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ABSTRACT.	 Recently, the effects of exposure to clothianidin (CLO) on the thymus and gut 
microbiota have become clear, but no report has examined its next-generation impacts. Pregnant 
C57BL/6N mice were administered a no-observed-adverse-effect-level dose of CLO until weaning. 
We examined CLO’s effects on the gut microbiota and immune organs of dams and their 3- and 
10-week-old male offspring. CLO administration led to several alterations of the top 30 bacterial 
genera in the gut microbiota in dams and 3-week-old mice. Compared to controls, 10-week-old 
mice had more thymic Hassall’s corpuscles, and both dams and 10-week-old mice had fewer 
macrophages. These results suggest that fetal and lactational CLO exposure may affect the immune 
system and gut microbiota of the next generation.
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Pesticides protect crops by eradicating pests and diseases, contributing greatly to the stable supply of food. Neonicotinoid pesticides 
(NNs), which are still widely used despite restrictions in Europe and elsewhere, are structurally similar to nicotine and exhibit strong 
agonist effects on insect nicotinic acetylcholine receptors (nAChRs) [49]. They are considered safe and are widely used in Japan 
and abroad, with low toxicity to humans. However, NNs were found to affect nAChR-mediated neuroexcitatory action in mammals 
[27]. Reproductive toxicity [22, 28, 48, 58], cognitive/emotional alterations, and developmental neurotoxicity of NNs [17–19, 21, 
32, 45, 46, 59] were later reported, in addition to a systematic review [9] of NNs. nAChR is expressed widely in the nervous system 
and skeletal muscle as well as in immune cells [26] and regulates antigen presentation, cytokine production, and anti-inflammatory 
responses [38, 60]. Therefore, it is assumed that NNs may disrupt mammalian immune function via nAChR, but there are very few 
reports on the immunotoxicity of NNs. The intestinal tract is also called the “headquarters of systemic immunity” or the “largest 
immune organ” because approximately 70% of immune cells in the human body are concentrated there. Since the gut microbiota 
influences host immune responses and metabolic mechanisms through complex interactions [47], it has been shown that dysbiosis, 
an imbalance of the gut microbiota, causes allergies [41], immunomodulatory disorders [39], and neuropsychiatric disorders [25]. 
Our previous study revealed that subchronic ingestion of clothianidin (CLO), a type of NN, caused a decrease in thymus weight and 
induced dysbiosis in rats [36], showing for the first time an association between NNs and dysbiosis in mammals. In addition, CLO 
and its metabolites are rapidly transferred from pregnant dam to fetus [34] and are highly concentrated in breast milk [43]. They are 
detected in the urine of human newborns and children [23, 24, 37], and the next-generation effects of NN exposure are of concern 
[28, 32]. However, there have been no reports on the next-generation effects of NNs on the immune system and gut microbiota of 
mammals. In this study, we examine CLO’s next-generation effects on the immune system by analyzing changes in the thymus and 
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in bacterial flora in the cecal contents of mice. Cecal contents are not contaminated by external bacteria until the time of collection, 
compared to feces that have been discharged from the body. We also used the cecal contents to compare our present results with those 
of the previous study, which used rat cecal contents for microbiota analysis [36].

Pregnant C57BL/6NCrSlc mice were purchased from Japan SLC (Hamamatsu, Japan) and maintained as described elsewhere 
[19]. The present study was approved by the Institutional Animal Care and Use Committee (Permission #30-01-01) and conducted in 
accordance with the Kobe University Animal Experiment Regulations.

We purified CLO with 95% purity according to the method of a previous study [18] and divided dams into two groups: a CLO-0 
group (1% dimethyl sulfoxide) and a CLO-65 group (65 mg CLO/kg body weight/day). The administration concentration was set 
with reference to the no-observed-adverse-effect-level (NOAEL) of 65.1 mg CLO/kg/day [13, 51].

To eliminate the risk of adverse effects associated with gavage, the dams (F0) were given rehydration gel (MediGel® Sucralose; 
ClearH2O, Portland, ME, USA) with or without CLO from gestational day 1.5 to postnatal day (PND) 21, when the litters (F1) were 
weaned as described elsewhere [28].

Each litter was randomly culled to a maximum of 6 pups on PND 3 to standardize the amount of milk. No more than 2 offspring 
from the same dam were used per group.

On PND 21, the dams and male pups were euthanized by whole blood collection from the heart under deep anesthesia with isoflurane, 
and the thymus, spleen, adrenal gland, and cecal contents were removed from the dams and pups. The thymus, spleen, and adrenal 
gland were weighed after trimming. The thymi were then fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at 4°C for 6 hr. They 
were embedded in paraffin according to the established method. Cecal contents were frozen with liquid nitrogen in 1.5 mL Eppendorf 
tubes and stored in a −80°C freezer until use. Samples were collected from the 10-week-old male mice in the same way. Finally, 
4-μm-thick sections were cut by a sliding microtome (SM2000R; Leica Microsystems, Wetzlar, Germany) and mounted on glass slides 
precoated with 2% 3-aminopropyltriethoxysilane (Shin-Etsu Chemical Co., Tokyo, Japan). Sections were stored at −30°C until use. 
For the general histological analyses, tissue sections were stained with hematoxylin and eosin after deparaffinization and hydration. In 
addition, we measured the cortical and medullary areas of the stained images by using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA). The Hassall’s corpuscles observed in the medulla were counted per mm2. Immunohistochemical analysis using 
anti-mouse CD68 antibody (1:2,000; ab125212; Abcam, Cambridge, UK), a tissue macrophage marker, was performed according to a 
previous report [36]. At this time, we retrieved antigens by heating the sections at 121°C for 20 min in 10 mM sodium citrate (pH 6.0).

The CD68-positive areas of the stained images were measured and compared using ImageJ software. The positive areas were 
determined by extracting the DAB color using the “Color Deconvolution” function and then setting the upper limit for removing the 
coloration caused by nonspecific reactions using the “Threshold” command. The areas were measured by the “Measure” command, 
and the CD68-positive area ratios were calculated and compared.

We extracted and purified DNA of the gut microbiota from the cecal contents using a nucleic acid purification system (Maxwell® 
RSC; Promega K.K., Tokyo, Japan) and a nucleic acid purification kit (Maxwell® RSC Fecal Microbiome DNA Kit [AS 1700]; 
Promega K.K.) following the manufacturer’s instructions. The analysis of gut microbiota by 16S rRNA sequencing of the collected 
samples was entrusted to Azenta Japan Corp. (Tokyo, Japan), which performed the analysis as previously described [36]. In short, 
sequencing was performed using a 2 × 300 paired-end (PE) configuration; image analysis and base calling were conducted by the 
MiSeq Control Software embedded in the MiSeq instrument. Valid sequences for cluster analysis were obtained from DNA samples, 
and taxonomic analysis was performed on representative sequences of each cluster. Clusters were formed by 97% sequence identity, 
and sequences were grouped into operational taxonomic units (OTU) using the clustering program VSEARCH (1.9.6). Based on the 
results of the OTU analysis, the species richness and uniformity of the samples were evaluated.

Statistical analysis was performed with BellCurve for Excel (Version 3.23; SSRI, Tokyo, Japan). The sex ratio of the pups was 
analyzed by the Cochran‒Mantel‒Haenszel test. The number of pups, body weights, organ weights, the numbers of Hassall’s corpuscles, 
and the CD68-positive area ratio of the thymus were analyzed by Welch’s t-test. Differences in the relative abundance of OTUs and 
in the α diversity indexes of gut microbiota were analyzed by two-way ANOVA (CLO × age) followed by Bonferroni post hoc tests. 
The results were considered significant when the P-value was less than 0.05.

CLO showed no significant effect on the total number of offspring per dam or on the sex ratio. There was no statistically significant 
difference in the body weight of F1 generation mice between the CLO-0 and CLO-65 groups at either 3 or 10 weeks of age, when 
we collected samples (Table 1).

The organ weights are shown in Fig. 1. In F0 generation mice, there were no statistically significant differences in thymus weight 
(P=0.263) (Fig. 1A) or spleen weight (P=0.404) (Fig. 1B). Adrenal gland weight was significantly (P<0.05) lower in the CLO-65 
group compared to the CLO-0 group (Fig. 1C). In 3-week-old F1 generation mice, there were no statistically significant differences in 
thymus weight (P=0.948) (Fig. 1D) or spleen weight (P=0.518) (Fig. 1E). Adrenal gland weight tended to be lower in the CLO-65 group 
than in the CLO-0 group (P=0.078) (Fig. 1F). In 10-week-old F1 generation mice, there were no statistically significant differences 
in thymus weight (P=0.854) (Fig. 1G) or adrenal gland weight (P=0.150) (Fig. 1I). Spleen weight tended to be higher in the CLO-65 
group than in the CLO-0 group (P=0.093) (Fig. 1H). As mentioned above, adrenal gland weights were decreased in the F0 generation 
CLO-65 group and in the F1 3-week-old CLO-65 group (Fig. 1C, 1F). The hypothalamic‒pituitary‒adrenal (HPA) axis has been 
reported to interact with the immune system, and HPA axis failure may be observed in autoimmune or inflammatory diseases [4]. In 
our previous study, the corticosterone level was significantly lower in F1 generation (female) mice when CLO was administered in a 
manner similar to that in the present study [28]. CLO has also been shown to have the potential for high storability in the fetal adrenal 
gland [unpublished data]. Thus, CLO’s effect on the adrenal gland is thought to be significant; CLO exposure may cause a decrease 
in adrenal gland weight and may also affect the immune system. The F0 generation CLO-65 group and the F1 3-week-old CLO-65 



M MURATA ET AL.

436J. Vet. Med. Sci. 85(4): 434–442, 2023

Table 1.	 Body weight of F1 generation mice

3-week-old 10-week-old
CLO-0 CLO-65 CLO-0 CLO-65

Body weight (g) 8.78 ± 0.81 8.83 ± 0.71 25.13 ± 0.83 25.88 ± 1.74
CLO: clothianidin. Mean ± SD (n=8–25 in each).

Fig. 1.	 Thymus, spleen, and adrenal organ weights of F0 generation mice (A–C) and 3-week-old (D–F) and 10-week-old (G–I) F1 generation 
mice. A, B: Clothianidin (CLO) had no effect on thymus and spleen weights in F0 generation mice (CLO-0: n=8; CLO-65: n=9). C: Adrenal 
gland weight was significantly decreased in the CLO-65 group of F0 generation mice (CLO-0: n=8; CLO-65: n=9). D, E: CLO had no effect on 
thymus and spleen weights in 3-week-old F1 generation mice (CLO-0: n=6; CLO-65: n=10). F: Adrenal gland weight showed an increasing trend 
in the CLO-65 group of 3-week-old F1 generation mice (CLO-0: n=6; CLO-65: n=10). G, H: CLO had no effect on thymus or adrenal gland 
weight in 10-week-old F1 generation mice (CLO-0: n=8; CLO-65: n=10). I: Spleen weight showed an increasing trend in the CLO-65 group of 
10-week-old F1 generation mice (CLO-0: n=8; CLO-65: n=10). All data represent means + SD of each group, and circles show the values for 
individual mice. *P<0.05 vs. the CLO-0 group.
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group, both of which showed decreased adrenal gland weight, were exposed to CLO directly via gel, placenta, or breast milk [34, 
43]. Therefore, it is possible that CLO’s effect was greater in these 2 groups than in the F1 10-week-old CLO-65 group, and the effect 
was observed as a decrease in adrenal gland weight in both groups. On the other hand, there was no decrease in thymus weight even 
in the F0 group (Fig. 1A, 1D, 1G). In one of our previous studies [36], subchronic exposure of rats to CLO resulted in a remarkable 
decrease in thymus weight, but that experiment was conducted by gavage and the concentration of CLO was approximately 10 times 
the NOAEL. Thus, CLO’s effect on thymus weight may be greater than found in the present study. Therefore, although the effects 
shown in the previous study did not appear in the present one, CLO may have affected the maintenance of normal thymus morphology.

The general histological analyses of thymus by HE staining (Supplementary Fig. 1) revealed that the corticomedullary border was 
indistinct in the CLO-65 group compared with the CLO-0 group, especially in the 3-week-old F1 generation (Supplementary Fig. 
1B) and the 10-week-old F1 generation (Supplementary Fig. 1C), whereas there was no predominant change in the F0 generation 
(Supplementary Fig. 1A). Moreover, we found a significant (P<0.05) increase in Hassall’s corpuscles in the 10-week-old F1 generation 
(Fig. 2). Hassall’s corpuscles are composed of keratinized thymic epithelial cells under partial control of the transcription factor Aire. 
They are well developed in humans and guinea pigs but are virtually absent in normal mice and rats [11]. Thus, their increase in the 
thymus may have been due to CLO exposure. It has been reported that the formation and proliferation of Hassall’s corpuscles may 
be related to adrenocortical hormone and adrenocorticotropic hormone [16]. In addition, their development is remarkably enhanced 
in mice lacking transforming growth factor beta receptor II (TGFβ RII) expression in thymic epithelial cells [35]. In other words, 
suppression of the TGFβ signaling pathway may cause an increase in the number of Hassall’s corpuscles. This pathway is suppressed in 
rats exposed to nicotine prenatally [8]. Therefore, it may also have been suppressed in this study, which would explain the remarkable 
increase in Hassall’s corpuscles. TGFβ has also been reported to be involved in the induction of Th17 cells and in immunosuppression. 
Therefore, CLO exposure may also inhibit the normal function of the immune system by suppressing the TGFβ signaling pathway. In 
addition, it has been reported that thymic neutrophils and plasmacytoid dendritic cells (pDCs) are in a highly activated state in New 
Zealand White mice that have hyperplasia of Hassall’s corpuscles, and that IFNα secreted from activated dendritic cells promotes the 
maturation of single positive T cells [54]. Moreover, thymic stromal lymphopoietin secreted by Hassall’s corpuscles activates dendritic 
cells, which differentiate CD4+CD8−CD25− T cells into natural regulatory T cells (nTreg cells) [55]. Although the exact correlation 
between the development of Hassall’s corpuscles and the differentiation of Foxp3+ Treg cells is still unclear, evidence that medullary 
thymic epithelial cells (mTECs) could generate specific Treg cells has accumulated [2, 53]. Note that the α3-subunit of nAChR was 
abundantly expressed in terminally differentiated mTECs, forming Hassall’s corpuscle-like structures in the murine thymus [44]. 
The present and previous results together suggest the possibility that CLO or its metabolic products directly or indirectly stimulate 
thymic-derived cells, including thymocytes and various subsets of mTECs, to disrupt thymocyte differentiation and maturation.

The results of immunohistochemical analyses of the thymus using CD68 as a marker are shown in Fig. 3 and Supplementary Fig. 
2. In the CLO-65 group compared to the CLO-0 group, the CD68-positive area ratios of F0 generation mice showed a decreasing 
trend in the thymic cortex (P=0.055) (Fig. 3B, Supplementary Fig. 2A), a significant decrease in the thymic medulla (P<0.05) (Fig. 
3C, Supplementary Fig. 2A), and a decreasing trend in the whole thymus (P=0.057) (Fig. 3A, Supplementary Fig. 2A). Although 
there was no significant difference between the CLO-0 and CLO-65 groups in any site of the thymus in the 3-week-old F1 generation 
(Fig. 3D–F, Supplementary Fig. 2B), a decreasing trend was observed in the 10-week-old F1 generation medulla in the CLO-65 
group compared to the CLO-0 group (P=0.083) (Fig. 3I, Supplementary Fig. 2C). The decrease in the CD68-positive area ratio of 
the thymus in the F0 generation and in the 10-week-old F1 generation by CLO exposure is consistent with the significant decrease 
in the CD68-positive area of rat thymus by CLO exposure in a previous study [unpublished data]. Macrophage functions include 
phagocytosis, antigen presentation, and cytokine production [12, 33, 40, 57]. In the thymus, macrophages contribute to the normal 
differentiation and maturation of thymocytes by activating T cells and rapidly removing thymocytes that should be eliminated through 
positive or negative selection. Therefore, the result that CLO’s effects decreased the number of macrophages in the thymus may in 
turn affect the immune system.

We analyzed the gut microbiota of the cecal contents and found no significant difference in the relative abundance of microbiota on 
the phylum level between the CLO-0 and CLO-65 groups (Fig. 4A). Among the top 30 OTUs in bacterial composition at the genus 
level, 2 species in the F0 generation CLO-65 group showed significant alterations, and 5 species in the 3-week-old F1 generation 
CLO-65 group showed significant trend alterations in relative abundance compared to the control groups (Fig. 4B, Table 2). In the F0 
generation CLO-65, Alistipes and Clostridia_UCG-014 were significantly (P<0.05) decreased compared to the CLO-0 group. In the 
3-week-old F1 generation CLO-65 group compared to the CLO-0 group, Roseburia, Lactobacillus, f__Peptococcaceae_Unclassified, 
and Butyricicoccus were significantly (P<0.05) increased, whereas Oscillibacter was significantly (P<0.05) decreased. Age had 
a significant main effect on the relative abundance of Alistipes, Roseburia, and Oscillibacter [F(2, 30)=20.7671, P<0.001; F(2, 
30)=5.3064, P<0.05; F(2, 30)=7.7779, P<0.01]. Age also had a significant main effect on the relative abundance of Clostridia_UCG-
014 with significant interaction [F(2, 30)=5.4717, P<0.01; F(2, 30)=3.8567, P<0.05]. Age and CLO had significant main effects on 
the relative abundance of Lactobacillus [F(2, 30)=13.3989, P<0.001; F(2, 30)=6.9552, P<0.05]. CLO had a significant main effect on 
the relative abundance of f__Peptococcaceae_Unclassified with a significant interaction [F(2, 30)=6.6183, P<0.05; F(2, 30)=3.4658, 
P<0.05]. Age had a significant main effect, and CLO close to a significant main effect, on the relative abundance of Butyricicoccus 
[F(2, 30)=5.5106, P<0.01; F(2, 30)=3.1879, P=0.084]. In the F0 generation mice, the relative abundance of species that correlated 
inversely with intestinal inflammation (Alistipes, Clostridia_UCG-014) was reduced. In the 3-week-old F1 generation mice, the 
relative abundance of species involved in the production of lactic acid or butyric acid (Roseburia, Lactobacillus, Butyricicoccus) was 
increased. It has been reported that butyrate produced by gut microbiota maintains homeostasis of the intestinal immune system by 
inducing differentiation into Treg cells and has an anti-inflammatory effect [14]. On the other hand, no alteration at the genus level 
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Fig. 3.	 Results of immunoquantitative histological analysis of thymus (CD68) in F0 generation mice (A–C), 3-week-old (D–F), and 10-week-old 
(G–I) F1 generation mice. A–C: The CD68-positive area ratio showed a decreasing trend in the thymic cortex (B), a significant decrease in the 
medulla (C), and a decreasing trend in the whole thymus (A) in the CLO-65 group compared to the CLO-0 group in F0 generation mice. D–I: 
CLO did not affect the CD68-positive area ratio in the 3-week-old F1 generation (D–F), but a decreasing trend was observed in the medulla in the 
CLO-65 group compared to the CLO-0 group in 10-week-old F1 generation mice (I). All data represent means + SD of each group, and circles 
show the values for individual mice (n=6 in each). *P<0.05 vs. the CLO-0 group.

Fig. 2.	 The number of Hassall’s corpuscles (per area 
of medulla). A significant increase was observed 
in 10-week-old F1 generation mice. Data represent 
means + SD of each group, and circles show the 
values for individual mice (n=6 in each). *P<0.05 
vs. the CLO-0 group.
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was observed in the treated 10-week-old F1 generation 
groups. These results indicate that the results in the 
3-week-old groups, indicating a suppressive effect on 
inflammation, were transient.

We analyzed the α diversity of gut microbiota, 
a measure of species richness or uniformity in an 
environment, using four statistical indices: abundance-
based coverage estimator (ACE) (Fig. 5), Chao1 
(Supplementary Fig. 3A), Shannon (Supplementary 
Fig. 3B), and Simpson (Supplementary Fig. 3C). Alpha 
diversity is an important indicator in explaining the 
diversity of the intestinal microbiota, and some reports 
suggest an association between α diversity and disease 
[31]. ACE and Chao1 estimate community richness, 
Shannon and Simpson estimate community diversity. 
ACE showed an increasing trend (P=0.081) in the 
CLO-65 group compared to the CLO-0 group in the 
F0 generation, and a significant (P<0.05) increase in 
the CLO-65 group compared to the CLO-0 group in 
the 10-week-old F1 generation (Fig. 5). There were 
no statistically significant differences in the remaining 
three indicators (Supplementary Fig. 3). Age and 
CLO had significant main effects [F(2, 29)=95.4874, 
P<0.001; F (2, 29)=10.0930, P<0.01]. In the relative 
abundance curve, the 3-week-old F1 generation CLO-
0 group showed the shortest abscissa, reflecting the 
above results (Supplementary Fig. 4). There were 
no significant differences in 3 out of 4 indices of α 
diversity of gut microbiota, and the results of ACE did 
not indicate a remarkable effect of CLO on diversity, 
suggesting that CLO’s effect on the diversity of gut 
microbiota was small. Beta diversity, a measure of the 
degree of similarity between different environments, 
was calculated using weighted and unweighted UniFrac, 
and multivariate analyses such as principal coordinate 
analysis (PCoA) and NMDS analysis were performed. 
Visualizing the similarity between the samples by 
plotting each sample two-dimensionally, we found no 
significant differences attributable to CLO. However, 
especially in the F0 generation and the 10-week-old F1 
generation, the CLO-65 groups showed less variation in 
samples within the same group compared to the CLO-0 
groups (Supplementary Fig. 5).

Moreover, analysis of similarities (ANOSIM) showed 
R-values close to 0, so no trend of separation was found 
between the CLO-0 and CLO-65 groups in the F0 and 
F1 generation (Table 3). The closer the R-value is to 
0, the less significant the difference between groups is 
compared to the difference within groups; the closer it is 
to 1, the more significant the difference between groups 
is compared to the difference within groups.

Our previous study [36] significantly differed from the present study in that the former used rats, intragastric administration (gavage), 
two dose groups (NOAEL and 10 times NOAEL), and male animals that are generally more susceptible to CLO [29]. In addition, 
previous study showed the variation in the genus of bacteria that produce short-chain fatty acids, which are known to be involved in the 
induction of Treg cells, macrophages, and dendritic cells [14, 50]. In the present study, no variation was observed at the phylum level, 
and a significant increase or increasing trend in α diversity was observed in the F0 generation and 10-week-old F1 generation in the 
CLO-65 group compared to the CLO-0 group. Moreover, as in our previous study, variation of butyrate-producing bacteria was observed 
in the F0 and F1 generations. In the previous study, no significant variation in the composition of the bacterial flora was observed in 
the group that received an equal amount of CLO as the NOAEL, whereas significant variation at the phylum level was observed in 
the group that received a 10 times NOAEL dose. These results suggest that although the effects of an NOAEL dose of CLO on the 

Fig. 4.	 Composition of gut microbiota. A: Relative abundance of gut micro-
biota (group comparisons at the phylum level). No effect due to CLO was 
observed. B: Relative abundance of gut microbiota (group comparisons at 
the genus level). Variability was observed in 2 species in the F0 generation 
mice and in 5 species in 3-week-old F1 generation mice (indicated by red 
stars). (A, B: n=6 in each).
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gut microbiota are not significant, CLO may 
variate the composition of the gut microbiota 
of the next generation and may also affect the 
immune system.

This study revealed that CLO’s effect on 
gut microbiota extends to the next generation. 
Gut microbiota is reported to be associated 
with autoimmune diseases such as ulcerative 
colitis, Crohn’s disease, atopic dermatitis, and 
rheumatoid arthritis as well as depression, a 
neuropsychiatric disorder [52]. Therefore, CLO 
causing dysbiosis of the next generation is a 
serious problem that may have various adverse 
effects on the health of the next generation.
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