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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• The synthesized probe AAPA-P2 can
profile acrylamide targets directly in
living cells.

• The identified number of proteins after
enrichment with AAPA-P2 was
increased 20-fold.

• Novel targets reveal AA promotes
apoptosis through PSMD9/NDUFA5/
Caspase 3 pathway.
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A B S T R A C T

Neurotoxicity studies caused by exposure to acrylamide (AA) are of wide interest, but the methods for direct
analysis of AA targets in living neuronal cells by cysteine profiling are still lacking. To address this, we developed
a specific bioorthogonal probe, AAPA-P2, for chemical proteomics analysis of AA covalent binding sites. AAPA-
P2 captured 754 target proteins, increasing the number of identified target proteins by 20-fold. Further screening
revealed 96 proteins that are both highly sensitive and heavily modified by AAPA-P2, with validation performed
on some potential key targets and binding sites. AA was found to induce neurotoxicity by binding to newly
identified targets, Proteasome 26S Subunit, non ATPase 9 (PSMD9) and NADH dehydrogenase (ubiquinone) 1
alpha subcomplex 5 (NDUFA5), interfering with the ubiquitin-proteasome system, and inducing mitochondria-
dependent apoptosis. The present work provides an effective bioorthogonal probe tool for identifying covalent
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binding targets of acrylamide and offers new insights into the molecular mechanisms underlying acrylamide-
induced neurotoxicity.

1. Introduction

Acrylamide (AA) is a water-soluble vinyl monomer with a variety of
chemical and industrial applications [1]. In a report by the International
Agency for Research on Cancer (IARC) in 1994, AA was classified as a
Group 2a substance, indicating that it is possibly carcinogenic to humans
and a neurotoxin [2]. Previously, it was generally believed that the
primary risks associated with AA were due to occupational exposure, as
polyacrylamide has been widely used since the 1950s for soil condi-
tioning, wastewater treatment, cosmetics, and papermaking [3–6].
However, recent concerns have emerged regarding the presence of AA in
food and its impact on human health. The main source of AA in food
comes from the high-temperature cooking and processing of starchy
foods, where free asparagine and reducing sugars in these foods (espe-
cially potatoes, baked goods, plant-derived products, and coffee) un-
dergo the Maillard reaction at elevated temperatures to produce AA [7].
Mihalache OA applied risk assessment methods to evaluate the risk of
cancer and disease burden associated with dietary exposure to AA
through exposure models [8]. It was also reported that AA can affect
steroid hormone levels during adolescence, leading to reproductive
neuroendocrine toxicity [9]. Additionally, research by Guo J has
demonstrated that men and individuals under 65 years old are more
susceptible to depression after environmental exposure to AA [10].

Currently, preliminary studies have been conducted on the toxic
mechanisms of acrylamide. As an electrophilic reagent containing an
α,β-unsaturated amide group, AA can modify nucleophilic residues of
macromolecules, particularly cysteine (Cys) residues through Michael
addition, resulting in a process known as “acrylamidation”, which in-
terferes with the biological functions of these molecules and leads to
neurotoxicity, skeletal developmental toxicity and carcinogenicity
[11–17]. However, existing studies still face several bottlenecks, the
main challenge of which is the limited understanding of the target
proteins of AA. Mass spectrometry (MS)-based proteomics techniques
are increasingly used for screening target proteins of drugs/toxins, and
studies have shown that AA can modify approximately 200 proteins in
different types of nerve cells [18–22], however, these targets are pre-
dominantly high-abundance proteins, while low-abundance target pro-
teins with high activity are difficult to detect due to their low expression
levels in living cells [23–25]. Current target identification methods
struggle to provide a comprehensive description of the proteins that
bind with AA, resulting in the omission of critical information related to
the molecular mechanisms of AA-induced neurotoxicity. Thus, new
research tools and methods capable of covering both a global portrait of
AA reactivity and direct analysis of protein-specific sites in living cells
are highly desired.

To address this issue, we designed and synthesized a bioorthogonal
probe structurally similar to AA, named AAPA-P2 in this work. Utilizing
this probe, 754 AA-modified proteins were captured and identified in
mouse microglia cells (BV-2) cells, significantly increasing the number
of identified proteins compared to traditional proteomics methods.
Further screening and analysis of these binding proteins revealed that
AA can induce neuronal apoptosis through covalent binding to Cys59 of
PSMD9 and Cys17 of NDUFA5. This research provides a wealth of target
protein information and new insights for subsequent studies on the
molecular mechanisms of AA-induced neurotoxicity, as well as potential
therapeutic targets for treating AA-related neural damage.

2. Materials and methods

2.1. Chemicals and reagents

All reagents, antibodies, primers, plasmids and methods and pro-
cedures that are not mentioned in the main text are all presented in the
Supporting Information.

2.2. Compound synthesis

N-6-heptyn-1-yl-2-propenamide (AAHA-P1) was synthesized ac-
cording to the following method. 10 mmol 6-heptyn-1-amine HCl and
25 mmol 4-dimethylaminopyridine were dissolved in 80 mL distilled
CH2Cl2. The reaction mixture was stirred at room temperature for 4–5 h.
To this solution, 11 mmol of acryloyl chloride diluted in CH2Cl2 was
added dropwise under cooling in an ice bath. The reaction mixture was
stirred at − 5 ◦C for 30 min and at room temperature for another 12–16
h. After removing most of the solvent by evaporation at reduced pres-
sure, the residue mixture was separated on a silica column to afford
AAHA-P1 as a yellow powder.

N-(prop-2-ynyl)acrylamide (AAPA-P2) was synthesized according to
the following method. 10 mmol propargyl amine and 15 mmol 4-dime-
thylaminopyridine were dissolved in 80 mL distilled CH2Cl2. To this
solution, 11 mmol of acryloyl chloride diluted in CH2Cl2 was added
dropwise under cooling in an ice bath. The reaction mixture was stirred
at − 5 ◦C for 30 min and at room temperature for another 12–16 h. After
removing most of the solvent by evaporation at reduced pressure, the
residue mixture was separated on a silica column to afford AAPA-P2 as a
yellow powder.

N-(2-(prop-2-yn-1-yloxy)ethyl)acrylamide (AAOA-P3) was synthe-
sized according to the following method. 10 mmol 2-(2-propynyloxy)
ethylamine and 15 mmol 4-dimethylaminopyridine were dissolved in
80 mL distilled CH2Cl2. To this solution, 11 mmol of acryloyl chloride
diluted in CH2Cl2 was added dropwise under cooling in an ice bath. The
reaction mixture was stirred at − 5 ◦C for 30 min and at room temper-
ature for another 12–16 h. After removing most of the solvent by
evaporation at reduced pressure, the residue mixture was separated on a
silica column to afford AAOA-P3 as a yellow powder.

2.3. Cell culture

BV-2, rat pheochromocytoma cells (PC12) and human neuroblas-
toma cells (SHSY-5Y) were obtained from American Type Culture
Collection (ATCC) and maintained in DMEM (Pricella, Wuhan, Hubei,
China, WH0023Z281) supplemented with 10 % (vol/vol) dialyzed FBS
(Pricella, SA220822), 100 U mL− 1 penicillin and 100 mg mL− 1 strep-
tomycin in a humidified atmosphere at 37 ◦C with 5 % CO2.

2.4. Cell viability assays

For evaluation of the cell toxicity of AA, AAHA-P1, AAPA-P2 and
AAOA-P3, 10,000 BV-2 cells per well were seeded in 96-well dishes to
grow 24 h. Then the cells were treated with 50, 100, 200, 400, 800,
1000, 2000 μM AA or AAHA-P1, AAPA-P2 and AAOA-P3 for 24 h. The
cells were washed with pre-warmed PBS (pH=7.2–7.4) and incubated
with pre-prepared CCK-8 reagent for 2 h. The absorbance at 450 nm was
measured and cell viability under test conditions was reported as a
percentage relative to the negative control treatment.
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2.5. qRT-PCR

The BV-2 cells were seeded in 6-well plates at 8 × 105 cells/well for
24 h, then stimulated with 100, 400, 1000, 2000 μM AA or AAHA-P1,
AAPA-P2 and AAOA-P3 respectively. After 24 h, the cells were
washed with PBS three times. Total RNA was isolated and cDNA was
synthesized using a Hiscript® II Q RT SuperMix for qPCR (+gDNA
wiper). Quantitative real-time (qRT)-PCR was performed using the
ChamQ SYBR qPCR Master Mix (Without ROX). The primer sequences
are listed in Table S1 in the Supporting information. The results were
analyzed by the ®2-ΔΔt method using β-actin for normalization.

2.6. Activity-based protein profiling (ABPP)

The BV-2 cells were grown to 80% confluence. The cells were treated
with 100, 400, 1000 μM of AA, or AAHA-P1, AAPA-P2, and AAOA-P3
respectively for 12 h. The cells were washed with PBS for three times
and centrifuged at 2500 g for 5 min. The cell pellets were resuspended in
ice-cold PBS buffer containing EDTA-free protease inhibitor cocktail.
The cells were lysed by sonication in the ice and cell lysates were
collected by centrifugation (12000 rpm, 20 min) at 4 ◦C to remove the
debris. The protein concentration was determined by using the BCA
protein assay kit. For visualizing the probe labeling efficiency by in-gel
fluorescence, 0.5 mL of lysates (1 mgmL− 1) were mixed with 5× 104 μM
CuSO4, 5 × 103 μM TBTA, 50 μM TAMRA-azide and 5 × 104 μM TCEP at
room temperature for 2 h. The reacted samples were resolved on 10 %
SDS-PAGE gels and imaged by ChemiDoc XRS+ (Bio-Rad Laboratories,
CA, USA). The gels were then stained by coomassie brilliant blue to
demonstrate equal loading.

2.7. IAA competition experiments

The BV-2 cells were grown to 80 % confluence in 10 cm dish. BV-2
cells were treated with 1000 μM AAPA-P2 for 24 h. The cells were
collected by PBS wash for three times and centrifugation at 2500 g for 5
min. The cells were lysed in 1.5 mL ice-cold PBS buffer containing EDTA-
free protease inhibitor cocktail with sonication. The cell lysates were
collected by centrifugation (12000 rpm, 20 min) at 4 ◦C to remove the
debris. The protein concentration was determined by using the BCA
protein assay kit. 3 mL cell lysates (1 mg mL− 1) were incubated with
0.20 mmol IAA. The rest of the operation was as above.

2.8. Western blot (WB)

Proteins were extracted with RIPA buffer supplemented with 1 ×

protease inhibitor cocktail and separated on SDS-PAGE gel, followed by
electro-transferring to PVDF membranes. Next, samples were incubated
with the corresponding primary antibodies (listed in the section of An-
tibodies and reagents.) and secondary antibody. The protein band was
visualized using enzyme-linked chemiluminescence reagent in Tanon
automatic chemiluminescence image analysis system (Shanghai, China).
The protein amount was semi-quantified by Image J, and normalized to
its corresponding control.

2.9. Immunofluorescence (IF)

The BV-2 cells were fixed with 4 % paraformaldehyde in PBS over-
night at 4 ◦C and permeabilized with 0.2 % Triton X-100 in PBS for 15
min at room temperature. The cells were blocked with 5 % bovine serum
albumin (Sigma) for 30 min and incubated with an anti-NDUFA5 anti-
body (listed in the section of Antibodies and reagents.) diluted in PBS
containing 0.2 % bovine serum albumin for 2 h at room temperature.
After washing three times with PBS, the cells were incubated with
fluorescent isothiocyanate-conjugated goat anti-rabbit IgG for 1 h at
room temperature. Thereafter, the cells were stained with 4′,6-dia-
midino-2-phenylindole (1 mg mL− 1) for 15 min and observed under an

inverted fluorescence microscope (Leica TCS SP8, Germany).

2.10. LC-MS/MS analysis

The sample was diluted to a 1 mM solution prior to analysis by LC-
MS/MS on Q Dionex Ultimate 3000 nanoLC system (Thermo Scienti-
fic, Waltham, MA, USA) coupled to a Q Exactive Plus Orbitrap Mass
Spectrometer (Thermo). Under the positive ion mode, full-scan mass
spectra were acquired over them/z range from 300 to 2000. The samples
in 0.1 % formic acid were directly loaded and separated at a flow rate of
400 nL min− 1 on a lab-fabricated RP capillary column (75 µm × 15 cm,
particle size 3 µm) with 0.2 % formic acid in 98 % water (solvent A) and
0.2 % formic acid in 80 % ACN (solvent B) as mobile phases. Then the
samples were separated using a gradient of solvent B increasing from 2
% to 30 % over 90 min

2.11. Data analysis

All the raw MS/MS data was searched and analyzed using Maxquant
software. Tandem mass spectra were searched against the Uniprot_Mus
Musculus database (downloaded on March 10, 2022). The oxidation of
methionine residues (+15.99 Da), N-terminal acetylation (+42.01 Da),
amino formylation (+43.01 Da), as well as + 252.16 Da on cysteine
were set as variable modifications. The scores obtained under the above
retrieval conditions are significant (p < 0.05).

3. Results

3.1. Synthesis of probes

Allowing covalent modification of thiol-containing target proteins by
Michael addition, we hypothesized that bioorthogonal probes retaining
α,β-unsaturated carbonyl groups should have thiol reactivity similar to
that of AA. Therefore, acrylamide-alkynes were designed to mimic AA as
closely as possible and the alkyne group was installed in a position that
does not interfere with its normal physiological function. Considering
the solubility and the permeability of cell membrane of the probe,
AAHA-P1, AAPA-P2 and AAOA-P3 were designed and synthesized
(Fig. 1 and Supplementary Fig. S1). The 1H NMR, 13C NMR and MS/MS
data all confirmed the structures of the designed probes (Supplementary
Fig. S2–4).

3.2. Evaluation of the similarity of probes to AA

The reactions of the probes and AA with Cys and glutathione (GSH)
were evaluated by LC-MS (Supplementary Fig. S5) and HPLC
(Supplementary Fig. S6), respectively, to compare the similarity be-
tween the reactions of the synthetic probes and AA with Cys residues.
The MS1 and MS2 spectra of these adducts indicated that all the three
probes have the same nucleophilic ability as AA to undergo Michael
addition reactions with sulfhydryl group. In addition, the reaction ki-
netic curves and its relevant statistical analysis show that these three
probes preserved similar Cys and GSH reactivity as that of AA. AAPA-P2
and AA showed highly similar binding ability to Cys at a concentration
of 0.2 mM (mean relative error of 7.42 %), while in the reaction kinetics
of GSH, AAOA-P3 showed a high similarity with AA (mean relative error
of 9.16 %) at 0.2 mM (Supplementary Table S2).

The functional similarity of the probes to AA in BV-2 cells was then
compared. Similar as AA, no obvious cytotoxicity was observed when
BV-2 cells were treated with 50, 100, 200, 400, 800, and 1000 μM
probes for 24 h.While the concentrations of both AA and probes reached
2000 μM, significant cytotoxicity was observed (Supplementary Fig.
S7). All of three probes could notably triggered the release of proin-
flammatory cytokines including tumor necrosis factor-α (TNF-α), inter-
leukin-1β (IL-1β) and interleukin-6 (IL-6) with similar potency as AA.
Likewise, both the probes and AA upregulated the proinflammatory
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mediator cyclooxygenase-2 (COX-2), which further promoted neuro-
inflammation. AAPA-P2 showed the closest potency to AA in promoting
the secretion of these proinflammatory cytokines compared to AAHA-P1
and AAOA-P3, with a mean relative error of 7.25 % (Fig. 2A and Sup-
plementary Table S3).

Next, the ability of the probe to specifically label acrylamide targets
in living BV-2 cells was assessed. As expected, proteomic analysis of BV-
2 cells treated with probes or AA revealed that the reactivity of AAPA-P2
and cysteine residues in the proteins was similar to that of AA
(Supplementary Fig. S8). Approximately 77 proteins modified by AA
and 38 proteins modified by AAPA-P2 were identified, most of which
contained cysteine residues. In contrast, AAHA-P1 and AAOA-P3 syn-
thesized with longer carbon chain “tails” showed significantly different
proteomic results, with only about 10 modified peptides being identi-
fied. In addition, ABPP technique was used to evaluate the ability of
AAHA-P1, AAPA-P2 and AAOA-P3 to enrich and modify peptides. 1251
proteins modified by AAPA-P2, 483 proteins by AAHA-P1, and 231
proteins by AAOA-P3 were identified. The confocal results visually
confirmed that AAPA-P2 intracellularly labeled the target proteins to the
highest degree compared to the other two probes (Supplementary Fig.
S8). The labeling performance of three probes in BV-2 live cells were
also investigated. As show in Fig. 3A-B, AAPA-P2 and AA have mutual
competition in a concentration-dependent manner. Although AAHA-P1
or AAOA-P3 can also compete with AA in a concentration-dependent
manner (Supplementary Fig. S9), they labeled much less proteins than
AAPA-P2, which is consistent with the confocal results (Supplementary
Fig. S10).

Concentration- and time-dependent labeling showed that treatment
with 1000 µm AAPA-P2 for 24 h produced sufficient labeling (Fig. 3A-
C). As speculated, AAPA-P2 labeling received intense competition from
AA but not from the non-reactive propionamide. Meanwhile, pent-4-
ynamide did not induce any protein labeling in living BV-2 cells, con-
firming that the labeling with AAPA-P2 did not come from its alkynyl
metabolites (Fig. 3D). Moreover, AAPA-P2 could also label SH-SY5Y and
PC12 with similar efficiency (Fig. 3E).

3.3. Identification of potential target proteins for AA

AAPA-P2 combined with ABPP method were used to identify and
quantify AA targets in BV-2 cells (Fig. 4A, Supplementary Table S4 and
5). A total of 754 proteins were obtained by comparing the AAPA-P2
group with dimethyl sulfoxide (DMSO) group and designating proteins
with p < 0.05 in all the three biological replicates as the creditable AA
targets (Supplementary Table S4). In contrast, only 37 modified proteins
were detected after treated with AA. The number of AAPA-P2-modified
proteins detected after enrichment was 20 times higher than that before
enrichment. Among the 37 proteins, 35 were included in the 754 pro-
teins enriched with AAPA-P2 characteristic modification, accounting for
94.6 %. The new dataset covers many targets with AA modification,
including peroxiredoxin 5 (PRDX5), ANXA1, histone deacetylase 1

(HDAC1), ubiquitin carboxyl terminal hydrolase L1 (UCHL1), PSMD9,
NDUFA5 and TPI1, etc.

To further identify targets that are more sensitive to AA, iodoaceta-
mide (IAA), an alkylation reagent, was used to positively compete with
AAPA-P2-labeled target proteins. Treatment of BV-2 cells with 1000 μM
AAPA-P2 for 24 h followed by incubation with 20 μM IAA for 30 min
resulted in a significant reduction in proteomic labeling of AAPA-P2
(Fig. 4B). It is reasonable to assume that those target proteins that
remain AAPA-P2-labeled after competition with IAA are more sensitive
acrylamide targets. In this way, 238 proteins were screened out and
assigned as high-sensitive acrylamide targets (Fig. 4C and Supplemen-
tary Table S6). Satisfyingly, high-sensitive AA targets were highly
enriched in bioprocesses including glutathione metabolic process and
response to hydrogen peroxide (Fig. 4D).

3.4. NDUFA5 and PSMD9 are potential new targets of AA-induced
neurotoxicity

AAPA-P2-based ABPP experiment was utilized for site-specific
analysis of acrylamide modification in BV-2 cells (Fig. 4B). The AAPA-
P2-modified peptides were enriched and released for LC-MS/MS anal-
ysis. 915 AAPA-P2-modified peptides from 754 proteins were identified
in all the three biological replicates (Fig. 5A). In addition, we identified
1260 cysteine as well as 71 histidine and 42 tyrosine sites with AAPA-P2
modification (Fig. 5B and Supplementary Table S7). 313 proteins with
two or more modified cysteine sites were identified as heavily-modified
acrylamide targets (Fig. 5C), which were significantly enriched in bio-
logical processes, especially in neuroimmune system (Fig. 5D). Of the
238 high-sensitive proteins screened above, 96 were included in these
313 heavily-modified proteins (Fig. 5E). KEGG and GO analysis were
performed on these 96 proteins. GO analysis revealed that these proteins
are mainly distributed in cellular components such as cytoplasm and
mitochondria (Supplementary Fig. S12A) and are involved in trans-
lation, cellular response to interleukin-7 and other biological processes
(Supplementary Fig. S12B). These proteins also have many molecular
functions, such as RNA binding and nucleic acid binding
(Supplementary Fig. S12C). Interestingly, these 96 proteins contained
key proteins involved in ubiquitin-protease system, mitochondria and
cell death, suggesting AA may regulate neurotoxicity through related
pathways (Fig. 5F). KEGG analysis revealed that these 96 proteins were
mainly involved in ferroptosis, metabolic pathways and Parkinson’s
pathway (Supplementary Fig. S12D). For example, glutathione peroxi-
dase 4 (GPX4), a highly sensitive and highly modified protein screened
experimentally, is a key protein for iron death and one of the key target
proteins in neurodegenerative disease Alzheimer’s disease. In addition,
we found that acrylamide may covalently bind calcium ion channel
proteins, VDAC2 (voltage-dependent anion channel 2) and VDAC3
(voltage-dependent anion channel 3), which happen to be involved in
iron death and Parkinson’s disease pathways (Supplementary Table S8).

For validation, two proteins associated with neuroinflammation,

Fig. 1. Design of probes to capture the acrylamide targets: the structures of AAHA-P1, AAPA-P2 and AAOA-P3 are presented.
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Fig. 2. The biofunctional comparability between probes and acrylamide and the ability of probes to label target proteins in living BV-2 cells were studied. (A) Probes
recapitulate the biological function of AA. AA and three probes significantly induce TNF-α, IL-6, IL-1β, and COX-2 secretion in BV-2 cells. BV-2 cells were treated with
100, 400, 1000, and 2000 μM of AA and three probes for 24 h, respectively. The mRNA level of IL-1β, IL-6, TNF-α, and COX-2 in AA, AAHA-P1, AAPA-P2, or AAOA-
P3-stimulated BV-2 cells were quantified by qPCR. All data are shown as mean ± SD (n = 3), * p < 0.05, * * p < 0.01, * ** p < 0.001, unpaired t-test. (B) Probes label
target proteins in living BV-2 cells. BV-2 cells labeled with 1000 μM AAHA-P1, AAPA-P2, or AAOA-P3 by incubating 24 h were fixed and reacted with 50 μM
Rhodamine-azide, followed by Hoechst 33342 and then imaged by fluorescence confocal microscopy.

B. Zheng et al. Journal of Hazardous Materials 484 (2025) 136760 

5 



Fig. 3. The covalent binding similarity between AAPA-P2 and acrylamide were studied. (A) Competitive labeling of AA by AAPA-P2 in living BV-2 cells. BV-2 cells
were pre-treated with 100, 400 and 1000 μM AA, respectively. Then the cells were separately labeled with 100, 400 and 1000 μM AAPA-P2. (B) Competitive labeling
of AAPA-P2 by AA in living BV-2 cells. BV-2 cells were pre-treated with 100, 400, 1000 μM AAPA-P2, respectively. Then the cells were separately labeled with 100,
400 and 1000 μM AA. (C) Time-dependent labeling of AAPA-P2 in living BV-2 cells. (D) Competitive labeling of P2 by propionamide (PA) or pent-4-ynamide (P4Y) in
living BV-2 cells. BV-2 cells were treated with 1000 μM AAPA-P2 for different time points. (E) Evaluation of AAPA-P2 labeling in multiple cell types, including SH-
SY5Y and PC12 cells. Gels shown in the right side are representative blots from three biologically dependent samples per group, and bands were quantified using
ImageJ. All data are shown as mean ± SD (n = 3), * p < 0.05, * * p < 0.01, * ** p < 0.001, unpaired t-test.
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ANXA1 and TPI1, which are among the 96 proteins screened above,
were overexpressed in BV-2 cells, and then the cells were treated with
1000 μM AAPA-P2 for 24 h, respectively. After conjugation with azide-
biotin, the lysates were analyzed by immunoblotting before or after
streptavidin enrichment. Both two proteins were successfully captured
by AAPA-P2 (Fig. 5G).

Next, two novel targets, PSMD9 and NDUFA5, were overexpressed in
BV-2 cells and the identified cysteine binding sites therein were
mutated. The C59 of PSMD9 was mutated to C59S, and the mutated site
was found to completely abolish the AAPA-P2 labeling on PSMD9,
demonstrating that AAPA-P2 is covalently bound to C59 of PSMD9
(Fig. 5H and Supplementary Fig. S11A). Similarly, mutation of the C17
of NDUFA5 to C17S abolished the characteristic modification of AAPA-
P2 on NDUFA5 (Fig. 5I and Supplementary Fig. S11B). Using the MST
method, the dissociation constants (KD) of AA were determined to be
81.97 ± 58.29 μM with PSMD9 and 7.86 ± 7.32 nM with NDUFA5

(Fig. 5J-K), which further confirmed the interaction of AA with PSMD9
and NDUFA5.

3.5. The crosstalk between the acrylation of PSMD9 and NDUFA5
induces mitochondrial activation of neuronal apoptotic mechanisms

Label-free quantitative proteomic analysis of proteins was performed
on proteins enriched by the AAPA-P2 probe, and relevant proteins with
significantly altered expression levels in the proteasome-mitochondrial
induced apoptosis pathway were identified (Supplementary Table S9).
Then several of these proteins associated with the ubiquitin-proteasome
system as well as the mitochondrial ATP production system, including
α-synuclein, VDAC1 and caspase-3, were evaluated by IF and WB. The
results of IF experiments showed that the expression of α-synuclein,
which is regulated by PSMD9, was significantly upregulated in cytosolic
cells 24 h after administration of 1 mM AA to BV-2 cells (Fig. 6A). Since

Fig. 4. Proteomics profiling of AA and AAPA-P2 modified peptides in BV-2 cells. (A) Proteomics analysis of the acrylamide targets in BV-2 cells: (1) Overlap of AA-
modified proteins in three biological replicates; (2) Overlap of AAPA-P2-modified proteins in three biological replicates; (3) Overlap of AA and AAPA-P2-modified
proteins in BV-2cells. (B) Workflow for high-sensitive chemoproteomic and site-specific chemoproteomic profiling of acrylylation in microlia cells. (C) Overlap of the
AAPA-P2-modified proteins competed with 20 μM IAA in three biological replicates. (D) Biological analysis of 238 targets obtained in (C).
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Fig. 5. Proteomic and checkpoint-specific analysis of key acrylated targets in BV-2 cells and verification of their checkpoint binding. (A) Overlap of the acrylamide
modified peptide identified by AAPA-P2 in three biological replicates. (B) Number of the acrylamide cysteines, histidines and tyrosines identified from the tandem
orthogonal proteolysis-activity-based protein (TOP-ABPP) profiling. (C) Distribution of the acrylylation targets by number of the cysteine modification sites. (D)
Biological process analysis of the targets with heavily-modified acrylylation. (E) Overlap of high sensitive and heavily modified proteins. (F) Pathway analysis of the
protein targets with multiple acrylamide sites. (G) Validation of AAPA-P2 labeling on known AA targets, including ANXA1 and TPI1. (H-I) Validation of AAPA-P2
labeling on novel AA targets, including PSMD9 and NDUFA5. (J-K) MST analysis of interactions between AA and His-PSMD9 and NDUFA5. The data were derived
from the effect of AA on the fluorescence decay or enhance of two proteins. The results were obtained from 3 parallel experiments (n = 3).
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AA reduced the expression of NDUFA5 on mitochondrial complex 1, the
expression of downstream VDAC1 protein increases, which in turn
promotes the efflux of cytochrome C from mitochondria, eventually
leading to a significant increase in caspase-3 and cleaved caspase-3
(Fig. 6A-B and Supplementary Fig. S11C).

By constructing cell lines overexpressing PSMD9 plasmid

(overexpression, OE) and NDUFA5 (OE) through transfection, we aimed
to further elucidate the molecular mechanisms by which PSMD9 and
NDUFA5 induce apoptosis in BV-2 cells. It was found that in the over-
expression groups transfected with PSMD9 or NDUFA5 plasmids, AA
significantly promoted apoptosis in NDUFA5 (OE) cells compared to the
Vector group, while the effect on PSMD9 (OE) cells was not significant

Fig. 6. Validation of the possible mechanism of AA neurotoxicity on BV-2 cells via new targets PSMD9 and NDUFA5. (A) IF and statistical results of α-Synuclein and
PSMD9. (C) WB results and statistical results of NDUFA5, Cytochrome C, Caspase-3, cleaved Caspase-3 and VDAC1. (C) Possible mechanism of AA triggering
apoptosis in BV-2 Cells via PSMD9 and NDUFA5. All data are shown as mean ± SEM (n = 3), * p < 0.05, * * p < 0.01, * ** p < 0.001, unpaired t-test.
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Fig. 7. AA triggers BV-2 cell apoptosis by binding PSMD9 to NDUFA5. (A) IF and statistical results of α-Synuclein and PSMD9, transfected with plasmid of PSMD9
(OE) or NDUFA5 (OE) and Vector. (B) WB results and statistical results of Cytochrome C, Caspase-3, cleaved Caspase-3, NDUFA5 and VDAC1, transfected with
plasmid of PSMD9 (OE) or NDUFA5 (OE) and Vector. (C) IF and statistical results of α-Synuclein and PSMD9, transfected with plasmid of PSMD9 (C59S) or NDUFA5
(C17S) and Vector. (D) WB results and statistical results of Cytochrome C, Caspase-3, cleaved Caspase-3, NDUFA5 and VDAC1, transfected with plasmid of PSMD9
(C59S) or NDUFA5 (C59S) and Vector. Possible mechanism of AA triggering apoptosis in BV-2 Cells via PSMD9 and NDUFA5. All data are shown as mean ± SEM
(n = 3), * p < 0.05, * * p < 0.01, * ** p < 0.001, Two-Way ANOVA.
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(Fig. 7A-B). Based on these results, we speculated that the binding of AA
to NDUFA5 is more likely to activate the Caspase-3-dependent apoptotic
pathway.

Notably, in cells transfected with the mutant plasmid, we found that
the expression level of α-synuclein in the control group of NDUFA5
(C17S) cells was significantly higher than that in the vector cells
(Fig. 7D). This result is consistent with recent studies concluding that
mitochondrial dysfunction can induce Parkinson’s disease, and NDUFA5
is closely related to the activity of mitochondrial complex I [26,27].
Therefore, we speculate that the mutation of the unique cysteine site
C17 on NDUFA5, which can bind with AA, affects the physiological
function of mitochondrial complex I. In the mutant cell line transfected
with PSMD9 (C59S) or NDUFA5 (C17S) plasmids, the results showed
that the toxic effect of AA on NDUFA5 (C17S) cells was indistinguishable
from that of the control group, as the mutation at Cys17 made it difficult
for AA to bind. For PSMD9 (C59S) cells and the vector group, the effects
of AA neurotoxicity were only observed in the
ubiquitination-proteasome system, with no differences in the down-
stream mitochondrial apoptotic pathways (Fig. 7C-D).

4. Discussion

In this study, three acrylamide-alkynes probes, AAHA-P1, AAPA-P2
and AAOA-P3, were designed and synthesized. Among them, AAHA-P1
contains a longer 7C-atom alkyne-based carbon chain to provide an ideal
site for introducing the biorthogonal handle. However, it was found
during the experiments that the longer carbon chain resulted in poor
water solubility. Therefore, we shortened the length of alkyne tail from 7
to 3 carbons for enhancing the cell membrane permeability of the probe,
yielding AAPA-P2. Additionally, we designed a third probe, AAOA-P3,
where the alkyne tail was reduced from 7 to 6 carbons while intro-
ducing a hydrophilic group (-O-) on the carbon chain. The synthesis
methods for these probes were convenient, fast and mild, allowing the
products to be obtained within 12–16 h at room temperature.

Then, the similarity between the probes and AA was evaluated at
both the chemical and cellular levels. By comparing the reactivity of the
synthetic probes and AA with Cys residues, the functional similarity of
the probes with AA in BV-2 cells, as well as the ability of the probes to
specifically label acrylamide targets in living BV-2 cells, it was demon-
strated that AAPA-P2 has the most similar target profile to AA and can
serve as a suitable probe for profiling the "arylamidation" in the prote-
ome of BV-2 cells. In contrast, AAHA-P1 and AAOA-P3 may be less
suitable as probes for use in living cells due to their longer carbon
chains, which could result in stronger hydrophobicity, making it diffi-
cult for them to penetrate the cell membrane. Moreover, AAPA-P2 could
also label human neuroblastoma cells (SH-SY5Y) and rat pheochromo-
cytoma cells (PC12) with similar efficiency, which have been commonly
used to study neurotoxicity in previous works [28–31], indicating that
the probe we designed and synthesized has broad applicability.

Multiple studies have reported that AA, due to its unique chemical
structure, has strong nucleophilicity and readily binds to cysteine resi-
dues. Therefore, in addition to enriching target proteins with AAPA-P2,
we also conducted direct chemical proteomics experiments to identify
AA targets for comparison. The results showed that the number of pro-
teins directly modified by AA is limited (37 proteins), which is compa-
rable to the number detected by David S et al. in the rat brain (41
proteins) [32]. In contrast, the number of proteins that can be enriched
by our synthesized probe is more than 20 times that of the proteins
directly modified by AA. This result indicates that our designed probe
significantly increases the number of potential AA target proteins that
can be identified.

By combining AAPA-P2 with the ABPP technique [33–38], 754
target proteins were enriched from living cells, significantly increasing
the number of identified target proteins. Most of AA-modified proteins
were included in the target proteins enriched by AAPA-P2, indicating
the probe’s precise enrichment capability. Subsequently, 238

high-sensitivity target proteins were further screen out by IAA
competitive experiment, and two of them, ANXA1 and TPI1, which are
known to be associated with neurotoxicity [15,39], were selected for
validation, demonstrating that AAPA-P2 can serve as a straightforward
method to assist in the biochemical verification of AA on individual
proteins of interest.

Additionally, among the screened target proteins, we found that AA
can covalently modify Cys59 of PSMD9 on the proteasome and Cys17 of
NDUFA5 on mitochondrial complex I, which have not been reported in
previous literature. Therefore, we further explored the molecular
mechanisms by which AA induces neurotoxicity through its binding to
PSMD9 and NDUFA5. PSMD9 is part of the non-ATPase 19S proteasome
subunit, which is critical for maintaining homeostasis in the ubiquitin-
proteasome system and is involved in detoxification and targeting mis-
folded proteins, whose inactivation leads to ubiquitin-proteasome
dysfunction, promotes nerve cell death, and induces neurotoxicity
[40–46]. NDUFA5 participates in the assembly of mitochondrial respi-
ratory chain complex 1, and its mutation or deficiency will affect the
assembly and stability of the electron transfer Q module of mitochon-
drial respiratory chain complex 1 [47,48]. Interestingly, dysfunction of
the ubiquitin-proteasome system triggers mitochondrial autophagy,
apoptosis and neurotoxicity. Conversely, dysregulation of mitochondrial
function can ubiquitinate proteins, reduce the activity of the
ubiquitin-proteasome system, induce cell death and enhance neurotox-
icity. Therefore, we speculate that the crosstalk between the acrylation
of PSMD9 and NDUFA5 may be co-regulated by the
ubiquitin-proteasome system and the mitochondrial ATP production
system [27,49–54].

In our study of the neurotoxic mechanisms of AA on normal cells and
cells overexpressing PSMD9 or NDUFA5, we found that when AA enters
the cells, the proteasome subunit PSMD9 binds to it, resulting in a
relative increase in α-synuclein levels. α-synuclein is regulated by the
proteasome, so this upregulation affects the physiological activity of
mitochondrial complex I. AA also binds to NDUFA5, an assembly
component of mitochondrial complex I, affecting its functional activity.
Impairment of mitochondrial complex I function indirectly leads to an
increase in the level of α-Synuclein, creating a feedback loop that ex-
acerbates the dysfunction of mitochondrial complex I. This, in turn,
promotes the accumulation of the downstream protein VDAC1, leading
to the release of cytochrome c from mitochondria and the initiation of
the caspase-3 dependent apoptotic cell death program. Through muta-
tional experiments in PSMD9/NDUFA5 cells, we demonstrated that
NDUFA5 is a key target for AA in regulating mitochondrial-dependent
apoptosis.

Although we identified the low-abundance targets of AA, PSMD9 and
NDUFA5, using AAPA-P2 probe and validated their plausibility at the
cellular level as far as possible, there are still some questions that have
not yet been fully addressed, such as whether AA induces neuronal
toxicity through these two targets or key proteins associated with them,
or other novel key targets captured by the method established herein,
via other signaling pathways (i.e., the iron death signaling pathway with
high KEGG score in our experiments), all of which need to be further
investigated in follow-up experiments.

5. Conclusion

In this study, we synthesized three biorthogonal probes with site-
selective specificity and cell permeability similar to the structure of
acrylamide. AAPA-P2 were selected by evaluation for subsequent
chemical proteomics analysis of acrylamide targets in living cells. Using
this probe, 754 acrylamide-modified proteins were captured and iden-
tified, which significantly improved the efficiency of protein identifi-
cation compared with traditional proteomics. Among the 236 high-
sensitivity proteins obtained from further screening, two potential new
targets, PSMD9 and NDUFA5 were identified, both of which are asso-
ciated with neurodegenerative diseases. AA can modulate the
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ubiquitination-proteasome system andmitochondrial functional activity
through crosstalk between these two targets, inducing caspase3-
dependent apoptosis and triggering neurotoxicity Follow-up work will
explore more potential targets of AA to further elucidate the mecha-
nisms of AA neurotoxicity and its possible association with neurode-
generative diseases after long-term ingestion or occupational exposure,
and to provide new potential therapeutic targets for acrylamide-induced
neurotoxicity.

Environmental implication

Acrylamide is typically produced during the high-temperature
cooking of starchy foods and is also widely used in the production of
polyacrylamide for soil conditioning and wastewater treatment. Pro-
longed ingestion or Long-term occupational exposure to acrylamide can
lead to various adverse health outcomes, the most common of which is
neurotoxicity. However, the mechanism of acrylamide-induced neuro-
toxicity has not been clearly characterized due to the limited number of
targets identified to date. Here, we synthesized a specific bioorthogonal
probe and successfully captured more potential targets, providing in-
depth insights into the molecular mechanisms by which AA-induced
neurological damage.
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