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ARTICLE INFO ABSTRACT

Keywords:
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Co-cultured cells ® Acrylamide (AA) is a common food contaminant known to detrimentally affect the nervous system.
Neurotoxicity Homeostasis of the nervous system is dependent on glial cells, namely astrocytes and microglia, which ac-

tively participate in neuronal survival signaling pathways. Although the differential responses of mono-
cultured astrocytes compared to co-cultured astrocytes and microglia to AA exposure have been investigated,
the global effects and potential molecular mechanism involved in AA-induced neurotoxicity remain un-
known. In this study, the impacts of AA on primary monocultured astrocytes and co-cultured astrocytes with
microglia were determined using Orbitrap-based proteomic analysis. The results showed that AA exposure
mainly caused disruption of cellular and metabolic processes, biological regulation, and cell development.
Furthermore, oxidative stress-related pathways and immune responses were the main regulatory functions
influenced by AA-induced neurotoxicity. Additionally, Nrf2 and other downstream proteins in the oxidative
stress-related pathway were up-regulated. There were significant differences between the protein changes in
the monocultured astrocytes and co-cultured astrocytes with microglia, indicating that AA affected cell-cell
communication between astrocytes and microglia. Overall, these findings illustrate the global effects of AA-
induced functionality and pathway alteration and their involvement in the development of neurological
deficits in primary glial cell cultures. These findings may provide new insights for the development of a
pathway approach suitable for the risk assessment of AA.

Oxidative stress
Primary astrocytes
Proteomics

1. Introduction the mechanisms of AA-induced neurotoxicity require clarification. In
the mid-1990s, several studies examined whether AA interacted with

Acrylamide (AA) is a common food contaminant that forms during cellular proteins to produce neurotoxicity, and showed that inactivation

the food heating process (Mottram et al., 2002; Stadler et al., 2002;
Tareke et al., 2002). Since 1994, the International Agency for Research
on Cancer has classified AA as probably carcinogenic to humans (Group
2A) (International Agency for Research on Cancer (IARC, 1994). Given
its potential health hazard, increasing efforts by both the academic
community and food industry have been devoted to risk mitigation and
toxicity control of AA (Zhang et al., 2009). Classical studies indicated
that high exposure to AA could cause neurotoxicity in both humans and
experimental animals (Fullerton, 1969; Ralevic et al., 1991). However,
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of these proteins suppressed nerve terminal processes and impaired
neurotransmission (Abelli et al., 1991; Edwards et al., 1991). More
recent in vivo and in vitro studies have demonstrated that AA attacks the
active sites of presynaptic proteins, forming covalent adducts with
highly nucleophilic cysteine thiolate groups (LoPachin and Barber,
2006). Additional research has indicated that AA causes neurotoxicity
by inducing oxidative stress and activating cytochrome P450 2E1
(Ghanayem et al., 2005; Huang et al., 2012; Lakshmi et al., 2012); the
subsequent mitochondrial dysfunction triggered by these processes
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contributes to the neurotoxicity (Prasad and Muralidhara, 2013, 2014).

Most neurotoxicological studies of the effects of AA have focused on
a specific pathway or formation of particular DNA and protein adducts.
By contrast, the global neurotoxic effects of AA are not well established
and warrant further research. Proteomics represents a powerful tool for
toxicological assessments, as it provides comprehensive information
that can be used to monitor the cellular response to environmental
stimuli (Rabilloud and Lescuyer, 2015). In a previous proteomic study
of AA neurotoxicity, treatment with both high and low doses of AA
resulted in the formation of adducts on presynaptic cysteine-directed
proteins and a dopamine transporter (Barber and LoPachin, 2004). In
rats subjected to AA treatment, the results of the subsequent proteomic
analysis of the striatal synaptosomes confirmed the effects on the nerve
terminal proteome (Barber et al., 2007). Basile et al. (2008) developed
a technique for rapid AA-hemoglobin adduct detection using a pro-
teomic approach as a highly sensitive biological method to monitor AA
toxicity. In a recent proteomic study, Martyniuk et al. (2013) reported
that "0.7% of the N27 cell proteome involved in processes associated
with atherosclerosis, inflammation, neurotoxicity, nerve degeneration,
and diabetes was adducted. Based on the generic electrophilic reactivity
of AA, previous studies employing a proteomic approach have focused
on the chemical sites of AA-protein adduct formation. By contrast, there
have been no proteomic studies of AA-induced pathway alteration.

Homeostasis of the nervous system is maintained by the main
functional glial cells, namely astrocytes and microglia, which are ac-
tively involved in neuronal survival signaling (Anderson and Swanson,
20005 Streit et al., 1998). Both oxidative stress and immune response
reportedly result from exposure to various environmental con-
taminants, such as titanium dioxide, trimethyltin, methylmercury, and
acrylonitrile. Furthermore, these pollutants alter the related signaling
pathways in astrocytes and microglial cells, eliciting dose- and time-
dependent responses (Caito et al., 2014; Kuhlmann and Guilarte, 2000;
Long et al., 2007; Ni et al., 2011). Previous research has suggested the
presence of cell-specific responses to AA exposure, with astrocytes and
microglia showing distinct sensitivity (Zhao et al., 2017a, 2017b).
Considering these findings and the different functions of astrocytes and
microglia in the central nervous system, we employed proteomic ana-
lysis for the continued investigation of the global neurotoxic effects of
AA in both isolated astrocytes and astrocytes co-cultured with micro-
glia.

The goal of this study was to use a label-free proteomic approach to
investigate AA-induced differential protein expression and subsequent
modifications to biological functions and pathways in primary mono-
cultured astrocytes and co-cultured astrocytes and microglia. Moreover,
the differences in the responses and functional changes between the
two cell culture systems were investigated.

2. Methods
2.1. Materials

BALB/c mice were obtained from Charles River (Montreal, QC,
Canada). AA was purchased from Sigma-Aldrich (Oakville, ON,
Canada). Minimum Essential Medium with Earle’s balanced salt solu-
tion (MEM/EBSS with 2mM L-glutamine), Hank’s Balanced Salt
Solution (HBSS), phosphate-buffered saline, 0.25% trypsin-EDTA, and
penicillin/streptomycin (10,000 U/mL) were acquired from GE Life
Sciences (Logan, UT, USA). Heat-inactivated fetal bovine serum (FBS)
was obtained from Thermo Fisher Scientific (Gibco, Australia origin,
Catalog #10100147; endotoxin level < 10 EU/mL; hemoglobin level <
30 mg/dL). CD11b microbeads and magnetic columns were obtained
from Miltenyi Biotec (Auburn, CA, USA). The Pierce Mass Spec Sample
Prep Kit was purchased from Thermo Fisher Scientific (San Jose, CA,
USA). All solvents used were of at least high-performance liquid chro-
matography (HPLC) grade.
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2.2. Cell culture and AA exposure

Research ethics approval for animal use was obtained from the
Animal Care and Use Committee of the University of Ottawa according
to the guidelines of the Canadian Council on Animal Care (approval
code: BL-270). The primary cell cultures were prepared as described
previously (Marek et al., 2008; Zhao et al., 2017a). Briefly, neonatal
BALB/c mice were sacrificed via cervical dislocation within postnatal
day 1-2, and the whole brains were harvested. The meninges were
removed, and the remaining tissue was placed in 10 mL of HBSS con-
taining 300 ug/mL DNase I and 0.25% trypsin. The solution was gently
triturated several times using a pipet, followed by incubation in a tissue
rotator at 37 °C for 40 min. The tissue was passed through a 70-mm
nylon mesh strainer and centrifuged (300 X g, 10 min). The collected
cells were re-suspended in culture medium (MEM/EBSS with 10% FBS
and 1% penicillin/streptomycin) and plated at a density of two mouse
brains per 75 cm? culturing flask. After incubation for 24 h, non-ad-
herent cells were removed, after which the adhered cells were in-
cubated in culture medium for 10 days, with a medium change every
3-4 days. After 10 days, oligodendrocytes were removed using com-
plement-mediated cytolysis, and the remaining cells were incubated in
culture medium for 10 days without medium change. Magnetic cell
sorting was employed to separate dislodged cells using CD11b mi-
crobeads (Miltenyi Biotec, Auburn, CA, USA) according to the manu-
facturer’s directions. The positive fraction contained purified microglial
cells, whereas the negative fraction was enriched for astrocytes. Pur-
ified cells were re-suspended in culture medium for subsequent ex-
perimentation. The purity of the separated astrocytes and microglia was
evaluated via immunostaining (Marek et al., 2008), as viewed under a
fluorescence microscope (Olympus, Sacramento, CA, USA) (Supporting
Information Fig. S1).

Primary astrocytes or a combination of microglia and astrocytes (at
a 1:1 ratio) were plated onto 10-cm flat-bottomed culture plates con-
taining culture medium (MEM/EBSS with 10% FBS and 1% penicillin/
streptomycin) and cultured overnight in a humidified incubator con-
taining 5% CO, and 95% air at 37 °C. The use of 1:1 ratio is to keep
consistency with the study design of our previous study (Zhao et al.,
2017). The following day, a complete media change was performed
with AA-spiked medium. For the AA dose selection (concentration
range with 1, 10, 50, 100, 500, 1000 uM), preliminary cell viability
assays were performed using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay.

2.3. Sample preparation and in-solution digestion

The protein samples were prepared according to the manufacturer’s
instructions using a Pierce Mass Spec Sample Prep Kit (Thermo Fisher
Scientific). Briefly, an aliquot of cultured cells (= 1 X 10° cells) was
mixed with cell Lysis Buffer (Thermo Fisher Scientific) to a final volume
of 100 pL, followed by incubation at 95°C for 5min. The lysate was
sonicated on ice to reduce the viscosity of the sample and centrifuged at
16,000 X g for 10 min at 4 °C. Equal amounts of lysate protein (100 pg)
were added to adjust the final concentration to 1 mg/mL. Dithiothreitol
was mixed into a 100-ug sample to a final concentration of 10 mM and
incubated at 50 °C for 45 min. Subsequently, 11.5uL of 500-mM io-
doacetamide solution was added, followed by incubation for 20 min in
the dark at room temperature. After alkylation, the sample was mixed
with a 4X volume of pre-chilled (—20°C) acetone, and incubated
overnight at —20°C to precipitate proteins. Then, the samples were
centrifuged at 16,000 x g for 10 min at 4 °C, and the protein pellets
were collected. The acetone-precipitated protein pellets were re-sus-
pended in Digestion Buffer (Thermo Fisher Scientific) to a final volume
of 100 pL. Protease trypsin was added to the sample at an enzyme:
protein ratio of 1:50, and incubated overnight at 37 °C. Digestion was
stopped by acidification with 5 pL of 10% trifluoroacetic acid, and the
samples were cleaned with Cyg tips (Thermo Fisher Scientific). Finally,
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the specimens were re-suspended in 0.1% trifluoroacetic acid and
subjected to HPLC-mass spectrometry (MS) analysis.

2.4. Label-free proteomic analysis using HPLC-MS (Orbitrap Fusion)

A Dionex UltiMate 3000 RSLCnano HPLC system coupled with an
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) coupled
with an Acclaim PepMap RSLC column (75 pum ID X 150 mm; Thermo
Fisher Scientific) was used for the HPLC-MS analysis of peptides. A 2-uL
sample (containing 1 pg of peptides) was injected and separated with
the following gradient of solvents A (0.1% formic acid in H,O) and B
(80% acetonitrile, 0.1% formic acid in H,O) at a flow rate of 200 nL/
min: 0.0-80.0 min 0-40% B, 80.0-80.1 min 40-80% B, 80.1-90.0 min
80% B, 90.0-90.1 min 80-2% B, and 90.1-115.0 min 2% B. The nano-
electrospray ionization conditions were as follows: spray voltage in
positive mode, 2000 V; ion transfer tube temperature, 275 °C; S-lens RF
level, 60. Survey scans of peptide precursors from 300 m/z to 1500 m/z
were performed at 60K resolution (at 200 m/z) with a 2 x 10° ion
count target and maximum injection time of 50 ms. Tandem MS was
performed by isolation at 0.7 Th with the quadrupole, collision-induced
dissociation fragmentation with a collision energy of 35% and a 5%
step, as well as normal scan mode in the ion trap. The MS? ion count
target was set to 10%, and the maximum injection time was 35 ms.
Precursors with a charge state of 2-6 were sampled for MS2. The dy-
namic exclusion duration was set to 60s with a 10-ppm tolerance
around the selected precursor and its isotopes. The instrument was
operated at top speed in 4-s cycles.

2.5. Database searching

Tandem mass spectra were processed using PEAKS Studio ver. 8.0
(Bioinformatics Solutions Inc., CA, USA). A PEAKS DB was established
to search the UniProt/SwissProt database (mouse version 201701) with
trypsin as the digestion enzyme. The PEAKS DB was searched with a
fragment ion mass tolerance of 0.05Da and a parent ion tolerance of
7.0 ppm. Carbamidomethylation was specified as a fixed modification.
Furthermore, oxidation, deamidation, and acetylation were specified as
variable modifications. The relative abundance of peptide features
(precursor peak area) was detected in multiple samples. Feature de-
tection is performed separately on each sample, and then the features of
the same peptide from different samples are reliably aligned together
using a high-performance retention time alignment algorithm. Results
were filtered with a 1% FDR searched against the database and proteins
with at least one unique peptide were identified in each of the treat-
ment groups. Normalization was performed on total ion current (TIC) of
the samples, and normalized abundance is calculated from the raw
abundance divided by the normalization factor. Differentially expressed
proteins were identified if their fold change were over 1.5 and differed
significantly according to the Mann-Whitney U test (p < 0.05). Group
variance was tested using R software, and the results were illustrated as
a heat map.

2.6. Hierarchical cluster analysis

Hierarchical cluster analysis (HCA) is an algorithmic approach used
to uncover discrete groups with varying degrees of (dis)similarity in a
dataset represented by a (dis)similarity matrix. This analysis was con-
ducted using the pheatmap package (https://CRAN.R-project.org/
package = pheatmap).

2.7. Ingenuity pathway analysis

Ingenuity Pathway Analysis (IPA; ver. 9; Ingenuity Systems Inc.,
Redwood City, CA, USA; www.ingenuity.com) was performed ac-
cording to the manufacturer’s instructions for further functional and
pathway analysis.
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2.8. Western blot analysis

Four proteins in the Nrf2 pathway, namely nuclear factor (ery-
throid-derived 2)-like 2 (Nrf2), catalase (Cat), glutamate-cysteine ligase
regulatory subunit (Gclm), and sequestosome-1 (Sqstm1), were verified
using the Western blot method to compare the quantitative changes in
the proteomic data. Typical proteins were also assessed, including a
copper transport protein (Atox1), heme oxygenase 1 (Hmox1), and
cytochrome C (Cyto C).

Briefly, cell lysate was prepared in ice-cold RIPA buffer with a
protein inhibitor cocktail tablet (Sigma, Shanghai, China). Protein
samples (15-55pg) were loaded and separated in 10 and 15% Mini-
PROTEAN TGX Precast Gels (Bio-Rad, Shanghai, China). Membranes
were blocked for 1 h with 5% skim milk in tris-buffered saline-Tween-
20 (TBST), and incubated overnight with the following primary anti-
bodies at 4°C (Abcam, Shanghai, China): Nrf2 (1:3000), Cat (1:2000),
Gclm (1:5000), Sgstm1 (1:1000), Hmox1 (1:2000), Atox1(1:800), Cyto
C (1:1000), and Gapdh (1:2000). The membranes were washed with
TBST and incubated with goat anti-rabbit IgG-horseradish peroxidase
secondary antibodies (1:3000) (Santa Cruz Biotechnology Inc., Dallas,
TX, USA) for 1h at room temperature. The blots were stained with
Clarity Western ECL Substrate (Bio-Rad, Shanghai, China), and target
bands were visualized by using a Tanon Imaging System (Model 3500,
Tanon Science & Imaging Co., Shanghai, China). Moreover, the target
bands were quantified using the ImageJ software (NIH Image,
Bethesda, MD, USA), and the density of each band was normalized
against Gapdh.

2.9. Statistical analysis

Bar graphs were created using Origin 8.0 (OriginLab, Northampton,
MA, USA) and Prism 7.0 (GraphPad Software, La Jolla, CA, USA). Data
from the western blots are presented as the means *+ standard error.
Statistical analysis was performed using the SPSS 17.0 statistical
package (SPSS Inc., Chicago, IL, USA), and results with p < 0.05 were
considered to be significantly different.

3. Results
3.1. Cytotoxicity of AA in astrocytes and co-cultured astrocyte/microglia

No significant cell death was evident in either monocultured as-
trocytes or co-cultured astrocytes/microglia at the investigated con-
centrations (1-1000 uM; p > 0.05; Fig. 1).

Previous studies (Doerge et al., 2005; Tareke et al., 2006) showed
that daily administration of AA (approximately 1 mg/kg bw/day) to
mice through drinking water (Doerge et al., 2005) resulted in around 1
UM of AA in the serum (Tareke et al., 2006). Therefore, we used 1 uM as
the dosing concentration in the cell culture to represent the average
food intake exposure. There is no data on human serum AA con-
centration as a result of among occupational exposure. However,
Calleman et al. (1994) measured acrylamide hemoglobin adduct levels
in 41 occupational workers employed at a acrylamide production plant
and found levels as high as 13,400 pmol/g. In comparison, Kiitting et al.
(2009) measured hemoglobin acrylamide adduct among 749 adult
nonsmokers and reported a mean concentration of 27.1 pmol/g after
daily exposure. These results suggest that occupational exposure in
extreme case can be about 500 times higher than that in daily exposure.
Therefore, we chose 500 pM as the dose representing occupational
exposure. A The results of this study shown in Fig. 1 were similar to
several other studies that found no significant cell death following ex-
posure to similar concentrations (Liu et al., 2015; Pan et al., 2017).

3.2. Protein identification

Proteomic analysis was performed in the control group, as well as
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Fig. 1. Effects of 24 h acrylamide (AA) exposure on astrocyte and co-cultured
astrocyte/microglial cell viability. Cell viability was measured using the MTT
assay. Values are expressed as the means *+ standard deviation of five in-
dependent biological replicates.

the treatment groups exposed to 1 uM (low-dose) and 500 puM (high-
dose) AA using an HPLC-Orbitrap MS system. Three independent as-
trocytes cultures and three independent co-cultures (i.e. biological re-
plicates) were included. Also, each biological sample included three
extractions (i.e. technical replicates). Therefore, proteomic analysis was
performed on a total of 18 groups of cultured cells. In order to avoid the
bias of false positive identification, if a protein is below the threshold
value in any of the replicates, it will be filtered out and not included in
the analysis.

The list of all the identified proteins is presented in Supplement S1.
A total of 3973 and 3985 proteins were identified in the astrocytes in
the low and high dose groups respectively. In comparison, a total of
3974, and 3793 proteins were identified in the co-cultured cells. Only
the common proteins identified in each control and AA treatment
groups were included in the analysis. At the low dose treatment group,
the astrocytes and co-cultured cells had 3193 proteins in common, 780
unique proteins were found in astrocytes, and 781 unique proteins were
found in the co-cultured cells. At the high dose treatment group, the
astrocytes and co-cultured cells had 3088 proteins in common, 897
unique proteins were found in astrocytes, and 705 unique proteins were
found in the co-cultured cells.

The list of all the differentiated proteins after treatments are pre-
sented in Supplement S2. Following AA treatment in monocultured
astrocytes, 7 and 22 proteins were down-regulated and up-regulated in
the high-dose group; however, no significant changes were evident in
the low-dose group. Therefore, only the high-dose astrocyte group was
considered in the subsequent analyses. Following AA treatment in co-
cultured cells, 36 and 56 proteins displayed significant changes in the
low-dose and high-dose groups, respectively, compared to the control.
Among these proteins, 27 were up-regulated, and 9 were down-regu-
lated in the low-dose group, while 34 were up-regulated and 22 were
down-regulated in the high-dose group (p < 0.05). These results in-
dicated distinctly dissimilar responses of cells to varying concentrations
of AA (Fig. 2A).

In the high-dose groups, AA exposure induced differential expres-
sion of more proteins in the co-cultured cells than monocultured as-
trocytes. There were only five common differentially expressed proteins
found between the astrocytes and co-cultured cells. These results sug-
gested that the biological response of astrocytes may be different when
exposed to AA in the presence of microglial cells. The HCA results re-
vealed the changes in abundance of differentially expressed proteins
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between the untreated control and AA-treated cells (Fig. 2B-D). The
reproducibility expressed as variability between the 3 biological re-
plicates were 78%, 79%, 80% and 83% for 1 pM Astrocytes, 500 uM
Astrocytes, 1 uM co-cultured cells, and 500 uM co-cultured cells groups
(after normalized to control), respectively. Nevertheless, the samples
from the control and AA-treated cells displayed significant uniformity
(Fig. 2B-D).

3.3. Cellular component distribution of differentially expressed proteins

The results of the cellular component distribution, according to the
UniProt database are shown in Table 1. All identified proteins could be
classified into eight cellular functional categories. In both mono-
cultured astrocytes and co-cultured cells, the relative abundances of
total proteins and differentially expressed proteins in the main cellular
components followed the order membrane > cytoplasm >
nucleus > endoplasmic reticulum > mitochondrion > Golgi appa-
ratus > microtubule.

3.4. GO analysis of differentially expressed proteins

According to the biological processes in the UniProt database, dif-
ferentially expressed proteins were classified into related functional
categories (Fig. 3). From their distribution in biological processes
(Fig. 3A-C), altered proteins mainly participated in three essential
biological functions: (1) Cellular and metabolic process; (2) biological
regulation and response to stimuli; and (3) cell development, as well as
cellular component organization or biogenesis. Changes to proteins
involved in cell-cell signaling accounting for 12% of the proteins (RIN1,
ZNF622, APPL1, PABPNI1, Cdc42epl, Itpr2, Igfbp2) were only found in
the high-dose co-cultured group (Fig. 3C). According to the molecular
functions in the UniProt database, the differentially expressed proteins
were classified into related functional categories (Fig. 3D-F). The mo-
lecular function terms were categorized into six main biological activ-
ities: (1) binding activity; (2) catalytic activity; (3) transporter activity;
(4) signal transducer activity; (5) receptor activity; and (6) enzyme
regulator activity.

3.5. IPA function and pathway analysis

For a better understanding of the functions and pathways influenced
by AA, IPA was performed. The differentially expressed proteins in each
AA treatment group were annotated to dozens of functional alterations.
Notably, the generation of ROS and the immune response of cells were
the top two ranked significant child terms for both astrocytes and co-
cultured cells (Fig. 4A, B). Moreover, the analysis predicted that the
formation of cellular protrusions and microtubule dynamics was acti-
vated in co-cultured cells following exposure to a high concentration of
AA (Fig. 4C).

IPA enrichment analysis of differentially expressed proteins de-
monstrated 14, 16, and 15 pathways were changed in the high-dose
astrocyte and low- and high-dose co-cultured treatments, respectively
(Fig. 5). In line with the function alterations, oxidative stress-related
pathways and immune response signaling were significantly enriched in
both cell cultures following high-dose treatment. Moreover, the Nrf2-
mediated oxidative stress response was presumed to be activated in co-
cultured cells exposed to the high concentration of AA (marked as red
in Fig. 5C). Finally, the downstream proteins Cat, Gelm, Txnrd1, and
Sqgstm1 were predicted to be up-regulated after AA exposure, con-
tributing to Nrf2 activation (Fig. 5D).

3.6. Verification of protein expression using Western blot analysis
The Western blot results are shown in Fig. 6. According to the

pathway prediction and key roles of differentially expressed proteins in
co-cultured cells, proteins related to the Nrf2 pathway, including Nrf2,
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Fig. 2. Differential protein abundance in astrocytes and co-cultured astrocytes/microglia after 24 h of acrylamide (AA) exposure: A. statistical data; heat maps of
protein abundance patterns in B. astrocytes exposed to 500 uM AA, C. co-cultured cells exposed to 1 uyM AA, and D. co-cultured cells exposed to 500 uM AA.

Table 1

Cellular component distribution of the total identified proteins and differen-
tially expressed proteins in the astrocyte and co-culture acrylamide (AA)
treatment groups.

Cell Component  Astrocytes Astrocytes Co-culture  Co- Co-
(%) (500 UM AA) (Total) (1 uM AA) culture culture
(500 (Total)
UM AA)
Membrane 58.6 39.7 47.3 38.9 42.5
Cytoplasm 34.5 29.7 34.6 34.4 32.3
Nucleus 24.1 30.9 25.5 30.0 32.1
Endoplasmic 6.9 5.4 12.7 12.2 6.8
reticulum
Mitochondrion 6.9 6.7 23.6 11.1 7.5
Golgi apparatus 3.5 4.7 7.3 6.7 5.4
Microtubule 0 2.1 5.5 4.4 1.9

82

Cat, Gclm, and Sgstm1, as well as several typical proteins identified in
all treatment groups, were further investigated using Western blot
analysis to verify the MS results. Among the assessed proteins, Hmox1
was commonly associated with significant elements, especially the
terms “response to stimulus” and “cellular and metabolic process.”
Meanwhile, Atox1 has an important role in cell development, especially
in glial and neuronal differentiation (Kelner et al., 2000). Cyto C was
selected as a negative control lacking differential expression following
AA treatment (p > 0.05).

In co-cultured cells, Nrf2, Cat, Gclm, and Sqstm1 showed increased
expression (p < 0.05) following high dose AA exposure (500 pM), in
agreement with the IPA prediction. In line with the MS results, Hmox1
was up-regulated and Atox1 down-regulated in both astrocytes and co-
cultured cells exposed to 500 uM AA (p < 0.05). No significant
changes in Cyto C were evident in any of the treated cultures. All
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Biological process

Fig. 3. Enriched GO terms based sets of differentially expressed proteins in acrylamide (AA)-treated astrocytes and co-cultured astrocytes/microglia. Enriched
biological processes in A. astrocytes exposed to 500 uM AA, B. co-cultured cells exposed to 1 uM AA, and C. co-cultured cells exposed to 500 uM AA. Enriched
molecular functions in D. astrocytes exposed to 500 uM AA, E. co-cultured cells exposed to 1 pM AA, and F. co-cultured cells exposed to 500 M AA.

Western blot results corresponded with the MS results (Table 2).

4. Discussion

AA is a common food contaminant that develops during the food
heating process (Tareke et al., 2002). AA-induced neurotoxicity has
been widely investigated in various animal and cell models, including
astrocytoma cell lines, primary astrocytes, and BV2 microglial and
neuroblastoma cell lines (Lee et al., 2014; Liu et al., 2015; Sumizawa
and Igisu, 2007). This is the first study to explore the global proteome
changes of AA-induced neurotoxicity using a primary glial cell model
and to compare the differences between purified primary astrocytes and
primary co-cultures of astrocytes with microglia.

Epidemiological findings suggest that the margin of exposure of AA
is approximately 50-200, i.e. average AA consumers had exposure ex-
ceeding the tolerable intake of AA by an order of magnitude indicating
a potential risk of long term AA exposure (Tardiff et al., 2010). More-
over, the bioaccumulation of AA might affect the human nervous
system. Although no cytotoxicity was found in low dose (1 pM) and
high dose (500 uM) AA exposure in our study, astrocytes and microglia
both displayed cell-specific responses and distinct sensitivity to AA
within this exposure range in our previous studies (Zhao et al., 2017a,
2017b). For example, the oxidative stress-related Nrf2 pathway was
activated following exposure to 1.0 mM AA for 24 h without significant
cell death. In co-cultured astrocytes/microglia, an increase in reactive
oxygen species (ROS) formation, decrease in the reduced-to-oxidized
glutathione ratio, and activation of Nrf2 and downstream targets (e.g.,
Hmox1 and glutathione S-transferase) were observed after 24 h of ex-
posure to 0.1-1.0 mM AA, whereas cell viability was not significantly
impacted (Zhao et al., 2017a, 2017b). Similarly, Liu et al. (2015) in-
dicated that, although 24 h of exposure to 0.5 mM AA had no effect on
viability in BV2 microglial cells, the intrinsic apoptotic pathway was
promoted, as was JNK activation (p46). Therefore, despite a lack of
significant cytotoxicity, AA exposure can induce related signaling
pathways.

In this study, more proteins were differentially expressed after high-
dose (500 uM) treatment than low-dose (1 uM) treatment in co-cultured
cells, suggesting that toxicity occurred in a dose-dependent manner.
Moreover, in the high-dose treatment, more differentially expressed
proteins were detected in co-cultured cells than monocultured astro-
cytes. These results indicated that AA may induce a different biological
response in astrocytes in the presence of microglial cells. We cannot
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ascertain whether this is due to a greater cytotoxicity in astrocytes in
the presence of microglial cells, to the contribution of microglial pro-
teins to the total protein set, or to a combination of both. Furthermore,
AA treatment might have had specific effects in the endoplasmic re-
ticulum, mitochondrion, golgi apparatus and microtubule in co-cul-
tured cells, suggesting that these organelles are potential targets and
might have an essential role in AA neurotoxicity (Table 1). In line with
these results, a previous study showed that AA decreased mitochondrial
respiration, lowered mitochondrial complex protein expression, and
mediated apoptosis in BV2 cells (Liu et al., 2015).

Of the enriched biological regulatory functions, ROS generation was
the most significantly affected by AA treatment. Related to ROS gen-
eration, the proteins Hmox1, Alb, Cat, and Abcal were all reportedly
influenced by AA toxicity (Fig. 4A). This result corresponded with
previous observations in both AA-treated primary cell and animal
models (Zhao et al., 2015, 2017a, 2017b). As the other biological
regulatory function altered by AA exposure (Pan et al., 2018), the
cellular immune response showed significant changes in the inter-
leukin-12 signaling pathway, interleukin-1-mediated signaling
pathway, and acute phase response signaling pathway, among others
(Fig. 5A). In particular, five differentially expressed proteins were in-
volved in the immune response of cells, among which Hmox1, Cat,
Abcal, and CorolA were up-regulated, whereas Lgalsl1 was down-
regulated (Fig. 4B). These results suggested that AA treatment disrupted
the cellular redox balance and elicited an immune response. A previous
study reported that AA, much like methylmercury, acted as an elec-
trophile that negatively affected cell morphology and brain structure
(Lopachin and Gavin, 2012). Following AA exposure, functional al-
terations significantly affected "5% of differentially expressed proteins
associated with cell adhesion, cell proliferation, and cellular component
organization in all treatment groups. These results were similar to those
reported to involve the general effects of AA on glial morphology fea-
tures and glial differentiation (Shi et al., 2012).

Following a comparison of the two cell cultures, cell-cell signaling
alteration and cell migration were only evident in the high-dose AA
treatment in the co-cultured model. In particular, the early stages of
cellular protrusion formation and microtubule dynamics were acti-
vated, and cross-talk was apparent between these two terms, following
high-dose AA treatment in co-cultured cells (Fig. 4C). Disruptions in
cell-cell communication within glia or among neurons, astrocytes, and
microglia have been considered to have a critical role in the develop-
ment of neurodegenerative diseases. Furthermore, such disruptions
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Fig. 5. Canonical pathway alterations related to acrylamide (AA) exposure in astrocytes and co-cultured astrocytes/microglia: A. astrocytes exposed to 500 uM AA, B.
co-cultured cells exposed to 1 uM AA, and C. co-cultured cells exposed to 500 pM AA. D. Prediction of the Nrf2 pathway and related downstream proteins. The ratios
represent the number of differentially expressed proteins in AA-treated cells to the total number of proteins in each pathway.

affect the initiation and progression of neurotoxicity induced by endo-
and xenobiotics, such as CXC chemokine receptor 4, lipopolysacchar-
ides, and Streptococcus suis (Bezzi et al., 2001; Gullo et al., 2017; Seele
et al., 2016). Astrocytes have a major support function in the central
nervous system, as well as a role in inducing microglial activation and
differentiation. Meanwhile, microglia defend against oxidative stress
and transmit immune signals under inflammation of the central nervous
system (Teismann and Schulz, 2004). Rothhammer et al. (2018) re-
ported a detailed mechanism involved in such cellular communication
processes. Microglia could control and deactivate astrocytes via TGF-
ErbB1 signaling, while reactivating astrocytes via VEGF-B-FLT-1 sig-
naling in an experimental autoimmune encephalomyelitis mouse
model. Therefore, in contrast to monocultured astrocytes, these positive
and negative microglia regulators induced cell communication, eliciting
responses that were more sensitive to specific stimuli. Additionally, the
connecting pathways underlying cell-cell signaling were predicted after
IPA analysis, involving 11 proteins: Txnrd1, Tpbg, RIN1, Kif5b, Dpysl5,
Cdc42epl, Anpep, Map4, Aqp4, Dnajc5, and Igfbp2. Eight of these
proteins shown in Fig. 4C were related to two child terms “cellular
protrusion formation” and “microtubule dynamics”. The other three
proteins AQP4, DNAJC5, IGFBP2 were related the other child term of
“interaction (nervous system development and function)”. Of these
proteins, KIF5B assists in intracerebral signaling transmission and acts
as the node for cell communication (Ma et al., 2009). Meanwhile,
CDC42EP1 controls the formation of membrane protrusions and is
critical for efficient migration to the correct location under traction
forces (Shlomi et al., 2017). Further research is necessary to confirm
these differentially expressed proteins and discuss their connection to
the cell communication pathway. Additionally, the differences in the
underlying mechanism of toxicity in mono-cultured and co-cultured
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neural cell models following AA treatment should be explored further.

In this study, IPA predicted the increased expression of Nrf2, which
acts as the upstream regulator of Cat, Gelm, and Sqstm1, following AA
exposure. Nrf2 is a well-known transcription factor related to oxidative
stress, and has shown a feedback relationship with AA-induced neuro-
toxicity (Zhao et al., 2017a). The MS and IPA results were verified using
Western blot analysis, which demonstrated up-regulation of Nrf2, as
well as Cat, Gelm, and Sgstm1 (2.9-, 2.2-, and 1.7-fold, respectively) in
the high-dose co-culture group. These results suggested that the Nrf2
pathway and related antioxidant genes were involved in AA-induced
oxidative stress during the progression of neurotoxicity. Furthermore,
Western blot analysis revealed similar variations in Atox1l and Hmox1
in all groups compared with the MS results (Fig. 6B, C and Table 2).
Hmox1 had a close relationship with oxidative stress, further high-
lighting its major role in AA-induced neurotoxicity. These results sup-
ported previous findings that Hmox1 significantly increased in both
monocultured and co-cultured astrocytes and microglia and following
AA treatment (Zhao et al., 2017a, 2017b). Meanwhile, Atoxl is a
copper-dependent suppressor of oxidative damage and has been shown
to have a crucial role in maintaining brain cell survival and differ-
entiation (Hatori et al., 2016; Kelner et al., 2000). High-dose AA
treatment caused down-regulation of Atox1 in both astrocytes and co-
cultured cells. This result indicated that AA inhibited the suppression of
Atox1 and enhanced oxidative damage in the brain, which could sub-
sequently affect cell differentiation and promote neurotoxicity. These
results provide new insights into AA-induced neurotoxicity, helping to
clarify the underlying processes and mechanisms. Further investigation
of ATOX1 and the related copper homeostasis pathway will be con-
ducted in the future to determine the mechanism of AA-induced neu-
rotoxicity.
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Table 2

Comparison of the protein quantification results from the Western blot and proteomics (MS) analyses. AS, astrocyte monoculture; C, astrocyte/microglia co-culture.

Protein ID  Protein Name Protein Size

Fold-change

(kDa)
MS Western Blot
500 M AA,AS 1 uM AA,C 500 pM AA, 500 pM AA, 1uM AA, C 500 uM AA, C
C AS
P14901 HMOX1_MOUSE Heme oxygenase 1 31 21 0.97 2.7 1.9 1.45 3.2
008997 ATOX1_MOUSE Copper transport protein 7 —2.63 -1.1 —-4.5 -21 —-1.05 —-4.3
P62897 CYC_MOUSE Cytochrome c_ somatic (negative 11 1.43 1.32 2.01 1.24 1.06 1.58

control)

One of the limitations of this study is the lack of information on
microglia proteome. This is due to the relatively small amount of mi-
croglia cells in the developing brain of the pups; it will require five to
ten times the number of mice pups to provide enough microglia cells to
complete the experiment. The lack of information on microglia resulted
in the ability to distinguish the biological responses between astrocytes
and microglia in the co-culture system. Another limitation is the high
variability of the biological response and the strict statistical approach
used have resulted in a relatively small number of differentially ex-
pressed proteins identified, particularly at the low dose treatment
group. For example, these have resulted in the detection of 1-2 proteins
annotated in each category. Therefore, the results of this study are not
conclusive but can serve for hypothesis generation purposes. Further
research is necessary to confirm the biological pathways identified.
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5. Conclusion

The global effects of AA exposure were examined in mono-cultured
astrocyte and co-cultured astrocyte/microglial cell models Using a
proteomics approach. The findings revealed that disruption of multi-
cellular metabolic processes, biological regulation, and cell develop-
ment were the biological functions involved in AA-induced neurotoxi-
city. In particular, oxidative stress-related pathways and immune
response signaling were primarily affected in both high-dose groups.
The Nrf2 pathway and downstream proteins Hmox1, Cat, Gclm, and
Sgstm1 were crucial targets associated with oxidative stress related to
AA neurotoxicity. Atox1, involved in copper homeostasis, was another
potential target. In the co-cultured cell model, cell communication and
morphogenesis, especially the early stages of cellular protrusion for-
mation and microtubule dynamics, were significantly altered by AA
exposure. These functional and pathway modifications provide new
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insights for the development of an alternative pathway approach for the
risk assessment of AA. Further study of these targets will improve the
understanding of the pathogenesis of AA neurotoxicity.
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