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Associations between neonicotinoids
and inflammation in US adults using
hematological indices

NHANES 2015-2016
Amruta M. Godbole?, Aimin Chen®, Ann M. Vuong®a*

Background: Toxicological studies suggest neonicotinoids increase oxidative stress and inflammation, but few epidemiological
studies have explored these effects.

Methods: National Health and Nutrition Examination Survey (NHANES) 2015-2016 data were used to estimate associations between
neonicotinoid exposure and inflammatory markers, including the C-reactive protein-to-lymphocyte count ratio (CLR), monocyte-
to-high-density lipoprotein ratio (MHR), monocyte-to-lymphocyte ratio (MLR), neutrophil-to-lymphocyte ratio (NLR), derived NLR
(dNLR), lymphocyte-to-monocyte ratio, platelet-to-lymphocyte ratio (PLR), and systemic immune-inflammation index (Sll) using linear
and multinomial logistic regression models. Sex was evaluated as a potential modifier.

Results: Detection of any parent neonicotinoid (8 = —0.62, 95% confidence interval [Cl] = —0.98, —0.26) and imidacloprid (3 = —0.48,
95% Cl = -0.87, —0.10) was associated with decreased CLR. Clothianidin was linked to reduced MLR (3 = —=0.04, 95% CI = -0.07,
—0.02), but increased lymphocyte-to-monocyte ratio (8 = 0.52, 95% Cl = 0.27, 0.77). Higher dNLR (8 = 0.85; 95% Cl = 0.26, 1.43)
was noted with detection of any neonicotinoid metabolite. Moderately high PLR was observed with detection of any neonicotinoid
metabolite (relative risk ratio [RRR] = 1.63, 95% Cl = 1.27, 2.09) or 5-hydroxy-imidacloprid (RRR = 2.19, 95% Cl = 1.40, 3.41). Sex-
modified analyses showed positive associations in males and inverse associations in females for MHR (P, . = 0.099, clothianidin), PLR

1n

(P,, = 0.026, clothianidin), and SII (P,, = 0.056, any parent neonicotinoid; P, = 0.002, clothianidin), while the opposite pattern was
noted with CLR (P, , = 0.073, any parent neonicotinoid) and NLR (P, , = 0.084, clothianidin).

Conclusion: Neonicotinoids may be associated with inflammatory changes, with potential sexual dimorphism. Further studies are
required to explore these findings.
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insect-specific receptor subtypes, providing a greater margin of
safety in mammals.> Common neonicotinoids include acetami-
prid, clothianidin, imidacloprid, and thiacloprid. High levels
of these chemicals have been detected globally in aquatic envi-
ronments, pollinating insects such as honeybees, soil samples,
nontarget flora and fauna, and household dust.>'" As neonicoti-
noids are commonly used in agriculture (especially imidacloprid
and clothianidin), human exposure primarily occurs through
food, water, diet, dust, and pollen.'? Studies have reported high
detection frequencies of acetamiprid, clothianidin, dinotefuran,
flonicamid, imidacloprid, thiacloprid, and thiamethoxam in
fruits and vegetables, while more than 90% of tap water sources
in the United States (US) contain detectable levels of neonic-
otinoids, which implies that dietary intake is one of the main
routes of neonicotinoid exposure.'3~'¢ Indoor dust samples from
major cities in China show more than 95% detection frequen-
cies of neonicotinoids, indicating that dust inhalation and inges-
tion are significant exposure routes for humans.!”!®

Introduction

Neonicotinoids, synthetic pesticides first developed in 1991,
have gained popularity due to their broad-spectrum activity
and insect-selective mechanism of action.! These pesticides tar-
get nicotinic acetylcholine receptors and have an affinity for
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What this study adds:

This research investigates the impact of neonicotinoids, a class of
newer pesticides often used as substitutes for organophosphates
and other legacy pesticides, on inflammatory changes in humans.
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Toxicological studies have shown that neonicotinoids contribute
to increased oxidative stress by promoting the excessive release
of reactive oxygen species. However, there is a notable gap in
epidemiological studies exploring this connection. This study
aims to examine the association between neonicotinoid exposure
and novel hematological ratios used as markers of inflammatory
changes in a representative sample of adults in the United States.
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Several studies have shown detectable concentrations
of neonicotinoids in humans.'>!¥2? Data from the 2015-
2016 National Health and Nutritional Examination Survey
(NHANES) revealed that nearly 50% of urine samples had
detectable concentrations of at least one neonicotinoid bio-
marker.?? Additionally, an international study covering coun-
tries such as China, Greece, Japan, Korea, Kuwait, Saudi Arabia,
Vietnam, and the US reported that over 80% of urine samples
had detectable levels of N-desmethyl-acetamiprid (a metabolite
of acetamiprid) and 6-CN (a metabolite of imidacloprid), with
significantly higher concentrations observed in samples from
China and Vietnam.*

Neonicotinoids have been linked to several adverse health
outcomes, including obesity, reproductive abnormalities, insu-
lin and glucose dysregulation, and disruptions in hematological
parameters.”*? Inflammatory changes resulting from oxidative
stress induced by neonicotinoids are believed to be key media-
tors of systemic dysfunction and tissue damage. Oxidative stress
generates reactive oxygen species (ROS) and reactive nitrogen
species, which can damage DNA, proteins, and lipids within
cells.’® To repair this cell damage, the body activates mecha-
nisms involving chemokines and growth factors, leading to the
deployment of leukocytes, such as neutrophils and monocytes,
to mitigate cell damage.’’ Hematological indices could serve
as potential markers for chronic inflammation occurring at a
systemic level. An epidemiological study from Mexico demon-
strated that inflammation associated with pesticide exposure,
particularly organophosphates, could be tracked through
changes in hematological indices.>> However, no epidemiolog-
ical studies to date have specifically examined the association
between neonicotinoid exposure and inflammation as charac-
terized in biospecimens.

Chronic inflammation has been shown to alter blood cell lev-
els in the body, particularly affecting neutrophils, lymphocytes,
and platelets.>® Neutrophils play a key role in regulating both
innate and adaptive immunity by activating antigen-presenting
cells. Similarly, platelets contribute to inflammatory processes
by controlling the release of cytokines, such as interleuk-
ins, while lymphocytes help limit the spread of inflammation.
Emerging hematological parameters such as neutrophil-to-
lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR),
and lymphocyte-to-monocyte ratio (LMR) have been increas-
ingly used as markers of systemic inflammation across various
fields, such as oncology, cardiology, nephrology, diabetes, and
autoimmune disorders.**¢ The systemic immune- inflammation
index (SII), which combines neutrophils, lymphocytes, and
platelet counts, has been recognized as a reliable indicator of sys-
temic inflammation in a previous NHANES study assessing all-
cause mortality.’” SII has also been used to predict inflammatory
changes in cardiovascular, neurological, metabolic, respiratory,
and rheumatic diseases.’® Additionally, the monocyte-to-high-
density lipoprotein (HDL) ratio (MHR) has emerged as a useful
tool for evaluating chronic inflammation and tumor progno-
sis.’? These hematological markers offer valuable insights into
the inflammatory processes underlying various diseases.

The primary aim of this study is to investigate the association
between detectable urinary neonicotinoid levels and inflamma-
tion using hematological indices. To ensure generalizability to
the US population, a representative sample of participants was
analyzed from the NHANES 2015-2016 survey. A secondary
aim is to assess the potential effect measure modification by sex,
given existing evidence of differences in neonicotinoid metabo-
lism between males and females.*’

Methods

Data source and study participants

This study utilized data from the NHANES 2015-2016 survey,
a national assessment of health and nutrition conducted on a
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representative sample of US adults and children through physi-
cal examinations and interviews. Funded by the National Center
of Health Statistics, under the Centers for Disease Control and
Prevention (CDC), the survey maintains confidentiality by
deidentifying participant data. It accounts for clustering, strat-
ification, and oversampling during data collection. The 2015-
2016 cycle included 9971 participants from 15 counties across
the US. Neonicotinoid levels were quantified in urine samples
from one-third of participants, and hematological parameters
were measured in blood samples from all participants aged
§ years and older. Of the total sample size, 2289 participants
had data on at least one urinary neonicotinoid measure and at
least one hematological ratio. Several exclusion criteria were
applied to reduce confounding. Participants under the age of
20 (n = 881) were excluded to ensure that the study focused
on adult participants. Confirmed pregnant participants (n = 17)
were excluded so that changes during pregnancy would not
skew the study outcome. Additionally, self-reported diagnoses
of chronic liver disease (n = 36), arthritis (n = 377), and can-
cer (n = 138) were excluded, since these conditions are associ-
ated with inflammation and may influence the results. Finally,
participants using steroids (n = 6) or antibiotics (n = 33) were
excluded, as these medications can alter immune responses and
hematological markers. After these exclusions, 914 participants
were included in the final analysis.

Neonicotinoid assessment

Neonicotinoid measurement was conducted for four parent
neonicotinoids — acetamiprid, clothianidin, imidacloprid, and
thiacloprid —as well as two metabolites— 5-hydroxy-imidacloprid
and N-desmethyl-acetamiprid. A 0.2 ml urine sample from each
participant was analyzed. The process involved enzymatic
hydrolysis of urinary conjugates, followed by online solid-phase
extraction, reversed-phase high- performance liquid chromatog-
raphy separation, and detection via isotope dilution-electrospray
ionization tandem mass spectrometry.*! Strict quality control,
in line with CDC guidelines, ensured the accuracy and reliabil-
ity of the results. The limits of detection (LOD) for the com-
pounds (in pg/l) were as follows: 0.30 for acetamiprid, 0.20
for clothianidin, 0.40 for imidacloprid, 0.03 for thiacloprid,
0.40 for 5-hydroxy-imidacloprid, and 0.20 for N-desmethyl-
acetamiprid. Neonicotinoid levels were categorized as “detect”
(concentration greater than or equal to LOD) or “nondetect”
(concentration less than LOD).

Hematological ratios

Whole blood samples were analyzed for all participants over
the age of 5 years to obtain a complete blood count, which
included a five-part differential count for erythrocytes (red
blood cells), leukocytes (white blood cells), platelets, hemoglo-
bin, red cell volume, and leukocyte subtypes. C-reactive protein
(CRP) was measured in serum samples using the SYNCHRON
system (Beckman Coulter, Brea, CA) high-sensitivity CRP
reagent, based on the near-infrared particle immunoassay
rate method. HDL was measured in serum samples through
chemical reagents and photometric detection at 600nm. For
this study, several hematological ratios were derived from the
data, including: (1) CRP-to-lymphocyte count ratio (CLR); (2)
MHR; (3) monocyte-to-lymphocyte ratio (MLR); (4) NLR; 5)
derived NLR (dNLR) calculated as neutrophils/(leukocytes-
lymphocytes);* (6) LMR; (7) PLR; and (8) SII calculated as
platelets x (neutrophils/lymphocytes).*

Statistical methods

Descriptive statistics were calculated for detectable concen-
trations of neonicotinoids among study participants. These
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included percentiles and weighted percent detection levels.
Overall, detection frequencies for all neonicotinoids were low,
with weighted detection frequencies at 0.3%, 8.8%, 4.4%,
0.1%,20.3%, and 35.5% for acetamiprid, clothianidin, imida-
cloprid, thiacloprid, 5-hydroxy-imidacloprid, and N-desmethyl-
acetamiprid, respectively (see Table S1; http://links.lww.com/
EE/A316). This study examined neonicotinoids as a dichoto-
mous variable (detect versus nondetect, based on the LOD) due
to low detection levels. Since acetamiprid and thiacloprid had
very low detection frequencies of 0.3% and 0.1%, respectively,
both compounds were excluded from the analysis. An analysis
of variance (ANOVA) was conducted to determine significant
differences in the distribution of neonicotinoids and hemato-
logical parameters associated with covariates such as sex, age,
race/ethnicity, smoking status, alcohol use within the past year,
body mass index (BMI), poverty income ratio (PIR), education
level, and marital status.

Linear regression models were used to estimate the associ-
ation between detectable levels of urinary neonicotinoids and
specific hematological ratios (CLR, MHR, MLR, NLR, dNLR,
and LMR). PLR and SII were categorized into quartiles, and
multinomial logistic regression was used to estimate relative
risk ratios (RRRs), with the lowest quartile serving as the ref-
erence group, to assess the relationship between detectable con-
centrations of neonicotinoids and hematological ratios. Since
the distribution of PLR and SII values did not follow a normal
distribution, we categorized PLR and SII into quartiles, which
allowed for a more straightforward interpretation of results
and made it easier to detect potential nonlinear associations.
Additionally, quartiles were used to reduce the effects of outliers
on the results, thus ensuring that our findings were more robust.

Strata, primary sampling units, and survey weights were
incorporated into the analysis in accordance with NHANES
guidelines. Covariates were selected based on a priori knowledge
of potential associations with systemic inflammation and urinary
neonicotinoid concentrations. These covariates included sex, age
in years, race/ethnicity, smoking status based on quantified serum
cotinine levels,* daily alcohol use in the past year, BMI in kg/m?,
income level assessed as the PIR, education level, and marital
status. A bivariate analysis (P < 0.20) was conducted to inform
the selection of covariates for the final model. The final covari-
ates included age (categorized as 20-29, 30-39, 40-49, 50-59,
60-69, and >70 years), sex (male and female), race/ethnicity
(non-Hispanic Asian/other race/multiracial, non-Hispanic White,
non-Hispanic Black, and Mexican American/other Hispanic),
smoking status (smoker and nonsmoker based on a 10ng/ml
serum cotinine cutoff), income level (low/middle income vs. high
income, using a PIR cutoff of 5), and education level (less than
high school, high school completed, and college level).

Effect measure modification by sex was assessed by including
an interaction term between sex and detectable urinary neon-
icotinoid concentrations in the regression models, with P, <
0.10 considered statistically significant. For sensitivity analyses,
additional adjustments were included for type 2 diabetes and
coronary heart disease diagnoses obtained from self-reported
physician diagnoses, as these conditions are associated with
chronic inflammation. This approach aimed to ensure a more
comprehensive understanding of the relationships between
neonicotinoid exposure, inflammation, and potential sex
differences.

Results

Study participants

The mean age of participants in this study was 44.1 = 16.2
years, with over 40% falling within the 30-49 years age range
(see Table 1). There was a higher percentage of females (53.3%)
compared with males (46.7%). Nearly 60% of the partici-
pants identified as non-Hispanic White. More than 85% of the
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participants were nonsmokers and had moderate to low alcohol
consumption in the past year (defined as four or fewer drinks).*
BMI values were generally high, with over one-third classified
as obese. Approximately two-thirds of participants were catego-
rized as low/middle income based on PIR cutoffs. Additionally,
around 70% had some college education and were either mar-
ried or living with a partner.

Mean values for CLR, MHR, MLR, NLR, dNLR, LMR, PLR,
and SIT were 1.9 = 5.5, 0.01 = 0.01, 0.3 = 0.1,2.0 + 1.0, 3.3 =
3.8,4.2 = 1.5, 116.5 = 36.5, and 490.3 = 229.5, respectively.
Notably, females exhibited significantly higher values of LMR
compared with males, while males had significantly elevated
MHR and MLR levels. Participants aged 20-39 and 60-69 years
showed higher values of dNLR, with MLR increasing with age.
Non-Hispanic Blacks had higher CLR, dNLR, and LMR val-
ues. Non-Hispanic Whites had the highest levels of MLR, while
SII and MHR were the highest among Mexican Americans and
other Hispanic participants. Higher values of LMR and PLR
were seen in smokers, while CLR and MHR levels were highest
among participants classified as obese. Additionally, significantly
higher SIT and lower MHR values were seen in participants with
higher educational attainment.

Among the participants in this study, approximately 13%
had detectable levels of any parent neonicotinoid while around
45% had detectable levels of any neonicotinoid metabolite
(see Table 2). Females had higher detectable levels of neonic-
otinoid metabolites (53.3%) compared with males (46.7%).
Additionally, a higher prevalence of detectable neonicotinoid
metabolites was observed in nonsmokers (86%) and partici-
pants with low or no alcohol consumption (88.7%). Notably,
more than 50% of non-Hispanic Whites had detectable concen-
trations of any parent neonicotinoid.

Hematological parameters

An inverse association was observed between the presence of
any parent neonicotinoid and imidacloprid with CLR, where
detectable levels of any parent neonicotinoid were associated
with a decrease of 0.62 (95% confidence interval [CI] = -0.98,
-0.26) units for CLR and detectable levels of imidacloprid were
associated with a 0.48 (95% CI = -0.87, -0.10) unit decrease
in CLR (Table 3). Detectable levels of clothianidin were asso-
ciated with a 0.04 unit decrease in MLR (95% CI = -0.07,
-0.02), but a 0.52 unit increase in LMR (95% CI = 0.27,0.77).
Participants with detectable levels of any neonicotinoid metabo-
lite were associated with higher values of dNLR (8 = 0.85; 95%
CI = 0.26, 1.43). No significant association was found between
detectable levels of neonicotinoids with MHR or NLR.

Multinomial logistic regression indicated that participants
with detectable neonicotinoid metabolites had 1.53 times the
risk of moderately high PLR (95% CI = 1.27, 2.09) and 0.64
times the risk of high SIT (95% CI = 0.42, 0.97) compared
with participants with nondetectable levels of any neonicoti-
noid metabolite (see Table 4). Additionally, detectable levels of
5-hydroxy-imidacloprid were associated with 2.19 times (95%
CI = 1.40, 3.41) the risk of moderately high PLR compared with
nondetectable levels.

Effect measure modification by sex

There was evidence of effect measure modification by sex in
the association between detectable levels of any neonicoti-
noid metabolite and CLR (P,, = 0.073). Specifically, there was
a significant inverse association for males (8 = -0.63; 95%
CI=-1.23,-0.03), whereas there was a positive association that
did not reach statistical significance observed among females
(see Table 5). The association between clothianidin and MHR
showed borderline evidence of effect measure modification by
sex (P, = 0.099), with a positive association seen in males and

in
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Study population characteristics for adults based on hematological parameters (20+ years), NHANES 2015-20167

CLR MHR MLR NLR dNLR LMR
n (%) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Total 914 1.9(56.5) 0.01(0.01) 0.3(0.1) 2.0(1.0) 3.3(3.8) 4.2(1.5)
Sex

Male 474 (46.7) 1.4 (3.7) 0.014 (0.01)° 0.306 (0.13)° 1(1.0) 3.3@4.1) 3.8(1.4P

Female 440 (53.3) 1.7 (3.9) 0.010 (0.004)° 0.262 (0.09)° 1(0.9) 3.03.2 4.3 1.4y
Age (years)

20-29 211 (26.1) 1.2(2.7) 0.01(0.01) 0.261 (0.10)° 2.0(1.0) 3.2(33p 43(1.3p

30-39 192 (22.1) 1.4(2.3) 0.01(0.01) 0.265 (0.11)° 2.1(0.9) 3.9(5.3r 43(1.6)

40-49 182 (21.1) 1.2(1.9) 0.01 (0.01) 0.279 (0.08)° 2.0(0.7) 2.9 (2.6 3.9(1.2P

50-59 143 (15.9) 2.1(6.0) 0.01(0.01) 0.300 (0.13)° 2.2(1.0) 2.6 .7) 3.9(1.4p

60-69 116 (9.6) 1.8(3.7) 0.01(0.01) 0.347 (0.13)° 2.2(1.0 3.4(43p 3.3(1.4p

>70 70 (5.2) 2.7(7.6) 0.01(0.01) 0.357 (0.17)° 2.6(1.5) 2.3(1.5p 3.3(1.4p
Race/ethnicity

Non-Hispanic Asian/other race/multiracial 145 (12.7) 1.53.7p 0.011 (0.01)° 0.260 (0.10)° 2.0(0.8° 35(3.9P 4.4(1.6)°

Non-Hispanic White 262 (58.0) 1.2 (1.7)P 0.012 (0.01)° 0.304 (0.12)° 2.2(1.0° 3.03.5r 3.8(1.3p

Non-Hispanic Black 197 (11.8) 2.4 (7.0 0.011 (0.01)° 0.256 (0.11)° 1.7 (0.9P 4.2 (4.9r 45(1.6)

Mexican American/other Hispanic 310 (17.5) 1.9 (6.1) 0.013(0.01)° 0.262 (0.09)° 2.1(0.9r 29 @31y 4.2 (1.3P
Serum cotinine (ng/ml)

Smoker (>10) 226 (14.1) 1.6 (4.1) 0.011 (0.01)° 0.3(0.1) 1(1.0) 3.3(3.9) 41 (1.4P

Nonsmoker (<10) 685 (86.0) 1.3(2.2) 0.013(0.01)° 0.3(0 2.1(0.8) 2932 3.8(1.4y
Alcohol use (drinks/day)

High use (>4) 108 (11.3) 1.2 (1.9 0.01(0.01) 0.3(0.1) 3(1.0 2.8(3.3) 3.9(1.5)

Low/no use (<4) 483 (88.7) 1.5(3.7) 0.01(0.01) 030 2.1(1.0) 3.2(3.7) 39(1.3
BMI

Underweight 14 (2.10) 1.13.9P 0.011 (0.01)° 0.3(0.1) 2.1(1.0) 4.0 (3.8 4.0(1.4)

Normal 252 (30.8) 1.0 (4.3 0.010 (0.004)° 0.3(0.1) 2.1(0.9) 29 @.7r 3.9(1.5)

Overweight 302 (31.2) 1.3(2.3P 0.012 (0.01)° 0.3(0.1) 2.1 (1.0 3.7 4.6y 41(1.5)

Obese 342 (35.9) 2.231p 0.014 (0.01)° 0.3(0.1) 2.1(0.9) 2.9 3.6y 4.0(1.3)
Poverty income ratio

Low/middle income (<5) 673 (66.8) 1.5(3.4) 0.01(0.01) 0.3(0.1) 2.0(0.9 31(3.2) 41 (1.4)

High income (=5) 232 (33.2) 1.6 (4.5 0.01(0.01) 0.3(0.1 2.2(1.0) 3.3(4.5) 3.8(1.4)
Education

Less than high school 197 (13.2) 1.7(6.2) 0.013(0.01)° 0.3(0.1) .0(0.8) 3.0(2.8 42(1.3)

High school 205 (17.9) 1.6(3.2) 0.012 (0.01)° 0.3(0.1) 2.1(0.9) 3.7 (5.0) 4.0(1.3)

College 511 (69.0) 1.5(3.5) 0.011 (0.01)° 0.3(0.1) 1(1.0) 3133 4.0(1.5)
Marital status

Married/living with partner 571 (67.5) 1.54.1) 0.01(0.01) 0.3(0.1) 1(1.0) 3232 4.0 (1.4)

Widowed/never married 234 (22.8) 1.4(2.7) 0.01 (0.004) 0.3(0.1) 2.1(1.0) 3.5(4.9) 41 (1.4)

Divorced/separated 109 (9.7) 1.8(3.6) 0.01(0.01) 0.3(0.1) 3(0.9 2.6 (3.4) 39(1.4)

Percent, mean, and SD values presented are weighted to account for the NHANES complex survey design.

"Statistically different at P < 0.05.

an inverse association seen in females; however, the effect sizes
were very small. Notable sex-based differences were found for
clothianidin and several hematological parameters. A significant
interaction by sex with clothianidin and NLR (P, = 0.084) was
observed, where males had an inverse association (8 = -0.51;
95% CI = -0.92, -0.11) and females had an insignificant posi-
tive association. The reverse pattern was seen between clothian-
idin and PLR (P, =0.026), with a significant inverse association
among females (8 =-1.45; 95% CI =-2.72,-0.19) and an insig-
nificant positive association in males (see Table 6). Additionally,
males with detectable clothianidin had significantly higher SII
values (8 = 2.93; 95% CI = 0.84, 5.02) (P,, = 0.002), while an
inverse but insignificant association was observed in females.
Sex differences were found for the association between any par-
ent neonicotinoid and SII (P, = 0.056), with a significant posi-
tive association for males (8 = 1.72; 95% CI = 0.08, 3.36) and
an insignificant inverse association in females. No significant
effect measure modification by sex was detected for the other
neonicotinoid compounds and metabolites with the inflamma-
tion markers (Table S2; http:/links.Iww.com/EE/A316).

Sensitivity analyses

Rather than excluding participants with type 2 diabetes or cor-
onary heart disease from our study, we adjusted for these

conditions in our sensitivity analyses. This approach allowed
us to assess whether these conditions confounded the associ-
ation between detectable neonicotinoids with hematological
parameters, without reducing the sample size. These conditions
are prevalent and therefore may have limited our sample size,
leading to limited statistical power of the study. It also helped
generalize the findings of our study while controlling potential
confounding effects.

Overall, the directionality of findings remained consistent
after adjusting for type 2 diabetes and coronary heart disease
separately (see Tables S3-S6; http:/links.lww.com/EE/A316).
The significant associations observed before these adjustments,
as well as the magnitude of the effect sizes, were relatively stable
and did not substantially change. This suggests that these con-
ditions did not confound the relationships between detectable
neonicotinoid levels and hematological parameters in this study.

Discussion

This is the first epidemiological study to investigate an asso-
ciation between neonicotinoids and inflammation using hema-
tological indices in a representative sample of US adults. The
findings indicate that detectable levels of any parent neonico-
tinoid, imidacloprid, and clothianidin were associated with
lower CLR, while detectable levels of any parent neonicotinoid
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Study population characteristics for adults based on detectable levels of neonicotinoids (20+ years), NHANES 2015-2016°

Detectable parent Detectable neonicotinoid
neonicotinoid metabolite
n (%) n (%) n (%)

Total 914 114 (12.9) 390 (44.5)
Sex

Male 474 (46.7) 65 (56.0) 179 (46.7)

Female 440 (53.3) 49 (44.0) 211 (53.3)
Age (years)

20-29 211 (26.1) 22 (16.7) 94 (26.1)

30-39 192 (22.1) 24 (23.4) 86 (22.1)

40-49 182 (21.1) 29 (29.6) 85(21.1)

50-59 143 (15.9) 20 (20.3) 50 (15.9)

60-69 116 (9.6) 14 (6.7) 46 (9.6)

>70 70 (5.2) 5(3.4) 29(5.2)
Race/ethnicity

Non-Hispanic Asian/other race/multiracial 145(12.7) 31(18.5)° 77 (12.7)

Non-Hispanic White 262 (58.0) 28 (54.6)° 102 (58.0)

Non-Hispanic Black 197 (11.8) 20 (10.3)° 84 (11.8)

Mexican American/other Hispanic 310 (17.9) 35 (16.6)° 127 (17.5)
Serum cotinine (ng/ml)

Smoker (>10) 226 (14.1) 23(20.9 56 (14.1)°

Nonsmoker (<10) 685 (86.0) 90 (79.1) 332 (86.0)°
Alcohol use (drinks/day)

High use (>4) 108 (11.3) 9(10.5) 34 (11.3)

Low/no use (<4) 483 (88.7) 65 (89.5) 210 (88.7)°
BMI

Underweight 14 (2.10) 1(0.8) 3@.1)

Normal 252 (30.8) 47 (39.5) 106 (30.8)

Overweight 302 (31.2) 32 (32.7) 126 (31.2)

Obese 342 (35.9) 34 (27.0) 152 (35.9)
Poverty income ratio

Low income (<5) 673 (66.8) 73(61.6) 273 (62.4)

High income (=5) 232 (33.2) 41(38.4) 114 (37.6)
Education

Less than high school 197 (13.2) 30(17.3) 79(13.2)

High school 205 (17.9) 16 (12.0) 69 (17.9)

College 511 (69.0) 68 (70.7) 242 (69.0)
Marital status

Married/living with partner 571 (67.5) 77 (67.5) 252 (67.5)

Widowed/never married 234 (22.8) 26 (22.3) 96 (22.8)

Divorced/separated 109 (9.7) 11(10.2) 42 9.7)

#Percent, mean, and SD values presented are weighted to account for the NHANES complex survey design.
"Statistically different at P < 0.05.

Linear regression models of estimated differences (8) and 95% confidence intervals (Cls) for hematological parameters by detectable
concentrations of urinary neonicotinoids in US adults, NHANES 2015-20162

CLR MLR dNLR LMR MHR NLR
B (95% CI) B (95% CI) B (95% Cl) B (95% CI) B (95% CI) B (95% CI)

Any parent neonicotinoid

Detect -0.62 (-0.98, —0.26)° —0.02 (-0.05, 0.01) 0.59 (-0.17,1.35) 0.26 (0.03, 0.50)° —0.001 (-0.002, 0.001) —0.15(-0.47,0.18)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Clothianidin

Detect -0.65 (-1.13,-0.17)° -0.04 (-0.07, -0.02)° 0.69 (-0.19, 1.58) 0.52(0.27,0.77)° —0.001 (-0.003, 0.001) -0.21 (-0.60, 0.19)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Imidacloprid

Detect —-0.48 (-0.87,-0.10)° 0.03 (-0.05,0.10) 0.18 (-1.35,1.72) —0.26 (-0.78, 0.25) <0.001 (-0.003, 0.004) —0.01 (-0.38, 0.36)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Any neonicotinoid metabolite

Detect -0.33 (-0.84,0.19) —-0.001 (-0.02, 0.02) 0.85(0.26, 1.43)° 0.11(-0.12,0.33) <0.001 (-0.001, 0.001) —0.05 (-0.24, 0.15)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
5-Hydroxy-imidacloprid

Detect -0.31 (-0.81, 0.20) 0.02 (-0.03, 0.06) —-0.07 (-1.35,1.20) —-0.05 (-0.51, 0.41) <0.001 (-0.001, 0.002) 0.14 (-0.11,0.38)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
N-desmethyl-acetamiprid

Detect —0.33(-0.85,0.19) <0.001 (-0.03, 0.03) 0.65 (-0.14,1.44) 0.05 (-0.25, 0.35) <0.001 (-0.001, 0.001) —0.05 (-0.26, 0.16)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

2Adjusted by age, race/ethnicity, sex, education, income status, and smoking status.
"Statistically significant at P < 0.05.
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Multinomial logistic regression models of relative risk ratios (RRR) and 95% confidence intervals (Cls) for blood ratio quartiles by
detectable concentrations of urinary neonicotinoids in US adults, NHANES 2015-20162

PLR RRR (95% CI)

<87.47 (low) 87.47-109.44 (moderately high)

109.45-134.65 (high) >134.65 (very high)

Any parent neonicotinoid
Detect
Nondetect
Clothianidin
Detect
Nondetect
Imidacloprid
Detect
Nondetect
Any neonicotinoid metabolite
Detect
Nondetect
5-Hydroxy-imidacloprid
Detect
Nondetect
N-desmethyl-acetamiprid
Detect

0.79(0.39, 1.59)
1.00 (ref)

0.56 (0.19,1.62)
1.00 (ref)

1.39 (0.39, 4.92)
1.00 (ref)

1.63 (1.27,2.09)
1.00 (ref)

2.19(1.40,3.41)p
1.00 (ref)

0.55(0.29, 1.06)
1.00 (ref)

0.52 (0.26,1.04)
1.00 (ref)

0.59(0.17,2.12)
1.00 (ref)

0.74 (0.47,1.17)
1.00 (ref)

0.81(0.51,1.29)

0.78(0.40,1.52)
1.00 (ref)

0.86 (0.33,2.23)
1.00 (ref)

0.63(0.15,2.57)
1.00 (ref)

0.81(0.43,1.53)
1.00 (ref)

1.38(0.57,3.34)
1.00 (ref)

0.90 (0.53, 1.50)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref)
Sl RRR (95% CI)
<304.45 (low) 304.45-432.79 (moderately high) 432.80-584 (high) >584 (very high)

Any parent neonicotinoid

Detect 0.74 (0.32,1.73) 0.80 (0.30, 2.14) 0.47(0.20,1.08)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref)
Clothianidin

Detect 0.48(0.17,1.33) 0.65(0.19, 2.24) 0.38(0.13,1.11)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref)
Imidacloprid

Detect 1.80 (0.57, 5.69) 1.16 (0.38, 3.55) 0.88 (0.33, 2.36)

Nondetect 1.00 (ref) 1.00 (ref) 1.00 (ref)

Any neonicotinoid metabolite
Detect
Nondetect
5-Hydroxy-imidacloprid
Detect
Nondetect
N-desmethyl-acetamiprid
Detect
Nondetect

0.88(0.51,1.51)
1.00 (ref)

1.32(0.59, 2.92)
1.00 (ref)

0.77 (0.44,1.34)
1.00 (ref)

0.64 (0.42,0.97
1.00 (ref)

0.75(0.44,1.28)
1.00 (ref)

0.73(0.39,1.37)
1.00 (ref)

0.84(0.48,1.45)
1.00 (ref)

1.40 (0.64, 3.09)
1.00 (ref)

0.81(0.50,1.32)
1.00 (ref)

2Adjusted by age, race/ethnicity, sex, education, income status, and smoking status.
"Statistically significant at P < 0.05.

were associated with higher LMR. Additionally, dNLR and
PLR showed a positive association with detectable levels
of any neonicotinoid metabolite, while detectable levels of
5-hydroxy-imidacloprid showed a positive association with
PLR. Results varied by sex, with a positive association seen
in males and an inverse association seen in females for MHR,
PLR, and SII, while the reverse was observed for the association
with CLR and NLR. These sex-specific differences highlight the
potential for differential effects of neonicotinoid exposure on
inflammatory responses in males and females.

Hematological ratios have recently been used as indicators
of inflammation-based health outcomes in humans, such as
cardiovascular disease, COVID-19, type II diabetes, malignan-
cies, metabolic syndrome, and rheumatic diseases.*~! Most
studies report an increase in hematological parameters in con-
ditions involving inflammation, except for LMR, which tends to
decrease. However, in the current study, we observed a decrease
in CLR and an increase in LMR, which contrasts with these
previous findings. The discrepancy in CLR could be explained
by its role as a biomarker of acute inflammation, as CRP levels
are usually elevated during acute inflammatory responses.’>
Acute inflammation often leads to increased lymphocyte con-
sumption to combat oxidative damage, resulting in higher CLR

levels. In contrast, chronically elevated CRP is more commonly
associated with long-term infections or arthritic conditions.’*
Since this study focused on chronic inflammation in otherwise
healthy participants, the findings may not align with the current
literature, which predominantly examines acute inflammation
or disease states. Studies reporting elevated levels of LMR have
done so primarily for cancers such as cervical, colorectal, hepa-
tocellular, and thyroid cancers.*”5%¢ There is a lack of studies
examining the association of LMR in the context of systemic
inflammation in generally healthy individuals. Chronic inflam-
mation leads to an influx of lymphocytes and macrophages,
which may potentially explain the increase in LMR observed
in this study. Furthermore, while the effectiveness of biomark-
ers can vary depending on the context, multiple studies have
demonstrated that hematological parameters, such as NLR,
PLR, and SII, are reliable indicators of chronic inflammation
across a range of conditions, including cardiovascular, meta-
bolic, and autoimmune diseases.***¢ Given their widespread use
and validation in previous research, these parameters provide a
robust framework for assessing inflammation in our study.

The elevated levels of dNLR and PLR associated with any
neonicotinoid metabolite and 5-hydroxy-imidacloprid in our
study are in line with the current literature.**%7-%8 Additionally,
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Estimated differences and 95% confidence intervals in CLR, MHR, and NLR by detectable parent and metabolite urinary
neonicotinoid compounds in US adults, stratified by sex, NHANES 2015-20162

int

Males

B (95% CI)

Females

B (95% Cl)

CLR
Any parent neonicotinoid
Detect 0.393
Nondetect -
Any neonicotinoid metabolite
Detect 0.073°
Nondetect -
Clothianidin
Detect 0.255
Nondetect -
5-Hydroxy-imidacloprid
Detect 0.715
Nondetect -
MHR
Any parent neonicotinoid
Detect 0173
Nondetect -
Any neonicotinoid metabolite
Detect 0.936
Nondetect -
Clothianidin
Detect 0.099
Nondetect -
5-Hydroxy-imidacloprid
Detect 0.370
Nondetect -
NLR
Any parent neonicotinoid
Detect 0.357
Nondetect -
Any neonicotinoid metabolite
Detect 0.666
Nondetect -
Clothianidin
Detect 0.084°
Nondetect -
5-Hydroxy-imidacloprid
Detect 0.756
Nondetect -

-0.80 (-1.27,-0.33)
1.00 (ref)

~0.63 (~1.23, -0.03F
1.00 (ref

—0.90 (-1.45, -0.36)°
1.00 (ref)

—0.39 (-1.20, 0.43)
1.00 (ref)

<0.001 (-0.002, 0.003)
1.00 (ref)

<0.001 (-0.002, 0.002)
1.00 (ref)

0.001 (—0.003, 0.004)
1.00 (ref)

0.001 (-0.001, 0.002)
1.00 (ref)

-0.27 (-0.68,0.14)
1.00 (ref)

—-0.07 (-0.26, 0.11)
1.00 (ref)

-0.51 (-0.92, -0.11)¢
1.00 (ref)

0.11 (-0.21,0.42)
1.00 (ref)

—-0.39(-1.15,0.37)
1.00 (ref)

~0.02 (~0.66, 0.61)
1.00 (re

—-0.38 (-1.17,0.41)
1.00 (ref)

—-0.22 (-0.72,0.27)
1.00 (ref)

—0.002 (—0.003, —0.0003)
1.00 (ref)

<0.001 (-0.001, 0.001)
1.00 (ref)

—0.002 (-0.004, —0.001)
1.00 (ref)

<0.001 (-0.002, 0.002)
1.00 (ref)
0.004 (-0.48, 0.49)
1.00 (ref)

-0.02 (-0.30, 0.26)
1.00 (ref)

0.11(-0.50, 0.73)
1.00 (ref)

0.17 (-0.17,0.51)
1.00 (ref)

Adjusted by age, race/ethnicity, sex, education, income status, and smoking status.
"Statistically significant at P < 0.10.

int

“Statistically significant at P < 0.05.

a study using NHANES data showed significant inverse associ-
ations between 5-hydroxy-imidacloprid and neutrophils, which
can explain the observed increase in dNLR in the current study.?
dNLR is one of the primary indicators of systemic inflamma-
tion, along with NLR and SII, and has been linked to increased
efficacy of programmed cell death ligand 1, which is an immune
checkpoint inhibitor responsible for regulating cell damage due
to inflammation.”*" An elevation in platelet levels, as seen in
PLR, is associated with inflammatory changes due to a poten-
tial link to increased angiogenesis.®! Platelets play an important
role in the production of inflammatory mediators such as cyto-
kines and chemokines, contributing to the body’s inflammatory
response, while high cortisol levels may lead to a decrease in
lymphocytes. This may explain why there is an increase in PLR
associated with detectable levels of neonicotinoid metabolites
in this study. Additionally, these findings align with the idea
that neonicotinoid exposure may contribute to inflammatory
responses, reflected through hematological markers.
Neonicotinoids are associated with mitochondrial damage
through the inhibition of adenosine triphosphate production,
which can increase levels of intracellular free radicals and stim-
ulate ROS pathways, subsequently inducing oxidative stress

and cell destruction through altered signaling pathways.®?
Additionally, neonicotinoids stimulate nicotinic acetylcholine
receptors, which can lead to a calcium (Ca?*) imbalance in the
mitochondria, ultimately contributing to oxidative stress, DNA
damage, cell death, lipid peroxidation, and oxidation of cell
proteins. A study conducted among male farmers in Thailand
showed that clothianidin was associated with reduced mean
corpuscular hemoglobin concentration, which may indicate
chronic inflammation; however, it is unclear whether these find-
ings can be extrapolated to other blood cells.®® The same study
also found an insignificant inverse association between neonic-
otinoid concentrations and leucocyte counts, which may be due
to a small sample size (n = 143). Few studies have examined this
association, and future prospective studies may be warranted in
order to understand the exact mechanisms through which neon-
icotinoids can influence hematological cell ratios. Discordant
findings in the current study may be attributed to varying expo-
sure concentrations, differences in the timing of exposure, and
the presence of confounding factors such as latent infections or
exposure to other environmental chemicals.

The findings for effect measure modification by sex seem to
indicate that males may be more susceptible to the effects of
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Estimated differences and 95% confidence intervals in PLR and SlI by detectable parent and metabolite urinary neonicotinoid

compounds in US adults, stratified by sex, NHANES 2015-2016°

Males

B (95% CI)

Females

B (95% CI)

PLR
Any parent neonicotinoid
Detect 0.199
Nondetect -
Any neonicotinoid metabolite
Detect 0.712
Nondetect -
Clothianidin
Detect 0.026°
Nondetect -
5-Hydroxy-imidacloprid
Detect 0.185
Nondetect -
SlI
Any parent neonicotinoid
Detect 0.056"
Nondetect -
Any neonicotinoid metabolite
Detect 0.793
Nondetect -
Clothianidin
Detect 0.002°
Nondetect -
5-Hydroxy-imidacloprid
Detect 0.023°
Nondetect -

0.66 (-0.53, 1.84)
1.00 (ref)

0.24 (-0.56, 1.03)
1.00 (ref)

1.16 (-0.47,2.80)
1.00 (ref)

—0.86 (-2.20, 0.48)
1.00 (ref)
1.72 (0.08, 3.36)°
1.00 (ref)

0.14 (-0.35, 0.62)
1.00 (ref)

2.93 (0.84, 5.02)

—0.53 (-1.48,0.42)
1.00 (ref)

0.08 (-0.65, 0.82)
1.00 (ref)

—1.45 (-2.72,-0.19)¢
1.00 (ref)

—-0.26 (-1.64,1.12)
1.00 (ref)

0.26 (-0.68, 1.20)
1.00 (ref)

~0.24 (~1.69, 1.20)

1.00 (ref) 1.00 (ref)

—0.86 (—-1.72,0.003) 0.21 (-0.60, 1.01)
1.00 (ref) 1.00 (ref)

2Adjusted by age, race/ethnicity, sex, education, income status, and smoking status.
*Statistically significant at P, , < 0.10.
“Statistically significant at P < 0.05.

neonicotinoid-mediated inflammation compared with females.
A few epidemiological studies have shown significant differ-
ences with respect to sex.?**?” This could be attributed to differ-
ences in neonicotinoid metabolism and inflammatory response
associated with sex. For example, a study in China showed that
concentrations of neonicotinoids were higher in males com-
pared with females due to potential differences in metabolism
and dietary intake between sexes.’® Another explanation could
be related to sex differences associated with oxidative stress. A
review showed that males had higher levels of oxidative stress
markers (such as ROS) compared with females.®* This could
be related to estrogen in females acting as a protective factor.
Estrogen’s phenolic hydroxyl group acts as a powerful antiox-
idant, neutralizing free radicals. Additionally, estradiol (a form
of estrogen) has been linked to an increase in Mn-SOD gene
expression, which scavenges free radicals and decreases nico-
tinamide adenosine dinucleotide phosphate oxidase activity,
further reducing the production of free radicals.®*” However,
differences in inflammation due to sex may be linked to several
interrelated mechanisms, including hormonal and metabolic
variations which need further investigation.

The current study has several strengths. First, the use of
NHANES data provided a large, nationally representative sam-
ple of the US population, which enhances the generalizability of
the findings. Additionally, the availability of extensive covariate
data allowed for the control of multiple potential confounders
in this study. Second, this is the first epidemiological study to
evaluate the association between neonicotinoids and inflam-
mation using hematological ratios, while also examining effect
measure modification by sex, contributing novel insights into
sex-specific differences in these associations.

However, there are some limitations that should be considered
while interpreting these findings. First, the cross-sectional study
design limits the ability to establish causality and temporality

within the study. Second, since detection levels of neonicotinoids
were low, they were analyzed as a dichotomous variable (detect
vs. nondetect), preventing the examination of a dose-response
relationship between individual neonicotinoid compounds and
hematological ratios. Third, since neonicotinoids were analyzed
in a single urine sample, there could be exposure misclassifi-
cation. This is because neonicotinoids have a short half-life in
mammals and a single measurement may not fully reflect the
cumulative exposure or body burden.** Finally, neonicotinoids
are only one of several environmental chemicals that may be
associated with oxidative stress, alongside air pollutants, per-
sistent organic pollutants, polycyclic aromatic hydrocarbons,
pesticides, and heavy metals.®® The potential for synergistic or
antagonistic effects between these chemicals was not accounted
for, which may influence the observed associations.

This study is the first to examine the association between
detectable concentrations of neonicotinoids and inflamma-
tion using hematological indices in a nationally representa-
tive population. Findings suggest that neonicotinoids may
be linked to inflammatory changes as a result of oxidative
stress. Specifically, a decrease in CLR and an increase in LMR,
dNLR, 5-hydroxy-imidacloprid, and PLR were associated
with detectable levels of neonicotinoids. Sex-specific results
showed some evidence of effect measure modification by
sex; however, the directionality of association for males and
females was mixed. The results can be interpreted as more
representative of general chronic inflammatory changes asso-
ciated with exposure to detectable concentrations of neonic-
otinoids, which may indicate that the use of neonicotinoids
as pesticides may be a potential health hazard. However, the
cross-sectional nature of the study limits the ability to infer
causality. Further studies are required in order to establish the
association over time, through the use of a prospective study
design and repeated measures of neonicotinoid concentrations.
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Additionally, toxicological studies should analyze specific
neonicotinoid mechanisms responsible for oxidative stress
and inflammation.
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