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Abstract
Acrylamide (ACR), a soft electrophile, is a typical environmental and food contaminant that presents
potential health hazards and, consequently, is attracting increasing attention in the quest for its control.
ACR neurotoxicity has been widely reported in experimental animals and attributed to neuroin�ammation,
however the mechanisms involved therein require clari�cation. In this study, we used a neuron cell model
to investigate the mechanisms of ACR-induced neuroin�ammation and pyroptosis. The results showed
that ACR treatment induced lytic cell death morphologically under both the canonical pyroptotic pathway
(NOD-like receptor protein 3 (NLRP3)-apoptosis-associated speck-like protein containing CARD (ASC)-
cysteinyl aspartate speci�c proteinase 1 (caspase-1) -gasdermin D (GSDMD) -interleukin-1β (IL-
1β)/interleukin-18 (IL-18)) and an alternative pyroptotic pathway (Cysteinyl aspartate speci�c proteinase
3 (caspase-3) -gasdermin E (GSDME) -IL-1β/IL-18) in SH-SY5Y cells. Moreover, the lactate dehydrogenase
(LDH) production, cytokines release and lytic cell death induced by ACR were diminished by caspase-1
and -3 inhibitors. Furthermore, the knockdown of caspase-1 by small interfering RNA attenuated ACR-
induced lytic cell death, suggesting that canonical pyroptosis (the NLRP3-caspase 1-GSDMD-IL-1β
signaling axis) played a primary role in the ACR-induced pyroptosis. Of the two pyroptotic-related
pathways, the NLRP3 in�ammasome cascade was activated �rst within the 6 h period of ACR exposure,
while the activation of the alternative pyroptotic pathway was delayed. Collectively, these results indicate
that ACR mainly induce NLRP3-related neuroin�ammation and pyroptosis in SH-SY5Y cells, which is,
thus, suggestive of an alternative mechanism for ACR-induced neurotoxicity.

Introduction
Acrylamide (ACR) has attracted extensive attention due to its potential impact on environment and
human health via daily exposure. ACR has been scienti�cally con�rmed to cause neurotoxicity,
genotoxicity, developmental toxicity and potential carcinogenicity to both humans and animals, thus
raising widespread concern [1–3]. Consequently, several investigations have fueled advances in various
underlying mechanisms through which to address ACR-induced neurotoxicity. These include the axonal
degeneration of the nervous system [4,5]; the alteration of neurotransmitter levels and inhibition of
neurotransmission [6,1]; nerve cell apoptosis [7–9]; oxidative stress and disruption in ion homeostasis
[7,10,11]; as well as adduct formation with cytoskeletal proteins or deoxyribonucleic acid [5,12]. Several
other studies have focused on the role of in�ammation in the neurotoxicity caused by ACR [13,14], and a
connection has been revealed between NLRP3 in�ammasomes and ACR-induced neurotoxicity [15].
However, the speci�c regulatory role and mechanism of NLRP3 in�ammasome in ACR-induced
neurotoxicity require further clari�cation.

Canonical NLRP3 in�ammasome is comprised of effector protein caspase-1, adaptor protein ASC, and
sensory protein NLRP3 [16]. It requires priming and activation to become operational. The priming
process includes pro-IL-18, pro-IL-1β, and NLRP3 expression, the initiation of which normally occurs via
the signaling pathway of nuclear factor-kappa B [17,18]. Moreover, the activation process enables
in�ammasome complex assembly, facilitating pro-caspase-1 cleavage to obtain active caspase-1,
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followed by the release of mature IL-18 and IL-1β via pro-IL-18 and pro-IL-1β cleavage [19]. Additionally,
the GSDMD is released via the activated caspase-1 cleavage, forming pores in the plasma membrane to
rapidly release mature IL-18 and IL-1β into the extracellular environment, which has been shown to cause
neurocyte swelling in ACR-treated mice [20]. Neurocyte swelling, NLRP3 in�ammasome activation and
in�ammatory factor release (mature IL-18 and IL-1β) are all typical features of pyroptosis [21]. However,
the potential underlying mechanism between pyroptosis and ACR-induced neurotoxicity in neurocytes has
not yet been comprehensively elucidated.

In addition to the canonical pathway, caspase-3 and GSDME can also facilitate the release of mature IL-
18 and IL-1β and induce in�ammatory cell death, a process known as alternative pyroptosis in many
neurodegenerative diseases and in�ammatory response models [22,23]. It remains unknown, however,
whether the caspase-3-GSDME-IL-1β/IL-18 signaling axis contributes to ACR-induced pyroptosis and
neurotoxicity. Furthermore, assuming both the canonical pyroptotic cascade and alternative pyroptotic
cascade contribute to ACR-induced neurotoxicity, it is not clear which of these acts as the primary signal
cascade (NLRP3-ASC-caspase-1-GSDMD-IL-1β/IL-18 or caspase-3-GSDME-IL-1β/IL-18), and their
contributions to pyroptosis and neurological impact, thus, require further exploration.

As a dopaminergic neuron, SH-SY5Y cells are widely used in the study of neurodegenerative diseases
such as Parkinson’s and Alzheimer’s, amongst others [24]. In this study, we established an in vitro SH-
SY5Y cell model to clarify the role of the NLRP3 in�ammasome-related canonical pyroptotic cascade and
caspase 3-GSDME related alternative pyroptotic cascade in the mechanism of ACR-induced neurotoxicity.
Furthermore, speci�c chemical inhibitors of caspase-1 and caspase-3 and small interfering (si)RNAs
caspase-1 and caspase-3 were used to ascertain which signal pathway – either NLRP3 in�ammasome
cascade (caspase-1 enrolled) or caspase-3-GSDME cascade (caspase-3 enrolled) – plays the most
signi�cant role in ACR-induced pyroptosis and neurotoxicity. The sequential activation of these two
pathways in SH-SY5Y cells was also investigated. It is hoped that the �ndings of this study will provide a
new theoretical basis and novel research directions in the exploration of ACR-induced neurotoxicity.

Material And Methods

Materials
The Chinese Academy of Sciences (Shanghai, China) provided the human dopaminergic neuroblastoma
SH-SY5Y cell line, while Gibco (Thermo Scienti�c, Shanghai, China) supplied the fetal bovine serum
(FBS). Invitrogen (Thermo Scienti�c, Shanghai, China) supplied the Minimum Essential Medium (MEM),
F12, GlutaMAX, sodium pyruvate, non-essential amino acid and penicillin/streptomycin. Antibodies
against NLRP3 (1:1000; Proteinch; 00080435); ASC (1:1000; Proteinch; A16672); IL-1β (1:1000; ABclonal;
A16288); IL-18 (1:1000; ABclonal; A16737); GSDMD/N-GSDMD (1:1000; Abcam; ab209845); GSDME/N-
GSDME (1:1000; Abcam; ab215191); cleaved caspase-3 (1:1000; CST; 9664S), cleaved caspase-1
(1:1000; CST; 4199T) and β-actin (1:1000; CST; 4970S) were separately obtained from attached
commercial company. Additionally, dimethyl sulfoxide (DMSO), 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-
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2-H-tetrazolium bromide (MTT), and N-Acetyl-L-cysteine (NAC) were acquired from Sigma-Aldrich
(Shanghai, China). All related chemical agents were of analytical grade.

Cell culture
Human dopaminergic neuroblastoma SH-SY5Y cell lines were cultured in MEM/F12 medium
supplemented with 10% FBS, 1% GlutaMAX, 1% sodium pyruvate, 1% non-essential amino acid, and 1%
penicillin/streptomycin. A humidi�ed incubator with air levels at 95% and a CO2 level of 5% was used to
cultivate the cells at 37°C. The growth medium was changed at intervals of 2 to 3 d.

Thereafter, the cells were placed into 96-, 24- or 6-well plates and left to incubate for 24–72 h. The
existing media were then replaced with new media comprising varying concentrations of ACR and left to
incubate for a further 24–72 h.

Cell viability
The viability of the cells was determined using MTT evaluation [25]. Brie�y, a 96-well plate was used to
seed SH-SY5Y cells at 8×103 cells per well, after which they were treated for 24 h, 48 h and 72 h, with
different ACR concentrations of 0.01, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5 and 5 mM each. Next, 10 µL of MTT (5
mg/mL) was added to each well and they were incubated for 2 h at 37°C. The media was replaced by 100
µL DMSO, after which a TECAN In�nite M200 PRO microplate reader was used to determine the
absorbance at 570 nm. The control cell formazan density was regarded as 100%, while the cytotoxicities
of the different groups were presented as proportions of the control group.

LDH assay and cell morphological examination
Cell pyroptosis was determined via LDH release using a CytoTox 96 cytotoxicity assay kit (Promega,
Shanghai, China), according to the manufacturer’s instructions. Brie�y, the cells were seeded into a
transparent 6-well plate. When the cells had grown approximately 80%, they were treated with ACR
prepared with serum-free medium for 24 h. The cell supernatant was subsequently collected and
transferred into a new 96-well plate and left to react for 30 min in the dark with the LDH detection working
solution. The quantitative LDH levels were measured using a TECAN In�nite M200 PRO microplate reader
(Tecan Trading AG, Switzerland) at 490 nm.

Cell morphology was observed using a Nikon Eclipse TI microscope (Nikon, Tokyo, Japan) at 100×/250×
magni�cation. Brie�y, cells were cultured in a 24-well plate at a density of 105 cells/well, after which they
were treated for 24 h with different concentrations of ACR. Cellular ballooning was denoted with black
arrows.

Measurement of reactive oxygen species (ROS),
malondialdehyde (MDA), and glutathione (GSH) contents
For NAC treatment, the cells were pre-treated with 500 µM NAC for 1 h, and then co-treated with ACR for
24 h. A 2,7-dichloro�uorescin diacetate (DCFH-DA) staining kit (E004-1-1, Nanjing Jiancheng
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Bioengineering Institute, Nanjing, China) was used to measure the ROS formation. Meanwhile, the cellular
GSH (A006-2-1) and MDA (A003-1-2) concentrations were measured according to the directions of the
supplier (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). A bicinchoninic acid (BCA) protein
assay kit (A045-4-2, provided by the Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was
used for cell lysis, employing an ultrasonic cell disruptor for protein concentration determination.

Western blot analysis
Radioimmunoprecipitation (RIPA) assay buffer (Beyotime, Shanghai, China) was used to extract cell
pellets for 30 min, after which the lysates were subjected to centrifugation at 4°C for 10 min at 12,000 g
to remove the insoluble substances. Thereafter, the protein was extracted from the supernatant and kept
at 95°C for 5 min. The proteins (20–50 µg) were then separated using SDS-PAGE and moved to poly
(vinylidene �uoride) (PVDF) membranes (GE Healthcare, IL, USA). The membranes were blocked with 5%
fat-free milk (Sangon Biotech, Shanghai, China) or 5% bovine serum albumin (BSA) (Bio-Sharp, Hefei,
China) for 1 h at room temperature, after which they were incubated overnight at 4°C with speci�c
primary antibodies. The secondary HRP-conjugated antibodies were subsequently washed three times
with tris-buffered saline with Tween 20 (TBST), then used to incubate the membranes at room
temperature for 1 h. Protein detection was accomplished using an enhanced chemiluminescence (ECL)
assay, obtained from Bio-Rad (Shanghai, China), while a Tanon 4200 imaging system (Tanon, Shanghai,
China) was used for scanning.

ELISA assays
The expression levels of IL-1β, IL-18 and tumor necrosis factor-α (TNF-α) in the cell supernatant were
measured using an ELISA kit (Elabscience, Houston, TX), according to the manufacturer’s instructions.
Brie�y, 50 µL cell supernatant of each sample was added into a pre-coated 96-well microplate and left for
2 h at room temperature. The wells were then washed four times with the provided washing solution,
biotinylated antibody was added and the cells were cultured at room temperature for 1 h. Thereafter, the
washing process was repeated before HRP-streptavidin solution was added and the cells were then
incubated at room temperature for 15–30 min, after which time a stop solution was added, and
absorbance was measured at 450 nm immediately on a microplate reader.

Chemical inhibitor treatment
Doses of Ac-DEVD-CHO (Beyotime, Shanghai, China) and Ac-YVAD-CMK (Santa Cruz Biotechnology,
Shanghai, China) were chosen via an MTT cell viability assay. For chemical inhibitor treatment, the SH-
SY5Y cells were pre-treated for 24 h with either the Ac-DEVD-CHO or Ac-YVAD-CMK, and then treated
either with or without ACR for 24 h. After the inhibition, the levels of LDH in the different treatment groups
were measured in cell supernatant to check the inhibition e�ciency.

Short interfering RNA (siRNA) silencing
The SH-SY5Y cells were transfected with a negative control siRNA (Santa Cruz Biotechnology, Shanghai,
China) or caspase-1 siRNA/caspase-3 siRNA (Santa Cruz Biotechnology, Shanghai, China) using a
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Lipofectamine 3000 Kit (Thermo Fisher Scienti�c, USA), according to the manufacturer’s instructions.
Brie�y, cells were seeded onto 6-well plates and transfected with a mixture comprising the siRNA
duplexes, Lipofectamine 3000, and Opti-MEM reduced serum medium (Gibco, USA). Following incubation
for 48 h, the medium was replaced with a fresh cell cultural medium containing 10% FBS. Cells were then
treated with either ACR or a vehicle (phosphate buffered saline (PBS)) and left for 24 h, after which they
were harvested for LDH levels measurement and protein expression analyses.

Statistical analysis
Each assay was conducted at least in triplicate. Data was analyzed using the GraphPad Prism 7.0
software (GraphPad Software, La Jolla, CA), and the results were introduced as mean ± SD. Statistical
comparisons between the experimental groups were evaluated by one-way analysis of variance (ANOVA)
with Duncan's multiple comparison test using SPSS software v. 21. Consequently, p < 0.05 values were
regarded as statistically signi�cant and were denoted by different letters. Western blotting gray analysis
was performed using the Image J imaging processing program (Wayne Rasband, National Institutes of
Health, USA).

Results

ACR induced pyroptosis in SH-SY5Y cells
The SH-SY5Y cells were exposed to different concentrations of ACR for 24 h, 48 h and 72 h. The results
are shown in Fig. 1A. Compared with the control group, the overall survival rate of the SH-SY5Y cells
decreased as ACR concentrations increased and treatments were extended. The IC50 dose of ACR for 24 h
was found to be 3 mM in the SH-SY5Y cells. Moreover, the effect of ACR on the morphology of SH-SY5Y
cells can be seen in Fig. 1C. In the control group, the SH-SY5Y cells displayed a uniform cytoplasm, and a
well-arranged structure with typical differentiation. However, following ACR treatment, the cells became
round and �oated, accompanied by obvious cellular ballooning (indicated by black arrow). These results
suggest that ACR may induce pyroptosis in SH-SY5Y cells.

It is typical for pyroptosis to destroy the integrity of a cell membrane, leading to the release of LDH and
cytokines into the extracellular environment [26]. As shown in Fig. 1B, with increased ACR concentration,
the LDH levels in the SH-SY5Y cell supernatant increased signi�cantly. A high dose of ACR for 24 h
increased the LDH level in treated cells to 40 ± 3.18%, in comparison with the control group. As a
defensive immune response [27], in�ammation can trigger IL-1β, IL-18, TNF-α secretion signi�cantly,
which can lead to immune in�ammation. In this study, the contents of cytokines like IL-18 and TNF-α in
the supernatant were found to increase in a dose-dependent manner in line with the increase of ACR
exposure and concentration, while the level of IL-1β also increased signi�cantly, but was not dose
dependent (Fig. 1D-F, P < 0.05).

ACR induced oxidative stress in SH-SY5Y cells
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After the SH-SY5Y cells were treated with different concentrations of ACR for 24 h, remarkable markers of
ROS were detected. As shown in Fig. 1G, compared with the control group, the levels of ROS in the SH-
SY5Y cells had increased signi�cantly (Fig. 1G, P < 0.05), however, protection with common antioxidant
NAC was found to reduce the intracellular ROS accumulation (P < 0.05). At the same time, the level of
GSH in the SH-SY5Y cells treated with ACR decreased signi�cantly (Fig. 1H). In addition, compared with
the control group, the MDA level in SH-SY5Y cells increased signi�cantly after ACR treatment (Fig. 1I).
Intracellular antioxidant GSH plays an important role in the elimination of ROS [28]. Thus, these �ndings
demonstrate that ACR can signi�cantly reduce the level of intracellular GSH and increase the level of
MDA, suggesting that ACR can reduce the antioxidant capacity of cells and induce oxidative injury in SH-
SY5Y cells.

ACR induced the expression of pyroptosis-related proteins
in SH-SY5Y cells
With the cellular ballooning phenotype, we further investigated the related intracellular proteins
expression by western blot. As expected, NLRP3-mediated pyroptosis was induced in this cell line upon
the stimulation of ACR (Fig. 2A). Compared with the control group, the intracellular NLRP3, ASC, cleaved
caspase-1 and N-GSDMD levels increased signi�cantly, and in a dose-dependent manner, after ACR
exposure (Fig. 2B-E, P < 0.05), indicating that ACR-induced oxidative stress could activate the NLRP3
in�ammasome pathway, lead to the release of cytokines, and �nally cause pyroptosis in SH-SY5Y cells.

In addition, apoptotic caspases (caspase-8/-3) were also seen to be activated (Fig. 2F and G, P < 0.05). In
a pyroptotic-related signal cascade, caspase-3 can trigger GSDME activation and contribute to lytic cell
death [29]. Meanwhile, our results showed that GSDME was cleaved in the ACR-exposed cells and the
expression of N-GSDME increased signi�cantly (Fig. 2H, P < 0.05), suggesting that caspase-3/GSDME
may also be involved in the regulation of ACR-induced pyroptosis of SH-SY5Y cells. It is worth noting that
both the canonical pyroptotic pathway (NLRP3/caspase-1/GSDMD) and the alternative pyroptotic
pathway (caspase-8/caspase-3/GSDME) were involved in the pyroptosis of the SH-SY5Y cells induced by
ACR. The order of these activations and the contributions of these two pathways to the neurotoxicity
induced by ACR are, however, still unknown and require further investigation.

Canonical pyroptotic pathway and alternative pyroptotic
pathway were sequentially activated by ACR
SH-SY5Y cells were treated with ACR for either 6 h or 24 h to observe the differences in cell phenotype
and the expression of related proteins, so as to investigate whether the activation of the two pathways is
sequential. The morphology of cells at different exposure periods were observed and the results are
shown in Fig. 3A. Compared with the control group, after 6 h the ACR-infected cells were found to have
decreased signi�cantly in number, but with no obvious cellular ballooning. However, after 24 h ACR
exposure, the number of cells had decreased further and the �oating cells had increased signi�cantly,
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accompanied by a large extent of cellular ballooning (indicated by black arrows). Moreover, the integrity
of cell membranes was investigated by measuring extracellular LDH levels. Compared with the control
group, the level of LDH release had not increased signi�cantly after 6 h ACR exposure (P > 0.05) but had
increased signi�cantly after 24 h ACR exposure (Fig. 3B, P < 0.05), suggesting that ACR time-dependently
induced the pyroptosis of SH-SY5Y cells.

The expression levels of proteins in both the canonical pyroptotic and the alternative pyroptotic pathways
were further investigated and the results showed that, compared with the control group, the protein levels
of NLRP3 and cleaved caspase-1 increased signi�cantly after 6 h of ACR exposure. Furthermore, N-
GSDMD was found to have increased slightly, indicating that the NLRP3 in�ammasome pathway in SH-
SY5Y cells had begun within 6 h. After 24 h treatment, the expressions of related proteins in NLRP3
in�ammasome pathway were enhanced (Fig. 4B-F, P < 0.05). However, after 6 h ACR treatment, only
caspase-8 was activated and there was no signi�cant change in other protein levels of the GSDME
signaling axis, including cleaved caspase-3 and N-GSDME (Fig. 4G-J, P > 0.05), indicating that the
effector proteins in the alternative pathway had not been fully activated. After 24 h of ACR exposure,
however, the expression levels of cleaved caspase-8, cleaved caspase-3 and N-GSDME were found to
have increased signi�cantly (Fig. 4G, I and 4J, P < 0.05). These results suggest that prolonged treatment
with ACR induced caspase-3/N-GSDME activation, while also enhancing NLRP3 in�ammasome-mediated
pyroptosis in the SH-SY5Y cells. Thus, ACR may �rst activate the NLRP3/caspase-1/GSDMD signaling
axis by inducing cell oxidative stress, thereafter activating the caspase-8/caspase-3/GSDME signaling
axis, and, consequently, contribute to pyroptosis in SH-SY5Y cells.

NLRP3 in�ammasome signaling played a crucial role in
ACR-induced pyroptosis in SH-SY5Y cells
In order to further clarify the mechanism underlying ACR-induced neurotoxicity, we further explored the
pathways’ key roles using the speci�c antagonist and siRNA gene silencing to prevent the speci�c
signaling transduction.

SH-SY5Y cells were separately treated with different doses of the caspase-1 speci�c chemical inhibitor
Ac-YVAD-CMK and caspase-3 speci�c chemical inhibitor Ac-DEVD-CHO for 24 h to select the appropriate
dose (Fig. S1A and B). The caspase-1 inhibitor Ac-YVAD-CMK was found to markedly attenuate the LDH
release induced by ACR to 7 ± 4.60%, while after treatment with the caspase-3 inhibitor Ac-DEVD-CHO
treatment, the LDH release level was found to have decreased to 20 ± 2.86% (Fig. 5A). It is worth noting
that, compared with the caspase-3 speci�c chemical inhibitor, the caspase-1 speci�c chemical inhibitor
more effectively alleviated the release of LDH induced by ACR, indicating that the NLRP3-caspase 1-
GSDMD signaling axis may play the primary role in ACR-induced pyroptosis. However, when the
intervention of the two caspase proteins by these speci�c chemical inhibitors was simultaneous, the
release of LDH levels decreased to 5 ± 5.54%, which is not signi�cantly different from that of the control
group (Fig. 5A). These results suggest that ACR-induced in�ammatory response and pyroptosis in SH-
SY5Y cells are attributed to the two pathways. Furthermore, caspase-1 and caspase-3 were knocked
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down using a speci�c siRNA, and transfected cells were cultured for 24 h, either with or without ACR, to
verify these signaling axes. Similar to the effects of the speci�c chemical inhibitors, siRNA-mediated
caspase-1 and caspase-3 knock-down signi�cantly alleviated the ACR-induced LDH release and cell lytic
death (Fig. 5B). Following caspase-1 silencing, ACR-induced pyroptosis was found to be signi�cantly
reduced, and the release level of LDH was also signi�cantly reduced to 15.71 ± 0.65% (Fig. 5B). Similarly,
the silencing of caspase-3 effectively alleviated ACR-induced cytotoxicity in the SH-SY5Y cells, and the
LDH release level decreased to 25.24 ± 1.35% (Fig. 5B). When caspase-1 and caspase-3 were silenced
simultaneously, the LDH release level was further reduced to 10.31 ± 1.35% (Fig. 5B). These results further
proved the involvement of caspase-1 and caspase-3 in the ACR-induced pyroptosis of SH-SY5Y cells. In
light of the above comprehensive results, we further speculate that the NLRP3-caspase 1-GSDMD
signaling axis may play a leading role in the pyroptosis of SH-SY5Y cells induced by ACR.

Caspase-1 siRNA silencing attenuated ACR-induced
pyroptosis by reducing NLRP3 in�ammasome protein
expression in SH-SY5Y cells
Since the siRNA-mediated caspase knockdown was found to have signi�cantly alleviated ACR-induced
pyroptosis, the related protein expression was examined to further verify the key role of the NLRP3
in�ammasome cascade (Fig. 6A and Fig. 7A). Compared with that of the control siRNA group, the NLRP3
in�ammasome complex protein and downstream in�ammatory factor expression was signi�cantly
increased in the ACR-exposed control siRNA group, whereas NLRP3 in�ammasome complex protein
expression, including NLRP3, cleaved caspase-1 and N-GSDMD, was signi�cantly reduced following
caspase-1 siRNA silencing (Fig. 6B-D). In addition, the release of IL-1β had decreased, suggesting that
caspase-1 knockdown markedly decreased the ACR-induced NLRP3 in�ammasome activation (Fig. 6E).
Moreover, caspase-3 siRNA could signi�cantly reduce the protein expressions of cleaved caspase-8,
caspase-3 and N-GSDME, while also inhibiting IL-1β release (Fig. 7B-E). Comparative analysis of the IL-1β
variation trend subsequent to caspase-1 knockdown and caspase-3 knockdown revealed that caspase-1
exerted a substantially greater activating effect on IL-1β. Thus, these �ndings con�rm that, in line with the
LDH release results, the NLRP3-caspase 1-GSDMD-IL-1β signaling axis plays a primary role in ACR-
induced pyroptosis.

Discussion
ACR is a typical environmental and food contaminant, which presents potential health hazards and, thus,
has attracted increasing attention. The present study, based on in vitro experiments, demonstrated the
pathological signi�cance of neuroin�ammatory responses in the neurotoxic effect of ACR in
dopaminergic neurons. The results showed that both the canonical pyroptotic pathway (NLRP3
in�ammasome-related) and alternative pyroptotic pathway (caspase-3/GSDME axis) contributed to ACR-
induced neurotoxicity. Moreover, we also found that ACR-induced canonical pyroptotic pathway (NLRP3
in�ammasome-related) occurred within 6 h of in�ammasome activation, while alternative pyroptosis
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(caspase-3/GSDME axis) in this study was delayed. Additionally, compared to the alternative pyroptotic
pathway, the NLRP3 in�ammasome pathway was found to play a more signi�cant role in ACR-induced
pyroptosis through speci�c chemical inhibitor and small interfering RNA knockdown veri�cation.

The NLRP3 in�ammasome has recently been identi�ed as a critical signaling of exogenous chemically-
induced pyroptosis. In recent studies of ACR-induced neurotoxicity, it was shown that the NLRP3
in�ammasome level was up-regulated in the hippocampi of rats after oral ACR administration, further
increasing the expression levels of pro-in�ammatory cytokines, IL-1β, interleukin-6 and IL-18 [30].
Moreover, as the resident immune cells in the central nervous system, microglial activation has been
widely discussed in terms of ACR-induced NLRP3 in�ammasome activation, both in vitro and in vivo
[15,19]. Furthermore, neurons represent the main executors of nerve impulses and, therefore, their damage
could cause cognitive impairment and motor dysfunction [31]. In this study, it was found ACR could
induce cellular ballooning and lytic cell death in neurons, resulting in the activation of the NLRP3
in�ammasome pathway and inducing the signi�cant release of LDH, IL-1β and IL-18. Considering the
essential functioning of neurons and microglia, it is apparent that the neurotoxic effects of ACR are
presented not only through the microglial-derived immune response, but also directly via changes to the
immunity homeostasis of neurons.

Additionally, in this study, an alternative form of pyroptosis was observed in ACR-induced neurotoxicity.
This was found to be distinct from the canonical pyroptosis following NLRP3 in�ammasome activation,
due to their different occurrence times and mechanisms. Our study found, for the �rst time, that the ACR-
induced caspase-8/caspase-3/GSDME signaling pathway induced the release of LDH and cytokines like
IL-1β and IL-18 in SH-SY5Y cells. It is worth noting that GSDME, as a member of the gasdermin family, is
also involved in the process of induced cell death [32]. Unlike GSDMD, GSDME is cleaved mainly by
activated caspase-3 to form active N-GSDME, resulting in the loss of plasma membrane integrity and
inducing the alternative form of pyroptosis [29]. Together, these data indicate that ACR is able to induce
both canonical NLRP3 pyroptosis and alternative pyroptosis in SH-SY5Y cells. Furthermore, the combined
blockage of the executor (caspase-1 and caspase-3) in the related pathway can alleviate ACR-induced
pyroptosis to some extent, thereby rescuing the cell from death, indicating that these two pathways are
main signal axes involved in the ACR-induced pyroptosis of SH-SY5Y cells.

The precise activation relationship between the NLRP3 in�ammasome pathway (canonical pyroptosis)
and the caspase-8/caspase-3/GSDME signal pathway (the alternative pyroptosis) in ACR-induced
neurotoxicity remains unknown. However, it has been ascertained that canonical pyroptosis and the
alternative pyroptosis cannot activate simultaneously. Canonical pyroptosis usually occurs shortly after
in�ammasome activation, while the alternative pyroptosis is generally delayed. However, such caspase-3-
mediated alternative pyroptotic cell death may still take place as an auxiliary mechanism to promote
innate immune responses against infections. Consistent with the previous hypothesis, our data showed
that the ACR-induced pyroptosis of SH-SY5Y cells occurred �rst by activating the NLRP3 in�ammasome
signal pathway, and only then by means of the caspase-8/caspase-3/GSDME signal pathway. In addition,
this study endeavored to ascertain which of the pathways present in ACR-induced neurotoxicity played
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the most signi�cant role. Our results showed that the blockage of caspase-1 (by Ac-YVAD-CMK treatment
or siRNA gene silencing) can more signi�cantly reduce the release of LDH and IL-1β, thereby alleviating
ACR-induced pyroptosis, in comparison with that in caspase-3 blockage. Thus, it is apparent that the
NLRP3/caspase-1/GSDMD signaling axis plays a primary role in ACR-induced pyroptosis.

Conclusion
The major �nding of this study is that ACR can induce both canonical pyroptosis and the alternative
pyroptosis in SH-SY5Y cells, and that canonical pyroptosis (via the NLRP3/caspase-1/GSDMD/IL-1β
signaling axis) plays a primary role in ACR-induced pyroptosis (Fig. 8). Moreover, the NLRP3
in�ammasome cascade is activated �rst during ACR exposure and the activation of these two pathways
is time-dependent. It is therefore likely that such pyroptosis activation may intensify the innate immunity
of the host to combat ACR-induced neurotoxicity.

Nonetheless, further research is warranted to explore the mechanism in in vivo relevance in an
appropriate animal model. Moreover, the mechanism by which the alternative pyroptosis is activated, as
well as that which triggers a transition of GSDMD-dependent pyroptosis into GSDMD-independent
pyroptosis, remain unknown. One hypothesis is that the release of proin�ammatory factors, such as IL-
1β, via canonical pyroptosis may induce robust in�ammation. Moreover, since caspase-3 is the key role
effector protein in both pyroptosis and apoptosis, further research is needed to explore whether, in
addition to caspase-8, any other upstream caspase is involved in inducing caspase-3 activation and
GSDME-mediated cell death. The potential contribution of the synergistic effects of pyroptosis and
apoptosis to the ACR-induced neurological mechanism also warrant further investigation.
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Figure 1

ACR induced pyroptosis and oxidative injury in SH-SY5Y cells

Figure 2

ACR induced pyroptosis-related proteins expression in SH-SY5Y cells

Figure 3

The phenotype of SH-SY5Y cells after different time ACR exposure

Figure 4

ACR sequentially activated proteins in canonical pyroptotic pathway and alternative pyroptotic pathway
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Figure 5

ACR-induced pyroptosis were inhibited after caspase inhibition treatment in the SH-SY5Y cells

Figure 6

Caspase-1 siRNA silencing attenuated ACR-induced pyroptosis by reducing protein expression in NLRP3
in�ammasome pathway

Figure 7

ACR-induced alternative pyroptotic related protein expression after caspase 3 siRNA silencing 

Figure 8

The potential mechanism of ACR induced pyroptosis
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