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A B S T R A C T   

Exposure to the neonicotinoid insecticide, imidacloprid (IMI), causes reproductive toxicity in mammals and 
reptiles. However, reports on the effects of IMI on the gonads in birds are grossly lacking. Therefore, this study 
investigated the effects of pubertal exposure to IMI on the histology, ultrastructure, as well as the cytoskeletal 
proteins, desmin, smooth muscle actin and vimentin, of the gonads of Japanese quail (Coturnix coturnix japonica). 
Quails were randomly divided into four groups at 5 weeks of age. The control group was given only distilled 
water, whereas, the other three experimental groups, IMI was administered by oral gavage at 1.55, 3.1, and 
6.2 mg/kg, twice per week for 4 weeks. Exposure to IMI doses of 3.1 and 6.2 mg/kg caused dose-dependent 
histopathological changes in the ovary and testis. In the ovary, accumulation of lymphocytes, degenerative 
changes, and necrosis with granulocyte infiltrations were observed, while in the testis, distorted seminiferous 
tubules, germ cell sloughing, vacuolisations, apoptotic bodies, autophagosomes, and mitochondrial damage were 
detected. These changes were accompanied by a decreased number of primary follicles (P ≤ 0.05) in the ovary 
and a decrease (P ≤ 0.05) in the epithelial height, luminal, and tubular diameters of seminiferous tubules at the 
two higher dosages. In addition, IMI had a negative effect on the immunostaining intensity of desmin, smooth 
muscle actin, and vimentin in the ovarian and testicular tissue. In conclusion, exposure to IMI during puberty can 
lead to a range of histopathological alterations in the gonads of Japanese quails, which may ultimately result in 
infertility.   

1. Introduction 

Neonicotinoid insecticides have been widely used to control agri-
cultural pests and ectoparasites (Goulson, 2013). Despite their higher 
selectivity to nicotinic acetylcholine receptors of insects, as opposed to 
vertebrates (Shimomura et al., 2006), these insecticides can be easily 
released into the environment and accumulate in the soil, sediments, as 
well as surface and groundwater, which induces toxicity to non-target 
organisms (Hallmann et al., 2014). Exposure to neonicotinoids occurs 
by various means, such as consuming contaminated fruits, vegetables, 
and coated seeds, drinking surface water, and inhaling contaminated 
pollen (Zhang et al., 2018). Previous studies confirmed that exposure to 
neonicotinoids induces structural and functional changes in the male 
and female reproductive systems of fish, birds, and mammals, with the 
gonads being the main target (Akbulut, 2021; Eissa, 2004; Ibrahim et al., 

2020; Kenfack et al., 2018; Kong et al., 2017; Tokumoto et al., 2013; 
Zhao et al., 2021). 

Among the numerous neonicotinoid compounds, imidacloprid [1-(6- 
chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine] (IMI) is 
commonly utilized for controlling insects (Ensley, 2018; Tomizawa and 
Casida, 2005), but exposure to IMI causes adverse- and toxic effects in 
non-target organisms (Talpur et al., 2023). Although IMI is classified as a 
moderately toxic substance to mammals (class II by WHO and toxicity 
category II EPAV), there has been evidence of its reproductive toxicity 
and endocrine-disrupting properties (Kobir et al., 2023; Mikolić and 
Karačonji, 2018; Moreira et al., 2022; Mourikes et al., 2023; Zhao et al., 
2021). Alterations in serum concentrations of follicle-stimulating (FSH) 
and luteinizing (LH) hormones were reported in female rats following 
treatment with 20 mg IMI/kg body weight (bw) for 90 days (Kapoor 
et al., 2011). Similarly, a decrease in testosterone concentration has 
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been observed in adult male rats after exposure to 8 mg IMI/kg for 90 
days (Bal et al., 2012a; Bal et al., 2012b). Pathomorphological changes 
in ovarian follicles and an increase in atretic follicles in adult rats 
exposed to 20 mg IMI/kg have been reported (Kapoor et al., 2011; Vohra 
and Khera, 2016). In addition, alterations in the testicular architecture, 
including disorganisation and detachment of the spermatogenic cells, as 
well as vacuolization in the seminiferous tubular epithelium in adult, 
male rats following exposure to 5.7 and 90 mg IMI/kg have been 
observed (Al-Awar, 2021; Sevim et al., 2023). Thus, IMI appears to be a 
reproductive toxicant in rats, but to our knowledge, little information is 
available on its effects on the gonads of birds, despite several toxicity 
incidents that have been reported in various avian species as a conse-
quence of this compound (Botha et al., 2018; Millot et al., 2017; Rogers 
et al., 2019). 

Reported sub-lethal effects resulting from IMI exposure in birds 
include a decrease in the total number of eggs and delay in the first egg 
lay date in adult female partridges (Lopez-Antia et al., 2015), oxidative 
stress and morphological alterations in the brain and liver of rock pi-
geons (Abu Zeid et al., 2019), and disruption of thyroid homeostasis and 
reproduction in wild birds (Pandey and Mohanty, 2015). Furthermore, 
there were morphological and inflammatory changes, oxidative stress, 
and fibrosis of the liver of Japanese quail following treatment with IMI 
at 2, 4, and 8 mg/kg (Lv et al., 2020). The decline of bird numbers across 
many species and ecosystems around the world has been attributed to 
the destruction of their natural habitats for agricultural purposes and the 
extensive use of insecticides, including IMI (Mitra et al., 2011; Suliman 
et al., 2020). Among bird species, the Japanese quail (Coturnix coturnix 

japonica) is considered a sentinel species, foraging in agricultural lands, 
grass steppes, mountain slopes near water, and along riversides (Baer 
et al., 2015), making it susceptible to exposure to neonicotinoids. 
Therefore, the objective of the present study was to investigate the effect 
of imidacloprid (IMI) on the structure of the ovary and testis of Japanese 
quail that were exposed during puberty. 

2. Materials and methods 

2.1. Ethics statement 

The study was approved by the University of Pretoria’s Animal Ethics 
Committee (approval number 003–23), and animal health approval 
from the National Department of Agriculture, Land Reform, and Rural 
Development (DALRRD), South Africa (12/11/1/1/5 (2860ZY)). The 
experiment was conducted following the suggested guidelines for avian 
toxicity testing as stipulated by the Organization for Economic Co- 
operation and Development (OECD, 2022), with minor modifications. 
In addition, the Animal Research Reporting of In Vivo Experiments 
(ARRIVE) guidelines (Percie du Sert et al., 2020), the UK Animals 
(Scientific Procedures) Act, 1986 and associated guidelines, and EU 
Directive 2010/63/EU for animal experiments were followed in this 
study. 

2.2. Chemicals 

The test compound, imidacloprid [1-(6-chloro-3-pyridylmethyl)-N- 
nitroimidazolidin-2-ylideneamine] (IMI) used in this study was pur-
chased from Sigma-Aldrich (Pty) Ltd (Johannesburg, South Africa). 
Imidacloprid was dissolved in distilled water at a concentration of 
0.62 mg/ml for the high dose (6.2 mg/kg) and further serially diluted in 
distilled water to 0.31 and 0.155 mg/ml for both the medium (3.1 mg/ 
kg) and low (1.55 mg/kg) doses, respectively. 

2.3. Animals and management 

A total of 28 female and male Japanese quail (Coturnix coturnix 

Table 1 
Antibodies used for immunohistochemistry in this study.  

Antibody (clone) Dilution Manufacturer 

Desmin (monoclonal mouse ab6322) 1:300 Abcam, Cambridge, United 
Kingdom 

Alpha-smooth muscle actin 
(monoclonal mouse 1A4) 

1:50 DakoCytomation, Glostrup, 
Denmark 

Vimentin (monoclonal mouse 3B4) 1:250 DakoCytomation, Glostrup, 
Denmark  

Fig. 1. Photomicrograph of the ovary of Japanese quails. (A & B) control, (C) 1.55, (D) 3.1 and (E & F) 6.2 mg IMI/kg. PF: Primary follicle. GF: Growing follicle. APF: 
Atretic primary follicle. AGF: Atretic growing follicle. S: Stroma. (B) Arrowhead: Granulosa cells. Bracket: Theca layer. (E) Asterisks: Lymphocyte infiltration in the 
stroma. (E & F) Arrows: Degenerated primary follicles. 
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japonica), at 3-week-old, were obtained from Zelda Enslin Farm, Pre-
toria, Gauteng Province, South Africa. Upon arrival, body weights were 
recorded (Jadever JWQ weighing scale; Fujian, China), and birds were 
kept for two weeks for acclimatization. The birds were fed a commercial 
standard diet (Alzu Voere Feeds, Pretoria, South Africa) and potable 
water were provided ad libitum throughout the experiment, and the daily 
feed intake was recorded. Birds were maintained under a controlled 
photoperiod (12 h light: 12 h dark) and temperature (25 ± 2 ◦C) with a 
relative humidity of 50 ± 5 % in a room with a cement floor, which was 
covered with a layer of wood shavings, which was later divided into four 
separate pens of equal surface areas, for each group. The birds were 
housed at the Onderstepoort Veterinary Animal Research Unit 
(OVARU), University of Pretoria, South Africa. Throughout the experi-
mental period, the birds were weighed once a week, and the IMI dose 
was adjusted accordingly. The birds were observed continuously during 
the first 2 h after dosing for regurgitation and the onset of clinical signs 
on at least three evenly spaced additional occasions during the day. 
Furthermore, to minimize the stress of weighing, the animals were 
weighed every second day from the day of dosing; if an animal were to 
lose more than 10 % of its body weight, since the previous weighing, it 
would have been euthanized. 

2.4. Experimental design and dosing regimen 

At the beginning of the experiments, quails were randomly divided 
into four groups at 5 weeks of age (n = 7 per group), with 4 females and 
3 males in each group and were individually identified by wing tags. 
Birds were orally gavaged, twice per week for four weeks, as follows: 
Group 1 (control) was administered distilled water (a dose of 10 ml/kg). 
Groups 2, 3, and 4 (treatment) were dosed orally with 1.55, 3.1, and 

6.2 mg/kg of imidacloprid dissolved in distilled water which represents 
1/20, 1/10, and 1/5 of the LD50 (LD50 31 mg/kg), respectively (SERA, 
2005; EFSA, 2014), and were considered to be environmentally realistic 
exposure concentrations (Mineau and Palmer, 2013). The middle dose 
group of 3.1 mg/kg/d (10 percent of the LD50) was selected based on the 
No-Observed-Adverse-Effect-Level (NOAEL) as determined in previous 
studies in Japanese quail (reviewed in Posthuma-Doodeman, 2008, 
SERA, 2005). 

2.5. Sample collection 

After 4 weeks of the dosing period, the birds were housed for an 
additional week to reach sexual maturity and euthanized by a gas 
mixture of 35 % CO2, 35 % N2, and 30 % O2. Ovarian and testicular 
tissues were collected and immediately fixed in 10 % buffered formalin 
for at least 3 days for light microscopy or in 2.5 % glutaraldehyde in 
0.075 M sodium phosphate buffer (pH 7.4) for at least 24 h for trans-
mission electron microscopy (TEM). For the ovary, a small piece of 
ovarian tissue from each group was randomly selected, cut (~1 mm 3 
blocks), and processed for TEM analysis. 

2.6. Light microscopy 

After fixation, ovaries and testes from both control and treatment 
groups were routinely processed for histology using an automated tissue 
processor (Shandon Excelsior Thermo Scientific, Germany), sectioned at 
5 µm thick, and stained with hematoxylin and eosin (H&E) using a 
Shandon Vari-stainer (VHLSOP418; Thermo Electron Corp., Warwick-
shire, UK), and with Masson’s trichrome (Bancroft and Gamble, 2008). 

Fig. 2. Photomicrograph of Masson’s trichrome staining of the ovary of Japanese quails. (A) control, (B) 1.55, (C) 3.1 and (D) 6.2 mg IMI/kg. Normal (black arrows) 
and dense (white arrows) deposition of collagen fibres in the follicular capsule and stroma of the ovaries. 
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2.6.1. Histometric measurements 
The measurements (in μm) of the testicular seminiferous tubules 

including epithelial heights, luminal and tubular diameters and cross- 
sectional area were performed using hematoxylin and eosin-stained 
sections at 20x magnification under light microscopy. All histometric 
measurements were carried out with Fiji-ImageJ software (Schindelin 
et al., 2012) in 5 rounded or nearly rounded seminiferous tubule 
cross-sections that were selected from at least 4 random microscopic 
fields per bird for each group. In addition, the number of primary and 
growing follicles, as well as atretic primary and growing follicles in 4 
randomly selected microscopic fields per bird per group were counted. 
The ovarian follicles were classified based on the morphological struc-
ture described by Nad et al. (2007). 

2.6.2. Immunohistochemistry 
Tissue samples were cut at 3 µm sections, deparaffinized, rehydrated, 

and the endogenous peroxidase activity was blocked using 3 % (v/v) 
H2O2. For antigen retrieval, sections were microwaved at 750 W for 
21 min in citrate buffer (pH 6). Thereafter, sections were incubated with 
specific primary antibodies, including alpha-smooth muscle actin 

(SMA), desmin, and vimentin (Table 1), in a humidified chamber at 37 
◦C for 1 h. Subsequently, the sections were rinsed twice in phosphate- 
buffered saline solution (PBS) for 5 min each and then incubated in a 
humidified chamber at 37 ◦C with peroxidase-conjugated polymer of the 
DAKO Real Envision-HRP rabbit/mouse kit (DAKO EnVision™+ System, 
Peroxidase K5007, DAKO, Copenhagen, Denmark) for 15 min and then 
washed twice in PBS. Reactivity was visualized by applying a 3,30-dia-
minobenzidine solution (DAB+) kit (DAKO EnVision™+ System, 
Peroxidase K5007, DAKO, Copenhagen, Denmark). The sections were 
then counterstained (Mayer’s hematoxylin), dehydrated, cleared, and 
mounted. The same process was used for the positive controls. 

The evaluation of immunohistochemistry was performed based on 
the method described by Crowe and Yue (2019), a semiquantitative 
analysis based on the relative staining intensity of immunolabeling of 
alpha-smooth muscle actin, desmin, and vimentin in the ovarian and 
testicular tissues was determined using Fiji-ImageJ software (Schindelin 
et al., 2012). 

Fig. 3. Electron micrograph of the primary follicles of the ovary of Japanese quails. (A) control, (B) 1.55 mg IMI/kg, (C) 3.1, and (D) 6.2 mg IMI/kg. (A & B) Primary 
follicles with normal granulosa cells (Gc), theca cells (Tc), and ooplasm (Op) containing lipid droplets (L). (C & D) Degenerative cytoplasmic organelles (black arrow) 
in the ooplasm and cytoplasmic vacuoles (V) in the granulosa cells. (D) Necrosis of the oocyte (white arrowhead), and granulocyte infiltration (white arrows). 
N: Nucleus. 
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2.7. Transmission electron microscopy 

Following fixation, tissue samples were post-fixed in 1 % osmium 
tetroxide for 2 h. Thereafter, tissue samples were washed in 0.075 M 
sodium phosphate buffer, dehydrated in increasing alcohol concentra-
tions, and embedded in epoxy resin 1:1 for 1 h, 1:1 for 2 h, and 100 % 

resin overnight. Then, ultra-thin sections (80–90 nm thick) were stained 
with uranyl acetate and counterstained with lead citrate. Images were 
acquired with a JEOL JEM 1400-FLASH transmission electron micro-
scope (Tokyo, Japan). 

2.8. Statistical analysis 

The histometric measurements of the seminiferous tubules, the 
number of ovarian follicles, as well as semiquantitative analysis of 
alpha-smooth muscle actin (SMA), desmin, and vimentin were analyzed 
using IBM SPSS software version 28 (IBM Corp., Armonk, United States). 
Data were tested for normality by performing a homogeneity of vari-
ances test and plotting histograms and were analyzed using Tukey’s 
Honest Significant Difference (HSD) post hoc, one-way analysis of 
variance (ANOVA) for comparisons between groups. Statistical signifi-
cance was set at P ≤ 0.05. 

3. Results 

3.1. Effect of imidacloprid on histomorphology, and histometry 

3.1.1. Ovary 
Histologically, in the control and 1.55 mg/kg IMI-treated groups, the 

ovarian tissue of the quail appeared normal and consisted of numerous 
primary and growing follicles at different stages of development 
(Fig. 1A–C). In addition, a few atretic primary and growing follicles were 
also detected. In quails treated with 3.1 and 6.2 mg IMI/kg, however, the 
ovarian structure showed atretic primary and growing follicles charac-
terized by the overgrowth of the granulosa layer and loss of oocytes 

Fig. 4. Electron micrograph of the growing follicles of the ovary of Japanese quails. (A & B) control, (C) 1.55 mg IMI/kg, (D) 3.1, and (E & F) 6.2 mg IMI/kg. (A – C) 
Granulosa (Gc) and thecal (Tc) cells containing mitochondria (black arrowheads) and rough endoplasmic reticulum (black arrows). (D) Autophagosomes in the 
granulosa cells (white arrows). (E & F) large lipid droplets (L), and lysosome (Ly) in the cytoplasm of granulosa cells. White arrowheads indicate mitochondrial 
damage in the granulosa and thecal cells. (F) Cytoplasmic vacuoles (V) in the thecal cell. Op: Ooplasm 

Fig. 5. The number (mean ± SE) of normal and atretic primary and growing 
follicles of the Japanese quail’s ovary following twice weekly exposure to 
imidacloprid (IMI) at doses 1.55, 3.1, 6.2 mg/kg during puberty. A significant 
difference (P ≤ 0.05) between the treatment groups (*) and the control group. 
PF: Primary follicle. GF: Growing follicle. APF: Atretic primary follicle. AGF: 
Atretic growing follicle. 
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(Fig. 1D, E). In addition, in quails treated with 6.2 mg IMI/kg, there were 
degenerated primary follicles associated with vacuolization and the 
accumulation of lymphocytes in the ovarian tissue (Fig. 1E, F). Masson’s 
trichrome stain demonstrated presence of collagen fibres in the follicular 
capsule and stroma, but it was much denser in the birds treated with 3.1 
and 6.2 mg IMI/kg, thus indicating fibrotic changes (Fig. 2 A–D). 

Ultrastructurally, there were no differences in the primary and 
growing follicles of the quails treated with 1.55 mg IMI/kg and the 
control group (Figs. 3A, B and 4A–C). However, quails treated with 3.1 
and 6.2 mg IMI/kg displayed marked changes in the primary and 
growing follicles. Necrosis in the oocyte, characterized by damage to the 
nuclear envelope and granulocyte infiltration, degenerative ooplasmic 
organelles, as well as cytoplasmic vacuoles in the granulosa cells of the 
primary follicles (Fig. 3C, D). In addition, there were large lipid droplets, 
mitochondrial damage, vacuoles, and lysosomes observed in the gran-
ulosa and thecal cells of growing follicles (Fig. 4D–F). Autophagosomes 
were also detected in the granulosa cells. 

Histometrically, there was no difference in the number of growing 
follicles, and atretic primary and growing follicles of the ovary between 
quails treated with 1.55, 3.1 and 6.2 mg IMI/kg and control groups. In 
the quails treated with 3.1 and 6.2 mg IMI/kg, however, the number of 
primary follicles was significantly decreased (P ≤ 0.05) compared to the 
control group (Fig. 5). 

3.1.2. Testis 
In the control quails, the seminiferous epithelium appeared 

morphologically normal, and they comprised typically arranged Sertoli 
cells, spermatogonia, spermatocytes, and round and elongated sperma-
tids. Moreover, the testicular interstitium and its content including 

Leydig cells appeared normal (Fig. 6A, B). There were no obvious 
morphological differences in the seminiferous tubule architecture in 
quails treated with 1.55 mg IMI/kg compared to those of the control 
group (Fig. 6C, D). In the groups treated with 3.1 and 6.2 mg IMI/kg, 
however, the architecture of seminiferous tubules appeared to be dis-
torted, which was evident by the sloughed spermatogenic cells into the 
lumen, vacuolization in spermatogonia and Sertoli cells and reduction of 
elongated spermatids (Fig. 7A–D). Positive Masson’s trichrome staining 
was observed in the peritubular tissue and interstitium of seminiferous 
tubules, but it was slightly denser in the birds treated with 3.1 and 
6.2 mg IMI/kg, indicating deposition of collagen fibers (Fig. 8A–D). 

Ultrastructurally, the control birds had normal seminiferous epithe-
lium architecture, including intact nuclear membranes of spermato-
gonia, spermatocytes, and round and elongated spermatids (Fig. 9A–C). 
Seminiferous tubules of quail treated with 1.55 mg IMI/kg had notice-
able nuclear membrane disruption of spermatogonia and cytoplasmic 
vacuoles in the peritubular myoid cells in comparison with the control 
group (Fig. 9D). However, the seminiferous tubules of quail treated with 
3.1 and 6.2 mg IMI/kg showed marked ultrastructural changes, 
including the presence of cytoplasmic vacuoles in the spermatogonia 
and spermatocytes, as well as Sertoli cell degeneration with cytoplasmic 
vacuoles, shrinkage of the nucleus, and apoptotic body (Fig. 10A–D). 
Furthermore, Sertoli cells showed autophagosomes and mitochondrial 
damage (Fig. 10E, F). 

Histometrically, there was no significant difference in the mean of 
epithelial height, luminal diameter, and tubular diameter of seminifer-
ous tubules of the testis between quails treated with 1.55 mg IMI/kg and 
the control group (Table 2). In the quails dosed with 3.1 and 6.2 mg IMI/ 
kg, however, the seminiferous epithelial height as well as the luminal 

Fig. 6. Photomicrograph of seminiferous tubules of the testis of Japanese quails. (A & B) Control and (C & D) 1.55 mg IMI/kg. (A – D) Seminiferous tubules (St) 
exhibit normal and active germinal epithelium that contains Sertoli cells (black arrowheads), dark spermatogonia (dashed black arrows), pale spermatogonia (white 
arrowheads), spermatocyte (dashed white arrows), round spermatid (white arrows), and elongating spermatids (black arrows). Int: Interstitium. 
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and tubular diameter of the seminiferous tubules were significantly 
reduced (P ≤ 0.05) when compared to the control group (Table 2). In 
addition, the cross-sectional area of seminiferous tubules was signifi-
cantly decreased (P ≤ 0.05) in all treatments compared to those in the 
control group (Table 2). 

3.2. Effect of imidacloprid on the structure of desmin, smooth muscle 
actin and vimentin 

3.2.1. Ovary 
There were no obvious differences in the immunolabeling or distri-

bution of desmin, SMA, and vimentin in the ovarian tissue of all treated 
groups compared to those of the control group (Fig. 11A–C). Desmin and 
SMA immunolabeling were observed in stromal cells, the muscular layer 
of blood vessels, as well as surrounding regions in primary and growing 
follicles (Fig. 11A, B). Vimentin was immunopositive in granulosa cells 
of both primary and growing follicles and stromal cells (Fig. 9C). 
Furthermore, the semiquantitative analysis revealed that the integrated 
intensity of desmin and SMA immunostaining in the ovarian tissue in all 
IMI-treated groups was lower (P ≤ 0.05) compared to the birds in the 
control group, while the integrated intensity of vimentin in the birds 
treated with 3.1 and 6.2 mg IMI/kg was less (P ≤ 0.05) compared to the 
control group (Fig. 11D). 

3.2.2. Testis 
The peritubular tissue in the control and all IMI-treated birds was 

immunopositive for desmin, SMA, and vimentin (Fig. 12A–C). However, 
the semiquantitative analysis revealed that the integrated intensity of 
desmin immunostaining in the peritubular tissue in the quails treated 
with 3.1 and 6.2 mg IMI/kg was higher (P ≤ 0.05) compared to the birds 

in the control group, while the integrated intensity of SMA in all IMI- 
treated birds was lower (P ≤ 0.05) compared to the control group 
(Fig. 12D). However, the integrated intensity of vimentin was signifi-
cantly increased (P ≤ 0.05) in the group treated with 1.55 IMI/kg and 
decreased (P ≤ 0.05) in the group treated with 3.1 and 6.2 mg IMI/kg 
(Fig. 12D). 

4. Discussion 

Among neonicotinoid insecticides, imidacloprid (IMI) is one of the 
most commonly detected environmental contaminants (Wang et al., 
2022). Mammals and birds are exposed to IMI via several routes and 
consequently, it enters their bodily fluids (Zhao et al., 2020), and may 
induce toxicity. Imidacloprid and its metabolites have been detected in 
the testis of mice (Nimako et al., 2021), as well as the ovary of rats 
(Kapoor et al., 2014). In the current study, IMI induced several histo-
pathological and ultrastructural changes in the ovary and testicular 
tissue of Japanese quail (Coturnix coturnix japonica) when exposed 
during puberty. More distinct lesions were observed in the quails treated 
with 3.1 and 6.2 mg IMI/kg, twice per week for 4 weeks, than birds 
treated with 1.55 mg IMI/kg and the control birds. 

4.1. Effect of imidacloprid on ovary 

Since the ovary fulfills the essential role of developing and releasing 
oocytes as well as the synthesis of various steroid hormones (Onagbesan 
et al., 2009), any toxic agent that causes injury to the ovary might lead to 
abnormal follicle formation (He et al., 2020; Qin et al., 2015). Results of 
the current study indicated that IMI induced dose-dependent negative 
effects on the ovarian structure of the Japanese quail. In rats the 

Fig. 7. Photomicrograph of seminiferous tubules (St) of the testis of Japanese quails exposed to (A & B) 3.1 and (C & D) 6.2 mg IMI/kg. (A & C) Asterisks indicate 
clumps of sloughed germinal cells in the lumen of seminiferous tubules. (B & C) White arrowheads show numerous vacuoles in the seminiferous epithelium. (D) 
Cytoplasmic vacuoles in the Sertoli cell (white arrow) and spermatogonium (black arrow). Int: Interstitium. 
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administration of IMI causes histopathological disruptions in the ovary 
by decreasing the number of healthy follicles (Nabiuni et al., 2015; 
Sood, 2023). Imidacloprid also induces oocyte degeneration and cyto-
plasmic clumping of the granulosa cells in rats (Kapoor et al., 2011; 
Lohiya et al., 2019). The current study demonstrated that IMI at doses of 
1.55, 3.1, and 6.2 mg/kg twice per week for 4 weeks induced a signifi-
cant decrease in the number of primary follicles. Furthermore, the quails 
treated with 3.1 and 6.2 mg IMI/kg showed degenerative changes, 
including lymphocyte accumulation in the ovarian stroma (Fig. 1E, F), 
necrosis associated with damage to the nuclear envelope, and gran-
ulocyte infiltration in the ovarian follicular cells (Fig. 3D). Imidacloprid 
has been reported to induce oxidative stress in the ovarian tissue of rats 
(Kapoor et al., 2011; Lohiya et al., 2019; Mzid et al., 2018), and studies 
have demonstrated that oxidative stress in the ovaries adversely affects 
oocyte quality (Prasad et al., 2016), triggers apoptosis in granulosa cells 
(Sohel et al., 2019), which suggested that the morphological changes in 
the quail ovary could be attributed to the stimulation of oxidative stress 
mechanisms by IMI. 

The cytoskeletal proteins, including desmin and vimentin interme-
diate filaments and smooth muscle actin (SMA) microfilaments, are 
involved in cellular communications, morphology, maintenance, and 
support (Jimenez-Lopez, 2017). Desmin, vimentin and SMA are present 
in the follicular and stromal cells of ovaries in experimental birds, 
mammals, and reptiles (da Silveira Firmiano et al., 2021; Madekurozwa, 
2007; Marettová and Maretta, 2002; Rodler et al., 2015; Van Nassauw 
and Callebaut, 1991). In the current study, no obvious differences were 
seen in the distribution of desmin, SMA, and vimentin in the ovaries of 
all treated groups compared to the control group, however, the immu-
nolabeling intensity of desmin and SMA in the ovarian tissue in all 
IMI-treated groups was lower (P ≤ 0.05) compared to the birds in the 

control group. In addition, the integrated intensity of vimentin immu-
nostaining in the birds treated with 3.1 and 6.2 mg IMI/kg was less (P ≤
0.05) compared to the control group (Fig. 11D). da Silveira Firmiano 
et al. (2021) suggested that desmin and SMA play a role in the devel-
opment of follicles and ovulation through their contractile activities. 
Vimentin is also involved in various aspects of granulosa cell activity, 
atresia, and intercellular transport (Van den Hurk et al., 1995). Thus, it 
is probable that the effect on the cytoskeletal filaments observed in this 
study could contribute to reduced fertility in female quail following 
exposure to IMI during puberty. 

4.2. Effect of imidacloprid on testis 

The division, differentiation, and migration of germ cells, from the 
basal lamina to the tubular lumen, occurs within the seminiferous tu-
bules of the testis (Deviche et al., 2011). In the present study, the quail 
treated with 3.1 and 6.2 mg IMI/kg had more histopathological abnor-
malities in the seminiferous tubules when compared with the control 
birds. There was a distortion in the architecture of the seminiferous 
tubules associated with the sloughing of spermatogenic cells into the 
lumen, vacuole formation in spermatogonia and Sertoli cells, and 
reduced elongated spermatids (Fig. 7B–D). In addition, the current study 
also revealed that there was a significant decrease (P ≤ 0.05) in the 
epithelial height and the luminal and tubular diameter of the seminif-
erous tubules in the birds exposed to 3.1 and 6.2 mg IMI/kg (Table 1). 
The results of the current study is in agreement with the findings re-
ported by Eissa (2004) who described vacuolation in the spermatocytes, 
the disappearance of spermatogenetic cells, pyknotic changes, and a 
reduction in sperm within the seminiferous tubules of Japanese quail 
exposed to IMI. A decrease in epithelial height and diameter of 

Fig. 8. Photomicrograph of Masson’s trichrome staining of the testis of Japanese quails. (A) control, (B) 1.55, (C) 3.1 and (D) 6.2 mg IMI/kg. Normal (black arrows) 
and dense (white arrows) deposition of collagen fibres in the interstitium and peritubular tissue of the seminiferous tubules. 
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seminiferous tubules and a reduction in Leydig cell density are also re-
ported in the testis of red munia after exposure to IMI (Mohanty et al., 
2017). Spermatogenesis in the seminiferous tubules is regulated by 
steroid hormones (Johnson et al., 2000). Imidacloprid disrupts the 
synthesis of steroid hormones by impairing the activity of the cyto-
chrome P450 (CYP) enzymes (Abdel-Razik et al., 2021; Bhaskar et al., 
2014; Yang et al., 2020), and it is evidenced that hormonal imbalances 
can lead to disruptions in intercellular junctions between Sertoli and 
germ cells, leading to the sloughing of germ cells from the seminiferous 
tubule epithelium (Kolasa et al., 2011; Martinez et al., 2009). Therefore, 
oxidative stress or a hormonal imbalance caused by IMI could be 
responsible for the morphological changes in testicular seminiferous 
tubules of quail observed in this study. 

In the current study, there was cytoplasmic vacuolization in germ 
and Sertoli cells in quails treated with 3.1 and 6.2 mg IMI/kg- 
(Fig. 10A–C). Sertoli cells also showed degenerative changes, including 
debris of apoptotic bodies, autophagosomes, and mitochondrial damage 
(Fig. 10E, F). Exposure to IMI induces apoptosis and necrosis in the 
interstitium, and apoptosis in Leydig cells of red munia (Mohanty et al., 
2017). The degenerative changes in the seminiferous tubule epithelium 

are suggestive of a morphological indication of IMI-associated testicular 
toxicity, whereby IMI induces toxicity by inducing oxidative stress (Bal 
et al., 2012a; Kobir et al., 2023; Yang et al., 2020). Previous studies 
concluded that IMI induces oxidative stress in the testicular tissue of rats 
(Keles et al., 2022; Mahajan et al., 2018; Saber et al., 2021), which 
resulted in severe degenerative changes in the seminiferous tubules 
including depletion of germ cells, necrosis, and tubular shrinkage 
(Mahajan et al., 2018). 

Desmin, SMA and vimentin are present in the peritubular tissue of 
birds and play an important role in the expulsion of immobile sperma-
tozoa into the excurrent duct system (Aire and Ozegbe, 2007; Made-
kurozwa, 2013; Ozegbe et al., 2008a). No obvious changes in 
immunolabeling or distribution of desmin, SMA, and vimentin in the 
peritubular tissue were observed in all groups exposed to IMI and the 
control group (Fig. 10A–C). The semiquantitative analysis, however, 
revealed a significant (P ≤ 0.05) decrease in the integrated intensity of 
SMA in all IMI-treated birds compared to the control group ((Fig. 10D). 
The smooth muscle actin is an isoform of contractile actin that is present 
in the peritubular smooth muscle cells of the testis of birds and plays a 
crucial role in transporting testicular fluid and its cellular content into 

Fig. 9. Electron micrograph of seminiferous tubules of the testis of Japanese quails. (A – C) Control and (D) 1.55 mg IMI/kg. Spg Spermatogonia. Spc: Spermatocyte. 
Rsp: Round spermatid. Sc: Sertoli cell. Int: Interstitium. Mc: Myoid cell. N: Nucleus. G: Golgi complex. (B) Elongated spermatid (curved arrow). (C) Black arrowheads: 
Mitochondria. Inset: Adherent junctions (white arrowhead) between adjacent Sertoli cells. (D) Disruption of the nuclear membrane of spermatogonia (black arrows) 
and cytoplasmic vacuoles within myoid cell (white arrows). 
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the excurrent duct (Ozegbe et al., 2008b). Therefore, the reduction in 
the SMA observed in this study could affect the contractile function of 
the testicular peritubular myoid cells. 

In the current study, the vimentin intensity increased in the group 
treated with 1.55 mg IMI/kg and decreased in the groups treated with 
3.1 and 6.2 mg IMI/kg (all P ≤ 0.05). Similarly, Bao et al. (2011) re-
ported an increase in vimentin expression at low doses and a decrease at 
higher doses in the testes of Sprague Dawley rats after exposure to 
di-n-butyl phthalate during puberty. The increase in vimentin expres-
sion might be ascribed to the hormetic response to a low dose of IMI (Lu 

et al., 2016). The collapse of vimentin intermediate filaments has been 
reported in a rat Leydig cell line (LC-540) after exposure to IMI (Ibrahim 
et al., 2023), as well as in Sertoli cells in the testis of rats after treatment 
with the organochlorine pesticide, 1,1-dichloro-2,2bis(p-chlorophenyl) 
ethylene (p,p′-DDE) (Yan et al., 2013). It has been reported that dam-
age to vimentin intermediate filaments disintegrates seminiferous 
tubular epithelium (Kopecky et al., 2005), which is consistent with our 
observations where IMI induced morphological changes in the epithe-
lium of the seminiferous tubules at doses of 3.1 and 6.2 mg IMI/kg. 

Surprisingly, opposed to quail ovary results, there was a significant 
(P ≤ 0.05) increase in the staining intensity of desmin observed in the 
peritubular tissue in the quails treated with 3.1 and 6.2 mg IMI/kg 
compared to the birds in the control group (Fig. 10D). There may be a 
gender difference in how the ovarian and testicular desmin filaments are 
affected by IMI, but further research is needed to explore this hypoth-
esis. Desmin intermediate filaments are expressed in all myofiber net-
works and play an important role to resist mechanical and oxidative 
stresses (Costa et al., 2004). The aggregation of desmin has been linked 
to a variety of myopathies (Singh et al., 2020). Aggregation of desmin is 
considered a cellular protective response to acute injury, but it can also 
impair proteostasis and cause disease (Singh et al., 2020). 

Furthermore, dense collagen fibre deposition was observed in the 
ovarian stroma of birds treated with 3.1 and 6.2 mg IMI/kg, compared 
to the control group. However, the collagen fibres were only slightly 
denser in the peritubular tissue and interstitium of seminiferous tubules 
in birds treated with 3.1 and 6.2 mg IMI/kg when compared to the 
control group. Inflammation, immune abnormalities, and oxidative 

Fig. 10. Electron micrograph of seminiferous tubules of the testis of Japanese quails exposed to (A) 3.1 and (B – F) 6.2 mg IMI/kg. (A – C) Small and large vacuoles 
(V) in the cytoplasm of spermatogonia (Spg), spermatocytes (Spc) and Sertoli cells (Sc). (B & C) Degenerative Sertoli cells are characterized by nuclear shrinkage 
(black arrow) and apoptotic body (white arrow). (D) Indicates large vacuole (white arrowhead) in the cytoplasm of myoid cell (Mc). (E & F) Depict autophagosomes 
(red arrows) and damaged mitochondria (black arrowheads) in the Sertoli cells. Lc: Leydig cell. N: Nucleus. 

Table 2 
The histometrical measurements (Mean ± SE) in the Japanese quail testes 
following exposure to imidacloprid (IMI) at doses 1.55, 3.1, 6.2 mg/kg twice per 
week during puberty.  

Parameters 
(µm) 

Control IMI 1.55 mg/ 
kg 

IMI 3.1 mg/ 
kg 

IMI 6.2 mg/ 
kg 

SEH 139.7 ± 6.2 131.4 ± 2.1 108.3 ± 1.4a 95.3 ± 1.5a 

SLD 274.8 ± 12.9 288.9 ± 8.9 232.7 ± 6.3a 228.3 ± 5.5a 

STD 560.6 ± 18.9 482.8 ± 7.9 426.6 ±
13.9a 

402.9 ± 8.0a 

AST 267767.5 ±
7695.1 

222167.5 ±
8434.9a 

179307.5 ±
2766.4a 

159287.5 ±
2859.4a 

SEH: Seminiferous epithelial height. SLD: Seminiferous luminal diameter. STD: 
Seminiferous tubular diameter. AST: Area of seminiferous tubules. 

a Denotes significant differences between treatments and control group (P ≤
0.05). 
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stress can cause ovarian fibrosis, hence increasing the susceptibility to 
infertility (Zhou et al., 2017). Imidacloprid and deltamethrin exposure 
induce liver fibrosis in Japanese quail, which are linked to inflammation 
and oxidative stress (Deng et al., 2022; Li et al., 2021). In this study, 
exposure to IMI induced an accumulation of lymphocytes in the ovarian 
tissue (Fig. 1E). Therefore, it is deduced that IMI may cause fibrosis in 
the ovary of quails via oxidative stress and inflammation. However, 
further studies are needed to investigate the mechanism of fibrosis in the 
ovary caused by IMI. 

5. Conclusion 

In conclusion, the current study demonstrated that pubertal exposure 
to imidacloprid doses of 1.55, 3.1 and 6.2 mg/kg, twice per week for 4 
weeks, produces toxic effects on the gonads of the Japanese quail by 
inducing pathomorphological lesions and negatively affecting the 
cytoskeletal proteins in the ovary and testis in a dose-dependent manner. 

Consequently, it appears that Japanese quail ovaries and testes may be 
susceptible to IMI-induced reproductive toxicity that could lead to 
infertility. More attention needs to be paid to the adverse and toxic ef-
fects of neonicotinoids in the environment. 
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Fig. 11. Immunohistochemical staining of desmin, smooth muscle actin (SMA), and vimentin in the ovary of the Japanese quail after exposure to 1.55, 3.1, and 
6.2 mg imidacloprid (IMI)/kg twice per week during puberty. (A) Black arrows indicate desmin immunopositive labeling in the stroma (S). The black arrowheads 
indicate regions of positive desmin immunostaining around primary (PF), growing (GF) and growing atretic (AGF) follicles. (B) Positive immunolabeling for SMA in 
the stroma (white arrows) and the area surrounding growing follicles (white arrowhead). (C) The red arrows indicate vimentin immunolabeling in the stroma. 
Immunopositive vimentin in the granulosa cells of primary (PF) and growing (GF) follicles are indicated by red arrowheads. APF: Atretic primary follicle. AGF: 
Atretic growing follicle. BV: Blood vessel. Bar = 50 µm. (D) Semiquantitative analysis of immunostaining intensity of desmin, SMA, and vimentin in ovarian tissue of 
the Japanese quails following treatment with 1.55, 3.1, and 6.2 mg IMI/kg. A significant difference (P ≤ 0.05) between the treatment groups (*) and the control 
group. Data are presented as mean ± standard error (SE). 
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