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A B S T R A C T   

Imidacloprid is a systemic neonicotinoid insecticide widely used to combat agricultural pests and flea infestations 
in dogs and cats. Despite its low toxicity to mammals, imidacloprid is reported to cause male reproductive 
toxicity. This study evaluated the cytotoxic effects of 75–800 μM imidacloprid on a rat Leydig cell line (LC-540). 
The effect of exposure to 300, 400, and 500 µM imidacloprid on selected cytoskeletal proteins, mitochondrial 
morphology, lysosomal acidity, and ultrastructure were investigated. Cell viability was markedly reduced after 
48 and 72 h of exposure to higher imidacloprid concentrations. The immunocytochemical analysis revealed that 
the cytoskeletal filaments exhibited disorganization, disruption, and perinuclear aggregation in treated LC-540 
cells. Ultrastructurally, cytoplasmic vacuoles, autophagic vacuoles, lysosomes, and mitochondrial damage 
were detected. Changes in the mitochondrial morphology and lysosomes induced by imidacloprid were 
confirmed. The cytotoxicity of imidacloprid observed in LC-540 cells might be due to its mitochondrial damage 
and cytoskeletal protein disruption.   

1. Introduction 

Imidacloprid is a systemic neonicotinoid insecticide widely used to 
combat agricultural pests and even flea infestation in dogs and cats 
(Ensley, 2018; Tomizawa and Casida, 2005). The neonicotinoids have a 
greater affinity for nicotinic acetylcholine receptors (nAChRs) of insects 
than vertebrates (Tomizawa and Casida, 2005), therefore, it is thought 
to be less toxic for mammals (Millot et al., 2017). Imidacloprid is 
registered worldwide as a pesticide to protect various crops (Shao et al., 
2013). In 2020, pharmaceutical companies produced approximately 20, 
000 tons (Simon-Delso et al., 2015). However, the extensive use of 
imidacloprid resulted in toxicity in non-target organisms such as bees 
(Cresswell, 2011), and birds (Hallmann et al., 2014), consequently, its 
use as seed treatment was prohibited by the European Union in 2013 
(European Commission, 2013). The consumption of 
imidacloprid-treated seed in France has been linked to several mortality 
events among birds between 1995 and 2014 (Millot et al., 2017). A 
similar adverse effect of imidacloprid on wild granivorous birds was 
observed in South Africa’s Western Cape province by Botha et al. (2018). 

Furthermore, it has been reported that imidacloprid induces male 
reproductive toxicity (Bal et al., 2012a; Bal et al., 2012b; Hafez et al., 
2016; Lonare et al., 2016; Najafi et al., 2010), leading to infertility. 

Imidacloprid causes a decrease in the number, motility, and viability of 
sperm in adult Wistar rats (Lonare et al., 2016; Najafi et al., 2010), and 
albino rats (Hafez et al., 2016). The adverse effects of imidacloprid were 
attributed to oxidative stress and an increase in polyunsaturated fatty 
acids caused the decline in Leydig cells, which resulted in a decrease in 
testosterone levels (Bal et al., 2012a; Bal et al., 2012b). 

Leydig cells synthesize testosterone via a complex steroidogenic 
pathway which is essential for spermatogenesis and reproductive fitness 
(Andric and Kostic, 2019). Among the complex steps involved in 
testosterone biosynthesis, is the transport of free cholesterol from the 
cytoplasm to the mitochondria (Andric and Kostic, 2019), and cyto
skeletal proteins might play an essential role in this transfer process 
(Górowska-Wójtowicz et al., 2018). However, the effects of imidacloprid 
on the cytoskeletal proteins of Leydig cells remain unclear. 

Several authors have proposed that mitochondria are the main target 
for the toxicity of neonicotinoids, including imidacloprid (Alzahrani, 
2019; Cestonaro et al., 2023; Kong et al., 2016; Miao et al., 2022; Xu 
et al., 2022). Mitochondria are essential in regulating cellular meta
bolism and are involved in testosterone biosynthesis (Jing et al., 2020). 
Imidacloprid induced mitochondrial damage by altering mitochondrial 
calcium homeostasis and inhibiting mitochondrial respiration leading to 
oxidative stress and cell death (Li et al., 2022; Xu et al., 2022). 
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Therefore, damaged mitochondria can pose a threat to cell survival and 
influence male fertility (Vakifahmetoglu-Norberg et al., 2017; Xiong 
et al., 2022). 

The objectives of this study were to investigate cell viability and 
cytotoxicity, evaluate changes in certain cytoskeletal proteins and 
mitochondria, and assess ultrastructural changes in the rat Leydig 
tumour cell line (LC-540) exposed to imidacloprid. 

2. Materials and methods 

2.1. Cell culture and exposure studies 

A Fischer rat testis Leydig tumour cell line (LC-540) obtained from 
the Japanese Collection of Research Bioresources Cell Bank (JCRB9064) 
was used in this study. Cells were cultured in Eagle’s Minimum Essential 
Medium (EMEM) supplemented with 4 mM L glutamine, 10% fetal 
bovine serum (FBS), and penicillin-streptomycin (100 U/ml). The cell 
culture was maintained in an incubator at 37 ◦C, in a humidified 5% CO2 
environment. The study was approved by the University of Pretoria’s 
Research Ethics Committee (approval number REC030–22). 

Additionally, a rat testis was used as a positive control for the 
immunohistochemical detection of cytokeratin 5, vimentin, and fibro
nectin and comparison with the labeling in the rat testis Leydig tumour 
cell line (LC-540). 

2.2. Exposure to Imidacloprid 

Twenty-four hours prior to exposure, allowing enough time for re
covery and stabilization, Leydig cells were seeded in a culture medium 
supplemented with 5% FBS in tissue culture microplates providing op
timum growth area and ease of processing of the cells as required by the 
different cell assays used in this study. Imidacloprid (No. 37894) was 
purchased from Sigma-Aldrich, USA; molecular weight of 255.66 g/mol 
and a purity of 99%. The stock solution of imidacloprid was prepared 
using 0.03% dimethyl sulfoxide (DMSO) and serially diluted with 5% 
FBS culture medium to final concentrations for the cytotoxicity studies. 
The cytotoxic effect of imidacloprid was evaluated in three separate 
experiments with at least three replicates. To determine the exposure 
period and imidacloprid concentrations to be used in the additional 
studies, the results of the MTT assay were interpreted and 72 h was 
chosen as the incubation period. Concentrations were selected based on 
the MTT results where declines of around 30% in cell viability occurred 
(i.e. 300, 400 and 500 µM). 

2.3. AlamarBlue® cell viability assay 

The viability of Leydig cells exposed to varying concentrations of 
imidacloprid was evaluated using the alamarBlue® Cell Viability Assay 
Reagent (1025, Thermo Fisher Scientific). The alamarBlue® cell 
viability assay is a resazurin-based assay to quantify viable cells in terms 
of metabolic activity. In the presence of the oxidation-reduction envi
ronment in metabolically active cells, resazurin, a non-fluorescent 
product is reduced to the highly fluorescent resorufin (Bonnier et al., 
2015). Following the manufacturer’s instructions, the optimum assay 
conditions, i.e., incubation time, plating density of Leydig cells and 
fluorescence detector gain setting, were determined. Briefly, cells were 
seeded in 96 well plates at a density of 500 cells/well and incubated for 
24 h before the commencement of the exposure study. Thereafter, the 
cells were exposed to 200 µL increasing concentrations of imidacloprid 
(75, 150, 300, 400, 500, 600, 700, and 800 µM) for 24, 48, and 72 h. At 
the end of the exposure period, the exposure medium was substituted 
with 100 µL of 10% (v/v) alamarBlue® in the 5% FBS culture medium 
and incubated for 2 h. Resorufin, the end-product was measured in terms 
of fluorescence at the following wavelengths: excitation: 530 ± 25 nm 
and emission: 590 ± 35 nm and fluorescent reader settings: scan points, 
bottom reading and 35% fluorescence gain, using a Synergy HT 

BioTek™ multi-mode microplate reader (BIO-TEK Instruments). The cell 
viability was determined after subtracting the alamarBlue® reduction in 
the media blank from both the negative control (untreated cells) and 
treatments and expressed as a percentage of the negative control. A 
series of dilutions of resorufin in a 5% medium was prepared as a 
standard for alamarBlue® reduction (not shown). 

2.4. MTT cell viability assay 

To corroborate the results obtained by the fluorescent alamarBlue® 
cell viability assay, the colorimetric MTT assay based on the ability of 
mitochondrial enzymes to reduce the yellow water-soluble tetrazolium 
salt, 3-[4,5-dimethylthiazole-2-yl]− 2,5-diphenyltetrazolium bromide 
(MTT) to a purple, insoluble formazan salt (Mosmann, 1983). Cells 
exposed to a concentration range of imidacloprid as described before 
were rinsed with 200 µL of phosphate-buffered saline (PBS) (Sigma-Al
drich); before adding 200 µL of incubation medium, followed by 20 µL of 
MTT (in PBS) (Sigma-Aldrich) and incubated in the dark at 37 ◦C for 2 h. 
Thereafter, the medium with MTT was removed and 100 µL of DMSO 
was added agitating gently for 5 min to dissolve the formazan. The 
formazan and background absorbances were measured at 570 and 630 
nm wavelengths, respectively, using a Synergy HT BioTekTM 
multi-mode microplate reader (BIO-TEK Instruments). Cell viability was 
calculated using the formula below: 

Cell viability(%) =
Absorbance of cells treated with Imidacloprid

Absorbance of cells with medium only
× 100  

2.5. Immunocytochemistry for Cytokeratin 5, Fibronectin, and Vimentin 

Immunocytochemical staining was carried out as previously 
described by Henn et al. (2022). Briefly, cells were seeded onto an 8-well 
chamber slide (Lab Tek II, Thermo Scientific) at a concentration of 12 
500 cells/400 µL for 24 h, before being exposed to 300, 400, and 500 µM 
of imidacloprid for 72 h. After exposure, the slides were fixed in 4% 
formalin for 4 h and transferred to 70% alcohol for at least 10 h. To 
block the endogenous peroxidase activity, slides were rinsed with a 3% 
hydrogen peroxide in PBS (pH 7.6) for 5 min. Thereafter, slides were 
microwaved at 750 W for 21 min in citrate buffer (pH 6) or Tris-EDTA 
(pH 9). LC-540 cells were incubated with primary antibodies against 
cytokeratin 5, fibronectin, and vimentin (Table 1). After the slides were 
washed twice in PBS for 5 min, cells were incubated for 15 min with a 
horseradish peroxidase (HRP) conjugated secondary antibody (Emergo 
Europe). To visualize the reactivity, the slides were stained with a 3, 
3′-diaminobenzidine solution and then counter-stained with Mayer’s 
hematoxylin. For each slide, at least six images were captured using a 
digital camera and an Olympus BX-63® light microscope. 

To determine the immunolabeling intensity of cytokeratin 5, 
vimentin, and fibronectin, a semiquantitative analysis was performed 
using QuPath software (Version 0.3.2) (Bankhead et al., 2017). Based on 
the optical density around the nucleus, the intensity of the 

Table 1 
Primary antibodies and immunocytochemical methods.  

Antibody (Clone) Dilution Incubation 
time 

Antigen 
Retrieval 

Manufacturer 

Cytokeratin 5 
(polyclonal 
rabbit, 
ab53121) 

1:50 Overnight Citrate 
buffer (pH 
6) 

Abcam, Cambridge, 
United Kingdom 

Fibronectin 
(polyclonal 
rabbit, 
ab2413) 

1:250 1 h Tris-EDTA 
(pH 9) 

Abcam, Cambridge, 
United Kingdom 

Vimentin 
(monoclonal 
mouse 3B4) 

1:250 1 h Citrate 
buffer (pH 
6) 

DakoCytomation, 
Glostrup, Denmark  
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immunostaining was classified as follows: less than 0.2 (negative), 
0.2–0.4 (light), 0.4–0.6 (medium), or more than 0.6 (dark) as described 
by Henn et al. (2022). 

2.6. Fluorescence detection of ß-Tubulin and F-actin 

Leydig cells were seeded onto 24-well plates at a concentration of 25 
000 cells/well for 24 h, before being exposed to 300, 400, and 500 µM 
imidacloprid for 72 h. In the positive control, cells were incubated with 
cytochalasin D (Sigma-Aldrich), and vinblastine sulphate (Sigma- 
Aldrich), for F-actin and ß-Tubulin, respectively. Thereafter, cells were 
washed once in PBS while being gently agitated for 5 min, followed by 
10 min of fixing with 100% ice-cold acetone (Merck) at − 20 ◦C. Cells 
were then washed twice in PBS. For F-actin fluorescent labeling, cells 
were incubated for 30 min at 37 ◦C in 250 µL of fluorescein isothiocy
anate (FITC) labeled phalloidin (Sigma-Aldrich) at a dilution of 1 μg/ml 
in PBS, while for ß-Tubulin labeling, nonspecific binding sites were 
blocked with 1% bovine serum albumin (BSA) in PBS at 37 ◦C for 10 min 
followed by fluorescent labeling of ß-Tubulin with mouse monoclonal 
anti-beta tubulin-Cy3 antibody (Sigma-Aldrich), at 37 ◦C for 1 h at a 
dilution 1:100 in PBS. The cells were rinsed three times in PBS, with 
gentle agitation, for 5 min each and then incubated for 15 min at 37 ◦C 
with 1.3 µg/ml nuclear counterstain 4′,6-diamidino-2 phenylindole 
dihydrochloride (DAPI, Sigma-Aldrich). The washing step was then 
repeated three times. To prevent the sample from drying out, the cov
erslips were mounted with Prolong Gold Antifade (Invitrogen). Digital 
images were captured with a Zeiss Confocal microscope LSM-880. Fiji- 
ImageJ software (Schindelin et al., 2012) with plugins for diffraction 
PSF 3D and iterative deconvolution 3D (Dougherty, 2005) was used to 
process the images. 

2.7. Evaluation of mitochondrial morphology 

Leydig cells were seeded in 24-well plates (25 000 cells/well) and 
cultured overnight before being exposed to 300, 400, and 500 µM imi
dacloprid and then cultured for 72 h. After exposure, the incubation 
medium was removed, and cells were incubated in 500 µL of Mito
Tracker® Orange CMTMRos (Thermo Fisher Scientific) in the dark at 
37 ◦C in a humidified atmosphere with 5% CO2 for 30 min at a dilution 
of 0.4 µM/ml in EMEM medium without FBS and Pen-Strep. Thereafter, 
the cells were washed twice in PBS, with gentle agitation, for 5 min each 
and then counterstained with DAPI for 15 min at 37 ◦C. After washing 
cells twice, cells were fixed with 4% formalin at 37 ◦C for 10 min and 
washed twice in PBS for 5 min. Afterwards, cells were post-fixed with 
100% ice-cold acetone (Merck) at 20 ◦C for 10 min and washed two 
times in PBS. The coverslips were mounted and sealed as described 
above. Image acquisition was accomplished using a Zeiss Confocal mi
croscope LSM-880 equipped with 100x oil immersion objectives. Based 
on the method described by Chaudhry et al. (2020), we used the Mito
chondria Analyzer plugin of Fiji-ImageJ software (Schindelin et al. 
(2012), to measure the mitochondrial morphology and network con
nectivity (branch number, branch length (µm), and branch junctions). 
The mitochondrial morphology was determined by calculating the 
mitochondrial size (square area [µm2]) and perimeter (µm), as well as 
the mitochondrial shape using the form factor (FF, a measure of mito
chondrial length), and aspect ratio (AR, a measure of mitochondrial 
length and degree of branching) in at least six different microscopic 
fields per three independent replicates. 

2.8. Transmission electron microscopy (TEM) 

Leydig cells were cultured in 6-well plates at a concentration of 500 
000 cells/well in 5 ml for 24 h, before being exposed to 300, 400, and 
500 µM imidacloprid for 72 h. The cells were fixed in 2.5% glutaralde
hyde in 0.075 M phosphate buffer (pH 7.4) for at least 15 min. The fixed 
LC-540 cells were scraped off, transferred to 2 ml Eppendorf tubes, and 

centrifuged at 1000 x g for 3 min. The cells were then post-fixed in 1% 
aqueous osmium tetroxide for 1 h, washed with 0.075 M phosphate 
buffer for 10 min, and dehydrated with serially diluted ethanol solutions 
(30–100%). The cells were then embedded in TAAB 812 epoxy resin and 
sectioned using an ultra-microtome (Leica EM UC7). The sections were 
contrasted with a 2% aqueous solution of uranyl acetate for 10 min and 
lead citrate for 2 min and images were acquired with a JEOL JEM 1400- 
FLASH transmission electron microscope (Tokyo, Japan). 

2.9. Detection of lysosomal acidity 

Changes in the acidic environment of lysosomes in Leydig cells 
treated with 300, 400, and 500 µM imidacloprid for 72 h, were assessed 
by using LysoSensor™ Green DND-189 (Invitrogen™, Thermo Fisher 
Scientific) and following the manufacturer’s instructions. After the 
exposure period, cells were washed twice with PBS and incubated for 
30 min at 37 ◦C in 500 µL of LysoSensor™ Green DND-189) at a dilution 
of 1 μM/ml in EMEM medium without FBS and penicillin-streptomycin. 
The cells were rinsed twice in PBS, with gentle agitation, for 5 min each 
and mounted with Prolong Gold Antifade. Images were acquired using a 
Zeiss Confocal microscope LSM-880 and analyzed with Fiji-ImageJ 
software. 

2.10. Statistical analysis 

AlamarBlue® cell viability and MTT assays were repeated at least 
three times with three replicates per assay. Cell viability was calculated 
using Excel. Using IBM SPSS software version 28, a homogeneity of 
variances test was performed on the data to determine normality, and 
data were analyzed using Tukey’s HSD, post hoc, one-way analysis of 
variance (ANOVA) to determine the effect of different concentrations, 
the exposure period by concentration interaction effects, the semi
quantitative analysis for fibronectin and vimentin, the mitochondrial 
morphology, as well as lysosomal acidity. All significance statements 
were based on a P ≤ 0.05. 

3. Results 

3.1. Effect of imidacloprid on the cell viability 

The effect of imidacloprid on the viability of Leydig cells was 
investigated for 24, 48, and 72 h using the MTT and alamarBlue® 
viability assays. After 24 h exposure the lowest cell viability of 87.7 
± 6.7% was recorded at 800 µM imidacloprid, when using the ala
marBlue® viability assay, with no significant (P > 0.05) differences 
between concentrations of imidacloprid and negative control. However, 
using the MTT viability assay a significant reduction of 22% in the cell 
viability (76.0 ± 2.4% cell viability) at 800 µM imidacloprid was 
calculated. 

However, there were dose- and time-dependent effects after 48 and 
72 h exposure detected with both MTT and alamarBlue® assays (Fig. 1). 
There was a significant reduction in viability at the highest concentra
tion of imidacloprid (800 µM), with a decrease of 28% (71.5 ± 3.2% cell 
viability) and 18% (81.7 ± 1.6% cell viability) for MTT and ala
marBlue® assays, respectively, after 48 h exposure, while after 72 h 
exposure 42% (58.0 ± 0.6% cell viability) and 36% (64.0 ± 4.4% cell 
viability) for MTT and alamarBlue® assays, respectively (Fig. 1). 

3.2. Effect of imidacloprid on the cytokeratin-5, fibronectin, and vimentin 
structures 

Positive immunolabeling for cytokeratin 5, fibronectin, and vimentin 
was observed as a brown colour in the cytoplasm of Leydig cells as well 
as in the positive control, i.e., Leydig cells of the rat testis. 

In the negative control, cytokeratin 5 immunolabeled the cytoplasm 
of Leydig cells with homogenous staining throughout the cell. There was 
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no notable change in the immunolabeling or distribution of cytokeratin 
5 following 300 µM imidacloprid exposure of Leydig cells for 72 h. 
However, at imidacloprid concentrations of 400 and 500 µM, there was 
a noticeable reduction in the size of affected cells and cytokeratin 5 
immunolabeling became more intense or concentrated in their dimin
ished cytoplasm. 

In the Leydig cells negative control, fibronectin immunolabeling was 
observed as dense continuous fibrils throughout the cytoplasm with a 
dense meshwork of fibrils at the peripheral region. There was no effect 
on fibronectin fibres in the cells treated with 300 µM imidacloprid 
compared to the negative control. After exposure to 400 and 500 µM 
imidacloprid, there was a remarkable loss of fibronectin fibrils, aggre
gation in the perinuclear region, and loss of its continuous fibrils in the 

cytoplasm or peripheral cellular region, indicating possible fibronectin 
failure in cell-cell interaction. Fig. 3. 

There were no obvious changes in the immunolabeling and distri
bution of vimentin intermediate filaments in cells exposed to 300 µM 
imidacloprid compared to the negative control. However, the number of 
Leydig cells decreased after exposure to 400 and 500 µM imidacloprid 
compared to the negative control cells. In addition, there was an ag
gregation of vimentin immunolabeling in the perinuclear region, which 
suggests that the intermediate filaments of vimentin were disrupted. 

Semiquantitative analysis revealed that fibronectin and vimentin 
immunostaining intensified around the nuclei of the Leydig cells 
exposed to 300, 400, and 500 µM of imidacloprid, for 72 h. There was no 
significant difference in the percentage of vimentin-negative cells 

Fig. 1. The effect of imidacloprid exposure on Leydig cell viability after 24, 48, and 72 h.* ,* *,* ** denotes significant differences (P ≤ 0.05) of the indicated 
concentrations in relation to control at 24, 48 or 72 h, respectively. Experiments (n = 3) were done in triplicate and data are presented as mean ± standard error (SE). 

Fig. 2. Immunohistochemical staining of cytokeratin 5 in a rat testis and immunocytochemical labeling of Leydig cells after exposure to 300, 400, and 500 µM 
imidacloprid for 72 h. Positive control: Arrows indicate immunopositive labeling in the Leydig cells in the testis of the rat. Negative control (media only). Cytokeratin 
5 condensations are indicated by arrowheads. 
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between the treatment and negative control, however, cells treated with 
500 µM imidacloprid had a higher percentage of darkly stained vimentin 
cells. Furthermore, compared to the negative control, cells treated with 
300 and 400 µM imidacloprid had a lower percentage of fibronectin- 
negative cells. However, the percentage of darkly fibronectin-stained 
cells was higher in cells exposed to 500 µM imidacloprid than in 

negative control cells. Fig. 5. 

3.3. Effect of imidacloprid on the F-Actin and β-tubulin structures 

Fluorescence labeling of F-actin and β-tubulin in Leydig cells 
following exposure to 300, 400, and 500 µM imidacloprid for 72 h are 

Fig. 3. Immunohistochemical staining of fibronectin in a rat testis and immunocytochemical labeling of Leydig cells after exposure to 300, 400, and 500 µM 
imidacloprid for 72 h. Positive control: Arrows indicate immunopositive labeling in the Leydig cells in the testis of the rat. Negative control (media only). Perinuclear 
aggregations of fibronectin are indicated by arrowheads. 

Fig. 4. Immunohistochemical staining of vimentin in a rat testis and immunocytochemical labeling of Leydig cells after exposure to 300, 400, and 500 µM imi
dacloprid for 72 h. Positive control: Arrows indicate immunopositive labeling in the Leydig cells in the testis of the rat. Negative control (media only). Vimentin 
aggregates are indicated by arrowheads. 
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presented in Figs. 6 and 7. Leydig cells were treated with cytoskeleton- 
disrupting drugs cytochalasin-D or vinblastine sulphate as positive 
controls for F-actin and β-tubulin, respectively (Figs. 6 and 7). 

In Leydig cells exposed to 300 µM imidacloprid (Fig. 6), no obvious 
changes were observed in F-actin filaments compared to negative and 
positive controls, but following exposure to 400 and 500 µM imidaclo
prid, disorganization of the filament network were observed, including 
the loss of normal polymerization of F-actin filaments and peripheral 
aggregation (white arrows). Furthermore, in the cells exposed to 500 µM 
imidacloprid, the filaments displayed perinuclear aggregation of depo
lymerized F-actin filaments (red arrows) associated with kidney-shaped 
nuclei (arrowheads). 

Imidacloprid did not induce changes in the structure of the 

microtubules at concentrations of 300 and 400 µM after 72 h exposure 
compared to negative and positive controls, while at 500 µM imidaclo
prid, aggregated and disrupted microtubules were noticed (Fig. 7, 
arrows). 

3.4. Effect of imidacloprid on the mitochondrial morphology and network 

The Leydig cells stained with a MitoTracker® Orange CMTMRos 
probe after exposure to 300, 400, and 500 µM imidacloprid for 72 h are 
presented in Fig. 8A–E. In the control groups, mitochondria appeared to 
be normally distributed throughout the cytoplasm, while morphological 
changes were observed in all treatment groups, which became more 
evident with increasing doses (Fig. 8A-D). Changes included cellular 

Fig. 5. Semiquantitative analysis of immunostaining intensity of fibronectin and vimentin in Leydig cells following exposure to 300, 400, and 500 µM imidacloprid 
for 72 h. Data are presented as mean ± standard error (SE). 

Fig. 6. Fluorescence labeling of F-actin (green) of Leydig cells after exposure to 300, 400, and 500 µM imidacloprid for 72 h. Negative control (media only). Positive 
control (Cytochalasin-D). White arrows indicate peripheral aggregation of F-actin filaments. Perinuclear aggregation of depolymerized F-actin filaments (red arrows). 
Kidney-shaped nuclei are counterstained with DAPI (white arrowheads). 
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shrinkage associated with abnormal mitochondrial distribution. 
Furthermore, the quantitative analysis of the mitochondrial morphology 
revealed a significant decrease in the size (area and perimeter) and 
length (form factor and aspect ratio) of mitochondria of the cells in all 
treatment groups compared to controls (Fig. 8E). The mitochondrial 
network parameters including the branch number, branch lengths, and 
branch junctions were significantly reduced in all treated groups 
compared to control (Fig. 8F), indicating possible mitochondrial frag
mentation in treated cells. 

3.5. Ultrastructure and lysosomal acidity 

The ultrastructural changes in Leydig cells after exposure to 300, 
400, and 500 µM imidacloprid for 72 h are presented in Fig. 9A. 
Damaged mitochondria and cytoplasmic vacuoles were observed in all 
treated groups in comparison to the control group (Fig. 9A). The 
damaged mitochondria were characterized by swelling, loss of cristae 
and rupture of outer membranes. Furthermore, lysosomes and distinct 
autophagic vacuoles containing damaged mitochondria and other 
cellular organelles were also observed in cells exposed to 400 and 
500 µM imidacloprid (Fig. 9A). 

It is well known that autophagy delivers cytoplasmic material and 
damaged organelles to lysosomes for degradation. Thus, we stained 
living cells with LysoSensor™ Green DND-189 to quantify the lysosomal 
acidity, which revealed that imidacloprid significantly increased lyso
somal acidity in all treatments compared with the control (Fig. 9B and 
C). 

4. Discussion 

In recent years, global concerns grew regarding the decline of male 
reproductive capability (Tong et al., 2022). Studies have confirmed that 
exposure to environmental toxicants might be one of the primary rea
sons (Mann et al., 2020; Mendy and Pinney, 2022). Imidacloprid, a 
neonicotinoid insecticide, is highly soluble in water, therefore it can 
easily accumulate in ground and surface water causing adverse envi
ronmental effects (Demirak, 2019; Hrybova et al., 2019; Tǐsler et al., 

2009). It has been reported that exposure to imidacloprid affects male 
fertility in rabbits and rats (Alamgir Kobir et al., 2023; Saber et al., 
2021). Leydig cells are responsible for testosterone synthesis to maintain 
spermatogenesis and reproductive fitness and are susceptible to envi
ronmental toxicants (Chen et al., 2010; Zhang et al., 2022b), including 
imidacloprid (Bal et al., 2012b; Zhao et al., 2021). In the current study, 
imidacloprid had a cytotoxic effect on Leydig cells in vitro (Fig. 1). To 
our knowledge, there have been no studies reporting the cytotoxic ef
fects of imidacloprid on the Leydig cell line; but it has been reported that 
imidacloprid caused cytotoxicity in a human hepatoblastoma (HepG2) 
cell line (Conte et al., 2022; Guimarães et al., 2022), human prostate 
epithelial (WPM-Y.1) cell line (Abdel-Halim and Osman, 2020), and 
Chinese hamster ovary (CHO-K1) cell line (Al-Sarar et al., 2015). Among 
these, Conte et al. (2022) reported that exposure to a commercial 
formulation of imidacloprid (60% purity) at 663.66 mg/L (2654.64 µM) 
induced a 50% effect in HepG2 cells after 48 h. Other authors also 
indicated that exposure to the pure form of 500–2000 µM imidacloprid 
for 24 and 48 h induced a significant decrease in HepG2 cell viability 
(Guimarães et al., 2022). In the present study, a notable reduction in the 
viability of cells treated with imidacloprid concentrations of 800 µM for 
48 h or above 300 µM for 72 h, based on the MTT assay, was observed, 
and was also confirmed with the alamarBlue® assay. The MTT assay 
evaluates the mitochondrial activity, while the alamarBlue® assay 
measures the total cell viability, thus verifying that Leydig cells are 
indeed susceptible to toxicity induced by imidacloprid. 

Cytoskeletal proteins, including microtubules, intermediate fila
ments, and microfilaments, are interconnected filamentous structures 
that extend throughout the cytoplasm of the cell and even the extra
cellular matrix. These proteins play a crucial role in cellular processes 
such as intercellular and intracellular communication, maintenance of 
cellular morphology and cell division (Jimenez-Lopez, 2017). Addi
tionally, intermediate filaments, microtubules, and microfilaments are 
essential in the regulation of hormone biosynthesis in the gonads (Stocco 
and Clark, 1996; Wu and Zhang, 2022), and it is thus reasonable to 
deduce that depolymerization of these proteins might have a negative 
impact on testicular function. 

The intermediate filament, cytokeratin 5 is a type II cytokeratin, 

Fig. 7. Fluorescence labeling of β-tubulin (red) of Leydig cells after exposure to 300, 400, and 500 µM imidacloprid for 72 h. Negative control (media only). Positive 
control (Vinblastine sulphate). Aggregation of disrupted microtubules (arrows). Cell nuclei are counterstained with DAPI (blue). 
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which plays a crucial role in modulating the proliferation and differ
entiation of the cells in stratified epithelia (Alam et al., 2011). In the 
current study, LC-540 cells exposed to imidacloprid exhibited conden
sation of cytokeratin 5 intermediate filaments, and the affected cells 
were smaller in size. In addition to the expression of cytokeratin 5 in 
basal cells of the stratified epithelium lining the skin and digestive tract 
(Ramírez et al., 1994), it is also expressed in the epithelial cells of the 
male reproductive tract of humans (Achtstätter et al., 1985), vampire 
bats (Castro et al., 2017), and Japanese quails (Ibrahim et al., 2022). 
Positive cytokeratin 5 immunolabeling was also detected in Leydig cells 
of rat testis used as a positive control (Fig. 2). Therefore, considering the 

expression of cytokeratin 5 in Leydig cells and its disruption by imida
cloprid in this study, further investigations are needed to study the 
possible function of cytokeratin 5 in the male reproductive organs, 
particularly in Leydig cells. 

Imidacloprid induced a decrease in fibronectin fibrils, perinuclear 
aggregation, and loss of cytoplasmic and peripheral-continuous fibro
nectin networks in the current study. A study on zebrafish testis indi
cated that imidacloprid induces hypertrophy in Leydig cells and 
interstitial testicular fibrosis (Akbulut, 2021). The polymerization of 
fibronectin fibrils is essential to cell survival, proliferation, adhesion, 
and migration (Mosher and Furcht, 1981). Additionally, fibronectin 

Fig. 8. Effect of 72 h exposure to 300, 400, and 500 µM imidacloprid on the mitochondrial morphology and network in Leydig cells. (A) Mitochondria were stained 
with Mitotracker Orange (red), while the nuclei were counterstained with DAPI (blue). White arrows indicate abnormal distribution of fragmented mitochondria in 
the cytoplasm of treated cells. The yellow arrow indicates damaged nuclei. (B & C) ROI-1 (Region of Interest) shows the sum of the z-stack cell before optimization 
with the plugin - Mitochondrial Analyzer of the Fiji-ImageJ software. (D) ROI-2 shows the threshold result of cells after optimization. A quantitative analysis of (E) 
morphological, and (F) network connectivity of mitochondria in all treatment and control groups (n = 3 replicates). Data are presented as mean ± standard error 
(SE). a,b,c Indicates differences between groups with P ≤ 0.05. 
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contributes to inflammatory reactions and the deposition of extracel
lular matrix during the development of fibrotic diseases (Tiwari et al., 
2016). Diaz et al. (2002) suggested that the fibronectin extracellular 
matrix modulates steroidogenic processes in Leydig cells in vitro. 
Therefore, imidacloprid exposure might induce male infertility by dis
rupting the polymerization of fibronectin fibrils in the Leydig cell. 

In the present study, there was a disruption and disorganization of F- 
actin microfilaments, vimentin intermediate filaments and microtubules 
in Leydig cells following exposure to 400 and 500 µM imidacloprid for 
72 h (Figs. 4, 6 and 7). F-actin microfilaments became depolymerized 

with peripheral and perinuclear aggregation of the filaments while 
β-tubulin-labeling of microtubules demonstrated aggregation and 
disruption in cells treated with 500 µM imidacloprid. Additionally, there 
were perinuclear aggregation and disorganization of the vimentin in
termediate filaments in cells exposed to 400 and 500 µM imidacloprid. 
Cytoskeletal proteins such as actin, tubulin, and vimentin are expressed 
in the Leydig cells (Bilińska, 1993). Besides their numerous functions in 
general cellular processes, these proteins are also involved in Leydig cell 
steroidogenic processes (Sewer and Li, 2008). Studies have demon
strated that these proteins are involved in the transportation of 

Fig. 9. (A) Transmission electron micrographs of Leydig cells exposed to 300, 400, and 500 µM imidacloprid for 72 h. Damaged mitochondria (black arrows) and 
lysosomes (black arrowheads). White arrows indicate distinct autophagic vacuoles with mitochondria and cellular debris. M, Mitochondria; N, Nucleus; RER, Rough 
Endoplasmic Reticulum; V, Vacuole. (B) Lysosomal acidity detection by LysoSensor™ Green DND-189. (C) Quantification of the fluorescence intensity of lysosomal 
acidity. All data are representative of three independent experiments and presented as mean ± (S.E). a,b,c Indicates differences between groups with P ≤ 0.05. 
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cholesterol from lipid droplets into mitochondria (Clark and Shay, 1981; 
Hall and Almahbobi, 1997; Li et al., 2016), and their role in the ste
roidogenic process was confirmed (Wu and Zhang, 2022). The disor
ganization and disruption in the F-actin microfilaments, microtubules, 
and vimentin intermediate filaments observed in this study might 
explain the decrease in testosterone levels in adult male rats, which were 
experimentally treated with imidacloprid (Bal et al., 2012a; Bal et al., 
2012b), thus suggesting that imidacloprid might decrease the testos
terone levels through cytoskeletal disruption. 

Mitochondria are essential in cellular metabolism, and the response 
to stresses (Vakifahmetoglu-Norberg et al., 2017), and they play a major 
role in testosterone biosynthesis (Zirkin and Papadopoulos, 2018). 
Therefore, any changes in the mitochondrial structure are closely linked 
to male infertility. In this study, we observed that imidacloprid altered 
the mitochondrial morphology in all treated cells. Changes included 
swelling, loss of cristae, and rupture of outer membranes (Fig. 9A). 
Similarly, damaged and swollen mitochondria were reported in a gill 
cell line of flounder exposed to 60 μg/ml (240 µM) imidacloprid for 48 h 
(Su et al., 2007). Recently, an increase in mitochondrial depolarization 
has been reported in human colorectal adenocarcinoma cells (HT-29) 
treated with pure and commercial formulations of 800, 1600, and 
3200 μM imidacloprid (Baysal and Atlı-Eklioğlu, 2021), and in macro
phage (RAW 264.7) cells exposed to a commercial formulation of 150, 
500, and 1000 mg/L (600, 2000 and 4000 μM) imidacloprid for 24 and 
96 h (Cestonaro et al., 2023), indicating that mitochondria are the main 
target of imidacloprid cytotoxicity (Cestonaro et al., 2023). In addition, 
we used a Mitotracker Orange probe to detect the mitochondrial 
morphology and network. Imidacloprid exposure exhibited a significant 
decrease in mitochondrial size, length, as well as network connectivity 
in all treatment groups (Fig. 8A–F). Degeneration, swelling and loss of 
cristae in the spermatozoal mitochondria of the red palm weevil, a snout 
beetle (Alzahrani, 2019) and in the Kenyon cells in the mushroom bodies 
of the honeybee brain (Catae et al., 2018) were also observed after 
treatments with imidacloprid. 

Furthermore, there were autophagic vacuoles and lysosomes in cells 
treated with 400 and 500 µM imidacloprid (Fig. 9A). Imidacloprid 
exposure induces autophagy in the kidney cell line (CIK cell) of the grass 
carp (Li et al., 2022), and the midgut epithelial cells of honeybees 
(Carneiro et al., 2022). Autophagy is an essential cellular process that 
amongst others selectively removes damaged and defective mitochon
dria, which are ultimately conveyed to the lysosomes for bulk degra
dation (Maiuri et al., 2007; Morales et al., 2020), thus protecting cells 
from the metabolic stresses of damaged mitochondria (Zhang et al., 
2022a). Lysosomal content is acidic and digests the autophagic material, 
including damaged mitochondria (Xu and Ren, 2015). In this study, we 
further analyzed whether imidacloprid increased the lysosomal acidity 
in the Leydig cells by using LysoSensor™ Green DND-189. We found that 
imidacloprid induced a significant increase in lysosomal acidity in all 
treated cells compared with the control (Fig. 9B&C). The autophagic 
vacuoles and the lysosomal acidity in Leydig cells in the present study 
indicate cellular responses to imidacloprid toxicity. As this study 
examined the cytotoxicity of imidacloprid in its pure form, future studies 
are needed to compare an in vitro and in vivo effects of commercial 
formulations of this compound on Leydig cells. 

5. Conclusion 

In conclusion, imidacloprid exposure decreased a rat Leydig (LC- 
540) cell line’s viability in vitro in a time- and dose-dependent manner. 
Imidacloprid induced a disruption and disorganization of cytokeratin 5, 
fibronectin, F-actin, vimentin, and β-tubulin proteins, as well as mito
chondrial damage in the LC-540 cells. The results of this study suggest 
that the reduction in the viability of LC-540 cells could be due to the 
changes in mitochondrial morphology and cytoskeletal protein disrup
tion induced by imidacloprid. Seeing that mitochondria and cytoskeletal 
proteins in Leydig cells play a crucial role in steroidogenic activity, it is 

possible to speculate that imidacloprid might cause male infertility. 
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