectashield (Vector laboratories, Burlingame, CA,
USA) and observed using a confocal microscope (LSM900, Carl Zeiss, Oberkochen, Germany). Images
were captured at 3 random areas per well and 3 wells per group. To measure the change of microglial
morphology, we counted the number of activated microglia in captured picture of phase contrast using
Image] system. Activated microglia is characterized by over 20 um length of cytoplasmic processes
with maintained high intensity of Iba-1 expression.

4.9. Statistical Analysis

Experimental results are expressed as the mean + SEM. Statistical comparisons were performed
using one-way ANOVA and ¢-test using GraphPad Prism 5 software (San Diego, CA, USA), and a
value of p < 0.05 was considered significant.

5. Conclusions

In a summary, the present study demonstrated that PM2.5 induces the proinflammatory M1 and
DAM phenotype and suppresses the anti-inflammatory phenotype by upregulating iNOS and HO-1
expression in BV-2 microglia. NF-kB and Nrf2 signaling may be involved in neuroinflammation via their
roles in proinflammatory M1 and DAM polarization. In addition, ATX treatment inhibited the mRNA
expression of inflammatory cytokines and upregulated anti-inflammatory factors. These findings
suggest that ATX could be a potential candidate for preventing PM2.5-induced neuroinflammation.
A better understanding of the regulatory and signaling relationships in neuroinflammation and the
discovery of other ATX-like phytochemicals may provide a therapeutic strategy for attenuating the
effects of PM2.5-induced brain damage.

Author Contributions: S.-H.H. and K.J.K. participated in the conception and design of the study. C.Y.S., S.-H.H.,
and K.J.K. drafted and reviewed the manuscript and participated in general management. R.-E.K. and K.J.K. helped
acquisition and analysis of data. All authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2020, 21, 7227 16 of 19

Funding: This work was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning (NRF-2016R1A2B4014707
and NRF-2019R1H1A2080072).This research received no external funding.

Conflicts of Interest: The authors declare that no competing interests exist.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Shou, Y.; Huang, Y.; Zhu, X; Liu, C.; Hu, Y.; Wang, H. A review of the possible associations between ambient
PM2.5 exposures and the development of Alzheimer’s diseaseEcotoxicol. Environ. Saf. 2019, 174, 344-352.
[CrossRef] [PubMed]

Block, M.L.; Calderon-Garciduenas, L. Air pollution: Mechanisms of neuroinflammation and CNS disease.
Trends Neurosci. 2009, 32, 506-516. [CrossRef] [PubMed]

Calderon-Garciduenas, L.; Franco-Lira, M.; Henriquez-Roldan, C.; Osnaya, N.; Gonzalez-Maciel, A.;
Reynoso-Robles, R.; Villarreal-Calderon, R.; Herritt, L.; Brooks, D.; Keefe, S.; et al. Urban air pollution:
Influences on olfactory function and pathology in exposed children and young adults. Exp. Toxicol. Pathol.
2010, 62, 91-102. [CrossRef] [PubMed]

Subhramanyam, C.S.; Wang, C.; Hu, Q.; Dheen, S.T. Microglia-mediated neuroinflammation in
neurodegenerative diseases. Semin. Cell Dev. Biol. 2019, 94, 112-120. [CrossRef]

Xu, L.; He, D.; Bai, Y. Microglia-Mediated Inflammation and Neurodegenerative Disease. Mol. Neurobiol.
2016, 53, 6709-6715. [CrossRef]

Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K,; David, E.;
Baruch, K.; Lara-Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development
of Alzheimer’s Disease. Cell 2017, 169, 1276-1290.e17. [CrossRef]

Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain
parenchyma in vivo. Science 2005, 308, 1314-1318. [CrossRef]

Graeber, M.B. Changing face of microglia. Science 2010, 330, 783-788. [CrossRef]

Rangaraju, S.; Dammer, E.B.; Raza, S.A.; Rathakrishnan, P; Xiao, H.; Gao, T.; Duong, D.M.; Pennington, M.W.;
Lah, J.J.; Seyfried, N.T.; et al. Identification and therapeutic modulation of a pro-inflammatory subset of
disease-associated-microglia in Alzheimer’s disease. Mol. Neurodegener. 2018, 13, 24. [CrossRef]

Leyns, C.E.G.; Ulrich, ].D.; Finn, M.B.; Stewart, ER.; Koscal, L.J.; Remolina Serrano, J.; Robinson, G.O.;
Anderson, E.; Colonna, M.; Holtzman, D.M. TREM2 deficiency attenuates neuroinflammation and protects
against neurodegeneration in a mouse model of tauopathy. Proc. Natl. Acad. Sci. USA 2017, 114, 11524-11529.
[CrossRef]

Bemiller, S.M.; McCray, T.]J.; Allan, K.; Formica, S.V.; Xu, G.; Wilson, G.; Kokiko-Cochran, O.N.; Crish, S.D.;
Lasagna-Reeves, C.A.; Ransohoff, RM.; et al. TREM2 deficiency exacerbates tau pathology through
dysregulated kinase signaling in a mouse model of tauopathy. Mol. Neurodegener. 2017, 12, 74. [CrossRef]
[PubMed]

Butovsky, O.; Weiner, H.L. Microglial signatures and their role in health and disease. Nat. Rev. Neurosci.
2018, 19, 622-635. [CrossRef]

Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.;
Xu, Y.; Fanek, Z.; et al. The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional
Microglia in Neurodegenerative Diseases. Immunity 2017, 47, 566-581.e9. [CrossRef] [PubMed]

Sarlus, H.; Heneka, M.T. Microglia in Alzheimer’s disease. J. Clin. Investig. 2017, 127, 3240-3249. [CrossRef]
Higuera-Ciapara, I.; Felix-Valenzuela, L.; Goycoolea, EM. Astaxanthin: A review of its chemistry and
applications. Crit. Rev. Food. Sci. Nutr. 2006, 46, 185-196. [CrossRef] [PubMed]

Hussein, G.; Sankawa, U.; Goto, H.; Matsumoto, K.; Watanabe, H. Astaxanthin, a carotenoid with potential
in human health and nutrition. J. Nat. Prod. 2006, 69, 443-449. [CrossRef] [PubMed]

Farruggia, C.; Kim, M.B.; Bae, M,; Lee, Y.; Pham, T.X,; Yang, Y.; Han, M.]; Park, Y.K,; Lee, J.Y. Astaxanthin
exerts anti-inflammatory and antioxidant effects in macrophages in NRF2-dependent and independent
manners. J. Nutr. Biochem. 2018, 62, 202-209. [CrossRef]

Wu, H.; Niu, H.; Shao, A.; Wu, C.; Dixon, B.J.; Zhang, J.; Yang, S.; Wang, Y. Astaxanthin as a Potential
Neuroprotective Agent for Neurological Diseases. Mar. Drugs 2015, 13, 5750-5766. [CrossRef]


http://dx.doi.org/10.1016/j.ecoenv.2019.02.086
http://www.ncbi.nlm.nih.gov/pubmed/30849654
http://dx.doi.org/10.1016/j.tins.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19716187
http://dx.doi.org/10.1016/j.etp.2009.02.117
http://www.ncbi.nlm.nih.gov/pubmed/19297138
http://dx.doi.org/10.1016/j.semcdb.2019.05.004
http://dx.doi.org/10.1007/s12035-015-9593-4
http://dx.doi.org/10.1016/j.cell.2017.05.018
http://dx.doi.org/10.1126/science.1110647
http://dx.doi.org/10.1126/science.1190929
http://dx.doi.org/10.1186/s13024-018-0254-8
http://dx.doi.org/10.1073/pnas.1710311114
http://dx.doi.org/10.1186/s13024-017-0216-6
http://www.ncbi.nlm.nih.gov/pubmed/29037207
http://dx.doi.org/10.1038/s41583-018-0057-5
http://dx.doi.org/10.1016/j.immuni.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28930663
http://dx.doi.org/10.1172/JCI90606
http://dx.doi.org/10.1080/10408690590957188
http://www.ncbi.nlm.nih.gov/pubmed/16431409
http://dx.doi.org/10.1021/np050354+
http://www.ncbi.nlm.nih.gov/pubmed/16562856
http://dx.doi.org/10.1016/j.jnutbio.2018.09.005
http://dx.doi.org/10.3390/md13095750

Int. J. Mol. Sci. 2020, 21, 7227 17 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sztretye, M.; Dienes, B.; Gonczi, M.; Czirjak, T.; Csernoch, L.; Dux, L.; Szentesi, P.; Keller-Pinter, A.
Astaxanthin: A Potential Mitochondrial-Targeted Antioxidant Treatment in Diseases and with Aging.
Oxid. Med. Cell. Longev. 2019, 2019, 3849692. [CrossRef]

Kim, S.H.; Kim, H. Inhibitory Effect of Astaxanthin on Oxidative Stress-Induced Mitochondrial Dysfunction-A
Mini-Review. Nutrients 2018, 10, 1137. [CrossRef]

Ambati, R.R.;; Phang, S.M.; Ravi, S.; Aswathanarayana, R.G. Astaxanthin: Sources, extraction, stability,
biological activities and its commercial applications—A review. Mar. Drugs 2014, 12, 128-152. [CrossRef]
[PubMed]

Lee, S.J.; Bai, S.K.; Lee, K.S.; Namkoong, S.; Na, H.].; Ha, K.S.; Han, ].A.; Yim, S.V,; Chang, K.; Kwon, Y.G.; et al.
Astaxanthin inhibits nitric oxide production and inflammatory gene expression by suppressing I(kappa)B
kinase-dependent NF-kappaB activation. Moll. Cells 2003, 16, 97-105.

Campoio, T.R.; Oliveira, EA.; Otton, R. Oxidative stress in human lymphocytes treated with fatty acid
mixture: Role of carotenoid astaxanthin. Toxicol. In Vitro 2011, 25, 1448-1456. [CrossRef] [PubMed]

Niu, T,; Xuan, R;; Jiang, L., Wu, W.; Zhen, Z.; Song, Y.; Hong, L.; Zheng, K.; Zhang, J.; Xu, Q.; et al. Astaxanthin
Induces the Nrf2/HO-1 Antioxidant Pathway in Human Umbilical Vein Endothelial Cells by Generating
Trace Amounts of ROS. J. Agric. Food Chem. 2018, 66, 1551-1559. [CrossRef] [PubMed]

Haghani, A.; Johnson, R.; Safi, N.; Zhang, H.; Thorwald, M.; Mousavi, A.,; Woodward, N.C,;
Shirmohammadi, F; Coussa, V.; Wise, J.P; et al. Toxicity of urban air pollution particulate matter in
developing and adult mouse brain: Comparison of total and filter-eluted nanoparticles. Environ. Int. 2020,
136, 105510. [CrossRef]

Peterson, B.S.; Rauh, V.A.; Bansal, R.; Hao, X.; Toth, Z.; Nati, G.; Walsh, K.; Miller, R.L.; Arias, F.; Semanek, D.;
et al. Effects of prenatal exposure to air pollutants (polycyclic aromatic hydrocarbons) on the development of
brain white matter, cognition, and behavior in later childhood. JAMA Psychiatry 2015, 72, 531-540. [CrossRef]
[PubMed]

Peters, R.; Ee, N.; Peters, ].; Booth, A.; Mudway;, L.; Anstey, K.J. Air Pollution and Dementia: A Systematic
Review. J. Alzheimers Dis. 2019, 70, S145-5163. [CrossRef]

Power, M.C.; Adar, S.D.; Yanosky, ].D.; Weuve, ]J. Exposure to air pollution as a potential contributor to
cognitive function, cognitive decline, brain imaging, and dementia: A systematic review of epidemiologic
research. Neurotoxicology 2016, 56, 235-253. [CrossRef]

Calderon-Garciduenas, L.; Reynoso-Robles, R.; Gonzalez-Maciel, A. Combustion and friction-derived
nanoparticles and industrial-sourced nanoparticles: The culprit of Alzheimer and Parkinson’s diseases.
Environ. Res. 2019, 176, 108574. [CrossRef]

Mabher, B.A.; Ahmed, I.A.; Karloukovski, V.; MacLaren, D.A.; Foulds, P.G.; Allsop, D.; Mann, D.M,;
Torres-Jardon, R.; Calderon-Garciduenas, L. Magnetite pollution nanoparticles in the human brain. Proc. Natl.
Acad. Sci. USA 2016, 113, 10797-10801. [CrossRef]

Cole, T.B.; Coburn, J.; Dao, K;; Roque, P.; Chang, Y.C.; Kalia, V.; Guilarte, T.R.; Dziedzic, J.; Costa, L.G. Sex
and genetic differences in the effects of acute diesel exhaust exposure on inflammation and oxidative stress
in mouse brain. Toxicology 2016, 374, 1-9. [CrossRef] [PubMed]

Woodward, N.C.; Levine, M.C.; Haghani, A.; Shirmohammadi, F; Saffari, A.; Sioutas, C.; Morgan, T.E.;
Finch, C.E. Toll-like receptor 4 in glial inflammatory responses to air pollution in vitro and in vivo.
J. Neuroinflamm. 2017, 14, 84. [CrossRef] [PubMed]

Allen, J.L.; Liu, X.; Pelkowski, S.; Palmer, B.; Conrad, K.; Oberdorster, G.; Weston, D.; Mayer-Proschel, M.;
Cory-Slechta, D.A. Early postnatal exposure to ultrafine particulate matter air pollution: Persistent
ventriculomegaly, neurochemical disruption, and glial activation preferentially in male mice. Environ.
Health Perspect. 2014, 122, 939-945. [CrossRef] [PubMed]

Levesque, S.; Surace, M.].; McDonald, J.; Block, M.L. Air pollution & the brain: Subchronic diesel exhaust
exposure causes neuroinflammation and elevates early markers of neurodegenerative disease. J. Neuroinflamm.
2011, 8, 105.

Cacciottolo, M.; Wang, X.; Driscoll, I.; Woodward, N.; Saffari, A.; Reyes, J.; Serre, M.L.; Vizuete, W,; Sioutas, C.;
Morgan, T.E; et al. Particulate air pollutants, APOE alleles and their contributions to cognitive impairment
in older women and to amyloidogenesis in experimental models. Transl. Psychiatry 2017, 7, €1022. [CrossRef]


http://dx.doi.org/10.1155/2019/3849692
http://dx.doi.org/10.3390/nu10091137
http://dx.doi.org/10.3390/md12010128
http://www.ncbi.nlm.nih.gov/pubmed/24402174
http://dx.doi.org/10.1016/j.tiv.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21549829
http://dx.doi.org/10.1021/acs.jafc.7b05493
http://www.ncbi.nlm.nih.gov/pubmed/29381356
http://dx.doi.org/10.1016/j.envint.2020.105510
http://dx.doi.org/10.1001/jamapsychiatry.2015.57
http://www.ncbi.nlm.nih.gov/pubmed/25807066
http://dx.doi.org/10.3233/JAD-180631
http://dx.doi.org/10.1016/j.neuro.2016.06.004
http://dx.doi.org/10.1016/j.envres.2019.108574
http://dx.doi.org/10.1073/pnas.1605941113
http://dx.doi.org/10.1016/j.tox.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/27865893
http://dx.doi.org/10.1186/s12974-017-0858-x
http://www.ncbi.nlm.nih.gov/pubmed/28410596
http://dx.doi.org/10.1289/ehp.1307984
http://www.ncbi.nlm.nih.gov/pubmed/24901756
http://dx.doi.org/10.1038/tp.2016.280

Int. J. Mol. Sci. 2020, 21, 7227 18 of 19

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Morgan, T.E; Davis, D.A.; Iwata, N.; Tanner, ].A; Snyder, D.; Ning, Z.; Kam, W.; Hsu, Y.T.; Winkler, JW.;
Chen, J.C; et al. Glutamatergic neurons in rodent models respond to nanoscale particulate urban air
pollutants in vivo and in vitro. Environ. Health Perspect. 2011, 119, 1003-1009. [CrossRef]

Bolton, ].L.; Smith, S.H.; Huff, N.C.; Gilmour, M.L; Foster, WM.; Auten, R.L.; Bilbo, S.D. Prenatal air pollution
exposure induces neuroinflammation and predisposes offspring to weight gain in adulthood in a sex-specific
manner. FASEB J. 2012, 26, 4743-4754. [CrossRef]

Klocke, C.; Allen, J.L.; Sobolewski, M.; Blum, J.L.; Zelikoff, J.T.; Cory-Slechta, D.A. Exposure to fine and
ultrafine particulate matter during gestation alters postnatal oligodendrocyte maturation, proliferation
capacity, and myelination. Neurotoxicology 2018, 65, 196-206. [CrossRef]

Woodward, N.C.; Haghani, A.; Johnson, R.G.; Hsu, T.M.; Saffari, A.; Sioutas, C.; Kanoski, S.E.; Finch, C.E.;
Morgan, T.E. Prenatal and early life exposure to air pollution induced hippocampal vascular leakage and
impaired neurogenesis in association with behavioral deficits. Transl. Psychiatry 2018, 8, 261. [CrossRef]
Davis, D.A.; Bortolato, M.; Godar, S.C.; Sander, T.K.; Iwata, N.; Pakbin, P.; Shih, J.C.; Berhane, K.; McConnell, R.;
Sioutas, C.; et al. Prenatal exposure to urban air nanoparticles in mice causes altered neuronal differentiation
and depression-like responses. PLoS ONE 2013, 8, e64128. [CrossRef]

Block, M.L.; Zecca, L.; Hong, ].S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms.
Nat. Rev. Neurosci. 2007, 8, 57-69. [CrossRef]

Block, M.L.; Wu, X,; Pei, Z.; Li, G.; Wang, T; Qin, L.; Wilson, B.; Yang, ].; Hong, ].S.; Veronesi, B. Nanometer
size diesel exhaust particles are selectively toxic to dopaminergic neurons: The role of microglia, phagocytosis,
and NADPH oxidase. FASEB J. 2004, 18, 1618-1620. [CrossRef] [PubMed]

Ma, J.Y.; Ma, J.K. The dual effect of the particulate and organic components of diesel exhaust particles on the
alteration of pulmonary immune/inflammatory responses and metabolic enzymes. |. Environ. Sci. Health
Part C. Environ. Carcinog. Ecotoxicol. Rev. 2002, 20, 117-147. [CrossRef] [PubMed]

Zhong, Y.; Liao, J.; Hu, Y,; Wang, Y.; Sun, C.; Zhang, C.; Wang, G. PM2.5 Upregulates MicroRNA-146a-3p
and Induces M1 Polarization in RAW264.7 Cells by Targeting Sirtuinl. Int. J. Mol. Sci. 2019, 16, 384-393.
[CrossRef] [PubMed]

Jaguin, M.; Fardel, O.; Lecureur, V. Exposure to diesel exhaust particle extracts (DEPe) impairs some
polarization markers and functions of human macrophages through activation of AhR and Nrf2. PLoS ONE
2015, 10, e0116560. [CrossRef]

Garcia-Revilla, J.; Alonso-Bellido, LM.; Burguillos, M.A.; Herrera, A J.; Espinosa-Oliva, A.M.; Ruiz, R;;
Cruz-Hernandez, L.; Garcia-Dominguez, I.; Roca-Ceballos, M.A.; Santiago, M.; et al. Reformulating
Pro-Oxidant Microglia in Neurodegeneration. J. Clin. Med. 2019, 8, 1719. [CrossRef]

Jurga, A.M.; Paleczna, M.; Kuter, K.Z. Overview of General and Discriminating Markers of Differential
Microglia Phenotypes. Front. Cell. Neurosci. 2020, 14, 198. [CrossRef]

Gao, L.; Jiang, T;; Yao, X.; Yu, L.; Yang, X.; Li, Y. TREM2 and the Progression of Alzheimer’s Disease.
Curr. Neurovasc. Res. 2017, 14, 177-183. [CrossRef]

He, M.; Ichinose, T.; Yoshida, S.; Ito, T.; He, C.; Yoshida, Y.; Arashidani, K.; Takano, H.; Sun, G.; Shibamoto, T.
PM2.5-induced lung inflammation in mice: Differences of inflammatory response in macrophages and type
II alveolar cells. J. Appl. Toxicol. 2017, 37, 1203-1218. [CrossRef]

Chiang, S.K.; Chen, S.E.; Chang, L.C. A Dual Role of Heme Oxygenase-1 in Cancer Cells. Int. ]. Mol. Sci.
2018, 20, 39. [CrossRef]

Dodd, C.A,; Filipov, N.M. Manganese potentiates LPS-induced heme-oxygenase 1 in microglia but not
dopaminergic cells: Role in controlling microglial hydrogen peroxide and inflammatory cytokine output.
Neurotoxicology 2011, 32, 683-692. [CrossRef] [PubMed]

Motterlini, R.; Green, C.J.; Foresti, R. Regulation of heme oxygenase-1 by redox signals involving nitric oxide.
Antioxid. Redox Signal. 2002, 4, 615-624. [CrossRef] [PubMed]

Ryter, S.W.; Alam, J.; Choi, A.M. Heme oxygenase-1/carbon monoxide: From basic science to therapeutic
applications. Physiol. Rev. 2006, 86, 583-650. [CrossRef] [PubMed]

Ryter, S.W.; Otterbein, L.E.; Morse, D.; Choi, A.M. Heme oxygenase/carbon monoxide signaling pathways:
Regulation and functional significance. Mol. Cell. Biochem. 2002, 234, 249-263. [CrossRef]

Hassannia, B.; Wiernicki, B.; Ingold, I.; Qu, E; Van Herck, S.; Tyurina, Y.Y.; Bayir, H.; Abhari, B.A.; Angeli, ].PE;
Choi, S.M,; et al. Nano-targeted induction of dual ferroptotic mechanisms eradicates high-risk neuroblastoma.
J. Clin. Investig. 2018, 128, 3341-3355. [CrossRef]


http://dx.doi.org/10.1289/ehp.1002973
http://dx.doi.org/10.1096/fj.12-210989
http://dx.doi.org/10.1016/j.neuro.2017.10.004
http://dx.doi.org/10.1038/s41398-018-0317-1
http://dx.doi.org/10.1371/journal.pone.0064128
http://dx.doi.org/10.1038/nrn2038
http://dx.doi.org/10.1096/fj.04-1945fje
http://www.ncbi.nlm.nih.gov/pubmed/15319363
http://dx.doi.org/10.1081/GNC-120016202
http://www.ncbi.nlm.nih.gov/pubmed/12515672
http://dx.doi.org/10.7150/ijms.30084
http://www.ncbi.nlm.nih.gov/pubmed/30911272
http://dx.doi.org/10.1371/journal.pone.0116560
http://dx.doi.org/10.3390/jcm8101719
http://dx.doi.org/10.3389/fncel.2020.00198
http://dx.doi.org/10.2174/1567202614666170404165201
http://dx.doi.org/10.1002/jat.3482
http://dx.doi.org/10.3390/ijms20010039
http://dx.doi.org/10.1016/j.neuro.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21963524
http://dx.doi.org/10.1089/15230860260220111
http://www.ncbi.nlm.nih.gov/pubmed/12230873
http://dx.doi.org/10.1152/physrev.00011.2005
http://www.ncbi.nlm.nih.gov/pubmed/16601269
http://dx.doi.org/10.1023/A:1015957026924
http://dx.doi.org/10.1172/JCI99032

Int. J. Mol. Sci. 2020, 21, 7227 19 of 19

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, EM.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.;
Cantley, A.M.; Yang, W.S,; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012,
149, 1060-1072. [CrossRef]

Gall, T,; Balla, G.; Balla, J]. Heme, Heme Oxygenase, and Endoplasmic Reticulum Stress-A New Insight into
the Pathophysiology of Vascular Diseases. Int. ]. Mol. Sci. 2019, 20, 3675. [CrossRef]

Li, L.; Dong, H; Song, E.; Xu, X; Liu, L.; Song, Y. Nrf2/ARE pathway activation, HO-1 and NQO1 induction
by polychlorinated biphenyl quinone is associated with reactive oxygen species and PI3K/AKT signaling.
Chem. Biol. Interact. 2014, 209, 56-67. [CrossRef]

Ahmed, S.M.; Luo, L.; Namani, A.; Wang, X.]J.; Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation.
Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 585-597. [CrossRef]

Li, N.; Alam, J.; Venkatesan, M.L; Eiguren-Fernandez, A.; Schmitz, D.; Di Stefano, E.; Slaughter, N.; Killeen, E.;
Wang, X.; Huang, A.; etal. Nrf2 is a key transcription factor that regulates antioxidant defense in macrophages
and epithelial cells: Protecting against the proinflammatory and oxidizing effects of diesel exhaust chemicals.
J. Immunol. 2004, 173, 3467-3481. [CrossRef]

Sun, C.C.;Li, SJ,; Yang, C.L.; Xue, RL.; Xi, Y.Y,; Wang, L.; Zhao, Q.L.; Li, D.J. Sulforaphane Attenuates Muscle
Inflammation in Dystrophin-deficient mdx Mice via NF-E2-related Factor 2 (Nrf2)-mediated Inhibition of
NF-kappaB Signaling Pathway. J. Biol. Chem. 2015, 290, 17784-17795. [CrossRef] [PubMed]

Thimmulappa, R K.; Lee, H.; Rangasamy, T.; Reddy, S.P.; Yamamoto, M.; Kensler, T.W.; Biswal, S. Nrf2 is a
critical regulator of the innate immune response and survival during experimental sepsis. J. Clin. Investig.
2006, 116, 984-995. [CrossRef] [PubMed]

Purdom-Dickinson, S.E.; Sheveleva, E.V.; Sun, H.; Chen, Q.M. Translational control of nrf2 protein in
activation of antioxidant response by oxidants. Mol. Pharmacol. 2007, 72, 1074-1081. [CrossRef] [PubMed]
Bellezza, I.; Giambanco, I.; Minelli, A.; Donato, R. Nrf2-Keap1 signaling in oxidative and reductive stress.
Biochim. Biophys. Acta 2018, 1865, 721-733. [CrossRef] [PubMed]

Kwon, KJ.; Kim, ].N.; Kim, M.K; Lee, ].; Ignarro, L.].; Kim, H.J.; Shin, C.Y.; Han, S.H. Melatonin synergistically
increases resveratrol-induced heme oxygenase-1 expression through the inhibition of ubiquitin-dependent
proteasome pathway: A possible role in neuroprotection. J. Pineal Res. 2011, 50, 110-123. [CrossRef]
Green, S.J.; Mellouk, S.; Hoffman, S.L.; Meltzer, M.S.; Nacy, C.A. Cellular mechanisms of nonspecific
immunity to intracellular infection: Cytokine-induced synthesis of toxic nitrogen oxides from L-arginine by
macrophages and hepatocytes. Immunol. Lett. 1990, 25, 15-19. [CrossRef]

Shin, C.Y,; Choi, ].W.; Ryu, J.R.; Ko, K.H.; Choi, J.J.; Kim, H.S,; Lee, ].C.; Lee, S.J.; Kim, H.C.; Kim, WK.
Glucose deprivation decreases nitric oxide production via NADPH depletion in immunostimulated rat
primary astrocytes. Glia 2002, 37, 268-274. [CrossRef]

Kwon, K.J.; Cho,K.S.; Lee, S.H.; Kim, ].N.; Joo, S.H.; Ryu, ]. H.; Ignarro, L.J.; Han, S.H.; Shin, C.Y. Regulation of
tissue plasminogen activator/plasminogen activator inhibitor-1 by hydrocortisone in rat primary astrocytes.
J. Neurosci. Res. 2011, 89, 1059-1069. [CrossRef]

LeBel, C.P; Ali, S.F; McKee, M.; Bondy, S.C. Organometal-induced increases in oxygen reactive species: The
potential of 2’,7’-dichlorofluorescin diacetate as an index of neurotoxic damage. Toxicol. Appl. Pharmacol.
1990, 104, 17-24. [CrossRef]

Dutta, T.; Kaur, H.; Singh, S.; Mishra, A.; Tripathi, ] K.; Singh, N.; Pareek, A.; Singh, P. Developmental changes
in storage proteins and peptidyl prolyl cis-trans isomerase activity in grains of different wheat cultivars.
Food Chem. 2011, 128, 450-457. [CrossRef]

Hansen, M.B.; Nielsen, S.E.; Berg, K. Re-examination and further development of a precise and rapid dye
method for measuring cell growth/cell kill. J. Immunol. Methods 1989, 119, 203-210. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.cell.2012.03.042
http://dx.doi.org/10.3390/ijms20153675
http://dx.doi.org/10.1016/j.cbi.2013.12.005
http://dx.doi.org/10.1016/j.bbadis.2016.11.005
http://dx.doi.org/10.4049/jimmunol.173.5.3467
http://dx.doi.org/10.1074/jbc.M115.655019
http://www.ncbi.nlm.nih.gov/pubmed/26013831
http://dx.doi.org/10.1172/JCI25790
http://www.ncbi.nlm.nih.gov/pubmed/16585964
http://dx.doi.org/10.1124/mol.107.035360
http://www.ncbi.nlm.nih.gov/pubmed/17652445
http://dx.doi.org/10.1016/j.bbamcr.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29499228
http://dx.doi.org/10.1111/j.1600-079X.2010.00820.x
http://dx.doi.org/10.1016/0165-2478(90)90083-3
http://dx.doi.org/10.1002/glia.10032
http://dx.doi.org/10.1002/jnr.22619
http://dx.doi.org/10.1016/0041-008X(90)90278-3
http://dx.doi.org/10.1016/j.foodchem.2011.03.052
http://dx.doi.org/10.1016/0022-1759(89)90397-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	PM2.5 Increased Neuroinflammation via Microglial Activation 
	PM2.5 Increased the Transcription of Proinflammatory M1 and DAM Phenotype Molecules, and Decreased the Expression of Anti-Inflammatory Genes 
	ATX Treatment Inhibited PM2.5-Induced Neuroinflammation in BV-2 Microglial Cells 
	ATX Decreased PM2.5-Induced pJNK Activation and Increased Akt Phosphorylation 
	Astaxanthin Inhibited Neuronal Cell Death through PM2.5-Induced Microglial Activation 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture and Drug Treatment 
	Determination of Nitrite Concentration 
	Measurement of Intracellular ROS 
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
	Western Blot Analysis 
	Measurement of Cell Viability 
	Immunocytochemistry 
	Statistical Analysis 

	Conclusions 
	References

