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HIGHLIGHTS

e We examined detectable neonicotinoids with insulin and glucose homeostasis parameters.

e Detectable imidacloprid and 5-hydroxy-imidacloprid were associated with lower insulin.

o Sex modified the relationship between N-desmethyl-acetamiprid with glucose and 5-hydroxy-imidacloprid with HbAlc.
o 5-hydroxy-imidacloprid was inversely associated with insulin among overweight/obese individuals.

ARTICLE INFO ABSTRACT
Handling Editor: Jian-Ying Hu Neonicotinoids are replacement insecticides increasingly used for organophosphates, methylcarbamates, and
pyrethroids. Experimental evidence suggests neonicotinoids may affect glucose metabolism and insulin secretion
Keywords: through pancreatic f cell dysfunction, oxidative stress, and inflammation. However, no epidemiologic study has
Neonicotinoids investigated neonicotinoids as potential diabetogens. We examined associations between neonicotinoids with
IGlucl(,)SE insulin and glucose homeostasis parameters among 1381 non-diabetic adults in the National Health and
I—Illsilucl Nutrition Examination Survey (2015-2016). Urinary concentrations of acetamiprid, clothianidin, imidacloprid,
HOMA-IR N-desmethyl-acetamiprid, and 5-hydroxy-imidacloprid were quantified. Fasting plasma glucose, insulin, and
Insulin resistance hemoglobin A;. (HbA;.) were assessed. Insulin resistance was defined as a homeostatic model assessment of

insulin resistance >2.5. We used weighted linear and logistic regression to estimate associations between
detectable neonicotinoids with insulin and glucose homeostasis parameters compared to non-detectable neon-
icotinoid concentrations. Weighted detection frequencies for imidacloprid, 5-hydroxy-imidacloprid, and N-des-
methyl-acetamiprid were 4.4 %, 21.5 %, and 32.8 %, respectively. Detectable imidacloprid (p = —4.7 pIU/mL,
95 % confidence interval [CI] -8.5, —0.8) and 5-hydroxy-imidacloprid (p = —2.4 pIU/mL, 95 % CI -4.6, —0.2)
were associated with lower fasting plasma insulin levels. Individuals with detectable 5-hydroxy-imidacloprid had
lower odds of insulin resistance (odds ratio [OR] = 0.3, 95 % CI 0.2, 0.7). We observed evidence of sexually
dimorphic associations between N-desmethyl-acetamiprid with glucose (pipt = 0.079) and 5-hydroxy-imidaclo-
prid with HbA;. (pint = 0.038), with patterns suggesting positive associations in males and negative associa-
tions in females. Associations between 5-hydroxy-imidacloprid and insulin were modified by body mass index
(BMI) (pint = 0.013). We additionally observed age modified associations between 5-hydyroxy-imidacloprid and
glucose (pint = 0.048). Results suggest neonicotinoids may be associated with insulin and glucose homeostasis
indices and call for prospective studies to examine the metabolic impact of these replacement insecticides in
humans.
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1. Introduction

Neonicotinoids were introduced in the 1990s as insecticides and
have since served as a replacement for organophosphates, methyl-
carbamates, and pyrethroids. By 2014, neonicotinoids accounted for
more than 25 % of the insecticide market worldwide (Bass et al., 2015).
Environmental studies have detected neonicotinoids in soil, water,
sewage, dust, and fauna (Abdel-Ghany et al., 2016; Anderson et al.,
2015; Berheim et al., 2019; Bradley et al., 2017; Goulson, 2013; Mac-
Donald et al., 2018; Montiel-Leon et al., 2018; Sadaria et al., 2017; Salis
et al., 2017; Sultana et al., 2018; Yamamoto et al., 2012; Zhou et al.,
2018). The main route of human exposure is through intake of
contaminated water and food. Unlike other pesticides, washing food
products cannot easily remove neonicotinoids since they exist in the
plant flesh (Chen et al., 2014; Craddock et al., 2019). Neonicotinoids
have also been detected in fine particulate matter (PMy ), with inha-
lation as another route of exposure among both occupational and
non-occupational populations (Zhou et al., 2020). A study of indoor dust
samples in Wuhan, China observed significant increases in neon-
icotinoid residues from 2016 to 2018 (Wang et al., 2019).

Biomonitoring studies have revealed urinary concentrations of
neonicotinoids in populations from China, Greece, Japan, Spain, and Sri
Lanka (Kabata et al., 2016; Lopez-Garcia et al., 2017; Osaka et al., 2016;
Ueyama et al., 2014; Wang et al., 2015; Zhang et al., 2018, 2019).
Concentrations of urinary neonicotinoids in women have steadily
increased from 1994 to 2011 in Japan (Ueyama et al., 2015). Approxi-
mately half of the participants from the 2015-2016 National Health and
Nutrition Examination Survey (NHANES) had detectable concentrations
of at least one of six neonicotinoid biomarkers (acetamiprid, clothiani-
din, imidacloprid, thiacloprid, N-desmethyl-acetamiprid, and 5-hydrox-
y-imidacloprid) (Ospina et al., 2019).

Concerns regarding the toxicity of neonicotinoids have emerged
following several in vitro and in vivo studies reporting genotoxic, hepatic,
neurological, and reproductive effects in mammals (Cimino et al., 2017;
Gu et al., 2013; Han et al., 2018; Hirano et al., 2015; Toor et al., 2013).
Experimental evidence highlights neonicotinoid’s role in glucose
metabolism and insulin secretion. A reduction in insulin stimulated
glucose uptake was observed in an in vitro study of three cell culture
models, including adipocyte (3T3-L1), hepatocyte (HepG2), and myo-
tubule cells (C2C12), that were treated with imidacloprid for 4-6 days
after treatment with insulin (Kim et al., 2013). Findings suggest that
imidacloprid may contribute to type 2 diabetes mellitus (T2DM)
development by impairing downstream targets of glucose transporter 4
(GLUT4) translocation in myotubes and adipocytes (Kim et al., 2013).
Neonicotinoids may disrupt insulin receptor substrate-1 (IRS-1) activa-
tion via calcium-dependent mechanisms (Kim et al., 2013). However, no
human study has examined the relationship between neonicotinoid
exposure and insulin or glucose homeostasis parameters.

The objective of the study was to assess the associations between
detectability of five neonicotinoid biomarkers in urine with insulin and
glucose homeostasis parameters in adults. In the absence of longitudinal
data, a cross-sectional analysis of data from NHANES 2015-2016 was
used. We also examined whether sex modifies the relationship between
neonicotinoids with insulin and glucose homeostasis parameters since
neonicotinoid metabolism differs by sex (EMEA, 2009; Song et al.,
2020). We additionally explored whether BMI status and age modifies
these associations (Mesnage et al., 2018; Park et al., 2013; Sun et al.,
2016).

2. Methods
2.1. Data source and study participants
Our study sample included individuals who participated in the

2015-2016 NHANES, a cross-sectional, population-based, multistage
probability sample of the civilian, non-institutionalized population that
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allows the estimates to represent the US population. Briefly, NHANES
participants completed questionnaires and received physical examina-
tions and donated blood and urine samples. The National Center for
Health Statistics Ethic Review Board approved all procedures and con-
tent, and all participants provided written informed consent. A total of
9971 participants were included in the NHANES from 2015 to 2016. Of
these participants, 2014 had information on urinary concentrations of
neonicotinoids, which were measured among a random one-third sub-
sample of participants, and at least one measure of either fasting plasma
glucose, insulin, or hemoglobin A;. (HbA;.). We further excluded in-
dividuals: 1) aged <20 years (n = 366); 2) who had confirmed preg-
nancies (n = 17) or who had a pregnancy status that could not be
confirmed (n = 5); and 3) who were ever diagnosed with diabetes,
taking diabetic drugs, or taking insulin (n = 245). In total, 1381 par-
ticipants were included in this study.

2.2. Assessment of neonicotinoids

Four parent neonicotinoid compounds (acetamiprid, clothianidin,
imidacloprid, and thiacloprid) and two metabolites (N-desmethyl-acet-
amiprid and 5-hydroxy-imidacloprid) were quantified in urine samples
that were collected and stored at —70 °C until analysis. Details regarding
the analytical method, including quality control materials, calibration
standards, reagent blanks, and method accuracy, are described by Baker
et al. (2019). Briefly, the analytical method entailed using 0.2 mL of
urine for enzymatic hydrolysis of urinary conjugates of the target ana-
lytes, online solid phase extraction, reversed phase high-performance
liquid chromatography separation, and isotope dilution-electrospray
ionization tandem mass spectrometry detection. Limits of detection
(LOD) for the neonicotinoid compounds were: 0.3 pg/L for acetamiprid,
0.2 pg/L for clothianidin and N-desmethyl-acetamiprid, 0.4 pg/L for
imidacloprid and 5-hydroxy-imidacloprid, and 0.03 pg/L for
thiacloprid.

2.3. Insulin and glucose homeostasis parameters

Blood samples were collected from participants during the same
study visit as urine samples. The average time between blood and urine
collection was up to 4 h. Participants were instructed to fast for at least 8
h. All samples were frozen and shipped to the University of Missouri’s
Diabetes Diagnostic Laboratory for quantification of fasting plasma
glucose, serum insulin, and HbA;.. Fasting plasma glucose was
measured with a UV test to detect glucose in plasma using the Roche
Cobas 311 instrument. Insulin was measured in serum with a two-site
immunoenzymometric assay using the Tosoh AIA System analyzer.
HbA;. was measured in whole blood samples with a Tosoh Automated
Glycohemoglobin Analyzer HLC-723G8. Coefficients of variation for
fasting plasma glucose, insulin, and HbA;. were 0.8-1.8 %, 2.8-4.4 %,
and 1.1-1.4 %, respectively. Insulin resistance was assessed using ho-
meostatic model assessment (HOMA-IR) with the formula: HOMA-IR =
fasting serum insulin (ulU/mL) x fasting plasma glucose (mmol/L)/22.5
(Matthews et al., 1985). Higher HOMA-IR values are indicative of
increased sensitivity of insulin resistance, with HOMA-IR values > 2.5
indicating insulin resistance (Muniyappa et al., 2008). Individuals were
considered as having a prediabetic status if they had either a HbA;,
value between 5.7 and 6.4 % or a fasting glucose measure between 100
and 125 mg/dL based on criteria from the American Diabetes Associa-
tion. Individuals having both a HbA;. value < 5.7 % and a glucose <100
mg/dL were considered as non-prediabetic.

2.4. Statistical methods

We calculated descriptive statistics for neonicotinoid concentrations
detected among adults, including weighted percent detections and
percentiles. Neonicotinoids are not widely detected in urine samples,
with weighted detection frequencies of 0.3 %, 7.6 %, 4.4 %, 0.04 %,



Table 1
Characteristics of adults with insulin and glucose homeostasis parameters and detectable urinary concentrations of neonicotinoids in NHANES 2015-2016."
Characteristics n (%) Insulin (pIU/mL) HOMA-IR Glucose (ng/mL) HbAlc Detectable Detectable
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Imidacloprid 5-hydroxy-imidacloprid
n (%) n (%)
Total 1381 12.4 (12.7) 3.4 (4.2) 103.6 (18.2) 5.5(0.5) 60 (4.4) 269 (21.5)
Age (years)
20-45 671 (49.3) 12.5 (15.3) 3.4 (5.3) 106.4 (15.6)* 5.3 (0.5)* 32 (54.3) 136 (51.0)
46+ 710 (50.7) 12.3 (10.3) 3.3(3.0) 100.9 (20.0)* 5.6 (0.5)* 28 (45.7) 133 (49.0)
Sex
Male 654 (48.7) 14.4 (15.3)* 4.0 (5.2)* 106.4 (15.6)* 5.5(0.5) 31 (60.5) 131 (52.1)
Female 727 (51.3) 10.5 (9.1)* 27 27)* 100.9 (20.0)* 5.5(0.5) 29 (39.5) 138 (47.9)
Race/ethnicity
Non-Hispanic White 465 (65.6) 12.1 (13.4) 3.3(4.5) 103.3 (15.4) 5.4 (0.5)* 22 (68.5) 84 (66.3)
Non-Hispanic Black 308 (10.3) 11.8 (10.2) 3.1(3.1) 103.0 (31.5) 5.6 (0.8)* 11 (8.4) 63 (10.7)
Non-Hispanic Asian 155 (5.5) 11.1 (10.4) 3.0@3.1) 104.6 (16.3) 5.5 (0.4)* 13 (10.6) 40 (7.1)
Hispanic 396 (14.5) 14.5 (11.7) 3.8(3.4) 104.6 (15.5) 5.5 (0.5)* 12 (11.1) 69 (11.8)
Other/multiracial 57 (4.1) 12.6 (9.2) 3.5(3.3) 105.7 (24.9) 5.6 (0.6)* 2(1.3) 13 (4.1)
Poverty Income Ratio
<1.3 (low) 370 (18.5) 12.2(9.1) 3.3(2.9) 106.3 (23.1) 5.5(0.7) 15 (18.7) 72 (17.1)*
1.3-3.4 (middle) 473 (34.4) 13.3 (16.1) 3.8(5.8) 104.2 (22.4) 5.5(0.5) 14 (27.5) 72 (20.8)*
>3.5 (high) 394 (47.1) 11.7 (10.7) 3.0 (3.0) 101.7 (12.0) 5.4 (0.4) 25 (53.8) 102 (62.1)*
BMI
Underweight/Normal 396 (32.2) 6.5 (4.2)* 1.6 (1.3)* 98.9 (12.7)* 5.4 (0.4)* 21 (29.1) 71 (25.0)
Overweight 441 (31.0) 9.6 (8.4)* 2.4 (2.4)* 102.0 (16.1)* 5.4 (0.5)* 17 (37.2) 91 (34.1)
Obese 538 (36.8) 19.5 (16.4)* 5.5 (5.7)* 108.8 (22.0)* 5.6 (0.6)* 22(33.8) 103 (40.9)
Daily caloric intake (kcal)
<1485 305 (20.5) 13.2 (15.9) 3.8(6.1) 105.4 (25.3) 5.5 (0.6) 14 (19.7) 49 (16.8)
1485-2012 313 (23.2) 12.1 (11.9) 3.3(3.8) 102.6 (16.1) 5.5(0.5) 7(7.8) 53 (15.2)
2013-2603 337 (29.1) 13.3(13.0) 3.5(3.6) 104.7 (17.8) 5.5(0.5) 15 (33.8) 77 (33.1)
2603+ 332(27.2) 11.6 (10.2) 3.1(2.9) 102.1 (11.9) 5.4 (0.5) 16 (38.8) 72 (35.0)
Levels of physical activity
Standard 335(49.1) 12.1 (14.4) 3.1(4.1) 100.2 (12.2) 5.4 (0.4) 15 (33.0) 74 (44.1)
Substandard 367 (50.9) 10.0 (7.5) 2.6 (2.3) 100.1 (12.2) 5.4 (0.4) 27 (67.0) 89 (55.9)
Serum cotinine (ng/mL)
<1 (Non-smoker) 969 (71.2) 11.8 (11.2) 3.2 (4.0) 103.2 (16.7) 5.5 (0.5) 48 (81.3) 207 (77.4)
1-9 (ETS) 53 (3.3) 15.1 (19.6) 3.9(5.5) 100.7 (10.0) 5.3 (0.6) 1(0.8) 13 (4.5)
10+ (Smoker) 354 (25.6) 13.6 (14.9) 3.6 (4.3) 105.0 (21.9) 5.5 (0.6) 11 (17.8) 47 (18.1)
Hypertension
No 675 (54.1) 10.9 (12.3)* 2.9 (4.4)* 100.0 (14.7)* 5.3 (0.4)* 35 (72.4)* 127 (55.6)
Yes 706 (45.9) 14.4 (12.9)* 3.9 (3.7)* 108.3 (21.0)* 5.6 (0.6)* 25 (27.6)* 142 (44.4)
Family history of diabetes
No 1057 (77.0) 10.6 (8.5)* 2.8 (2.6)* 101.9 (14.2)* 5.4 (0.4)* 43 (74.1) 200 (77.6)
Yes 324 (23.0) 18.3 (20.1)* 5.2 (6.9)* 109.2 (26.5)* 5.6 (0.7)* 17 (25.9) 69 (22.4)

* Statistically different at p < 0.05.

@ Percent, mean, and SD values that are presented are weighted to account for the NHANES complex survey design.
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21.5 %, and 32.8 % for acetamiprid, clothianidin, imidacloprid, thia-
cloprid, 5-hydroxy-imidacloprid, and N-desmethyl-acetamiprid,
respectively (Supplemental Table S1). Given the low detection fre-
quencies of quantified neonicotinoid parent compounds and metabo-
lites, we examined neonicotinoids as a binary variable, specifically as
detect versus non-detect. Our analysis focused on three parent com-
pounds (acetamiprid, clothianidin, imidacloprid) and two metabolites
(5-hydroxy-imidacloprid, N-desmethyl-acetamiprid). We performed
analysis of variance (ANOVA) to assess whether the distribution of in-
sulin and glucose homeostasis parameters significantly differed by
population characteristics, such as sex, race/ethnicity, poverty income
ratio, body mass index (BMI), daily caloric intake, and levels of physical
activity.

To estimate associations between detectable concentrations of
neonicotinoids and insulin and glucose homeostasis parameters,
including glucose, insulin, HbA;., and HOMA-IR, we conducted linear
regression models. For dichotomized outcomes of insulin resistance and
prediabetes, we used logistic regression models to estimate the odds of
having insulin resistance or prediabetes with detectable concentrations
of neonicotinoids compared to non-detectable concentrations. All
models considered strata, primary sampling units, and survey weights to
ensure generalizability to the US population since NHANES uses a
complex multistage design. The survey weight for neonicotinoids was
used for the present analyses. We considered variables based on a priori
knowledge of their potential associations with neonicotinoids and/or
insulin and glucose homeostasis parameters. These included age, sex,
race/ethnicity, poverty income ratio, BMI, daily caloric intake (assessed
using a 24-h dietary recall), physical activity (assessed using a self-
reported questionnaire based on the Global Physical Activity Ques-
tionnaire (WHO, 2005), serum cotinine, hypertension, and family his-
tory of T2DM. Inclusion in the final model was based on bivariate
analyses (p < 0.20), and included the following: age (continuous), sex
(male/female), race/ethnicity (non-Hispanic White, non-Hispanic
Black, non-Hispanic Asian, Hispanic, Other/multiracial), poverty in-
come ratio (<1.3 [low income], 1.3-3.4 [middle income], >3.5 [high
income]), BMI (underweight/normal, overweight, obese), serum cotin-
ine (<1, 1-9, 10+ ng/mL), hypertension status (yes/no), and family
history of T2DM (yes/no).

We evaluated effect measure modification by sex by including cross
product terms between sex and detectability of neonicotinoid metabo-
lites (5-hydroxy-imidacloprid, N-desmethyl-acetamiprid) in the models,
with p < 0.10 considered statistically significant. We also examined
whether BMI (underweight/normal, overweight/obese) and age (20-45
years, 46+ years) modified the relationship between detectability of
neonicotinoid metabolites and insulin and glucose homeostasis param-
eters. In separate sensitivity analyses, we additionally adjusted for total
daily caloric intake and physical activity levels.

3. Results
3.1. Study participants

Participants included in the present study were an average of 46.7 +
16.8 years of age, with a slightly higher percentage of males (51.3 %)
compared to females (48.7 %) (Table 1). Almost two-thirds of the par-
ticipants self-identified as non-Hispanic White. A majority had a poverty
income ratio that was considered as either middle or high income.
Approximately two-thirds of the participants had a BMI >25 kg/m?,
indicating an overweight or obese status. Of participants with available
physical activity information (56.8 %), approximately half met the re-
quirements of physical activity based on guidelines recommended for US
adults (either 150 min of moderate intensity aerobic activity or 75 min
of vigorous aerobic activity per week) (USDHHS, 2018). Almost
three-quarters of participants had serum cotinine measures <1 ng/mL,
indicative of being non-smokers. Approximately 46 % and 23 % re-
ported having hypertension and a family history of diabetes,
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respectively.

Mean values of glucose, insulin, HbA;., and HOMA-IR were 103.6 +
18.2 ng/mlL, 12.4 £+ 12.7 pIU/mL, 5.5 &+ 0.5 %, and 3.4 + 4.2, respec-
tively. Participants who were 20-45 years had higher glucose levels
compared to those who were 46+ years. In contrast, HbA;. values were
significantly higher among older individuals. We observed significantly
higher glucose, insulin, and HOMA-IR levels among males. Individuals
who self-identified as either non-Hispanic Black or as other/multiracial
had higher HbA;. values. Significantly higher values of all insulin and
glucose homeostasis parameters were observed among participants who
were obese, hypertensive, and those with a family history of diabetes.

3.2. Insulin and glucose homoeostasis parameters

Of the participants included in the study, 296 (20.9 %) and 624
(42.2 %) had insulin resistance and prediabetes, respectively. No asso-
ciation was noted between detectability of neonicotinoids and glucose
or HbA;. levels (Table 2). However, a statistically significant inverse
association was observed between imidacloprid and its metabolite 5-hy-
droxy-imidacloprid with insulin levels. Specifically, participants with
detectable imidacloprid and 5-hydroxy-imidacloprid had decreases of
4.7 pIU/mL (95 % CI -8.5, —0.8) and 2.4 pIU/mL (95 % CI -4.6, —0.2) of
insulin, respectively, compared to those with non-detectable concen-
trations. Detectability of imidacloprid was also significantly associated
with lower HOMA-IR (f = —1.5, 95 % CI -2.9, —0.1). There was sug-
gestive evidence of a negative association between 5-hydroxy-imidaclo-
prid and HOMA-IR, though the finding was only borderline significant
(B =—-0.7,95 % CI -1.5, 0.05). However, individuals with detectable 5-
hydroxy-imidacloprid had lower odds of having insulin resistance
compared to those with non-detectable 5-hydroxy-imidacloprid (OR =
0.3, 95 % CI 0.2, 0.7) (Table 3). Results do not support a relationship
between detectability of neonicotinoids and increased odds of being
prediabetic.

3.3. Effect measure modification by sex, BMI, and age

Sex modified the association between N-desmethyl-acetamiprid and
glucose (pint = 0.079) (Fig. 1A). While sex-stratified findings did not
reach statistical significance, males with detectable N-desmethyl-acet-
amiprid had higher levels of glucose (f = 2.3 ng/mL, 95 % CI -0.6, 5.2)
compared to the lower glucose levels that were observed in females (f =
—3.7 ng/mlL, 95 % CI -9.1, 1.6). Sex also modified the relationship be-
tween 5-hydroxy-imidacloprid (pj,; = 0.038) with HbA;, with evidence
suggesting a positive association among males and a negative associa-
tion among females.

With regard to BMI, we observed evidence that detectability of 5-hy-
droxy-imidacloprid was significantly associated with decreased insulin
levels among individuals who were overweight/obese (p = —3.1 pIU/
mL, 95 % CI -5.7, —0.4), while there was no relationship among those
who were under/normal weight ( = 0.6 pIU/mL, 95 % CI -1.5, 2.8) (Pint
= 0.013) (Fig. 1B). A similar pattern was observed for 5-hydroxy-imida-
cloprid with glucose (pipt = 0.061) and HOMA-IR (pjnt = 0.028) by BMI
status, albeit stratified associations were not statistically significant.
Lastly, the association between 5-hydroxy-imidacloprid and glucose was
modified by age (pij,; = 0.048) (Fig. 1C). We observed suggestive evi-
dence that younger individuals (20-45 years) with detectable 5-hy-
droxy-imidacloprid had increased glucose levels (p = 1.2 ng/mL, 95 %
CI -3.2, 5.6), while older individuals (46+ years) had lower glucose
levels (B = —2.5 ng/mL, 95 % CI -6.2, 1.3).

3.4. Sensitivity analyses

Our overall findings did not differ after adjusting for daily caloric
intake, though the relationship between detectable 5-hydroxy-imidaclo-
prid with HOMA-IR was now only borderline significant (Supplemental
Table S2). Adjustment for physical activity resulted in a borderline
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Table 2
Associations between detectable urinary concentrations of neonicotinoids with insulin and glucose homeostasis parameters in adults, NHANES 2015-2016."
Insulin HOMA-IR Glucose HbAlc
Mean (SD)” B (95 % CI) Mean (SD)” B (95 % CD) Mean (SD)” B (95 % CD) Mean (SD)” B (95 % CI)

Acetamiprid 10.3 (8.9) —2.4(-8.7,3.9) 2.7 (2.3) —0.6 (-2.4,1.1) 102.8 (13.0) 0.9 (-11.8,13.6) 5.4 (0.4) —0.1 (-0.4,0.2)
Clothianidin 10.5 (7.8) 0.2(-3.7,4.2) 2.8 (2.4) 0.01 (-1.2,1.2) 104.0 (17.4) 0.2(-71,7.49 5.4 (0.5) —0.02 (-0.1, 0.1)
Imidacloprid 8.8 (6.7) —4.7 (-8.5, —0.8) 2.3(1.8) -1.5(-2.9, -0.1) 101.3 (11.7) —2.1 (-8.2,4.0) 5.4 (0.4) —0.1 (-0.3,0.1)
N-desmethyl-acetamiprid 12.5(12.6) 0.5(-1.8,2.7) 3.4 (4.9 0.2 (-0.6,1.1) 102.5 (14.49) —1.0(-3.5,1.6) 5.5 (0.5) 0.003 (-0.1, 0.1)
5-hydroxy-imidacloprid 11.6 (9.0) —2.4 (-4.6, -0.2) 3.1(2.7) —0.7 (-1.5, 0.05) 103.0 (12.9) —1.0 (—4.5, 2.5) 5.5 (0.5) 0.0003 (-0.1, 0.1)

Units: glucose, mg/dL; insulin, pIU/mL.

@ Adjusted by age, sex, race/ethnicity, poverty income ratio, BMI, serum cotinine, hypertension status, and family history of type 2 diabetes mellitus.
b Mean (SD) for individuals with detectable urinary concentrations of neonicotinoids.

Table 3

Associations between detectable urinary concentrations of neonicotinoids and odds of insulin resistance and prediabetes in adults, NHANES 2015-2016."

Insulin Resistance

Prediabetes

n (%)" OR (95 % CI) n (%)" OR (95 % CI)
Acetamiprid 2(0.3) 0.6 (0.1, 3.3) 4(0.3) 0.8 (0.1, 7.5)
Clothianidin 20 (6.7) 1.4 (0.4, 8.6) 46 (7.6) 1.2 (0.6, 2.3)
Imidacloprid 7 (2.8) 0.5(0.2,1.1) 18 (3.0) 0.4 (0.1,1.4)
N-desmethyl-acetamiprid 106 (34.5) 0.8 (0.5,1.3) 213 (34.9) 1.2 (0.8, 1.7)
5-hydroxy-imidacloprid 52 (19.6) 0.3 (0.2, 0.7) 117 (21.9) 1.0 (0.7, 1.4)

@ Adjusted by age, sex, race/ethnicity, poverty income ratio, BMI, serum cotinine, hypertension status, and family history of type 2 diabetes mellitus.
b Number and weighted percentage of individuals with insulin resistance or prediabetes by detectable urinary concentrations of neonicotinoids.

significant association between detectable 5-hydroxy-imidacloprid and
insulin (f = —3.3 pIU/mL, 95 % CI -7.1, 0.5) (Supplemental Table S3).
However, we continued to observe negative associations between imi-
dacloprid with insulin and HOMA-IR. Further, individuals with detect-
able 5-hydroxy-imidacloprid had lower odds of insulin resistance in both
sensitivity analyses (data not shown). We additionally found lower odds
of prediabetes among individuals with detectable imidacloprid
compared to those with non-detectable concentrations after taking into
account physical activity (OR = 0.3, 95 % CI 0.1, 0.7).

4. Discussion

Our study provides the first epidemiological evidence on the asso-
ciation between neonicotinioids with insulin and glucose homeostasis
parameters in a cross-sectional national survey. We found that detect-
ability of imidacloprid and 5-hydroxy-imidacloprid were associated
with lower insulin and HOMA-IR levels in adults. Individuals with
detectable 5-hydroxy-imidacloprid had lower odds of having insulin
resistance compared to those with non-detectable concentrations.
However, no relationship was noted between any of the neonicotinoid
compounds or metabolites with glucose or HbA; levels. Effect measure
modification by sex was noted between N-desmethyl-acetamiprid with
glucose and between 5-hydroxy-imidacloprid with HbA;., with sugges-
tive positive associations in males. We noted that the association be-
tween 5-hydroxy-imidacloprid with insulin was modified by BMI status,
with significant negative associations among individuals who were
overweight/obese compared to null associations in those who were
under/normal weight. Lastly, higher glucose levels were observed
among younger individuals with detectable 5-hydroxy-imidacloprid,
while lower levels were noted among older adults.

Although we did not find a relationship between neonicotinoids and
glucose levels, elevated glucose has been reported after imidacloprid
exposure in male and female rats, suggesting a hyperglycemic effect
(Bhardwaj et al., 2010; Khalil et al., 2017). Similar to findings from the
present study, reductions in insulin were also reported following imi-
dacloprid exposure in rats (Khalil et al., 2017). Reductions in insulin
levels may be due to a number of mechanisms. Increased inflammation
and reactive oxygen species may have contributed to the observed effect
as studies have found neonicotinoids increase oxidative stress (El-Gendy

et al., 2010; Kapoor et al., 2010). While oxidative stress is necessary for
pancreatic p cell neogenesis and proliferation, levels that are beyond the
optimal range are not conducive for proper function. Oxidative stress
induced by imidacloprid could contribute to our findings as oxidative
stress stimulates serine kinase of p38 mitogen-activated protein kinase,
which reduces insulin signaling (Henriksen et al., 2011). Oxidative
stress may also impair insulin signaling through disturbances to the
cellular redistribution of signaling components and altering mitochon-
drial activity (Bloch-Damti and Bashan, 2005; Morino et al., 2006).
Further, Khalil et al. (2017) observed atrophy of pancreatic f cells in the
histopathological examination, impaired pancreatic islets, and subse-
quent insulin signaling dysfunction following imidacloprid exposure.
Lastly, down-regulation of the muscarinic receptors of pancreatic p cells
can contribute to the reduced production of insulin (van Koppen and
Kaiser, 2003).

However, our findings of an inverse association between detect-
ability of imidacloprid and its metabolite with insulin levels were not
consistent with other toxicological studies (Ndonwi et al., 2020; Sun
et al., 2016, 2017). In an experimental study of pregnant nulliparous
Wistar rats, imidacloprid exposure significantly increased fasting
glucose, insulin, and insulin resistance in both mothers and offspring,
with insulin resistance persisting until adulthood for offspring even after
cessation of exposure (Ndonwi et al., 2020). Male mice dosed with
imidacloprid, specifically 6 mg/kg bw/day, had significantly higher
blood insulin levels compared to the control group (Sun et al., 2016).
Similar conclusions were noted in female mice fed a diet containing
imidacloprid for 12 weeks (Sun et al., 2017). Findings from these toxi-
cological studies could be due to imidacloprid’s impairment of GLUT4
activation, a downstream target of protein kinase B (AKT) that is
considered to be a major insulin-regulated glucose transporter (Kim
et al., 2013). Depletion of GLUT4 expression is a key contributor of in-
sulin resistance (Garvey et al., 1998). Imidacloprid may play a role in the
development of insulin resistance by impairing IRS-1 through
calcium-dependent mechanisms (Kim et al., 2013). In addition, chronic
exposure to imidacloprid in Wister rats increased pro-inflammatory
cytokines, including interleukin-1, interleukin-6, interferon gamma,
and tumor necrosis factor-o (TNF- «) in the liver and brain (Duzguner
and Erdogan, 2012). TNF-a may contribute to the pathology of insulin
resistance by inhibiting insulin signaling through the activation of
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Fig. 1. Associations between detectability of urinary neonicotinoids with insulin and glucose homeostasis parameters in adults by sex (A), BMI status (B), and age
(C), NHANES 2015-2016. Adjusted by age, sex, race/ethnicity, poverty income ratio, BMI, serum cotinine, hypertension status, and family history of type 2 dia-

betes mellitus.

protein tyrosine phosphatase and promoting phosphorylation of IRS-1 at
serine 307, which negatively regulates insulin signaling. The contrasting
findings between our study and other toxicological studies regarding the
relationship between imidacloprid and its metabolite with insulin may
be due to the differing exposure doses, varying timeframes from expo-
sure to the measurement of insulin and glucose homeostasis parameters,
and in the endocrine milieu that make it difficult to fully extrapolate the
results from animal models to humans.

We found that the relationship between detectability of neon-
icotinoids with glucose and HbA;. varied by sex. Specifically, N-des-
methyl-acetamiprid and 5-hydroxy-imidacloprid were associated with
increased glucose and HbA; . in males and lower levels in females, albeit
stratified associations were not statistically significant. The source and
implications for this finding of sex differences remains elusive. The
varying directionality of the association between neonicotinoid metab-
olites with glucose and HbA; . by sex may be due to the differences in the
metabolism of these contaminants in males and females. Males metab-
olize imidacloprid more efficiently than females (EMEA, 2009), which
has been suggested to increase reactive oxygen species (ROS) production
and contribute to oxidative stress (Yardimci et al., 2014). In a study
investigating the oxidative potential of imidacloprid in rats, Yardimci
etal. (2014) observed higher oxidative toxicity in the kidney of male rats
compared to female rats. Oxidative stress is hypothesized as a patho-
genic factor that ultimately results in the development of T2DM via
B-cell dysfunction, insulin resistance, and impaired glucose tolerance
(Ceriello and Motz, 2004). The inverse associations between detectable
neonicotinoid metabolites with glucose and HbA;. among females could

also be attributed to differences in sex hormones. There is some indi-
cation that females may be more resistant to diabetogenic actions due to
estrogens serving as a protective factor (Gupte et al., 2015; Louet et al.,
2004). Imidacloprid has been found to inhibit the gene expression of
cyp19 in male lizards (Yang et al., 2020), which is involved in estrogen
biosynthesis (Simpson et al., 1994). Mitochondrial function may also
play a role in the observed sex differences in metabolic regulation and
diabetes susceptibility (Tramunt et al., 2020). Emerging evidence in-
dicates mitochondrial dysfunction is associated with T2DM, though the
exact pathogenic mechanism is uncertain (Patti and Corvera, 2010).
Neonicotinoids have been shown to disrupt mitochondrial function in
bumblebees and cotton bollworms (Moffat et al., 2015; Nareshkumar
et al., 2018).

We noted significant multiplicative interaction between BMI status
and detectability of 5-hydroxy-imidacloprid in the association with in-
sulin and HOMA-IR. In particular, there were decreases in insulin and
HOMA-IR among those who were overweight/obese with detectable 5-
hydroxy-imidacloprid, while no relationship was observed among
those who were under/normal weight. Neonicotinoids may play a role in
obesity development by altering thyroid hormone homeostasis,
increasing oxidative stress, and inducing lipid accumulation (Mesnage
etal., 2018; Park et al., 2013; Wang et al., 2018, 2020; Yan et al., 2020).
However, toxicological studies investigating neonicotinoids as potential
obesogens have reported mixed results. While a number of animal
models have concluded neonicotinoid exposure results in substantial
weight gain, (Lukowicz et al., 2018; Sun et al., 2016, 2017; Tanaka,
2012), others have observed decreased weight (Badgujar et al., 2013;
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Bhardwaj et al., 2010; Burke et al., 2018; Mosbah et al., 2018; Terayama
etal., 2016, 2018). Our findings are suggestive that individuals who may
have a higher adiposity are more susceptible to perturbations by neon-
icotinoids with regard to insulin homeostasis parameters. However, it is
unclear whether the perturbations are unidirectionally inverse. Given
that we were only able to examine neonicotinoids as binary, we could
not explore if there were non-monotonic dose response relationships
between neonicotinoid concentrations and any of the insulin and
glucose homeostasis parameters. Lastly, our results indicate that age
modifies the association between detectable 5-hydroxy-imidacloprid
and glucose levels. There were positive associations among those ages
20-45 years and negative associations among those >46 years, albeit
age stratified associations were not statistically significant. It is unclear
why younger individuals may experience increased glucose levels and
worse glycemic control with detectable 5-hydroxy-imidacloprid. Several
sensitive developmental windows have been identified for perturbations
by endocrine disrupting chemicals to the metabolic milieu, including
preconception, gestation, and puberty (Sargis and Simmons, 2019). It
remains to be determined whether there are additional periods of sus-
ceptibility during adulthood in which environmental exposures may
have a greater impact on disease risk. Our findings support the theory
that early to mid-adulthood could potentially be a time period that in-
sults from environmental chemicals may play a bigger role in the
pathogenesis of diabetes.

Our study has several strengths. We used a large, nationally repre-
sentative sample of the general population in the US, increasing the
generalizability of our findings. Second, we took into account a number
of important confounders, including sociodemographics, dietary intake,
physical activity, and family history of T2DM. We further explored
whether effect modification by sex, BMI status, and age was present in
the associations between neonicotinoids with insulin and glucose ho-
meostasis parameters.

Despite these strengths, our findings should be interpreted with
caution given the study limitations. First, the NHANES is cross-sectional
in nature, which precludes us from establishing temporality. Second,
exposure misclassification is also a concern as we relied on a single urine
sample to assess neonicotinoid concentrations. While the half-life of
neonicotinoid compounds is not well established in humans, findings
from animal models suggest that neonicotinoids have short half-lives
(Ford and Casida, 2006a, 2006b). Pharmacokinetic models of neon-
icotinoids in urine samples of healthy Japanese adults reported
half-lives of approximately 14 h, 40 h, and 35 h for clothianidin,
desmethyl-acetamiprid, and imidacloprid, respectively (Harada et al.,
2016). It is estimated that 2.6 %, 63.7 %, and 12.7 % of acetamiprid,
clothianidin, and imidacloprid, respectively, were excreted unchanged
within 96 h (Harada et al., 2016). In addition, a study examining the
temporal variability of urinary neonicotinoids and their metabolites for
44 consecutive days observed poor to moderate reproducibility for spot
urine samples of clothiandin, imidacloprid, and N-desmethyl-acetami-
prid, with intraclass correlation coefficients [ICCs] of 0.08, 0.36, and
0.42, respectively (Li et al., 2020). Therefore, it is possible that exposure
misclassification may be present since the timing of exposure quantifi-
cation may not be representative of true exposure concentrations.
However, any exposure misclassification is likely be nondifferential and
would likely bias our estimates toward the null. Third, we defined
exposure as binary based on detectability due to the low percent
detection frequencies of the quantified neonicotinoids and their me-
tabolites. This prohibited us from exploring any type of dose response
relationship between neonicotinoids with insulin and glucose homeo-
stasis parameters. Fourth, reverse causality must be considered as in-
dividuals with metabolic disease risk may alter dietary intake, which
could contribute to neonicotinoid exposure if their consumption of fruits
and vegetables increased. Our analyses did not adjust for consumption
of fruits and vegetables. Lastly, a number of pesticides, including
chlorpyrifos, organophosphates, organochlorines, and pyrethroids, have
been identified as chemicals associated with prediabetes as well as
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diabetes (Hansen et al., 2014; Juntarawijit and Juntarawijit, 2018;
Montgomery et al., 2008; Starling et al., 2014; Tang et al., 2014). We did
not take into consideration potential synergistic or antagonistic effects
of these compounds on the relationship between neonicotinoids with
insulin and glucose homeostasis parameters.

5. Conclusion

The present study is the first to investigate whether neonicotinoids
are associated with insulin and glucose homeostasis parameters in
humans. Results suggest a potential relationship between neonicotinoids
and alteration of insulin levels. Although there were significant negative
associations reported in the current study, it is possible that the observed
decrease in insulin resistance may be due to the method in which we
examined neonicotinoids, which did not allow us to further examine for
potential non-monotonic dose response relationships. We were also
limited to one urinary measure of neonicotinoids, which may not
accurately reflect the general body burden of these contaminants. We
encourage future epidemiological studies to investigate the relationship
between neonicotinoids with insulin and glucose homeostasis parame-
ters using a prospective study design with repeated measurements of
neonicotinoids across various populations, particularly in geographical
areas where detectability of neonicotinoids is higher, such as China and
Japan, where detectability has been reported to be over 80 % for several
neonicotinoid parent and metabolite compounds (Song et al., 2020;
Ueyama et al., 2014, 2015; Zhang et al., 2019). We also recommend
epidemiological studies examine potentially susceptible populations
with high exposure to neonicotinoids, particularly individuals involved
with farming and agriculture (Lopez-Galvez et al., 2020; Suwannarin
et al., 2020; Tao et al., 2019).
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