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ABSTRACT 

A PROTEOMIC PROFILE OF IMIDACLOPRID AND ITS ACTIVE METABOLITES 
DESNITRO-IMIDACLOPRID AND IMIDACLOPRID-OLEFIN IN HUMAN 
NEURAL CELLS. 

Sreehari Girish Kumar, M.S. 

George Mason University, 2022 

Thesis Director: Dr. Nadine Kabbani 

 

Neonicotinoids are a popular class of pesticides around the world and have been 

shown to bind both insect and mammalian nicotinic acetylcholine receptors (nAChRs). 

Imidacloprid (IMI), is amongst the most commonly used neonicotinoids in agriculture 

and domestic, non-industrial, applications but shows strong toxic effects in many 

organisms. In addition, the potential for toxicity from its two main metabolites desnitro-

imidacloprid (DN-IMI) and imidacloprid-olefin (IMI-olefin), are not yet defined despite 

recent evidence that they can bind to the mammalian nAChR. In this study, we used Lund 

Human Mesencephalic (LUHMES) cells, as a human cell line model of dopaminergic 

neurons to test the effects of IMI and its metabolites. Cells were treated with 50µM IMI, 

DN-IMI, and IMI-olefin for 48 hours, and then examined for proteomic change using 

liquid-chromatography electrospray ionization mass spectrometry (LC-ESI MS/MS). 

Bioinformatic analysis using Gene Ontology (GO) and enrichment analysis were 
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performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome, 

and WikiPathways databases. Our results provide novel insight into convergent as well as 

differential molecular effects by IMI, DN-IMI, and IMI-olefin in neural cells. These 

studies begin to explore pathways of neonicotinoid neurotoxicity leading to neuro disease 

in exposed individuals. 
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CHAPTER ONE-INTRODUCTION 

Neonicotinoids (neonics) have become the most widely used class of pesticides in 

the world replacing more dangerous compounds such as organophosphates. Imidacloprid 

(IMI) is the first commercially available neonic first introduced in the 1990s and is still 

amongst the most commonly used in more than 120 countries [4,15,23]. In 2014, over 

two million kg of IMI were used agriculturally in the United States (excluding Hawaii 

and Alaska) on pasture, hay, alfalfa, orchards, grapes, rice, vegetables, fruit, cotton, 

wheat, soybeans, corn, and other crops [42]. Neonics are systemic, taken up by the plant 

during application, and maintain long-half lives, and cannot be removed by washing 

[15]. Neonics such as IMI can also be found in household pesticides and flea/tick control 

treatments in domestic animals that are in regular contact with humans [10]. Thus, 

neonics are pervasive chemical agents in both agricultural [6,42] and urban settings [18], 

and are a concern for public safety and human health [1,3,5,11,16,20,24,25,39]. Studies 

show that neonics are readily detectable in human biosamples [10,19,22,34,44,45,46].  

 

Neonics share structural similarity to nicotine designed with an ability to bind 

with a high affinity at the insect nicotinic acetylcholine receptor (nAChR) target site 

[16,23,27]. However, studies show that neonics such as IMI, clothianidin, acetamiprid, 

and thiacloprid can also bind and activate non-insect, mammalian nAChRs [41]. In 
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mammalian cells, neonics are found to activate several brain-type nAChR including 

α4β2, α7, and α3β4 nAChR subtypes [4,13,24,25,40]. These nAChR subtypes are 

expressed in both the developing and the adult brain and regulate important brain 

functions including cognition, attention, memory, and movement through synaptic 

mechanisms of neurotransmitter release. Nicotinic receptors are important in 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s, and in developmental 

disorders such as ADHD and autism [5], and studies suggest that neonic toxicity may 

contribute to human neuro disease.  

 

Various neonics are readily metabolized in the environment as well as within the 

organism upon ingestion through rapid enzymatic reactions involving reduction, 

oxidation, olefin formation, hydrolysis, chlorination, and demethylation [24,39]. In some 

cases, the metabolite is more toxic than the parent compound [24,39]. In the case of IMI, 

metabolism through cytochrome P450 and aldehyde oxidase has been shown to yield two 

pharmacologically active metabolites with an ability to activate mammalian nAChRs: 

desnitro-IMI (DN-IMI) and IMI-olefin [7,24,32,33,38]. DN-IMI and IMI-olefin have 

been detected in various agricultural products as well as drinking water [18,19,24,42]. 

Studies show detectable amounts of DN-IMI and IMI-olefin in human urine (0.0020 µM 

DN-IMI and 0.0027 µM IMI-olefin) [22,46]. In experimental mouse models, DN-IMI 

appears able to cross the blood-brain barrier [8], and pharmacological studies show that 

DN-IMI has an unusually high affinity for mammalian nAChRs comparable to that of 
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nicotine [24,40]. IMI-olefin has been found to be at least 10 times more potent than IMI 

in insects [29] and in a similar range as IMI in human cells [24].  

 

In this study, we examined the effects of IMI and its key metabolites, DN-IMI, and IMI-

olefin on neuronal signaling in the human neuronal precursor lund human mesencephalic 

(LUHMES) cell line using proteomics. LUHMES cells are dopaminergic neurons that 

endogenously express nAChRs and have been used as a cellular model for studying 

molecular mechanisms of Parkinson’s disease [49]. In recent studies, IMI, DN-IMI, and 

IMI-olefin have been shown to pharmacologically activate the nAChR leading to calcium 

signaling in LUHMES cells [24,25]. We used a combination of whole cell proteomics 

and informatics approach as described in Figure 1 to find pathways and potential toxicity 

mechanisms associated with these neonics in neural cells. 

 
      

. 
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CHAPTER 2-METHODS 

2.1 Cell Culture  

 
LUHMES cells were cultivated as previously described [21,24,30,31]. Briefly, 

LUHMES cells were grown in cell culture flasks (Sarstedt) precoated with 50 µg/ml 

poly-L-ornithine (PLO) and 1 µg/ml fibronectin (Sigma-Aldrich) in proliferation media 

(advanced DMEM/F12 (Gibco) with 2 mM L-glutamine (Sigma Aldrich), 1x N2-

supplement (Gibco), and 40 ng/ml recombinant human basic fibroblast growth factor 

(FGF-2, R&D Systems)) at 37 °C and 5% CO2. At passage 18, cells were differentiated in 

advanced DMEM/F12 media (Gibco) with 2 mM L-glutamine (Sigma Aldrich), 1x N2-

supplement (Gibco), 1 mM N6,2’-0-dibutyryl 3’,5’-cyclic adenosine monophosphate 

(cAMP) (Sigma Aldrich), 1 µg/ml tetracycline (Sigma Aldrich), and 2 ng/ml recombinant 

human glial cell-derived neurotrophic factor (GDNF, R&D Systems) for 48 hours. Cells 

were then plated at a density of 2.5 x 106 cells per well on 0.1% PEI-coated 6-well plates 

(Costar, Corning) for 7 days, exchanging 50% of the medium every 2-3 days. 

  

At 9 days in vitro (DIV), cells were treated with 50 µM IMI, DN-IMI, or IMI-olefin 

(Sigma Aldrich) dissolved in DMSO while control cells were treated with DMSO 

only. After 48 hours, cells were lysed for proteomic analysis as described in [36]. Briefly, 

cells were washed in phosphate-buffered saline (PBS) and then detached using a cell 
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scraper. Cell fractions were centrifuged for 5 min at 500 x g at 4°C, and the pellet was 

resuspended in a solubilization buffer ([mM]: 20 Tris HCl (Carl Roth), 137 NaCl (Carl 

Roth), 2 EDTA (Sigma Aldrich), 10% glycerol (Carl Roth), 0.1% Triton X-100 (Sigma 

Aldrich), phosphatase inhibitor (PhosSTOP, Roche, Sigma Aldrich), and protease 

inhibitor (cOmplete, Roche, Sigma Aldrich). Protein concentrations were quantified 

using the Bradford assay. The sample was centrifuged for 20 min at 12,000 x g at 4°C 

and the supernatant was collected and stored at -80°C until proteomic analysis. 

  

2.2 Cell Viability 

 

LUHMES cells were plated on a 6-well plate and then treated with 50 µM IMI, 

DN-IMI, or IMI-olefin for 48 hours to replicate the experimental condition. Cells were 

incubated for 1 hour, at RT, and in the dark with Calcein AM (Invitrogen; C3100MP) or 

propidium iodide, (Sigma; P4170) in order to label live or dead cells, respectively. Cells 

were washed in PBS and then covered with imaging solution ([mM]: 140 NaCl, 4 KCl, 1 

MgCl2, 1.8 CaCl2, 10 HEPES, 10 D-glucose, pH 7.4). Images were captured using the 

Cell Observer (Carl Zeiss Microscopy). Fluorescently labeled cells were quantified using 

Fiji ImageJ (version 1.53k) using Bernsen’s thresholding method [28]. 

 

 

 

 



6 
 

  

2.3 Proteomics 

 

Whole-cell proteomic analysis was performed as previously described [36]. 

Briefly, 100 µg of solubilized protein was precipitated with 4°C acetone for 5 minutes 

and then centrifuged for 2 minutes at 16,000 x g at 4°C. The protein pellet was air-dried 

for 1 min and then resuspended in 8M urea for sonication. The sample was then reduced 

using 1M DL-Dithiothreitol (DTT) for 5 min at 52°C and then digested by the addition of 

0.01 µg/µL in trypsin for 4 hours at 37°C. Samples were purified using C-18 ZipTips 

(Millipore) and then reconstituted with 0.1% formic acid for analysis with liquid-

chromatography electrospray ionization mass spectrometry (LC-ESI MS/MS) using an 

Exploris Orbitrap 480 coupled to an EASY-nLC 1200 HPLC system (Thermo Fisher 

Scientific, Waltham, MA, USA) C18 LC column (Thermo Fisher Scientific, Waltham, 

MA, USA) at a flow rate of 300 nL/min. Each sample was run 5 times. Proteins were 

identified using Proteome Discoverer v2.4 (Thermo Fisher Scientific, Waltham, MA, 

USA) and the SEQUEST HT search engine of MS spectra of the human NCBI 3-31-2018 

database with the following parameters: mass tolerance for fragment ions = 5 ppm; mass 

tolerance for fragment ions = 0.05 Da; and cut-off value for the false discovery rate 

(FDR) in reporting peptide spectrum matches (PSM) to the database = 1%. Peptide 

abundance ratios and p-values were calculated via precursor ion quantification in 

Proteome Discoverer v2.4.  
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2.4. Bioinformatic Analysis  

  

Proteins identified in at least 3 out of the 5 replicated samples were included in 

the proteomic analysis [36]. Relative change in peptide abundance was determined using 

a label-free protein abundance ratio (fold-change) measure using the control (DMSO) as 

the reference [36]. All peptide values were determined for statistical significance at p < 

0.05. Proteomes were bioinformatically analyzed using Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/home.jsp, 

accessed 13 April 2022 through 6 June 2022) for gene ontology (GO) associations. In 

addition, Gene Enrichment Analysis (GEA) was performed against the Kyoto 

Encyclopedia of Genes and Genomics (KEGG), WikiPathways, and Reactome pathway 

databases in DAVID. 
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Figure 1: A summary flowchart of the experiment showing treatment conditions and mass 

spectrometry (LC-ESI MS/MS) coupled to bioinformatics using GO and enrichment 

analysis. 
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CHAPTER 3-RESULTS 

3.1. Proteome Analysis of IMI-treated LUHMES cells 

 

MS analysis of IMI-treated LUHMES cells identified a total of 3161 proteins for 

both control and IMI-treated cells. Out of the list of total number of proteins, 97 proteins 

were found to be differentially expressed within the IMI proteome relative to the vehicle 

control condition. These differentially altered proteins (aka IMI proteome) are subdivided 

into 68 upregulated and 29 downregulated proteins (Figure 2).  
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Figure 2: Volcano plot showing the distribution of differentially expressed proteins in 

IMI-treated LUHMES cells relative to controls. Each dot represents one of the 3161 

proteins found in the MS sample. The blue dots (left) and red dots (right) show 

downregulated and upregulated proteins, respectively. The dotted line represents the 

threshold for statistical significance. 

 

3.2. GO annotations and enrichment analysis of IMI proteome 

 

GO annotations analysis illustrated that the most significant annotation affected in 

the GO domains of molecular functions, biological processes, and cellular components 

for IMI-treated LUHMES cells were “protein binding”, “protein transport” and “cytosol” 

respectively (Figure 3A-C). Within protein binding 55 and 19 proteins were upregulated 
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and downregulated, respectively (Figure 3A). In protein transport, the number of 

upregulated and downregulated proteins were 3 and 3, respectively (Figure 3B). In the 

cytosol, 33 and 13 proteins were upregulated and downregulated, respectively (Figure 

3C). A GO domain pathway enrichment analysis illustrated that the highest enrichment 

occurs in protein binding and cytosolic expression consistent with GO annotation results 

(Figure 3D). 

 

 
Figure 3: GO domains affected by IMI treatment of LUHMES cells. Total number of 

differentially expressed proteins categorized by (A) molecular function, (B) biological 

processes, and (C) cellular components. (D) Enrichment analysis of GO domains within 

the differentially expressed IMI proteome. 
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3.3. Proteome Analysis of DNI-IMI treated LUHMES cells  

 

MS analysis of DN-IMI-treated LUHMES cells identified a total of 4787 proteins 

within the dataset. Out of these proteins, 109 proteins were found to be differentially 

expressed within the DN-IMI proteome relative to vehicle-treated controls. Within these 

differentially expressed proteins, 63 were downregulated while 46 proteins were 

upregulated (Figure 4). 

 



13 
 

 
Figure 4: Volcano plot showing the distribution of differentially expressed proteins in 

DN-IMI treated LUHMES cells. Blue dots (left) and red dots (right) represent 

significantly downregulated and upregulated proteins within the DN-IMI treatment 

condition, respectively. The dotted line indicates the threshold for statistical significance. 

 

3.4. GO annotations and enrichment analysis of DN-IMI proteome 

 

GO annotations analysis illustrated that the most significantly affected GO 

domains within the molecular function, biological processes, and cellular components for 

significantly altered proteins within the DN-IMI treatment group. Specifically, GO 

analysis indicates that “protein binding”, “positive regulation of transcription from RNA 

polymerase II promoter” and “nucleus” respectively are significantly impacted (Figure 
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5A-C). Within protein binding, 33 proteins were upregulated in response to DN-IMI 

treatment (Figure 5A). Within positive regulation of transcription from RNA polymerase 

II promoter, 3 proteins were upregulated and 7 downregulated in connection with DN-

IMI (Figure 5B). Within positive regulation of transcription from RNA polymerase II 

promoter, all of the 5 differentially regulated proteins associated with “cell proliferation” 

and “apoptotic process” annotations respectively were downregulated. 26 and 27 proteins 

out of the differentially expressed proteins were upregulated and downregulated 

respectively within the cytosol (Figure 5C). GO domain pathways enrichment analysis 

indicates a high enrichment of protein binding and nuclear localization within the DN-

IMI treatment dataset (Figure 5D).  
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Figure 5: GO domains affected by DN-IMI treatment of LUHMES cells. Total number of 

differentially expressed proteins categorized by (A) molecular functions (B) biological 

processes and (C) cellular components. (D) Enrichment analysis of GO domains affected 

by the differentially expressed proteins within DN-IMI treated cells. 

 

3.5. Pathway enrichment analysis of DN-IMI treated LUHMES cells 

 
 

Enrichment analysis using the database of pathways from Reactome revealed that 

the differential expressed proteins within DN-IMI treated cells were enriched in Wnt 

pathway, nuclear receptor, G protein beta gamma, glutamate activated kainate receptor, 

and estrogen signaling receptor (ESR)- mediated signaling (Figure 6). Within the (beta-

catenin independent) Wnt signaling pathway, 5 out of the 7 and 8 out of 11 differential 
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expressed proteins were downregulated while RAC3, CALM2, and AKT2 proteins were 

upregulated (Figure 6A). Out of the downregulated proteins in Wnt signaling, 7 out of 10 

differential expressed proteins were downregulated while AKT2, CALM2, and POLR2L 

proteins were upregulated in nuclear receptor and ESR-mediated signaling (Figure 6A). 

In glutamate-activated kainate receptor signaling, all of the differentially expressed 

proteins implicated within the pathway were downregulated except for CALM2 protein 

(Figure 6A). All differentially expressed proteins involved in the pathway except for 

AKT2 protein were downregulated in G protein beta gamma signaling (Figure 6A). 

Finally, all differentially expressed proteins associated with the corticotropin-releasing 

hormone signaling pathway and 5 out of 8 differentially expressed proteins implicated in 

Ras signaling pathway were downregulated while AKT2, RAC3, and CALM2 proteins 

were downregulated (Figure 6B). 
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Figure 6: Pathway enrichment analysis of DN-IMI treated LUHMES cells. (A) Reactome 

pathways analysis. (B) WikiPathways analysis. The number and name of proteins within 

each component pathway is indicated. 

 

3.6. Proteome Analysis of IMI-olefin treated LUHMES cells 

 

MS analysis of IMI-olefin-treated LUHMES cells identified a total of 4787 

proteins within the dataset, and out of these only 111 were found to be statistically 
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impacted by IMI-olefin treatment compared to controls. The IMI-olefin proteome 

consists of 56 upregulated and 55 downregulated proteins (Figure 7). 

 

 
Figure 7: Volcano plot showing the distribution of differentially expressed proteins in 

IMI-olefin treated LUHMES cells. Each dot represents a protein. The blue dots (left) and 

red dots (right) show downregulated and upregulated proteins relative to controls. The 

dotted line represents the threshold for statistical significance within the dataset. 

 

3.7. GO annotations and enrichment analysis of IMI-olefin proteome 

 

GO annotations analysis illustrated that the most significant effects for IMI-olefin 

were “protein binding”, “positive regulation of transcription from RNA polymerase II 

promoter” and “cytosol” respectively (Figure 8A-C). Within protein binding 31 and 44 
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proteins were significantly downregulated and upregulated, respectively (Figure 8A). In 

positive regulation of transcription from RNA polymerase II promoter, 5 proteins were 

upregulated and 3 downregulated (Figure 8B). In positive regulation of transcription 

from RNA polymerase II promoter, “cytoplasmic translation”, “translation” and “actin 

filament organization” are found to be most impacted (Figure 8B). Specifically, 7 out of 

8 differentially cytoplasmic translation proteins were downregulated, while all of the 

differentially expressed proteins impacted in “translation” were downregulated (Figure 

8B). In actin filament organization, 6 out of the 8 differentially expressed proteins were 

upregulated (Figure 8B). 22 and 21 differentially expressed cytosolic proteins were 

downregulated and upregulated, respectively (Figure 8C). GO domain pathways 

enrichment analysis indicates enrichment of protein binding, cytoplasmic translation, and 

actin filament organization (with 75, 43, 8, and 8 differentially expressed proteins, 

respectively). This is consistent with our earlier GO annotation results (Figure 8D).  
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Figure 8: GO domains affected by IMI-olefin treatment of LUHMES cells. Total number 

of differentially expressed proteins categorized by (A) molecular functions (B) biological 

processes and (C) cellular components. (D) Enrichment analysis of GO domains affected 

by the differentially expressed proteins within IMI-olefin treated cells. 

 

3.8. Pathway enrichment analysis of IMI-Olefin treated LUHMES cells 

 

Enrichment analysis using the database of pathways from Reactome shows 

downregulation of proteins represented in Table 1: RPS15, RPS7, RPLP1, RPL36, 

RPSA, RPL38, and RPL37 in pathways not associated with the “RHO GTPase cycle” 

(Figure 9A). All of the differentially expressed proteins were downregulated for the 

“translation” pathway except for EIF4B protein, which was upregulated (Figure 9A). 

KEGG pathways enrichment analysis revealed that all differentially expressed proteins 
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associated with “ribosomes” are also downregulated, while downregulated PRKCG 

proteins appear implicated in viral disease as “Coronavirus disease- COVID-19” 

pathways (Figure 9B). “Cytoplasmic ribosomal proteins” pathways in WikiPathways 

appear enriched in the dataset and shown as downregulated proteins listed in Table 1 and 

Figure 9C.  
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Figure 9: Pathway enrichment analysis of IMI-olefin treated LUHMES cells. (A) 

Reactome pathways analysis shows proteins in Table 1 marked as “X”. (B) KEGG 

pathways analysis and (C) WikiPathways pathway analysis. The numbers to the left of 

the bars in each chart represent the number of proteins associated with each Reactome, 

KEGG, or WikiPathways pathway The proteins associated with each Reactome or 

WikiPathways pathway were indicated above each bar for B & C and to the right of each 

bar for A. 

 
 

Table 1: Ribosomal proteins associated with IMI-Olefin treatment responses. 

Table 1 RPS15, RPS7, RPLP1, RPL36, RPSA, RPL38, RPL37 
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3.9. Convergence of IMI and IMI-olefin proteomic processes on actin regulation 

 
Overlapping proteins are shown using a Venn diagram and indicate differentially 

expressed proteins upregulated by IMI and IMI-olefin treatment conditions in the 

LUHMES cell. The 27 proteins that overlap between the two treatment groups are shown 

in Figure 10A. Using DAVID GO enrichment we further examined these 27 overlapping 

proteins, and this analysis indicates specific enrichment of the proteins in “actin filament 

organization”, “sequestering of actin monomers”, and “actin monomer binding” (Figure 

10B). Differentially expressed proteins among DN-IMI and IMI-treated cells as well as 

DN-IMI and IMI-olefin-treated cells show little to no overlap (Figure 11A-E). Notably, 

8 overlapping proteins were found to be downregulated by the IMI and IMI-olefin 

treatment conditions (Figure 11C).  
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Figure 10: Overlapping proteins found in the IMI and IMI-olefin treatment groups. Venn 

diagram showing significantly upregulated proteins in IMI and IMI-olefin treated 

cells. (B) Enrichment analysis of GO domains associated with the overlapping 

proteins within the IMI and IMI-olefin treatment groups. Venn diagrams were 

created using the Interactivenn tool [12]. 
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Figure 11: Overlapping proteins in IMI, DN-IMI, and IMI-olefin treatment conditions. 

(A) Upregulated proteins in DN-IMI and IMI-treated cells (B) Downregulated proteins in 

DN-IMI and IMI-treated cells (C) Downregulated proteins in IMI and IMI-olefin treated 

cells (D) Upregulated proteins in DN-IMI and IMI-olefin treated cells (E) Downregulated 

proteins in DN-IMI and IMI-olefin treated cells. 

 

3.10. DN-IMI and IMI-treated LUHMES cells show higher survival rates 

 
Neonics are known to cause toxicity in various cells and organisms. We wanted to 

confirm the effects of our non-saturating concentrations on overall cell survival and 

determine that our proteomic response is not due to cell toxicity/death. To do this we 

utilized a thresholding and watershed filter tool application within ImageJ that enables 

semi-automated cell signal analysis within captured images. We used this to determine 

the number of live vs. dead across the IMI and DN-IMI conditions relative to the 
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controls. At 48 hours of drug treatment, the same time point used for proteomic analysis, 

we examined calcein-AM and propidium iodide (PI) labeling in LUHMES cells in order 

to quantify live and dead cells, respectively (Figure 12A-B). As shown in Figure 12D, a 

fluorescent measure across treatment conditions shows that IMI and DN-IMI have no 

significant effect on total living cell number. However, IMI and DN-IMI treatment was 

associated with a statistically significant decrease in dead cell (PI) labeling (Figure 12C). 

These findings suggest that IMI and DN-IMI treatment can impact the mechanism of cell 

death. 
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Figure 12: The impact of neonics on cell survival and death. (A) Microscopic image of 

the propidium iodide (PI) stained LUHMES cells. PI binds to the DNA of dead cells. (B) 

Microscopic image of the calcein AM stained LUHMES cells. Non-fluorescent calcein 

AM gets converted to a fluorescent green compound in live cells. (C) Plot of dead cell 

count in control, DN-IMI, IMI, and IMI-olefin treated LUHMES cells. (D) Plot of live 

cell count in control, DN-IMI, IMI, and IMI-olefin treated LUHMES cells. The count of 

the cells was performed using the thresholding and watershed functions of ImageJ. 

ANOVA one-way analysis using R and assuming equal assumptions was performed. The 

difference in count between the DN-IMI, IMI, and control was considered statistically 

significant using alpha as < 0.05. The ‘**’ represents the threshold of statistical 

significance at p-value less than 0.01. 
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CHAPTER 4-DISCUSSION 

Imidacloprid (IMI) is one of the most widely used neonic class of insecticides in 

the world and growing evidence points to toxicity against its target (insects) and to 

varying degrees, off-target organisms including birds and mammals [4,15,23]. This effect 

of IMI is driven by its ability to bind to a highly conserved class of channel nAChR that 

are abundant across vertebrate and invertebrate species [15,16,23,27,41]. IMI is also 

readily metabolized by enzymes, such as cytochrome P450, and aldehyde oxidase, to 

produce bioactive products such as IMI-olefin and DN-IMI 

[7,8,10,24,32,33,35,38,39,43]. Studies have shown that IMI and its metabolites DN-IMI 

and IMI-olefin can bind mammalian nAChRs including α7, α3β4, and α4β2, within the 

human dopaminergic LUHMES cell line [24,25]. Despite evidence for potency against 

mammalian nAChR, the toxicity mechanisms at cellular and molecular levels underlying 

DN-IMI and IMI-olefin have not been studied and especially at lower doses that may 

reflect physiological conditions. 

 

To address this, we used whole-cell proteomics to examine how 2-day (48-hour 

treatment) of LUHMES cells with 50µM IMI, DN-IMI, and IMI-olefin impact overall 

protein levels and changes. This concentration is consistent with the ability of these 

compounds to activate nAChRs in LUHMES cells but does not fully saturate the receptor 
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site [24,25]. Our results show that the total number of differentially expressed proteins in 

IMI-treated cells compared to controls has increased since we found that more proteins 

were upregulated than downregulated by IMI treatment. We then analyzed the 

components of the significantly altered proteins using bioinformatic GO annotation and 

enrichment analysis. The bioinformatic analysis reveals an effect of IMI on specific 

processes such as protein binding, a key mechanism for cell signaling, and protein 

transport within the cytosol. In the context of IMI-mediated protein upregulation, it can 

be suggested that nAChR activation through IMI increases the synthesis and transport of 

specific proteins within the cell. Alterations in protein transport have been implicated in 

various neurodegenerative diseases, and evidence indicates that disruption in protein 

transport is driven by altered α-synuclein and leucine-rich repeat kinase-2 (LRRK2) 

functions within mammalian cells during Parkinson’s Disease (PD) [47]. Cell count 

analysis using ImageJ indicated a significant reduction in cell death with DN-IMI and 

IMI-treated LUHMES cells and may suggest that protein upregulation in LUHMES cells 

may drive important changes in the mechanisms of cell survival.  

 

Whole-cell proteome analysis of DN-IMI treated LUHMES cells illustrated a 

propensity for drug-related downregulation of protein expression within treated cells as 

compared to controls. GO annotation and enrichment analysis of significantly altered 

proteins within the DN-IMI treatment group shows that processes for transcription, 

apoptosis, and cell proliferation are significantly impacted. This is supported by GO 

analysis that reveals that altered proteins during DN-IMI are abundant within the nucleus. 
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Interestingly, apoptotic dysregulation has been suggested to be a driver of 

neurodegenerative diseases such as PD, Alzheimer’s Disease (AD), Huntington’s Disease 

(HD), and Amyotrophic Lateral Sclerosis (ALS) [9]. Reactome pathway enrichment 

analysis of DN-IMI treated cells illustrated the enrichment of differentially expressed 

proteins in several important cell survival and growth pathways including Wnt, nuclear 

receptor, ESR-mediated, G protein beta-gamma, and Ras signaling. Pathways such as 

Wnt and nuclear receptor signaling are specifically dysregulated in neurological disorders 

[14,17,26,37]. Our findings suggest a potential for DN-IMI in Wnt pathway-associated 

signaling that may lead to long-term neural cell damage. In one scenario, neonic-

associated signaling may contribute to the aggregation of amyloid β (Aβ) protein as well 

as the hyperphosphorylation of tau, as predisposing factors for AD. Studies show that 

Wnt-associated GSK-3β signaling involving downstream β-catenin activity can directly 

regulate tau hyperphosphorylation and apoptotic responses leading to synaptotoxicity 

[14]. 

 

Our current findings suggest that the neonics IMI, DN-IMI, and IMI-olefin may impact 

mechanisms of cell death in LUHMES cells based on proteomics and cell count of PI 

labeling. However, these findings are still preliminary, and future studies will be needed 

to confirm the possible role of neonic-mediated Wnt pathway regulation on neuronal cell 

survival and death. Analysis of the whole-cell proteome in IMI-olefin treated cells 

suggests that this IMI metabolite significantly impacts both actin-associated processes as 

well as protein translation through ribosomal regulation. GO enrichment analysis of 
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overlapping sets of upregulated proteins in IMI and IMI-olefin-treated LUHMES cells, 

shows a convergence of the two chemical pathways on actin-related cellular processes. 

Pathway enrichment analysis using KEGG, Reactome, and WikiPathways databases 

revealed that several pathways for protein translation are affected via a cohort of specific 

ribosomal proteins. Interestingly, studies in honeybees have shown that sublethal doses of 

IMI can also impact ribosomal translation and actin-related processes [48]. Thus, our 

proteomic findings in human neural cells may reveal a conserved mechanism for neonic 

actions across species. Within mammals, studies indicate that repression of protein 

translation may contribute to neurodegenerative disorders such as ALS and 

Frontotemporal Dementia (FTD) [2]. Overall, the proteomic and bioinformatic analysis 

performed here on LUHMES cells treated with non-saturating levels of IMI and its 

primary metabolites DN-IMI and IMI-olefin illustrates an impact of these chemical 

agents on important biological processes in human cells. Specifically, the data supports 

the hypothesis that IMI and its metabolites can disrupt cellular homeostasis through 

changes in gene transcription, protein translation, mechanism of proliferation/survival, 

and apoptosis. Many such pathways appear disrupted in neurodegenerative disease and 

suggest that neonic toxicity may serve as a contributing factor for neuro disease 

onset/progression. Based on these findings, as well as existing evidence for the ability of 

IMI and its metabolites to bind and activate mammalian nAChRs [24,25], it is important 

to further understand the long-term impact of these chemicals on human health. 
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