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Abstract

Imidacloprid (IMI) is the most frequently detected neonicotinoid pesticide in the environment. Despite typically low toxicity in vertebrates, IMI
exposure is associated with liver and gastrointestinal toxicity. The mechanism underlying IMI toxicity in mammals is unclear. Pesticide
exposure frequently activates xenobiotic nuclear receptors, such as the constitutive androstane receptor (CAR), to induce detoxification
phase | and phase Il genes. This study examined the role of CAR in mediating IMI off-target toxicity. Female Car™~ and wild-type (WT) mice
were orally administered imidacloprid (50 mg/kg, twice daily) for 21 days, following which serum, liver, and intestinal tissues were collected.
Liver tissue analysis indicated mild inflammation and induction of detoxification gene Cyp2b70 in IMI-exposed WT mice. The absence of CAR
increased hepatic IMI accumulation. Microbiome analysis of ileal samples revealed IMI altered microbial diversity in a genotype-specific
manner, with increased a-diversity in Car”~ mice while decreased a-diversity in WT mice. We observed Car”~ mice exhibit intestinal
alterations with decreased CYP-P450 expression, blunted villi height, and increased small intestine length and weight independent of IMI
exposure. Our results suggest that IMI is not overtly toxic. However, the absence of xenobiotic nuclear receptor CAR allows increased

accumulation of IMI in the liver and disrupts the villi structure and Cyp gene expression in the intestine.
Key Words: neonicotinoids, nuclear receptor, imidacloprid, toxicity, gastrointestinal tract, microbiome
Abbreviations: CAR, constitutive androstane receptor; IMI, imidacloprid; NR, nuclear receptor; PCR, polymerase chain reaction; PXR, pregnane X receptor;

WT, wild-type.

Neonicotinoids account for 25% of the pesticides used world-
wide. They are broad-spectrum insecticides with relatively
low toxicity in vertebrates [1]. Imidacloprid (IMI) is a routine-
ly used neonicotinoid, and an estimated 1 million pounds is
still being used today [2], highlighting the need to understand
the consequences of IMI exposure. IMI is predominantly me-
tabolized by oxidative cleavage and hydroxylation in mam-
mals [3], resulting in 6-chloronicotinic acid (6-CNA),
5-hydroxyimidacloprid (5-OH-IMI), olefin derivatives,
and desnitro-IMI (formed by reduction via aldehyde oxidase)
[4, 5]. Most IMI metabolites are less toxic, except for
desnitro-IMI, which is more harmful than the parent
compound in mice [6].

Despite being well tolerated, IMI can cause acute poisoning
and gastrointestinal symptoms at high doses in humans [7].
Sub-chronic IMI exposure in animal models shows disruption
of the gut barrier, induction of liver weight, oxidative stress
[8], and cytochrome P450 activity [3, 9, 10]. IMI irreversibly
binds to nicotinic acetylcholine receptors in insects, culminat-
ing in paralysis and death. But mammalian nicotinic receptors

do not bind IMI effectively, and the mechanism for
IMI-mediated gastrointestinal toxicity remains unclear.
Activation of xenobiotic nuclear receptors (NRs) such as the
constitutive androstane receptor (CAR) has been reported
with organochlorine (now banned), organophosphate, pyr-
ethroid, and carbamate pesticides [11, 12]. Recently, neonico-
tinoid thiacloprid was predicted to activate CAR and
pregnane X receptor, (PXR) in rats [13]. NRs are ligand-
dependent transcription factors that regulate a wide range of
physiological processes, including endocrine homeostasis, en-
ergy metabolism, and detoxification. Exposure to IMI, a glo-
bally used pesticide, has been found to mimic alterations in
these processes, resulting in disrupted steroidogenesis, liver
metabolism, and obesity [9, 14]. This raises the possibility
that IMI exposure may lead to alterations in NR signaling.
In addition to regulating drug/xenobiotic metabolism, CAR
can affect endocrine signaling by increasing the clearance of
estrogen, progesterone, and thyroid hormone [15]. Further,
endocrine signals can target CAR to regulate energy homeo-
stasis; for example, CAR activation is associated with
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alleviating obesity and diabetes [16, 17]. In fact, chronic diet-
ary pesticide exposure resulted in weight gain in Car~'~ female
mice [18]. Due to CAR’s detoxification, metabolic and endo-
crine roles, we investigated if this NR was involved in mediat-
ing IMI-induced gastrointestinal toxicity using wild-type
(WT) and Car™™ mice.

Materials and Methods

Animal Experiments

Female C57/BL6 mice (#000664) were purchased from
Jackson Laboratory. Car™~ mice were obtained from Dr.
David Moore’s laboratory as previously described [19]. The
mice were housed in flow cages at 24°C on a 12/
12-hour-light/dark cycle, with lights on starting at 6 am CST,
corresponding to zeitgeber time (ZT) 0. Female 8- to
10-week-old mice were used for all experiments. Mice were
allowed ad libitum access to a standard chow diet (Teklad
Global 18% Protein Rodent Diet, 2918, ENVIGO) and water.
WT and Car~~ mice were randomly divided into a control or
treatment group. With oral pipetting, control mice were dosed
with vehicle (honey, water, and DMSO mixture, 4:1:1 ratio).
Treatment group mice were dosed twice daily (at 7 am and 7
rM) for 21 days with 50 mg/kg imidacloprid (PESTANAL
analytical standard, Millipore Sigma) solubilized in a
honey-DMSO solvent. Mice were monitored for lethargy,
shaking, diarrhea, and body weights were measured once daily
over the 21-day treatment period. All mice were sacrificed at
ZT4-6. Blood serum and tissues (liver, ileum, colon, kidney,
and spleen) were collected for analysis. Tissue was flash-frozen
for RNA analysis or fixed in 10% formalin for histological
analysis. Genotype was confirmed by PCR (n=5-8 mice per
genotype) as described [19].

Quantitative Real Time-PCR Analysis

RNA from frozen whole liver tissue and ileum was isolated us-
ing TRIzol solution (Ambion) using the manufacturer’s proto-
col. A260/280 ratio and bleach RNA gel were used to
determine RNA quality [20]. RNA (3 pg) was DNased (New
England Biolabs) and reverse transcribed using random pri-
mer mix (New England Biolabs) and the Maxima Reverse
Transcriptase kit (Thermo Fisher Scientific). qRT-PCR was
performed in triplicates using PerfeCTa SYBR Green
FastMix (Quanta). 36b4 and Ywhaz were used as housekeep-
ing genes. Primer sequences of genes used are listed in
Supplementary Table S1 [21].

Microbiome Analysis

For analysis, 50 mg of flash-frozen ileal contents were col-
lected per subject, and DNA was extracted using the Qiagen
DNeasy PowerSoil Pro kit (Qiagen, Hilden, Germany) per
the manufacturer’s instructions. The V4-V5 region of the
16S rRNA gene was PCR amplified in triplicate, and pooled
barcoded libraries were then sequenced and analyzed with
QIIME2 analyzed software (v2020.2) [22-26].

IMI Quantification

IMI was quantified from 50 pL of serum samples and 50 to
100 mg of frozen liver samples. Frozen livers were powdered
using a mortar and pestle on liquid nitrogen. IMI was ex-
tracted using 0.5 mL acetonitrile solvent and quantified using
mass spectrometry (Metabolomics Center, UTUC).
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Statistical Analysis

All statistical analyses were performed using GraphPad Prism
software. Student’s unpaired 2-tailed ¢ test was used to com-
pare 2 groups. Two-way ANOVA with Bonferroni multiple
comparisons test was performed to compare 2 groups with
two treatments. Significance was determined by P<0.05.
Outliers were determined using Grubbs’ test and removed
from the analysis.

Study Approval

All animal studies were approved by the University of Illinois
at Urbana-Champaign Institutional Animal Care and Use
Comnmittee.

Results

Investigating the Hepatoxicity of Imidacloprid

The liver is the primary organ for detoxification, and previous
studies have reported hepatic IMI accumulation and hepato-
toxicity [27]. To mimic the most likely exposure route in hu-
mans, mice were orally fed IMI mixed into a honey solvent
(Fig. 1A). We selected a sub-acute period of 21 days of dosing,
since liver toxicity is reported between 15 to 28 days for mice
fed 15 to 20 mg/kg IMI [9, 28]. We selected a 50 mg/kg IMI
twice daily dosage, comparable to the estimated ingestion
amount in a retrospective cohort study that exhibited gastro-
intestinal symptoms upon IMI ingestion [7]. Serum levels of
aspartate transaminase (AST) and alanine transaminase
(ALT) are often induced upon liver injury, but IMI exposure
did not induce these markers (Fig. 1B and 1C). Serum trigly-
cerides also remained unaffected (Fig. 1D). Next, we exam-
ined the liver histology using hematoxylin and eosin staining
(Fig. 1E) but did not observe overt hepatocellular changes
[29]. However, IMI exposure resulted in pockets of inflamma-
tory cells in the hepatic lobules and mild pericholangitis. To
examine if CAR is activated in response to IMI, we analyzed
the expression of Cyp2b10, a bona fide transcriptional target
of CAR (NR1I3). We found that IMI treatment led to the in-
duction of Cyp2b10 (Fig. 1F). Apart from mild focal inflam-
mation and increased Cyp2b10 gene expression, IMI did not
lead to hepatoxicity in mice after 21 days of exposure.

Deletion of CAR Results in Accumulation of Hepatic
IMI Concentration, Not Hepatotoxicity

Car™~ and WT mice were exposed to IMI for 21 days, and the
levels of IMI in serum and the liver were measured using
LC-MS. As expected, vehicle-treated WT and Car™~ mice dis-
played no detectable levels of IMI. Intriguingly, Car~"~ mice
accumulated 1.7-fold more IMI in the serum, and 3-fold
more IMI in the liver than WT mice (Fig. 2A and 2B), suggest-
ing that CAR is necessary to control both the circulating and
hepatic IMI concentrations.

A frequent adverse effect of pesticide exposure is weight gain
[30]. Therefore, we monitored daily body weight changes as
percent difference of original body weight (Supplementary
Fig. S1A [21]) after IMI exposure. IMI exposure did not
show any significant difference in weight gain in either WT
or Car™™ mice (Table 1). We also analyzed and found no
change in the expression of Car transcript in the liver, ileum,
or kidney, all organs involved in IMI uptake, metabolism,
and clearance (Supplementary Fig. S1B [21]).
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Figure 1. Effect of imidacloprid on the liver. A, Mice were orally dosed with IMI (60 mg/kg BW) twice daily, for 21 days. Tissue samples were collected to
examine influence of IMI toxicity. B-D, Serum aspartate transaminase (AST), alanine transaminase (ALT), and triglycerides levels were not induced upon
this dose of IMI exposure. E, Representative images of hematoxylin and eosin-stained liver sections from control and IMI-fed mice. IMI-fed livers
showed mild inflammatory pockets. F, Detoxification gene Cyp2b10was induced in IMI-fed livers. Arrow indicates inflammatory cell cluster. Values are
displayed as mean + SD. Statistics were calculated using Student t test analysis. ***P<0.001. N=6 mice per group. Schematic was created with

BioRender.com.

Car”’~ Mice Have Altered Small Intestine
Morphology

Since IMI has been reported to have multi-organ adverse ef-
fects, organ weights (liver, small intestine, colon, kidney,
and spleen) were analyzed with respect to the body weights
(Table 1). The kidney and spleen were examined for toxicity
as they are additional sites of IMI accumulation [31, 32].
Kidney and spleen weights were unaltered, although Car™"~
mice exposed to IMI had a decreasing trend compared to ve-
hicle control (Table 1). Kidney and spleen histological features
were comparable between treatment and genotype
(Supplementary Fig. S2 [21]). Neither treatment nor genotype
significantly altered hepatosomatic index (liver to body weight
ratio). Surprisingly, despite accumulating more IMI, Car~'~
livers did not show an increase in inflammation but rather
were milder than WT mice (Supplementary Fig. S1D [21]).
Absorption in the gut is important for orally ingested pesti-
cides to exert potential toxicity. IMI is rapidly taken up by in-
testinal transporters [33] and can also disrupt the colon’s tight
junctions, resulting in increased intestinal permeability and
decreased ileal bile acid transporter gene expression [8, 34].
Thus, to assess the role of CAR in IMI-mediated intestinal tox-
icity, both the small and large intestine (along with luminal
contents) were collected from WT and Car™~ mice. While
we did not observe any intestinal or colon dysfunction
post-IMI, intriguingly, loss of CAR was sufficient to increase
small intestine weight and length significantly (Table 1).

Intestinal Expression of Cyp Genes and lleal
Structure Were Lost in Car”’~ Mice

IMI toxicity can be attributed to increased reactive oxygen
species generation, inflammation, and toxic metabolite forma-
tion. To test if these mechanisms were employed in Car™'~
mice, quantitative polymerase chain reaction (PCR) analysis
of liver and ileal gene expression were performed.

Hepatic metabolism can be a double-edged sword; while it
is crucial for detoxification and clearance of pesticides, it can
also produce toxic metabolites. Mammalian metabolism of
IMI occurs predominantly by oxidative cleavage and hydrox-
ylation [3], forming IMI metabolites such as 6-chloronicotinic
acid, 5-OH-IMI, olefin derivatives, and, desnitro-IMI (formed
by reduction via aldehyde oxidase) [4, 5]. In particular, hu-
man cytochrome P450 3A4 [35] is important for IMI
metabolism.

Because CAR is known to transcriptionally control several
members of the CYP P450 family and aldehyde oxidase [36],
we examined if IMI metabolism is altered in Car™~ mice. We
measured Cyp3all expression, the mouse homolog of human
CYP3A4 (responsible for imidazolidine oxidation in vitro)
(Fig. 2C) [3], Cyp2el, responsible for nitroimine reduction
(Fig. 2D), and phase II Su/t2al because increased sulfotrans-
ferase expression has been reported in IMI resistant insects
(Fig. 2E) [37]. In addition to their previously reported roles
in IMI metabolism, these genes are also bona fide targets
of CAR. In contrast to previous studies in lizards and fish
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Figure 2. Excess IMI accumulation in the Car™ liver does not alter hepatic Cyp450 gene expression. Serum and liver tissue was analyzed by mass
spectrometry to measure IMI accumulation. Car™”~ mice accumulated more IMI than wild-type mice (A-B). Car~~ and wild-type livers (control and IMI-fed)
were examined to quantify expression of genes involved in detoxification and oxidative stress. Hepatic gene expression of phase | genes Cyp3a17 (C),
CypZ2e1(D), and phase Il Sult2a1 (E) and antioxidant regulating transcription factor Nrf2 (F) was unaltered by IMI exposure. Values are displayed as mean +
SD. Statistics were calculated using two-way ANOVA with Bonferroni post hoc analysis. *P <0.05, ***P <0.001, ****P <0.0001. N=5-8 mice per

group.

/—

[38, 39], IMI did not induce xenobiotic-metabolizing phase I Surprisingly, Car™"~ ileum displayed significantly blunted

genes in either WT or Car™" livers (Fig. 2). Cyp expression than WT mice, independent of IMI exposure
Furthermore, several genes involved in phase II conjugation (Fig. 3A-3C).
(Gstal, Gstm2, Gstpl, and Sultlel), oxidative stress (Ngol, Next, we examined IMTI’s role in hepatic and ileal reactive

Aox1, Akr), and proliferation (Cyclin D1, Cyclin B1) oxygen species generation. Transcription factor Nrf2 regu-
(Supplementary Fig. S3A-S3] [21]) remained unaffected by lates the expression of antioxidant proteins during oxidative

IMI exposure. stress [40]. IMI exposure did not alter N7f2 expression in ei-
Since the absence of CAR resulted in morphological ther group, suggesting an absence of oxidative stress

changes in the small intestine, we examined the expression (Figs. 2F and 3D).

of Cyps and other metabolic genes. We chose to study the Since Car™’~ mice ileum showed contrasting features with

ileum as IMI was shown to reduce ileal gene expression. WT mice, we examined the intestinal villi, the functional

Table 1. Gross organ and body weight measurements of WT and Car~’~ mice treated either with vehicle or IMI

Organ WT vehicle WT IMI Car™" vehicle Car™~ IMI
Body weight (g) 21.27+0.7 20.65+0.78 19.41+1.9 19.3+0.66
Liver weight (g) to body weight (g) % 4.52+0.3 4.55+0.3 4.34+0.2 4.57+0.4

SI weight (g) to body weight (g) % 3.97+0.1 3.72+0.7 5.66+0.9%* 5.22+0.89%
SI length (cm) to body weight (g) % 152.9+6.4 159.5+4.4 1921 +£12.4%%** 197.4 £ 5.3%%%*
Colon weight (g) to body weight (g) % 1.3+0.2 1.3+0.3 1.48+0.2 1.49+0.4
Colon length (cm) to body weight (g) % 32.94+1.7 35.13+2.1 37.03+3.6 36.91+3.8
Kidney weight (g) to body weight (g) % 1.13+0.04 1.17+0.02 1.41+0.09 1.07+0.07
Spleen weight (g) to body weight (g) % 0.31+0.01 0.34+0.04 0.4+0.1 0.31+0.07

Values are displayed as mean + SD. N = 5-8 mice per group. Statistics were calculated using two-way ANOVA with Bonferroni post hoc analysis.
Abbreviations: IMI, imidacloprid; SI, small intestine; WT, wild-type. *P < 0.05, **P < 0.001, ****P <0.0001, Car~"~ control with respect to WT control and
Car™~ IMI with respect to WT IMI.
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Figure 3. Absence of CAR drastically reduced ileal Cyp450 gene expression and alters villi length while IMI reduces mucus production in the ileum. lleal
tissues from Car™~ and wild-type mice (control and IMI-fed) were examined to quantify expression of genes involved in detoxification and oxidative stress.
lleal expression of phase | genes Cyp3al1 (A), Cyp2eT (B), Cyp2b10 (C), were unaltered by IMI exposure. However, Cyp3a171 (A) and Cyp2ZeT (B)

expression, was blunted in Car™~ ileum. Expression of Nrf2 gene, which is a key regulator of antioxidant mechanismswas also unaltered by IM| exposure
(D). Values are displayed as mean + SD. N = 5-8 mice per group. lleum tissue sections were analyzed for villi structure and mucin production by Alcian Blue/
Periodic Acid-stain (E). Car™~ villi had decreased length compared to wild-type control (F). Goblet cells were decreased in IMI-treated wild-type and Car™~
mice compared to their respective control group (G). Statistics were calculated using two-way ANOVA with Bonferroni post hoc analysis. * P<0.05, **P<

0.01. N=5 mice per group, 15 villi per mouse. 200 pm.

unit for digestion, absorption, and secretion in the intestine
(Fig. 3E). Villi height and shape can be regulated by dietary
factors, and toxins [41]. Villi height can also be under NR con-
trol; PPAR activation can increase villi height, whereas mu-
tated TRo in mice decreases villi size [42, 43]. We found
that IMI increased villi height in Car™~ mice but not WT
mice (Fig. 3F). Goblet cells in the ileum produce acidic and
neutral mucus [44]. IMI decreased mucus production in
both WT and Car™"~ mice (Fig. 3G).

IMI Influence on lleum Microbiome

The gut microbiome has been shown to be critical in modulat-
ing gut barrier function through numerous mechanisms [45].
Therefore we wanted to investigate if IMI altered the ileal mi-
crobiome as another potential mechanism for impacting gut
barrier function. Car~'~ mice had higher levels and/or were
more consistently colonized with Clostridiaceae and
Erysipelotrichaceae compared with the WT mice, regardless
of treatment status (Fig. 4A and 4B). However, the untreated

Car™~ mice had more prevalence of Desulfovibrionaceae
and Streptococcaceae compared to IMI-treated Car™~ mice
or WT mice with or without treatment, where it was
either absent or present at significantly lower levels.
Interestingly, IMI treatment of Car™~ mice increased the
prevalence of Lachnospiraceae, but this was not observed in
WT mice. Whereas WT mice had a higher prevalence of
Bifidobacteriaceae and Bacillaceae compared to Car™'~ mice,
neither family was heavily impacted by treatment. In fact, there
did not seem to be any major shifts in the prevalence of ileal
bacterial families in WT mice due to IMI treatment (Fig. 4A
and 4B). The core bacterial members were determined at a
prevalence of 0.01% and an abundance of 0.01% for each of
the genotypes, treatment groups, and across all 4 groups,
and it was found that Lactobacillaceae were present in all 4
groups as part of an overall core ileal microbiome.
Interestingly, treatment with IMI resulted in a statistically sig-
nificant increase in the number of observed species in Car™'~
mice (P value 0.01). In contrast, there was a statistically signifi-
cant reduction in the observed species in IMI-treated WT mice
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Figure 4. Influence of Imidacloprid on ileum microbiota. Abundance heat map of bacterial families varied more by the genotype than treatment (A).
Taxonomic abundance plots showed Erysipelotrichaceae spp more prevalent in Car~~, while Bacillaceae spp were present in higher levels in WT (B).
Number of observed species based on amplicon sequence variant (ASV) present in each type of treatment (C). Shannon diversity (evenness and
distribution) of bacterial species (D). Bray Curtis PCoA plot shows bacterial communities clustered more by genotype than treatment (E).

compared to the WT control (P value 0.01) (Fig. 4C).
Similarly, there was a significant increase in the Shannon diver-
sity in Car™'~ mice after IMI treatment (P value 0.01), while the
Shannon diversity decreased in the WT mice after IMI expos-
ure (P value 0.01) (Fig. 4D). Examining the beta diversity of
the samples found that the samples did not cluster tightly to-
gether based on any one variable, which suggests a large
amount of variation in the microbiome composition among
all the mice. However, the samples did separate based on the
WT genotype vs Car~'~ mice, but these samples did not cluster
based on IMI for either genotype (Fig. 4E). Based on these re-
sults, IMI does not appear to cause large shifts in the compos-
ition of the ileal microbiome overall for either Car™~ or WT
mice but instead impacts a few bacterial families to the point
that those community members almost or do disappear entire-
ly. These bacterial community shifts are enough to alter the
overall diversity of the ileal microbiome, but the impact de-
pends on the initial starting microbiome composition.

Discussion

Imidacloprid (IMI), the first neonicotinoid pesticide, has be-
come the pesticide of choice for agriculture, infrastructure,
and pets. Neonicotinoids are detectable in the environment,
and IMI had the highest frequency of occurrence, present in
over 50% of the collected samples of honey [46]. Data from
the National Health and Nutrition Examination Survey

(NHANES) indicate that IMI and its metabolite 5-OH-IMI
are detectable in the USA general population. IMI metabolites
had a higher detection frequency and concentration than the
parent compound [47, 48]. We investigated the role of the
xenobiotic NR CAR, since CYP450 activation, altered metab-
olism, and hepatocyte hypertrophy noted upon IMI exposure
are all cellular processes known to be regulated by CAR [44,
45]. The liver and small intestine are two major metabolic sites
for xenobiotic transformation as well as for the expression of
CAR [49, 50], which coordinates the transcription of phase I
and phase II detoxification genes.

IMI exposure is associated with altered metabolism, obes-
ity, and gut barrier disruption [8, 9, 14], and CAR function
is linked with these cellular outcomes. Therefore, to test if
IMI-mediated gastrointestinal defects were CAR-driven, we
orally dosed control and Car™~ mice with IMI.

Consistent with earlier in vitro studies, where human hepat-
ic CYP2B6 was found to metabolize IMI [3], we found that
mouse homolog, Cyp2b10 was induced in murine livers
upon IMI exposure. Importantly, CAR deletion led to a dra-
matic decrease in Cyp2b10 gene expression that correlated
well with an increase in serum and hepatic IMI accumulation.

Despite an increase in hepatic IMI content in Car~'~ mice,
we do not observe obvious hepatotoxicity, which contrasts
with previous studies that showed a mild increase in serum liv-
er injury markers [9, 28]. A retrospective IMI case study also
revealed that 4 patients (out of 128) developed delayed liver

€20z Aleniged /g Uo Jesn Sy SInyisu| [e01UY9s | -001sAUd 80| Aq ZG 101 L9/ LOBAA/Z |/9/al0IE/S8l/W0o" dno"dlWapeoe/:sdpy WOl pepeojumod



Journal of the Endocrine Society, 2022, Vol. 6, No. 12

injury [51]. The dose, timing, oral delivery, and vehicle may
contribute to this discrepancy. It is possible that using honey,
a rich source of antioxidant polyphenolic acids [52, 53], albeit
routinely used as a delivery vehicle [54], may alleviate some
toxic effects. Polyphenols protect against pesticide toxicity
[55], but we do not think this is the case since we used a small
dose of honey (2 g/kg body weight) [56]. On the other hand, in
a mouse cancer study, despite IMI being administered at a
much higher dose of up to 208 mg/kg/day and 274 mg/kg/
day for 2 years (MRIDs 42256335 and 42256336) [57], no
changes in serum chemistry, gross or histopathology were re-
ported. These data, including our findings, indicate that IMI is
well tolerated by the liver. To reconcile the conflicting findings
[8, 14, 28, 58], we posit that more likely additional hits, like
diet-induced obesity [14], may elicit a toxic response to IMI
exposure.

We then investigated IMI’s effect on the gastrointestinal
tract by analyzing the liver and the intestinal CYP450 gene ex-
pression and the ileal gut microbiome. Previously, IMI expos-
ure was shown to alter the intestinal barrier and the colon
microbiome [8]. Few studies have examined CAR and gut mi-
crobiome interaction. One study suggested that the activity
and expression of CAR in the colon can be altered by the
gut microbiota [59], and its expression is linked to mucosal
homeostasis (colon), cecal and fecal microbiome diversity,
and basal expression of certain intestinal CYPs [50, 59-62].

In this paper, apart from the liver, we also focused on the
ileum. Compared with WT mice, we found an increase in
length and weight of the small intestine but shortened villi in
the ileum, changes in P450 gene expression, and the ileal mi-
crobiome in Car™'~ mice. Of note, variation in small intestine
length is linked with either adaptation to nutrient availability
or intestinal disease [63].

CYP expression and metabolism of certain drugs (phen-
acetin and flurazepam) have been previously identified in the
gut [64]. Car™~ ileum displayed low expression of Cyp2el,
which, when induced, has been shown to increase gut leaki-
ness [65]. Although we observed a trend for Cyp2el induction
in IMI-treated WT ileum, it was not statistically significant.
We also observed a reduction in mucous-secreting cells with
Alcian blue staining upon IMI exposure in WT and Car™~
ileum, indicative of a possible gut barrier dysfunction.

Concomitantly, we found that IMI modified abundance and mi-
crobiome diversity in a genotype-specific manner, with an increase
in Car '~ buta decrease in WT female ileum. In contrast, male mice
fed IMI for 70 days had increased colon microbial diversity [8].
The differences in the duration of IMI treatment, sex, and the intes-
tine region could contribute to the observed discrepancy.
Importantly, our finding of a higher abundance of the ileal micro-
biome aligns with recent results from cecal and fecal Car™~
samples [61, 62]. Car™~ ileum also had increased microbiome
diversity. The absence of CAR expression can increase
pro-inflammatory  bacteria  [62]. We find  bacteria
Erysipelotrichaceae, positively associated with inflammatory
mouse models [66], increase uniquely in Car™~ ileum.
When examining the effect of environmental contaminants on bac-
terial abundance via NR modulation, a study found that
Aroclor1260-exposed Car”~ mice on a high-fat diet had
higher levels of the Lachnospiraceae family. IMI-exposed Car™'~
mice exhibited a similar increase in Lachnospiraceae [61].
Streptococcaceae and  Desulfovibrionaceae had increased
abundance in control Car™~ ileum but were absent upon IMI ex-
posure. The decrease in Desulfovibrionaceae upon neonicotinoid

exposure has been previously reported [67]. Gut dysbiosis is
associated with liver disease. For example, patients with non-
alcoholic fatty liver disease have a microbiome enriched with
Lachnospiracea, Erysipelotrichaceae, and Streptococcaceae [68].
Thus, altered gut microbiota observed in IMI-exposed and control
Car™™ mice may increase susceptibility to liver diseases.

Some limitations of this study include using a single dose of
IMI and only studying females. The rationale for selecting fe-
male mice is that the detection of IMI is higher in females than
males [69], and there is increasing evidence of adverse effects
of IMI on female reproductive toxicity; for instance, female
rats exposed to IMI for 90 days had serum hormonal changes
with increased follicle-stimulating hormone (FSH), decreased
luteinizing hormone (LH), and progesterone levels [70]. In
addition, CAR activation is more robust in female mice. But
future studies must include both sexes in order to determine
if there is a sex-specific response to IMI.

In conclusion, we find the dose of IMI we tested is not overtly
toxic. Nevertheless, we uncovered an ileal role of CAR in
maintaining gut function and microbiota. Reduced P450 ex-
pression in Car~'~ ileum could indicate reduced metabolic cap-
acity and increased susceptibility to xenobiotics. However
further studies are necessary to understand the intestinal role
of CAR fully.

Acknowledgments

We want to thank Dr. Craig Parker and Steven Huynh at the
ARS, USDA, who performed the ileal microbiome sequencing
at the University of Arizona. We thank the Roy Carver metab-
olomics core at UIUC for serum and liver IMI analysis and
quantification.

Funding

This study was supported by the University of Illinois
Toxicology and Environmental Health Interdisciplinary
Environmental Toxicology Program with a T32 Tox
Scholarship to A.S. and a summer research outreach program
award to M.G., R0O1 DK113080, UIUC startup funds, and a
seed grant from the Cancer Center at Illinois from
University of Illinois, Urbana-Champaign to S.A.

Conflict of Interest

The authors declare that they have no conflicts of interest with
the contents of this article.

Data Availability

Microbiome sequence data is deposited on GenBank as
BioProject accession number: PRJNA826115. https:/www.
ncbi.nlm.nih.gov/sra/PRJNA8261135.

References

1. Thompson DA, Lehmler H-]J, Kolpin DW, et al. A critical review on
the potential impacts of neonicotinoid insecticide use: current
knowledge of environmental fate, toxicity, and implications for hu-
man health. Environ Sci Process Impacts. 2020;22(6):1315-1346.

2. U.S. Geological Survey. 2019 Pesticide Use Maps -. Accessed
October 20, 2021. https:/water.usgs.gov/nawqa/pnsp/usage/maps/
show_map.php?year=2019&map=IMIDACLOPRID&hilo=L

3. Schulz-Jander DA, Casida JE. Imidacloprid insecticide metabolism:
human cytochrome P450 isozymes differ in selectivity for

€20z Aieniged /g uo Jasn Syy 8)njisul [B1UL0S | -001sAUd 80| A 2101 L9/GH L OBAG/Z |/9/8IoIME/SBl/W00 dNO"dlWapEeoe)/:SAjY WOy POPECIUMOQ


https://www.ncbi.nlm.nih.gov/sra/PRJNA826115
https://www.ncbi.nlm.nih.gov/sra/PRJNA826115
https://water.usgs.gov/nawqa/pnsp/usage/maps/show_map.php?year=2019&amp;map=IMIDACLOPRID&amp;hilo=L
https://water.usgs.gov/nawqa/pnsp/usage/maps/show_map.php?year=2019&amp;map=IMIDACLOPRID&amp;hilo=L

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

imidazolidine oxidation versus nitroimine reduction. Toxicol Lett.
2002;132(1):65-70.

Wang A, Mahai G, Wan Y, ez al. Assessment of imidacloprid related
exposure using imidacloprid-olefin and desnitro-imidacloprid: neon-
icotinoid insecticides in human urine in Wuhan, China. Environ Int.
2020;141:105785.

Swenson TL, Casida JE. Aldehyde oxidase importance in vivo in
Xenobiotic metabolism: imidacloprid nitroreduction in mice.
Toxicol Sci. 2013;133(1):22-28.

Tomizawa M, Lee DL, Casida JE. Neonicotinoid insecticides: mo-
lecular features conferring selectivity for insect versus mammalian
nicotinic receptors. | Agric Food Chem. 2000;48(12):6016-6024.
Sriapha C, Trakulsrichai S, Tongpoo A, Pradoo A, Rittilert P,
Wananukul W. Acute imidacloprid poisoning in Thailand. Ther
Clin Risk Manag. 2020;16:1081-1088.

Yang G, Yuan X, Jin C, ez al. Imidacloprid disturbed the gut barrier
function and interfered with bile acids metabolism in mice. Environ
Pollut. 2020;266(Pt 1):115290.

Zheng M, Qin Q, Zhou W, et al. Metabolic disturbance in hippo-
campus and liver of mice: a primary response to imidacloprid ex-
posure. Sci Rep. 2020;10(1):5713.

Shi X, Dick RA, Ford KA, Casida JE. Enzymes and inhibitors in ne-
onicotinoid insecticide metabolism. | Agric Food Chem. 2009;57-
(11):4861-4866.

Abass K, Limsi V, Reponen P, ef al. Characterization of human
cytochrome P450 induction by pesticides. Toxicology. 2012;
294(1):17-26.

Baldwin WS, Roling JA. A concentration addition model for the ac-
tivation of the constitutive androstane receptor by Xenobiotic mix-
tures. Toxicol Sci. 2009;107(1):93-105.

Alarcan J, Sprenger H, Waizenegger J, et al. Transcriptomics ana-
lysis of hepatotoxicity induced by the pesticides imazalil, thiaclo-
prid and clothianidin alone or in binary mixtures in a 28-day
study in female wistar rats. Arch Toxicol. 2021;95(3):1039-1053.
Sun Q, Xiao X, Kim Y, et al. Imidacloprid promotes high fat
diet-induced adiposity and insulin resistance in male C57BL/6]
mice. | Agric Food Chem. 2016;64(49):9293-9306.

Tien ES, Negishi M. Nuclear receptors CAR and PXR in the regu-
lation of hepatic metabolism. Xenobiotica Fate Foreign Compd
Biol Syst. 2006;36(10-11):1152-1163.

Cai X, Feng Y, Xu M, Yu C, Xie W. Gadd45b is required in part for
the anti-obesity effect of constitutive androstane receptor (CAR).
Acta Pharm Sin B. 2021;11(2):434-441.

Breuker C, Moreau A, Lakhal L, ef al. Hepatic expression of thy-
roid hormone-responsive spot 14 protein is regulated by constitu-
tive androstane receptor (NR1I3). Endocrinology. 2010;151(4):
1653-1661.

Lukowicz C, Ellero-Simatos S, Régnier M, et al. Metabolic effects of
a chronic dietary exposure to a low-dose pesticide cocktail in mice:
sexual dimorphism and role of the constitutive androstane receptor.
Environ Health Perspect. 2018;126(6):067007.

Wei P, Zhang ], Egan-Hafley M, Liang S, Moore DD. The nuclear
receptor CAR mediates specific xenobiotic induction of drug me-
tabolism. Nature. 2000;407(6806):920-923.

Aranda PS, Lajoie DM, Jorcyk CL. Bleach gel: a simple agarose gel
for analyzing RNA quality. Electrophoresis. 2012;33:366-369.
Sen A, Goforth M, Cooper K, Anakk S. Deletion of constitutive an-
drostane receptor led to intestinal alterations and increased imida-
cloprid in murine liver. 2022; Mendeley Data, V1, doi: 10.17632/
hbxtzs3zhd.1, https://data.mendeley.com/datasets/hbxtzs3zhd/1
Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP. DADA2: High-resolution sample inference from illumi-
na amplicon data. Nat Methods. 2016;13(7):581-583.

Bolyen E, Rideout JR, Dillon MR. Reproducible, interactive, scal-
able and extensible microbiome data science using QIIME 2. Nat
Biotechnol. 2019;37(8):852-857.

Mcmurdie PJ, Holmes S. Shiny-phyloseq: web application for inter-
active microbiome analysis with provenance tracking.
Bioinformatics. 2015;31(2):282-283.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

38.

39

40.

41.

42.

43.

44,

Journal of the Endocrine Society, 2022, Vol. 6, No. 12

Lahti L, Shetty S, Blake T, Salojarvi J. Tools for microbiome ana-
lysis in  R. Version; 2017. http://microbiome.github.com/
microbiome

Oksanen FJ, Blanchet FG, Friendly M, et al. Vegan: Community
Ecology Package. R package Version; 2017.

Marrs TC. Mammalian Toxicology of Insecticides. Royal Society of
Chemistry; 2012.

Arfat Y, Mahmood N, Tahir MU, et al. Effect of imidacloprid on
hepatotoxicity and nephrotoxicity in male albino mice. Toxicol
Rep. 2014;1:554-561.

Goodman ZD. Grading and staging systems for inflammation and
fibrosis in chronic liver diseases. | Hepatol. 2007;47(4):598-607.
Ren X-M, Kuo Y, Blumberg B. Agrochemicals and obesity. Mol
Cell Endocrinol. 2020;515:110926.

Roy CL, Jankowski MD, Ponder J, Chen D. Sublethal and lethal
methods to detect recent imidacloprid exposure in birds with appli-
cation to field studies. Enwviron Toxicol Chem. 2020;39(7):
1355-1366.

Berheim EH, Jenks JA, Lundgren JG, Michel ES, Grove D, Jensen
WE. Effects of neonicotinoid insecticides on physiology and repro-
ductive characteristics of captive female and fawn white-tailed deer.
Sci Rep. 2019;9(1):4534.

Brunet J-L, Maresca M, Fantini J, Belzunces LP. Human intestinal
absorption of imidacloprid with caco-2 cells as enterocyte model.
Toxicol Appl Pharmacol. 2004;194(1):1-9.

Zhao G-P, Wang X-Y, Li J-W, et al. Imidacloprid increases intes-
tinal permeability by disrupting tight junctions. Ecotoxicol
Environ Saf. 2021;222:112476.

Schulz-Jander DA, Leimkuehler WM, Casida JE. Neonicotinoid in-
secticides: reduction and cleavage of imidacloprid nitroimine sub-
stituent by liver microsomal and cytosolic enzymes. Chem Res
Toxicol. 2002;15(9):1158-1165.

. Hernandez JP, Mota LC, Baldwin WS. Activation of CAR and PXR

by dietary, environmental and occupational chemicals alters drug
metabolism, intermediary metabolism, and cell proliferation.
Curr Pharmacogenomics Person Med. 2009;7(2):81-105.
Epelboin Y, Wang L, Gianetto QG, et al. CYP450 Core involve-
ment in multiple resistance strains of aedes aegypti from French gui-
ana highlighted by proteomics, molecular and biochemical studies.
PloS One. 2021;16(1):0243992.

Wang Y, Han Y, Xu P, Guo B, Li W, Wang X. The metabolism dis-
tribution and effect of imidacloprid in Chinese lizards (Eremias ar-
gus) following oral exposure. Ecotoxicol Environ Saf. 2018;165:
476-483.

. Ozdemir S, Altun S, Arslan H. Imidacloprid exposure cause the

histopathological changes, activation of TNF-a, iNOS, 8-OHdG bi-
omarkers, and alteration of caspase 3, iINOS, CYP1A, MT1 gene
expression levels in common carp (Cyprinus carpio L.). Toxicol
Rep. 2017;5:125-133.

Nguyen T, Huang HC, Pickett CB. Transcriptional regulation of
the antioxidant response element. Activation by Nrf2 and repres-
sion by MafK. | Biol Chem. 2000;275(20):15466-15473.
Incharoen T, Yamauchi K, Erikawa T, Gotoh H. Histology of intes-
tinal villi and epithelial cells in chickens fed low-crude protein or
low-crude fat diets. Ital | Anim Sci. 2010;9(4):e82.

Biinger M, van den Bosch HM, van der Meijde ], Kersten S,
Hooiveld GJE]J, Miiller M. Genome-wide analysis of PPARa activa-
tion in murine small intestine. Physiol Genomics. 2007;30(2):
192-204.

Bao L, Roediger J, Park S, et al. Thyroid hormone receptor alpha
mutations lead to epithelial defects in the adult intestine in a mouse
model of resistance to thyroid hormone. Thyroid. 2019;29(3):
439-448.

Gouyer V, Gottrand F, Desseyn J-L. The extraordinarily complex
but highly structured organization of intestinal mucus-gel unveiled
in multicolor images. PloS One. 2011;6(4):¢18761.

. Alam A, Neish A. Role of gut microbiota in intestinal wound heal-

ing and barrier function. Tissue Barriers. 2018;6(3):1539595.

€20z Aieniged /g uo Jasn Syy 8)njisul [B1UL0S | -001sAUd 80| A 2101 L9/GH L OBAG/Z |/9/8IoIME/SBl/W00 dNO"dlWapEeoe)/:SAjY WOy POPECIUMOQ


https://doi.org/10.17632/hbxtzs3zhd.1
https://doi.org/10.17632/hbxtzs3zhd.1
https://data.mendeley.com/datasets/hbxtzs3zhd/1
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome

Journal of the Endocrine Society, 2022, Vol. 6, No. 12

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Mitchell EAD, Mulhauser B, Mulot M, Mutabazi A, Glauser G,
Aebi A. A worldwide survey of neonicotinoids in honey. Science.
2017;358(6359):109-111.

Ospina M, Wong L-Y, Baker SE, Serafim AB, Morales-Agudelo P,
Calafat AM. Exposure to neonicotinoid insecticides in the U.S.
General population: data from the 2015-2016 national health
and nutrition examination survey. Environ Res. 2019;176:108555.
Ford KA, Casida JE. Chloropyridinyl neonicotinoid insecticides: di-
verse molecular substituents contribute to facile metabolism in
mice. Chem Res Toxicol. 2006;19(7):944-951.

Kaminsky LS, Zhang Q-Y. The small intestine as a xenobiotic-
metabolizing organ. Drug Metab Dispos Biol Fate Chem. 2003;31-
(12):1520-1525.

Park S, Cheng SL, Cui JY. Characterizing drug-metabolizing en-
zymes and transporters that are bona fide CAR-target genes in
mouse intestine. Acta Pharm Sin B. 2016;6(5):475-491.

Sriapha C, Trakulsrichai S, Intaraprasong P, et al. Imidacloprid poi-
soning case series: potential for liver injury. Clin Toxicol.
2020;58(2):136-138.

Cianciosi D, Forbes-Herndndez TY, Afrin S, et al. Phenolic com-
pounds in honey and their associated health benefits: A review.
Mol ] Synth Chem Nat Prod Chem. 2018;23(9):2322.

Lafraxo H, Bakour M, Laaroussi H, et al. The synergistic beneficial
effect of thyme honey and olive oil against diabetes and its compli-
cations induced by alloxan in wistar rats. Evid-Based Complement
Altern Med. ECAM. 2021;2021:9949056.

Hernandez JP, Huang W, Chapman LM, Chua S, Moore DD,
Baldwin WS. The environmental estrogen, nonylphenol, activates
the constitutive androstane receptor. Toxicol Sci Off ] Soc
Toxicol. 2007;98(2):416-426.

Brozni D, Marini ], Tota M. Kinetic evaluation of imidacloprid deg-
radation in mice organs treated with olive oil polyphenols extract.
Croat Chem Acta. 2008;81:203-209.

Zhao H, Cheng N, He L, et al. Hepatoprotective effects of the hon-
ey of Apis cerana fabricius on bromobenzene-induced liver damage
in mice. J. Food Sci. 2018;83(2):509-516.

Regulations.gov. Accessed March 1, 2022. httpsi/www.
regulations.gov/document/EPA-HQ-OPP-2008-0844-0137

Sheets LP. Chapter 95 - Imidacloprid: A neonicotinoid insecticide.
In: Krieger R, ed. Hayes’ Handbook of Pesticide Toxicology
(Third Edition). Academic Press; 2010:2055-2064.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Lundin A, Bok CM, Aronsson L, et al. Gut flora, toll-like receptors
and nuclear receptors: a tripartite communication that tunes innate
immunity in intestine. Cell Microbiol. 2008;10(5):
1093-1103.

Hudson GM, Flannigan KL, Erickson SL, et al. Constitutive an-
drostane receptor regulates the intestinal mucosal response to in-
jury. Br ] Pharmacol. 2017;174(12):1857-1871.

Wahlang B, Alexander NC, Li X, Rouchka EC, Kirpich IA, Cave

MC. Polychlorinated biphenyls altered gut microbiome in CAR

large

and PXR knockout mice exhibiting toxicant-associated steatohepa-
titis. Toxicol Rep. 2021;8:536-547.

Little M, Dutta M, Li H, et al. Understanding the physiological
functions of the host xenobiotic-sensing nuclear receptors PXR
and CAR on the gut microbiome using genetically modified mice.
Acta Pharm Sin B. 2022;12(2):801-820.

Weaver LT, Austin S, Cole TJ. Small intestinal length: a factor es-
sential for gut adaptation. Guz. 1991;32(11):1321-1323.

Chang GWM, Kam PCA. The physiological and pharmacological
roles of cytochrome P450 isoenzymes. Anaesthesia. 1999;54(1):
42-50.

Forsyth CB, Voigt RM, Shaikh M, et al. Role for intestinal CYP2E1
in alcohol-induced circadian gene-mediated intestinal hyperperme-
ability. Am | Physiol - Gastrointest Liver Physiol. 2013;305(2):
G185-G195.

Kaakoush NO. Insights into the role of Erysipelotrichaceae in the
human host. Front Cell Infect Microbiol. 2015;5:84.

Yan S, Tian S, Meng Z, et al. Imbalance of gut microbiota and fecal
metabolites in offspring female mice induced by nitenpyram expos-
ure during pregnancy. Chemosphere. 2020;260:127506.

Shen F, Zheng R-D, Sun X-Q, Ding W-J, Wang X-Y, Fan J-G. Gut
microbiota dysbiosis in patients with non-alcoholic fatty liver dis-
ease. Hepatobiliary Pancreat Dis Int. 2017;16(4):375-381.

Tao Y, Dong F, Xu J, et al. Characteristics of neonicotinoid imida-
cloprid in urine following exposure of humans to orchards in
China. Environ Int. 2019;132:105079.

Kapoor U, Srivastava MK, Srivastava LP. Toxicological impact of
technical imidacloprid on ovarian morphology, hormones and anti-
oxidant enzymes in female rats. Food Chem Toxicol. 2011;49(12):
3086-3089.

€20z Aieniged /g uo Jasn Syy 8)njisul [B1UL0S | -001sAUd 80| A 2101 L9/GH L OBAG/Z |/9/8IoIME/SBl/W00 dNO"dlWapEeoe)/:SAjY WOy POPECIUMOQ


https://www.regulations.gov/document/EPA-HQ-OPP-2008-0844-0137
https://www.regulations.gov/document/EPA-HQ-OPP-2008-0844-0137

	Deletion of Constitutive Androstane Receptor Led to Intestinal Alterations and Increased Imidacloprid �in Murine Liver
	Materials and Methods
	Animal Experiments
	Quantitative Real Time-PCR Analysis
	Microbiome Analysis
	IMI Quantification
	Statistical Analysis
	Study Approval

	Results
	Investigating the Hepatoxicity of Imidacloprid
	Deletion of CAR Results in Accumulation of Hepatic IMI Concentration, Not Hepatotoxicity
	Car−/− Mice Have Altered Small Intestine Morphology
	Intestinal Expression of Cyp Genes and Ileal Structure Were Lost in Car−/− Mice
	IMI Influence on Ileum Microbiome

	Discussion
	Acknowledgments
	Funding
	Conflict of Interest
	Data Availability
	References




