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1.  Introduction

Acrylamide (AA), a water soluble vinyl monomer, is mainly 
used in the synthesis of polyacrylamides employed in the industry 
applications for wastewater treatment, soil conditioning, textile, and 
paper production[1]. Additionally, AA can largely be generated in foods 
cooked at high temperatures, primarily through the Maillard reaction[2-3], 
and more than one-third of the calories consumed by U.S. and European 
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A B S T R A C T
	
Acrylamide (AA) is a common carcinogen that affects the development and function of the central nervous 
system (CNS). At present, the toxic injuries of common AA are mainly divided into acute and chronic attacks, 
and the damage caused to the CNS is different. To investigate whether different doses of AA have different 
effects on brain cells, we performed single-nucleus RNA sequencing of the brain. The findings indicated that 
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and autophagy, promote apoptosis, accelerate cell aging, and affect cell function in glial cells (Glia). Long-
term low-dose (chronic) AA exposure elevated Ca2+ concentration, increased protein autophosphorylation, 
and induced mitochondrial dysfunction, resulting in impaired axonal transport and disrupted metabolism 
of Kenyon cells (KCs). These findings highlight the cell type-specific effects of AA, where acute exposure 
disrupts Glia protein homeostasis, and chronic exposure impairs calcium signaling and axonal transport 
in KCs. Such results deepen our understanding of AA-induced neurotoxicity and lay the groundwork for 
developing targeted therapeutic strategies to mitigate its effects on the CNS.
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populations derived from foods containing AA[4]. Exposure to AA through 
ingestion, dermal contact, or inhalation can lead to various harmful 
effects, including developmental issues[5-6], reproductive toxicity[7-8], and 
neurotoxicity[1,9]. In consideration of the carcinogenic and genotoxic 
properties of AA, the International Agency for Research on Cancer has 
designated AA as a Class 2A substance[10-12].

The neurotoxic effects of AA were first recognized in the 1950s, 
subsequent research has shown a marked increase in the incidence 
of neurotoxicity among these populations over time[13-14]. In cases 
of acute AA poisoning, especially under high exposure levels 
(approximately 400 mg/L via well water), the central nervous 
system (CNS) is the primary target[15]. Furthermore, in occupational 
environments with low-dose and prolonged exposure, symptoms of 
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peripheral nerve dysfunction become apparent[16]. Despite extensive 
research on the molecular mechanisms underlying its neurotoxicity, the 
existing literatures have predominantly focused on the collective response 
of cell populations, leaving cell-specific changes relatively ambiguous. 

The brain, arguably the most intricate organ, comprises a diverse 
array of cell types, including neurons and glial cells (Glia), as well 
as various subtypes derived from these cells[17]. The multiplicity 
of brain cell types, as well as their intricate connectivity, presents 
formidable challenges to understanding AA-induced neurotoxicity. 
Recent studies in rats and human cell models have found that the 
neurotoxic response to AA is neuron-type specific[1]. Therefore, it is 
important to investigate whether the cell-type heterogeneity of AA 
effects corresponds to distinct functional specialization at the single-
cell level. Single-nucleus RNA sequencing (snRNA-seq) emerges 
as a valuable tool for addressing this challenge[18-22], to pinpoint the 
specific cell types targeted by AA and elucidate the transcriptome 
heterogeneity that exists among these cell types. 

While neurotoxicity testing on animals has traditionally been a 
fundamental part of non-clinical laboratory evaluation, the ethical 
concerns associated with the use of mammals such as primates, 
rodents, or dogs have garnered widespread attention[23]. As an 
alternative approach, in vivo, methods using non-rodent models 
have emerged as innovative platforms for high-throughput screening 
of the neurotoxic effects, such as the zebrafish (Danio rerio)[24-25], 
Drosophila melanogaster[6] and Caenorhabditis elegans[26]. Among 
these non-traditional model organisms, the bumblebee (Bombus 
terrestris) stands out as a remarkably well-studied insect species 
with an impressive range of cognitive abilities, including olfactory 
learning, color discrimination, and even object manipulation with 
specific targets[27-29]. Furthermore, bumblebee has a potential to serve 
as a viable model for the study of neurodegenerative diseases. Chen 
et al.[30] have identified numerous differentially expressed genes 
(DEGs) in the brains of rotenone-treated bumblebees that overlap 
with Parkinson’s-related genes. Additionally, immunofluorescent 
staining has also demonstrated that rotenone induces apoptosis 
in dopamine neurons, a process that is similar to that observed in 
human Parkinson’s disease. In conclusion, the relatively small and 
simple structure of the bumblebee brain, combined with the observed 
parallels between the behavioral and gene expression patterns in 
bumblebees and humans, provides researchers with a valuable model 
for investigating the effects of neurotoxic substances on the brain.  

In this study, we investigated the neurotoxic effects of AA on 
behavioral phenotypes and identified the molecular and cellular targets 
underlying both its acute and chronic actions, utilizing bumblebees 
as a model organism. Behavioral results revealed that both acute and 
chronic AA exposure increased locomotion and impaired cognitive 
ability in bumblebees. To better elucidate the cell-type specific 
responses to AA-induced neurotoxicity, we employed snRNA-seq to 
construct a transcriptome atlas containing all major brain cell types, 
including neurons and Glia, along with their subpopulations. By 
comparing relative cell-type abundance and gene expression profiles 
across exposure conditions, our study sought to identify cellular 
pathways and biological processes that may be differentially affected 
by acute and chronic AA exposure, thereby providing mechanistic 
insights into AA-induced neurotoxicity.

2.  Materials and methods

2.1  Animals

The bumblebees (B. terrestris) used in this study were obtained 
from Shandong Academy of Agricultural Sciences and Beekeeping 
Breeding Base ((Lu)AQ101751, Yantai, China). The bumblebee 
colonies were reared in a plastic box (17 cm × 11.5 cm × 6.7 cm) 
with 50% (m/m) sucrose solution and kept in incubators at 65% 
humidity and 29 °C. After one day of incubation, callow 
workers with a chest width of (5.0 ± 0.5) mm were selected 
and placed in groups of 3 in a dwarf cup. They were then fed with 
different concentrations of AA solution or sucrose solution. During 
the experiment, fresh pollen was provided ad libitum, and 
bumblebees kindly after the experiment.

2.2  Bumblebees rearing and AA exposure

AA was obtained from BioDee Biotechnology Co., Ltd. (Beijing, 
China). Bumblebees were fed AA solutions (prepared with sterile 
sucrose solution with a mass fraction of 50%) at concentrations of 
2, 1, 0.5, 0.1, and 0 mmol/L for 10 days, and mortality and body 
weight were recorded. Mortality curves were plotted based on the 
mortality of bumblebees, and the concentration close to the control 
mortality was selected as the acute and chronic concentration. Prior 
to the administration of AA, the initial body weight of each bumblebee 
was determined using a balance. Following a 2-day acute AA treatment 
and a 5-day chronic AA treatment, the body weights of the corresponding 
groups of bumblebees were weighed. The rate of change in body weight 
was calculated as the difference between the treated body weight and the 
initial body weight, divided by the initial body weight.

2.3  Locomotion assay

The bumblebee motility was measured by the behavioral 
software EthoVision XT 17 (Noldus, Wageningen, Netherlands). 
The bumblebees were individually transferred to 90 mm petri 
dishes and placed in a well-lit room at 26 ℃. After a 30-min 
acclimation, we recorded continuous 30-min videos to monitor 
each bumblebee’s movements. Subsequently, the videos were 
imported into EthoVision XT 17 software to delineate the 
movement area and the bees’ movement data were recorded. The 
distance, velocity, maximum deceleration, and acceleration during 
the video time were analyzed.

2.4  Learning and memory assay

We measured the learning and memory abilities of bumblebees 
after being subjected to acute and chronic doses of AA. Prior 
to the learning and memory assay, pollen and sucrose solution 
were removed for 2-h starvation. Then, they were fixed using tape 
in 2 mL centrifuge tubes with slits cut out. The entire learning and 
memory experiment was conducted in a room with a stable light 
source at 26 ℃. Before the experiment, the proboscis extension 
response (PER) of each bumblebee was tested by touching the 
antennae with a 50% sucrose solution. Bumblebees that did 
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not exhibit a PER were removed from further experiments. A 
filter paper was placed in a 10 mL syringe, and 0.5 mL of lemon 
essential oil (Phutawan, Thailand) was injected into the filter paper 
as the odor source. Air served as the negative control. 

Before the start of each trial, the bumblebees were left in 
the experimental site for 10 s to familiarise themselves with the 
experimental background. Then, bumblebees were provided with 
clean air for 5 s, followed by lemon odor for 10 s. At 6 s, a 50% 
sucrose solution was used to stimulate the bumblebees to induce 
the PER. Bumblebees were trained once every 10 min for a total of  
10 rounds. During training, bumblebees that extended their proboscis 
were rewarded with a 50% sucrose solution to form a conditioned 
reflex. Bumblebees were considered to have good learning ability if 
they extended their proboscis solely in response to the lemon stimulus. 
Three hours after the learning test, the bumblebees’ memory capacity 
was evaluated by retesting them with lemon odor and recording their 
showed a PER.

2.5  Brain collection, single-nucleus suspension preparation, 
and snRNA-seq determination

Bumblebee brains were collected with a dissecting microscope 
(SMZ745T, Nikon, Japan). The thorax was passed through 2 insect 
pins and fixed on a wax disc. The bumblebee’s head cuticle was 
incised, and the brain was carefully extracted with forceps, placed 
on a slide, and followed by the removal of the hypopharyngeal 
glands, salivary glands, three single eyes, and two compound eyes. 
The whole brain was rapidly frozen in liquid nitrogen and kept 
frozen at -80 °C until analysis.

We used DNBelab C Series Single-Cell Library Prep Set 
(MGI, 1000021082) based on droplet microfluidic technology 
for library construction, pooling 1 000 nuclei/μL per library 
concentration for library preparation. First, the single nuclear 
suspensions were converted into a barcoded snRNA-seq library 
by droplet encapsulation, emulsion fragmentation, mRNA capture 
bead acquisition, reverse transcription, cDNA amplification, and 
purification. Then, the Qubit ssDNA Assay Kit (Thermo Fisher 
Scientific, Q10212) was built and quantitatively indexed to 
sequence the library. The snRNA libraries were then sequenced 
using the DIPSEQ T1 platform at the National Gene Bank of 
China (Shenzhen, China) and the following sequencing strategies 
were employed. Read length of 41 bp for Read 1 and 100 bp for 
Read 2.

Raw data obtained by snRNA-seq on the DNBSEQ-T1 
platform were filtered and demultiplexed using PISA v0.2 (https://
github.com/shiquan/PISA). Compare the reads with the reference 
genome of B. terrestris (GCA_910591885.2 iyBomTerr1.2_genomic) 
using STAR (v2.5.1b) (https://github.com/alexdobin/STAR)[31] and 
perform downstream calculations using sambamba (version 0.7.0)[32]. 
These reads were annotated with “PISA anno” according to the gene 
transfer format file of the B. terrestris genome. According to the cut-off 
point between empty and non-empty barcodes in SoupX (v1.4.8)[33], 
the barcode rank plots were generated and the noise of ambient 
RNA was reduced. The matrix of cell  versus gene unique 
molecular identifiers (UMI) counts was generated using PISA.

2.6  Downstream analysis of snRNA-seq data

2.6.1  Quality control, integration, feature selection and 
dimensionality reduction 

The Seurat (v4.0.5) package was executed on each library. Cells 
classified on nFeature RNA (number of genes expressed in a cell) 
and 5th to 95th percentile were retained, and each gene was detected 
in at least three cells. Cells with high mitochondrial content (UMIs 
were classified with a percentage of 0.03 mitochondrial genes) were 
dropped. For each library, we used DoubletFinder (v2.0) to remove 
potential double cells. It is estimated that the expected bimodal rate 
was 5%, the number of artificial bimodals was set to 0.25 and the 
neighborhood size pK was set to 0.01 to generate pseudo-bimodal. 
According to the order of the distribution of the artificial proportion of 
nearest neighbor (pANN), cells with the highest pANN value (> pK) 
were predicted to be doublets. The UMI count matrix was normalized 
by the ‘NormalizeData’, and the mean-variance relationship was 
controlled by the ‘FindVariableFeatures’ to select the most variable 
genes. The Seurat function of ‘RunPCA’ was used to calculate the 
principal components (PCs). 

Using the ‘FindIntegrationAnchors’ and ‘IntegrateData’ 
functions, all libraries were integrated into a matrix containing the 
top 30 PCs. The following parameters were applied to correct for 
batch effect in sequencing: reduction of ‘rpca’, and normalization 
method ‘LogNormalize’. The synthetic expression values were then 
scaled using the ‘ScaleData’ function and PCs were calculated using 
‘RunPCA’ for the first 2 000 variable genes.

2.6.2  Cluster analysis and cell type annotation

Firstly, we performed graph-based unsupervised clustering with 
‘FindNeighbors’ and ‘FindClusters’ with different resolution parameters 
(0.2, 0.5, 0.8, 1.2, 1.6), and then a clustering tree using the R package 
clustree (v0.4.3) to visualize the relationship between multiple resolutions. 
Finally, select the appropriate resolution for subsequent analysis. Next, 
to identify cell types in the bumblebee brain, we primarily annotate cells 
by examining the expression patterns of marker genes previously defined 
in Apis mellifera[34], D. melanogaster[35], Harpegnathos saltator[36] and 
Monomorium pharaonic[37]. To determine the homologous genes 
among B. terrestris and these insects, we referred to the orthogonal 
gene provided by OrthoDB (v10.1) database, and protein sequences 
with 2-way reciprocal best hits identified by Diamond (v0.8.23) 
(e-value < l × 10-5, percentage of identical matches > 30%). Cell 
clusters were annotated for cell types based on the percentage of UMIs 
corresponding to marker genes within each cluster. 

2.6.3  Differential expression analysis

We performed DEG analysis in different cell clusters. To identify 
DEGs in each cluster, the Seurat function ‘FindMarkers’ was used to 
find genes that were more highly expressed in each cluster relative to 
those in other clusters. We determined DEGs between two groups of 
cells using the Wilcoxon rank sum test, with differences quantified by the  
log2 fold change (log2 FC) metric. Significant DEGs were determined 
using thresholds of |log2 FC| > 0.5 and P < 0.05 and were visualized using 
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the EnhancedVolcano (v1.13.2) and ggplot2 (v3.3.6) package. Then, 
Gene Set Enrichment Analysis (GSEA) for DEGs in each cell type was 
conducted on the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway using the ClusterProfiler package (v4.2.2).

2.7  RNA extraction, cDNA synthesis, and quantitative real-
time polymerase chain reaction (qPCR)

Bumblebee brains were dissected according to the protocol 
outlined in Section 2.5, and subsequently placed into clean 1.5 mL 
centrifuge tubes. The tissues were homogenized using a tissue 
grinder (TIANGEN, Beij ing,  China),  and total  RNA was 
extracted following the manufacturer’s instructions for the RNA-
easy Isolation Reagent (R701-01; Vazyme, Nanjing, China). A 
HiScript III All-in-one RT SuperMix Perfect for qPCR (R333-01; 
Vazyme, Nanjing, China) was used to synthesize cDNA. qPCR 
was performed using a QuantStudio 1 Real-Time PCR instrument 
(Thermo Fisher Scientific, Waltham, Massachusetts) using Tag 
Pro UniversalSYBR qPCR Master Mix (Q712; Vazyme, Nanjing, 
China). Data analysis was performed using the 2–∆∆Ct method and 
the sequences of the qPCR primers are provided in Table S1.

3.  Results and discussion

3.1  Acute and chronic AA exposure induced locomotor 
deficits and cognition impairment

In order to determine acute and chronic AA treatment for 
subsequent investigation, four concentrations of AA (0.1, 0.5, 1, and  
2 mmol/L) were employed, toxicologically equivalents relevant to human 
exposure in values of approximately 15.8, 79, 158, and 316 mg/(kg·day).  
The mortality curve revealed that 2 mmol/L AA led to the demise 
of all bumblebees within one week, while no significant difference 
was observed during the initial 2 days (Fig. S1A). Body weight 
measurements revealed no significant changes across the different 
acute and chronic exposure groups (Figs. S1B-C). Previous 
studies demonstrated that median lethal concentration (LC50) was 
approximately 2 mmol/L in zebrafish[38] and D. melanogaster[6], 
while the oral lethal dose levels of AA were stated among 
107‒250 mg/kg in rats, guinea pigs, mice and other mammalian 

animals[39], and oral concentrations exceeding 100 mg/(kg·day) exhibit 
significant acute toxicity[40]. The 0.1 mmol/L AA treatment maintained 
a similar survival rate to that of the control group, with no mortality 
observed throughout the experiment (Fig. S1A), paralleling 
findings in D. melanogaster [6]. Consequently, we established 
an acute AA exposure as short-term high-dose concentration of  
2 mmol/L for 2 days, and a chronic AA exposure as long-term low-dose 
concentration of 0.1 mmol/L for 5 days.

To investigate the effects of AA on bumblebee behavior, we first 
assessed the bumblebees’ locomotion and cognition (Fig. 1A). The 
video recordings capturing bumblebee movements showed that acute 
AA exposure significantly compromised their locomotor capabilities, 
across all 5 parameters: trajectory, distance, velocity, maximum 
deceleration and acceleration. Compared to the control, bumblebees 
exposed to acute AA exhibited a circular motion along the perimeter 
of the petri dish (Fig. 1B), indicating symptoms of anxiety. The 
change in locomotor behavior of bumblebees exposed to acute AA 
mirrors the anxiety-related symptoms observed in zebrafish, which 
exposed to 0.75 mmol/L AA tended to remain at the periphery of the 
open field rather than the central area, showing reduced exploratory 
behavior[41]. Additionally, they were less likely to enter the open 
arm of the elevated cross maze and spent less time in the bright 
chamber of the dark-light box test[42-43]. After acute AA treatment, 
the movement distance, velocity, and maximum acceleration of 
bumblebees decreased by 40.4%, 40.2%, and 46.2%, respectively, 
which were significant differences compared to the control group 
(Fig. 1C). Similarly, zebrafish exhibited a reduction in total distance 
traveled and movement time in both open field and novel tank tests[41]. 
In humans and mammals[44], AA neurotoxicity is also characterized 
by impaired motor function, consistent with the results observed 
in bumblebees. To elucidate the effects of AA on cognitive ability, 
we conducted the olfactory learning and memory experiment, a 
reliable example of cognition ability in insects. After the acute AA 
treatment, bumblebees exhibited PER during the second round of 
lemon odor stimulation. With successive test rounds, the learning 
rate of the bumblebees increased gradually before stabilizing at 
36.67%, which was significantly lower than the control group’s 62.16% 
(Figs. 1D-E). Correspondingly, rats exposed to 100 mg/L AA took 
longer to find the hidden platform[45], and a worker accidentally 
exposed to a large amount of AA developed slurred speech and 
memory impairment[46].

Fig. 1  Effects of chronic and acute AA on the behavioral activity of bumblebees. (A) Flow chart diagram of the bumblebee behavior test in the present study.  
(B-C) The changes in trajectory, distance, velocity, maximum deceleration, and acceleration of bumblebees after acute AA exposure. Effects of acute AA exposure on 

learning (D) and memory (E) in bumblebees. (F-G) The changes in trajectory, distance, velocity, maximum deceleration, and acceleration of bumblebees after chronic AA 
exposure.Effects of chronic AA exposure on learning (H) and memory (I) in bumblebees. Significant differences from the control are indicated by * P < 0.05, ** P < 0.01.
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Fig. 1  (Continued)
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Similarly, prolonged ingestion of low-dose AA resulted in 
significant impairments in both motor and cognitive abilities. In 
contrast to the acute AA treatment, bumblebees treated with chronic 
AA tended to crawl along the edge of the test area and demonstrated 
impaired motor function, as evidenced by decreased crawling velocity 
(Figs. 1F-G). Correspondingly, chronic AA exposure also resulted 
in decreased velocity in zebrafish and abnormal gait in rats[47-48]. 
Additionally, long-term AA exposure significantly impaired the 
cognitive abilities of bumblebees, with only 37.93% exhibiting good 
learning and memory abilities compared to 68.75% in the control 
(Figs. 1H-I). Interestingly, bumblebees treated with chronic AA 
exhibited a PER to lemon odors only by the 6th learning round (Fig. 1H), 

significantly later than those treated with acute AA (Fig. 1B). Studies 
have demonstrated that rats experience cognitive impairment following 
chronic AA treatment[49]. Similarly, epidemiological research indicates 
that workers with an average dietary intake of 57 mg/day of AA 
exhibit decreased cognitive abilities in neuropsychological function 
tests[50]. Evidence suggests that gene expression is closely linked to 
behavior, with changes in brain gene expression mediating behavioral 
changes. This relationship between specific genes and behavior has 
been observed to persist across various timescales[51]. Although the 
neurotoxic hazard and risks of AA exposure have been extensively 
reported in other model animals, the specific mechanisms by which 
AA causes neurotoxicity remain unclear.
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3.2  AA exposure induced cell-specific responses 

To investigate the causes of these behavioral changes in the brains 
across different cell types, we performed snRNA-seq on control and 
AA-treated bumblebees to elucidate the specific mechanisms of AA’s 
effects on the brain at the single-cell level. Upon the completion of 
the sequencing and quality control processes, a total of 13 libraries 
were obtained, comprising 77 554 nuclei. To exclude batch effects 
of libraries and treatments, we integrated the control and AA-
treated data and classified these cells into 28 distinct clusters using 
a resolution parameter of 0.2 (Fig. 2A). Subsequently, we employed 
t-distributed stochastic neighbor embedding (t-SNE) for global 
visualization, which revealed that the clustering outcomes following 
AA treatment were analogous to those of the control group (Fig. 
2B). Based on the expression of known marker genes, the 28 clusters 
were manually annotated into four major cell types: Glia, KCs, 
optic lobe cells (OLCs), and olfactory projection neurons (OPNs). 
Specifically, ten were identified as Glia, expressing markers such as 
Gs2, Galphai, gem, Gat, Eaat1, and Tsf1; three were designated as 
KCs, characterized by PLCe, Camkii, Dop1R2, and Pka-C1; six were 
classified as OLCs, marked by hbn, ort, and CG8916; while one was 
defined as OPNs, distinguished by Drgx[34-37] (Fig. 2C). 

Subsequently, we quantified the relative abundance of distinct 
cell types. The analysis demonstrated that Glia and KCs constituted 
the predominant cell populations, accounting for 36.1% and 30.5% of 
the total cells, respectively (Figs. 2D-G). Interestingly, the proportion 
of KCs decreased significantly after chronic and acute AA treatment, 
whereas the proportion of Glia increased significantly (Figs. 2D-E). 
Furthermore, we focus on DEGs in each cell type between control and 
AA treatment. After acute AA exposure, 543 DEGs were identified, 
excluding unknown data, the number of DEGs in Glia, KCs, OLCs, 
and OPNs were 111, 87, 137, and 136, respectively (Figs. S2A-B). 
In contrast, the chronic AA exposure group yielded a total of 1 817 
DEGs. Among these, 302 DEGs were identified in Glia, 365 in KCs, 
401 in OLCs, and 387 in OPNs (Figs. S2C-D). 

The data reveal notable discrepancies in how distinct cell types 
react to AA, likely due to their specific functions and varying 
sensitivities within the CNS. Further KEGG analysis revealed that 
both acute and chronic AA exposures led to the activation of signaling 
pathways that are closely associated with neurodevelopment and 
motor metabolism. Specifically, acute AA exhibited a different pattern 
of pathway regulation, with inhibition of endoplasmic reticulum 
protein processing and synthesis, especially prominent in Glia (Fig. 2H). 
Correspondingly, Schotman et al.[52] demonstrated that the protein 
synthesis rate in rats was inhibited following AA poisoning, which 
was analogous to the alterations in tracer leucine incorporation 
observed in previous experiments[53]. Glia are the primary regulators 
of cell number within the CNS, which have the capacity to affect 
several processes, including neuronal migration, axonal specialization 
and growth, and the regulation of synaptic communication, plasticity, 
and brain metabolism[54]. Consequently, impaired Glia function may 
have a negative impact on the overall health of the CNS. In contrast, 
chronic AA appeared to induce neuronal damage by modulating 
calcium signaling pathways and axonal transport-related pathways 
(Fig. 2I). Studies have demonstrated that nerve endings are the 
primary target of AA, and the neurotoxicity of AA is cumulative, 
eventually predisposing to axonal degeneration with increasing 
exposure time[1,55]. Furthermore, AA was also inducing Ca²⁺ disruption 
and ATP depletion in cytosolic SH-SY5Y cells, corresponding 
to our enrichment results[56]. Notably, these pathways were most 
evidently altered in KCs (Fig. 2I). As cells that play a critical role 
in neurodevelopment and cognitive behavior, the impaired function 
of KCs is consistent with our behavioral findings of motor and  
cognitive impairments[57]. 

Overall, our findings suggested that AA exposure can have 
cell-specific responses, with chronic exposure primarily affecting 
neurodevelopment-related pathways in KCs and acute exposure 
leading to disruptions in protein processing and synthesis pathways in 
Glia, ultimately impacting their cellular functions.
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3.3  Acute AA impairs protein synthesis, autophagy, and 
apoptosis in Glia

We extracted the Glia data and clustered them unsupervised 
into 10 distinct clusters across all samples (Fig. 3A). Based on the 
expression of known marker genes, we further divided the Glia into 
astrocytes (AST; labeled by Act79B, aay), ensheathing glia (ENS; 
CG7509, Tsf1), cortex glia (COR; zyd), perineurial glia (PER; gem) 
and subperineurial glia (subPER; CG9512) (Fig. 3A and Fig. S3A). 
When comparing the proportions of these cell subtypes under AA 
exposure, we observed significant changes in AST and PER (Fig. 3B and 
Fig. S4A). Further DEGs and KEGG enrichment analysis showed that 
the genes significantly downregulated by acute AA were enriched in 
pathways such as protein processing in the endoplasmic reticulum 
and protein phosphatases and associated proteins (Figs. 3C-D). 
The endoplasmic reticulum is responsible for intricate processes 
like protein folding and post-translational modifications, including 
glycosylation and disulfide bond formation, and the downregulation 
of these pathways means that the normal physiological processes of 
Glia are disrupted. 

To further investigate the effects of acute AA exposure on cellular 
function, we analyzed DEGs involved in protein-related pathways, 
including exosome, ribosome, chaperones and folding catalysts, and 
protein processing in the endoplasmic reticulum. In our data, heat 
shock proteins, including Hsp10, Hsp60, Hsp70, Hsp83, and L(2) EFL 
(LOC100652068) were significantly downregulated in Glia (Figs. 3E-F).  
These genes play a critical role in preventing preventing protein 
aggregation and facilitating refolding, thereby maintaining proper 

protein structure and cellular homeostasis[58]. Among them, heat shock 
proteins (HSPs) have been widely recognized for their neuroprotective 
functions in many acute and chronic pathological conditions affecting 
the brain. In ischemic brain tissue, the protein levels of HSPB1 is 
specifically increased in AST[59], while overexpression of either 
HSPA1 or HSPB1 in Alzheimer’s disease (AD) mouse has been 
shown to reduce amyloid beta (Aβ) plaque formation and mitigate 
cognitive dysfunction[60]. Similarly, in bumblebees we observed that 
HSP expression was reduced in the Glia of bumblebee brains, which 
was consistent with behavioral phenotypes observed in bumblebees, 
including slowed movement and cognitive deflicits (Figs. 1B-E and 
Figs. 3E-F).

RPLP2 (LOC100645225) encodes an acidic ribosomal protein 
that facilitates the recruitment of translation factors and other 
ribosomal proteins to the ribosomal complex, thereby promoting 
protein synthesis (Figs. 3E-F)[61-62]. The ribosomal P complex, 
composed of acidic ribosomal P (RPLP0, RPLP1, and RPLP2), 
is crucial in recruiting translation factors and promoting protein 
synthesis. Reduced expression of RPLP leads to the accumulation of 
reactive oxygen species, activation of the mitogen-activated protein 
kinase 1/extracellular signal-regulated kinase 2 (MAPK1/ERK2)
signaling pathway, cell cycle arrest, and induction of autophagy[63]. 
Additionally, acute AA exposure results in the downregulation of 
the gene that inhibits autophagy (FKBP4) (Figs. 3E-F). FKBP4, 
a member of the pro-immune protein family, plays a multifaceted 
role in immune regulation and fundamental cellular processes, 
including protein folding and transport. Overexpression of FKBP4 
is associated with increased cell proliferation and inhibition of 
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apoptosis and autophagy[64-65]. Furthermore, the gene encoding regucalcin 
(RGN), a novel calcium-binding protein, was found to be downregulated  
(Figs. 3E-F). RGN plays a crucial role in intracellular signaling within 
both the cytoplasm and nucleus[66]. It has been shown to inhibit 
cell death and apoptosis triggered by tumor necrosis factor-α or the 
endoplasmic reticulum Ca2+-ATPase inhibitor thapsigargin. This 
protective effect is particularly evident against apoptosis induced 
by lipopolysaccharide and various intracellular signaling-related 
factors[67]. Therefore, these genes were significantly downregulated 
after acute AA treatment, implying that the balance between protein 
synthesis and degradation was disrupted. This disorder inhibits 
the ability of the endoplasmic reticulum to synthesize proteins 
normally, disrupting protein homeostasis, autophagy, and apoptosis-
related processes in Glia. Autophagy is a process of degradation and 
recycling of intracellular components that enables cells to capture and 
degrade their cytoplasm and organelles, which are then consumed 
in lysosomes, thereby maintaining the stability of the intracellular 
environment[68]. Dysregulation of autophagy has been implicated in 

various brain disorders, including AD and Parkinson’s disease[69-70]. 
Specifically, knockdown of autophagy-related components in AST has 
been shown to result in significant increases in Aβ plaque size and severe 
cognitive impairments were observed in mouse brains[71]. Moreover, 
apoptosis, a well-characterized form of programmed cell death, also 
plays a crucial role in the pathogenesis of neurodegenerative diseases.  
Wang et al.[72] demonstrated that AA was able to exacerbate apoptosis 
in HepG2 cells. Similarly, exposure to AA in D. melanogaster has been 
shown to reduce the expression of anti-apoptotic proteins and significantly 
increase pro-apoptotic proteins, which corresponded with a marked reduction 
in both survival rate and locomotor activity[73]. Consistent with these 
findings, acute AA treatment of bumblebees led to a significant decrease 
in cognitive function, accompanied by significant downregulation of 
autophagy- and apoptosis-related genes in Glia (Figs. 3E-F). 

In conclusion, acute AA exposure may impair the neurological 
function of bumblebees by disrupting protein homeostasis, autophagy, 
and apoptosis in Glia, leading to reduced locomotor function and 
cognitive deficits in the bumblebees’ behavior (Fig. 3G).
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3.4  Chronic AA disrupted intracellular transport in KCs 

To further explore the effects of chronic AA on KC, we identified 
a total of 19 323 individual KC nuclei, which were classified into 7 
distinct subgroups based on their unique gene expression profiles. 
Based on previous morphology and gene expression data, we divided 
the 7 clusters into 4 subtypes, including class I large-type Kenyon 
cells (IKCs; characterized by the expression of Camkii and Br-c), class 
I medium-type Kenyon cells (mKCs; LOC725542), class I small-
type Kenyon cells (sKCs; Fstl5), and class II Kenyon cells (IIKCs, 
LOC408525) (Fig. 4A and Fig. S3B)[74].

We found that the proportion of IKCs and IIKCs changed 
significantly after chronic AA treatment (Fig. 4B and Fig. S4B). 
Moreover, we looked into the DEGs and found a total of 2 371 genes 
distributed among the different KCs subtypes (Fig. 4C). The number 
of DEGs in IKC and IIKC was 837 and 857, respectively, representing 
the majority of the total number of DEGs. As intrinsic neurons of insect 
mushroom bodies, KCs play a pivotal role in learning, memory, and 
sensory integration[75-76]. Among them, five proteins involved in the 
intracellular Ca2+ signaling pathway, such as Ca2+/calmodulin-dependent 
protein kinase II (CaMKII, LOC100648089), are preferentially expressed 
in IKCs and are essential for learning and memory[57,77]. The KEGG 
enrichment results of DEGs demonstrated that biological processes such 
as cAMP signaling pathway, calcium signaling pathway and ion channels 
exhibited notable increases in activity following chronic AA treatment 

(Fig. 4D). Building on the findings from chronic AA treatment, we further 
analyzed the DEGs within these pathway to investigate whether chronic 
AA treatment elicited distinct effects compared to acute exposure.

In cells, intracecellular second messengers such as cAMP, Ca2+ 
and other small molecules convert extracellular signals received 
by cell surface receptors to intracellular signals, thereby regulating 
inflammation, depression, and learning and memory disorders[78]. In our 
study, we observed the upregulation of the Galphas and Pka-C1, which 
are key components of the cAMP signaling pathway. Galphas encodes 
the G protein alpha s subunit, which activates adenylate cyclase, leading 
to increased cAMP levels and subsequent activation of protein kinase A 
(PKA), with Pka-C1 encoding the catalytic subunit of PKA[79]. Activated 
PKA phosphorylates target proteins involved in neuronal function. For 
example, in Drosophila, PKA phosphorylates the cyclic AMP response 
element-binding protein (CREB) transcription factor in the mushroom 
bodies, playing a key role in long-term memory[80]. These processes 
may help explain the learning and memory impairments observed in 
bumblebees after chronic AA treatment (Figs. 1D-E). Moreover, our 
analysis revealed that genes associated with Ca2+, including PMCA 
and CaMKII, are also enriched within the cAMP signaling pathway, 
calcium signaling pathways and ion channels. It has been demonstrated 
that following exposure to AA, the basal level of Ca2+ concentration in 
SH-SY5Y cells exhibited a 49% increase[81]. Interestingly, after chronic 
AA treatment, we found that the expression of plasma membrane Ca2+ 
ATPase (PMCA, LOC100645179) was upregulated in KC (Figs. 4E-F), 

Fig. 3 (Continued)
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which is a high-affinity calcium pump responsible for transporting 
Ca2+ into the extracellular space and maintaining calcium homeostasis 
between the cytoplasm and the extracellular environment[82]. Given 
that Ca2+ plays a role in the release of synaptic vesicles, and the 
fundamental basis of learning and memory in synaptic activity[83], we 
postulated that chronic AA exposure may impair learning and cognitive 
behavior by increasing Ca2+ concentrations in neurons. Additionally, 
the expression of CaMKII was observed to have increased (Fig. 4E). 
Finally, qPCR analysis showed a upward trend in gene expression, in 
agreement with the snRNA-seq results, but did not reach statistical 
significance (Fig. 4F), likely because KC-specific transcriptional 
changes were masked by averaged expression across cell populations. 
CaMKII is a protein kinase regulated by the Ca2+/calmodulin complex, 
in neurons, as Ca2+ and calmodulin accumulate, CaMKII undergoes 
autophosphorylation, causing CaMKII to be continuously activated 
for a short period, and regulate long-term potentiation in cells, which 
is considered to be the basis of the memory process[84]. Nevertheless, 
excessive CAMKII autophosphorylation may result in the transcription 
of hyperphosphorylated Tau protein, thereby contributing to neuronal 
damage and the development of neurological disorders[85]. Moreover, 
the expression of CACNB2 (LOC100645652) was elevated (Figs. 4E-F),  
which is responsible for encoding the voltage-dependent L-type 
calcium channel subunit beta-2 (CaVβ2). CaVβ2 are responsible for 
regulating the trafficking of the respective Ca2+ channel to the plasma 
membrane, and they are also involved in the modulation of gating 
properties[86]. It has been demonstrated that CACNB2 is a prevalent 
risk gene for mental illness, with a correlation observed between its 
presence and the development of conditions such as schizophrenia and 
AD[87]. Interestingly, CaMKII can phosphorylate CaVβ, thereby playing 
a role in the facilitation of L-type Ca2+ channels[86]. In conclusion, it 
can be postulated that chronic AA may impair learning and memory by 

upregulating Ca2+ in KCs and disrupting synaptic activities, including 
intracellular Ca2+ transport and CaMKII phosphorylation. 

Other than disruption in calcium signaling, KEGG enrichment 
analysis also showed the upregulation of axon transport induced by 
chronic AA, such as axon guidance and axon regeneration pathways 
(Fig. 4D). Axons house over 99% of neuronal cytoplasm to translocate 
nutrients and waste products within the cell, primarily through 
active transport[88]. Specifically, chronic AA treatment resulted in the 
upregulation of two genes, namely DYNC1H1 (LOC100647009) and 
KIF21A (LOC100649572) (Figs. 4E-F), which encode for cytoplasmic 
dynein heavy chain 1 and kinesin family member 21A, respectively. 
Similarly, in vitro cell experiments, chronic AA treatment significantly 
increased the levels of kinesin and dynein proteins[89]. Both dynein 
and kinesin are motor proteins involved in intracellular transport. 
Kinesin is typically the anterograde motor protein that facilitates the 
transport of cargoes towards the synapse, whereas dynein is regarded 
as the retrograde motor protein that enables the transportation of 
cargoes towards the cell body, and abnormal amounts of either 
motor protein can impair axonal transport in both anterograde and 
antidromic directions[89-92]. Dysfunction in axonal transport has been 
associated with various neurodegenerative diseases, including AD[93]. 
Given this association, we postulate that axonal transport disorders 
may also contribute to impaired learning and memory.

In summary, chronic AA primarily impacts KCs by altering 
intracellular calcium concentrations, which, in turn, disrupts 
cellular metabolism, ultimately leading to damage in the CNS. 
Furthermore, the upregulation of kinesin and dynein genes by AA 
may affect intracellular trafficking, leading to the development of 
neurodegenerative diseases (Fig. 4G).
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4.  Conclusion

AA has long been linked to carcinogenic and neurotoxic effects 
through multiple signaling pathways, but the precise mechanism 
remains unclear. In this study, we employed bumblebees as a 
model organism to investigate the underlying mechanisms of acute 
and chronic AA. Following exposure to AA, the survival rate of 
bumblebees declined significantly, accompanied by a considerable 
reduction in mobility, learning, and memory abilities. SnRNA-seq 
revealed that AA exposure did not change the cell type clustering 
outcomes, however, acute and chronic AA-induced cell-specific 
responses. Specifically, acute AA exposure impaired protein synthesis, 
autophagy, and apoptosis in Glia, while chronic AA exposure 
primarily disrupted the axon transport and the equilibrium of Ca2+ in 
KC. These cellular changes were associated with behavioral deficits in 
bumblebees, including slowed movement and cognitive impairment. 
Although the doses and experimental protocols in this study were 
designed to reflect human intake levels and those commonly used in 
mouse, fruit fly, and cell-based experiments, the direct applicability 
of these findings to human mechanisms remains uncertain. Therefore, 
further clinical and epidemiological studies are required in the future 
to enhance the understanding of the mechanism of action of AA on 
the CNS under diverse circumstances.
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