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ABSTRACT: Imidacloprid, a neonicotinoid insecticide, was previously reported to enhance adipogenesis and resulted in insulin
resistance in cell culture models. It was also reported to promote high fat diet-induced obesity and insulin resistance in male
C57BL/6] mice. Thus, the goal of the present study was to determine the effects of imidacloprid and dietary fat interaction on
the development of adiposity and insulin resistance in female C5S7BL/6] mice. Mice were fed with a low (4% w/w) or high fat
(20% w/w) diet containing imidacloprid (0.06, 0.6, or 6 mg/kg bw/day) for 12 weeks. Mice fed with imidacloprid (0.6 mg/kg
bw/day) significantly enhanced high fat diet-induced weight gain and adiposity. Treatment with imidacloprid significantly
increased serum insulin levels with high fat diet without effects on other markers of glucose homeostasis. AMPKa activation was
significantly inhibited by 0.6 and 6 mg imidacloprid/kg bw/day in white adipose tissue. Moreover, AMPKa activation with 5-
aminoimidazole-4-carboxamide ribonucleotide abolished the effects of imidacloprid (10 #M) on enhanced adipogenesis in 3T3-
L1 adipocytes. N-Acetyl cysteine also partially reversed the effects of imidacloprid on reduced phosphorylation of protein kinase
B (AKT) in C2C12 myotubes. These results indicate that imidacloprid may potentiate high fat diet-induced adiposity in female
CS57BL/6] mice and enhance adipogenesis in 3T3-L1 adipocytes via the AMPKa-mediated pathway. Imidacloprid might also

influence glucose homeostasis partially by inducing cellular oxidative stress in C2C12 myotubes.
KEYWORDS: imidacloprid, neonicotinoids, adiposity, insulin resistance, AMPKa, AKT

B INTRODUCTION

Neonicotinoids are the largest single class of insecticides
currently on the market, which occupies approximately 27% of
global insecticide use in 2013." Since its commercial
introduction in 1991, imidacloprid has become the most
successful neonicotinoid insecticide, representing 41.5% of
neonicotinoid use.”’ Imidacloprid is used on various
vegetables, grains, and turf to control 1nsect 5pests as well as
on pets to control ectoparasitic arthropods.”** Imidacloprid is
also known to persist in soil with a photoly51s half-life of 39
days and an aerobic halflife of ~3 years.” These findings
suggest high potential for human exposure to imidacloprid. In
addition, the use of imidacloprid and two other neonicotinoids
were restricted by the European Commission in 2013 due to
their potential role in the collapse of bee populations.”
Epidemiological studies have suggested a link between
persistent organic pollutants, including insecticides, and the
risk of obesity and its associated pathology.”™'* Our previous
studies have demonstrated that several pesticides, including
imidacloprid, promotes adipogenesis in 3T3-L1 ad17pocytes and
induces insulin resistance in C2C12 myotubes.">~"” Our recent
publication also reported that oral imidacloprid exposure
enhanced high fat diet- 1nduced adiposity and insulin resistance
in male C57BL/6] mice."® It is not known, however, whether
imidacloprid exposure alone or together with high fat diet will
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exacerbate obesity and insulin resistance symptoms in female
mice. Thus, the present study aimed to determine if oral
exposure to imidacloprid would aggravate high fat diet-induced
adiposity and insulin resistance in female CS7BL/6] mice. The
role of AMPKa in imidacloprid-induced adipogenesis in 3T3-
L1 adipocytes was also determined.

B MATERIALS AND METHODS

Materials. 3T3-L1 preadipocytes and C2C12 myoblasts were from
the American Type Culture Collection (Manassas, VA). Horse serum
(HS), fetal bovine serum (FBS), methylisobutylxanthin, insulin,
dexamethasone, phosphatase and protease inhibitor cocktail, and S-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Imidacloprid
(>98%, CAS: 138261-41-3) was from Chem Service Inc. (West
Chester, PA, USA). Five-week-old female CS7BL/6] mice were from
the Jackson Laboratory (Bar Harbor, ME, USA). Semipurified
powdered diets (TD 94048, 4% fat w/w, low fat diet and TD
07518, 20% fat w/w, high fat diet) were prepared based on Harlan
Laboratories (Madison, WI, USA) diets. Food ingredients were
purchased from Bio-Serv (Flemington, NJ, USA). Serum insulin level
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Figure 1. Effects of imidacloprid on body weight, body weight gain, adipocyte size, and food intake. Mice were fed with low or high fat diet
supplemented with imidacloprid (0, 0.06, 0.6, and 6 mg/kg bw/day) for 12 weeks. (A) Body weight was monitored weekly. (B) Body weight gain
over 12 weeks. (C) Total calorie intake. (D) Representative pictures of epididymal adipose tissues after H&E staining (100X magnifications). (E)
Adipocyte size. The mean area of 50 cells from each sample was measured with Image J. Numbers are means + SE (n = 5—7 for A, B,and D and n =
3—4 for E). Means with different letters are significantly different at P < 0.0S.

was determined with mouse insulin ELISA kit from ALPCO (Salem,
NH, USA). Nonesterified fatty acid assay kit was from Wako Life
Sciences, Inc. (Mountain View, CA, USA). Total cholesterol and
glucose assay kits were from Genzyme Diagnostics (Charlottetown,
PE, Canada). Mouse leptin assay kit was obtained from R&D Systems
(Minneapolis, MN, USA). Mem-PER Plus Membrane Protein
Extraction Kit, BCA protein assay kit, Infinity triglycerides reagent,
dichlorodihydrofluorescein diacetate (H,DCFDA), N-acetyl cysteine
(NAC), and protein A-sepharose 4B conjugate were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Radioimmunopreci-
pitation assay (RIPA) buffer supplemented with 1% protease inhibitor
was obtained from Boston Bioproducts Inc. (Ashland, MA, USA).
Rabbit antibodies for mouse acetyl-CoA carboxylase (ACC),
phosphorylated ACC (pACC), AMP-activated protein kinase
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(AMPKa), phosphorylated AMPKa (pAMPKa), and horseradish
peroxidase-conjugated goat antirabbit IgG were obtained from Cell
Signaling Technology (Beverly, MA, USA). Rabbit antibodies for f-
actin were from Santa Cruz Biotechnology (Dallas, Texas, USA).
Rabbit antibody for Ca®*/calmodulin-dependent protein kinase /3
(CAMKKf) was purchased from Abcam Inc. (Cambridge, MA, USA).
Human recombinant insulin (Novolin, 100 U/ml) was bought from
Novo Nordisk Pharmaceuticals Industries Inc. (Seattle, WA, USA).
Dextrose (50%) and bacteriostatic 0.9% sodium chloride solution were
from Hospira, Inc. (Lake Forest, IL, USA). Dulbecco’s modified Eagle
medium was from Mediatech, Inc. (Manassas, VA). (DMEM),
dimethyl sulfoxide (DMSO), and other chemicals were purchased
from Fisher Scientific (Pittsburgh, PA, USA).
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Animals and Diet. All animal work was performed using the
guidelines approved by the Institutional Animal Care and Use
Comnmittee at the University of Massachusetts under protocol number
2016-0011. Mice were housed in a temperature and humidity-
controlled room with a 12 h light/dark cycle. The compositions of
diets were as previously described.'® Water and diet were given to
mice ad libitum, and each was changed twice a week. Body weight and
food intake were monitored weekly. After adaptation, the mice were
fed a control diet (4% fat w/w) and subjected to baseline insulin
tolerance and glucose tolerance tests. Mice were then divided into low
fat and high fat dietary groups with four imidacloprid treatment doses
(0, 0.06, 0.6, and 6 mg/kg bw/day). The treatment lasted for 12
weeks. Doses of imidacloprid were based on a previous publication;'®
the highest imidacloprid dose was no observed adverse effect level
(NOAEL) of imidacloprid at 5.7 mg/kg bw/day, and the lowest dose
of imidacloprid was estimated average daily intake of imidacloprid of
60 ug/kg body weight/day.'”~*' Imidacloprid contents in low fat diets
were 0, 0.47, 4.7, and 47 mg of imidacloprid/kg diet. The contents of
imidacloprid in high fat diets were 0, 0.636, 6.36, and 63.6 mg of
imidacloprid/kg diet. In the end, the average imidacloprid
consumptions were 0, 0.07, 0.69, and 6.69 mg/kg bw/day in low fat
dietary groups and 0, 0.08, 0.74, and 6.66 mg/kg bw/day in high fat
dietary groups. There were no differences in imidacloprid intakes
between low vs high fat diet groups at the same doses.

At the end of the experiment, mice were fasted for 4 h before being
sacrificed by CO, asphyxiation. Blood was collected by cardiac
puncture and then centrifuged at 2000g for 20 min to collect serum.
Part of the omental adipose tissue was first fixed in 10% phosphate-
buffered formalin and then used for paraffin sectioning.”” The
adipocyte size was measured as previously described.'® The other
parts of the omental adipose tissue and all other organs were snap
frozen with liquid nitrogen and kept at —80 °C. The levels of total
nonesterified fatty acids (NEFA), leptin, cholesterol, triglyceride (TG),
and insulin in serum were determined with commercial kits following
the manufacturers’ protocols. The homeostasis model assessment-
insulin resistance (HOMA-IR) score, insulin tolerance test (ITT), and
glucose tolerance test (GTT) were performed as previously
described.'®

mRNA Expression Analysis. Total RNA was extracted as
previously described.'® Tumor necrosis factor @ (TNF-q) and 18S
rRNA (18S rRNA) were analyzed. Real-time polymerase chain
reaction (PCR) was carried out as previously described.'®
Mm00443258 m1 (TNFa) and Mm03928990 gl (18S rRNA)
tagman probe-based gene expression assay kits were from Thermo
Fisher Scientific (Waltham, MA, USA).

Immunoprecipitation and Immunoblotting. Proteins from
mouse tissues were extracted, quantified, and immunoblotted as
previously described.'”"® For the detection of the phosphorylation of
serine 307 on insulin receptor substrate (IRS1) (p-IRS1), cell lysates
(500 pug of protein) were immunoprecipitated with IRS1 and protein
G beads overnight at 4 °C before immunoblotting.

Cell Culture. 3T3-L1 preadipocytes were maintained and differ-
entiated as previously described.'” 3T3-L1 cells were cultured in
DMEM with 10% FBS at 37 °C. Two days after confluence (day 0),
cells were differentiated into adipocytes with a mixture of dexametha-
sone (1 #M), methylisobutylxanthin (0.5 mM), and insulin (1 y#g/mL)
in DMEM supplemented with 10% FBS. On day 2, the medium was
replaced with DMEM with 10% FBS and insulin (1 pg/mL). Starting
from day 4, medium was changed with DMEM containing 10% FBS
every 2 days until day 8. 3T3-L1 cells were treated with imidacloprid
(10 uM) and/or AICAR (40 uM) for 8 days by adding a stock
solution of imidacloprid or AICAR in dimethyl sulfoxide (DMSO)
with all treatments having a final concentration of 0.02% DMSO. The
concentration of imidacloprid and AICAR were based on our previous
studies.'>' "7

C2C12 cells were maintained in DMEM with 10% FBS at 37 °C.
When the cells reach 80% confluence, they were differentiated into
myotubes in DMEM with 2% horse serum for 6 days. The myotubes
were pretreated with or without NAC (10 mM) for 30 min,*” and then
10 uM imidacloprid was added for an additional 2 days.
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Determination of Cellular Oxidative Status. We measured the
cellular oxidative status based on a previous method,”* where the
nonfluorescent dye H,DCFDA is converted to fluorescent 2',7'-
dichlorofluorescein (DCF) after being oxidized by a variety of
oxidants.”* After imidacloprid treatments, cells were incubated with
10 uM H,DCFDA for 30 min. Cells were washed with PBS three
times, immediately harvested, and lysed with RIPA buffer. The
fluorescence of the cell lysate supernatant was determined at
excitation/emission 485/520 nm with a SpectraMax spectrophotom-
eter (Molecular Devices, Sunnyvale, CA). The fluorescence was then
normalized to the protein concentration of the cell lysate supernatant
as determined by the BCA protein kit.

Statistical Analyses. The PROC MIXED procedure was utilized
to analyze data with the SAS software (version 9.3, SAS Institute Inc,,
Cary, NC, USA). For the result of body weight (Figure 1A), two-way
repeated measure Analysis of Variance (ANOVA) and the slice option
in the Least Square (LS) means statement were used to determine the
differences at each time point. For all other results in mice, two-way
ANOVA along with LS means statement was used. The Tukey—
Kramer’s method was applied for the multiple comparisons among the
groups. If there were significant interactions between diet and
imidacloprid, letters were used in the figures to present the differences
between each group. When there were no interactions between diet
and imidacloprid, brackets were used in the figures to represent
differences between imidacloprid treatments and control groups. Cell
culture data (Figure 4 and S) were analyzed by one-way ANOVA
followed by PROC mixed with LS means statement. Tukey’s test was
utilized for the multiple comparisons among the groups. P < 0.05 was
considered as statistically significant.

B RESULTS

Imidacloprid Enhanced Body Weight Gain and
Adipocyte Size in High Fat Diet-Fed Mice. Overall, there
were significant effects of dietary fat, imidacloprid, time, and
their interactions (imidacloprid X diet X time) on body weight
(Figure 1A). Both dietary fat and imidacloprid had significantly
increased body weight gain with a significant interaction
between dietary fat and imidacloprid (Figure 1B, 133% increase
in high fat compared to low fat diet and 10% increase in
imidacloprid treatments compared to the controls). No
differences in body weight were observed among all groups
in low fat diet-fed mice (Figure 1A). In high fat diet-fed mice,
imidacloprid (0.6 mg/kg bw/day) led to a significant increase
in body weight compared to the control group starting from
week 5 and maintained this trend until the end of the
experiment (~15—22% increase compared to the controls, P <
0.05 for all weeks from S to 12) (Figure 1A). Among high fat
diet-fed groups, imidacloprid at 0.6 mg/kg bw/day treatment
group had greater weight gain, 71% increase compared to that
of the high fat diet-fed control (P = 0.0167) (Figure 1B).

The calorie consumption of mice is shown in Figure 1C.
Both dietary fat and imidacloprid significantly affected the
calorie intake without interaction. High fat diet-fed mice
consumed 12% more calories than mice fed a low fat diet
(Figure 1C), and imidacloprid fed mice have a 6% decrease in
calorie intake compared to that of mice in the control groups.
However, mice fed 6 mg/kg bw/day of imidacloprid consumed
12% fewer calories compared to that of the control groups (P =
0.0223) (Figure 1C).

Effects of Imidacloprid on Organs and Tissue
Weights. Organs and tissues weights are shown in Table 1.
There was a significant dietary fat effect, but neither an
imidacloprid effect nor its interactions were evident on liver,
heart, spleen, and kidney weights. Neither dietary fat nor
imidacloprid treatments resulted in any effects on pancreas.
There were significant effects of dietary fat and imidacloprid
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Table 1. Organ Weights”

high fat diet

low fat diet

P-value

imidacloprid (mg/kg bw/day)

imidacloprid (mg/kg bw/day)

interaction

imidacloprid

dietary fat

0.06 0.6 control 0.06 0.6
% of Body Weight

control

n.s.

n.s.

<0.0001

3.36 + 0.15
0.42 + 0.03
0.29 + 0.01

3.79 £ 0.13
0.40 + 0.02
0.26 + 0.01

3.63 + 0.16
0.46 + 0.02
0.31 + 0.01
1.15 + 0.05
0.93 £ 0.10

345 +0.26
0.47 + 0.03
0.37 + 0.04

4.87 + 0.25
0.48 + 0.01
0.36 + 0.02

4.56 £ 0.17
0.50 + 0.01
0.35 + 0.01

445 + 0.35
0.54 + 0.03
0.43 + 0.07

4.04 + 0.27
0.52 + 0.02
0.37 + 0.03

liver

n.s.

n.s.

<0.0001

heart

n.s.

n.s.

0.017

spleen

0.0002 n.s. n.s.

n.s.

1.09 + 0.04
0.85 + 0.04

1.05 + 0.03

0.82 £ 0.05

1.17 + 0.05
1.06 + 0.16

1.19 + 0.02
0.93 £+ 0.03

1.31 £ 0.08 127 + 0.02
0.96 + 0.04

1.06 + 0.08

1.30 + 0.06
1.04 + 0.09

kidney

n.s.

n.s.

pancreas

Adipose Tissue
462 + 0.38°

0.0375
0.029

n.s.

0.010
n.s.

6.63 + 1.19° <0.0001
<0.0001

6.69 + 0.39°

471 + 0.69®

2.82 + 0.23¢ 2.60 + 0.27° 3.34 + 0.51%

3.00 + 0.28°

omental

5.69 + 0.38*
2.82 + 0.12
1.80 + 0.15

5.89 + 0.31°
293 + 0.16
2.03 + 0.19

422 + 0.68°
2.10 + 0.39
1.50 + 0.35

426 + 041°
2.16 + 0.21

224 + 0.39°
1.34 + 0.18

222 + 0.24°
0.90 + 0.13
0.81 + 0.12

232 + 0.17°
091 + 0.17
0.80 + 0.09

245 + 0.19%¢
1.01 + 0.13
0.88 + 0.15

subcutaneous

n.s.

<0.0001
<0.0001
<0.0001

retroperitoneal

n.s.

n.s.

147 £ 0.16

1.07 £ 0.16

mesenteric

total

0.028

0.026

12.5 + 1.25° 10.0 + 3.09% 17.5 + 1.06* 169 + 1.08*

7.99 + 0.97°¢

6.53 + 0.81¢

6.85 + 0.35
Mice were treated with three doses of imidacloprid (0.06, 0.6, and 6 mg/kg bw/day). Values represent means #+ SE (n = S—7). Means with different superscripts within the same row are significantly

7.34 + 0.85%
different at P < 0.05. Abbreviations: n.s., not significant.

a
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treatments, and with their interactions on omental and total
adipose tissue weights (92—98% increase in high fat compared
to low fat diet and 11—17% increase in imidacloprid treatments
compared to the controls). In mice fed the high fat diet, animals
with imidacloprid (0.6 mg/kg bw/ day) had greater omental
(45% increase, P = 0.0416) and total adipose tissue weights
(40% increase, P = 0.0391) when compared with the control
group.

Histological analysis showed significantly increased effects of
both dietary fat and imidacloprid treatments as well as their
interaction on omental adipocyte size (52% increase in high fat
compared to low fat diet and 17% increase in imidacloprid
treatments compared to the controls, Figure 1D and E). In high
fat diet-fed mice, imidacloprid (0.6 mg/kg bw/day) treatment
markedly increased adipocyte size (45% increase, P = 0.0063)
compared to the control group (Figure 1D and E).

Effects of Imidacloprid on Serum Markers. Analyses of
serum markers are shown in Table 2. There were significant
effects of both dietary fat and imidacloprid treatments (without
interaction) on serum insulin, leptin, and TG levels. There was
a 43% increase for insulin, 167% increase for leptin, and 9%
decrease in the high fat over low fat diet-fed mice. There was a
20% increase for insulin, 46% increase for leptin, and 19%
increase in imidacloprid treatments over the controls. Mice
treated with 6 mg of imidacloprid/kg bw/day had higher blood
insulin and leptin levels compared with the respective control
groups (50 and 87% increase with P = 0.0363 and 0.0271,
respectively). Mice fed imidacloprid (0.06 mg/kg bw/day) had
higher levels of TG (23% increase, P = 0.0458) than the control
groups. Dietary fat, but not imidacloprid, had significant effects
on cholesterol levels (16% increase in high fat compared to low
fat diet groups). Neither dietary fat nor imidacloprid had any
effect on serum glucose or NEFA levels in the current study.

Influence of Imidacloprid on Glucose Homeostasis.
The effects of treatment with imidacloprid or dietary fat on
glucose homeostasis were determined by ITT, GTT, and
HOMA-IR (Figure 2 and Supplementary Figure 1). There were
no differences of the ITT between any of the groups over time
as shown in Figure 2A—C. There was a significant effect of
dietary fat on GTT values in weeks 6 and 11 (7 and 19%
increase in high fat groups compared to those in low fat groups,
respectively) without imidacloprid or interaction effects (Figure
2E and F). There was only dietary fat effect on HOMA-IR
without any effects of imidacloprid or interaction (P = 0.0047,
Figure 2).

Effects of Imidacloprid on the AMPKa Pathway and
TNFa in White Adipose Tissue. The activation of AMPK, a
master regulator of energy metabolism, results in the inhibition
of lipogenesis.”> On the basis of previous publications,”'® we
have determined the effects of imidacloprid and high fat diet on
AMPK, one of its downstream markers (acetyl Co-A
carboxylase, ACC), and one of its upstream regulators (Ca**/
calmodulin-dependent protein kinase ff, CaMKKf)***” from
omental adipose tissue (Figure 3A—D). There were both
dietary fat and imidacloprid effects on the expression of
CaMKKf without interaction (20% decrease in high fat
compared to low fat diet and 18% decrease in imidacloprid
treatments compared to the controls, Figure 3A). Imidacloprid
(0.6 and 6 mg/kg bw/day) reduced the expression of CaMKK/
compared to controls (21 and 24% reduction with P = 0.0099
and 0.0023, respectively) (Figure 3A). There were significant
effects of imidacloprid and imidacloprid and dietary fat
interactions on the ratio of pAMPKa/AMPKa (7% decrease

DOI: 10.1021/acs jafc.7b02584
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Table 2. Serum Parameters

high fat diet

low fat diet

P-value

imidacloprid (mg/kg BW/day)

imidacloprid (mg/kg BW/day)

interaction

imidacloprid

dietary fat

0.6
170.6 + 9.3

0.06
1509 + 13.2

control
152.5 + 15.1

0.6
145.1 = 10.1

0.06
139.9 + 23.7

control
1543 + 27.1
0.70 + 0.09
16.1 + 5.0
63.1 + 1.9
653 + 4.9

n.s.

n.s.

1419 + 94

1.02 + 0.10
36.8 + 5.0

599 + 5.1

1443 +£ 5.9

glucose (mg/dL)

n.s.

0.0269
0.0387
0.0343

n.s.

0.0025
<0.0001

145 + 0.14
69.7 + 11.0
731 £ 2.1
84.8 +£ 8.5

1.19 + 0.25
52.5 + 4.0

663 + 1.5

1.00 + 0.21
47.7 + 21.7

679 + 3.7

1.14 + 0.18
29.1 + 6.8
73.0 + 3.8

624 + 5.2

0.62 + 0.08
123 + 3.8
753 72
71.3 + 3.6

0.79 + 0.13
19.8 + 4.2
837+ 72
73.0 £ 6.5

insulin (ng/mL)

n.s.

leptin (ng/mL)
TG (mg/dL)

n.s.

0.0378
0.0098

n.s.

89.3 + 83

68.6 + 2.8

731 +24

n.s.

13 +

cholesterol (mg/dL)

NEFA (mEq/L)
“Mice were treated with three doses of imidacloprid (0.06, 0.6, and 6 mg/kg bw/day). Values represent means + SE (n = 5—7). Means with different superscripts within the same row are significantly

different at P < 0.05. Abbreviations: n.s., not significant; TG, triglyceride; NEFA, nonesterified fatty acid.

n.s.

n.s.

+ 0.4

1.8

0.2

14 +

0.1

0.2

1.2

0.1

1.0

0.3

13 +

0.3

1S £

0.3

13
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in high fat compared to low fat diet and 22% decrease in
imidacloprid treatments compared to the controls, Figure 3B).
High fat diet and imidacloprid (0.6 and 6 mg/kg bw/day) fed
mice had a decreased ratio of pAMPKa/AMPKa compared to
the high fat diet-fed control (45 and 58% reduction with P =
0.0064 and 0.0002, respectively) (Figure 3B). There were
effects of dietary fat and imidacloprid as well as their
interactions on the ratio of phosphorylated ACC/ACC
(pACC/ACC) (14% decrease in high fat compared to low fat
diet and 16% decrease in imidacloprid treatments compared to
the controls, Figure 3C). High fat diet-fed mice treated with
imidacloprid at 0.06 and 6 mg/kg bw/day had significantly
lower pACC/ACC ratios compared to the high fat diet-fed
control (48 and 43% reduction with P = 0.0061 and 0.0172,
respectively) (Figure 3C). The current results indicate that oral
administration of imidacloprid enhances lipogenesis in part via
an AMPKa-dependent pathway in mice white adipose tissue.

There were effects of dietary fat and imidacloprid as well as
their interactions on TNF-o mRNA level (127% increase in
high fat compared to low fat diet and 70% increase in
imidacloprid treatments compared to the controls, Figure 3E).
High fat diet-fed mice treated with imidacloprid at 0.6 and 6
mg/kg bw/day had higher levels of TNFa compared to high fat
diet-fed controls (165 and 182% increase, respectively, with P <
0.0001 for both) (Figure 3E).

Effects of AMPKa Activation on Imidacloprid-Induced
Adipogenesis. To further determine the role of AMPKa
activation on imidacloprid-induced adipogenesis, 3T3-L1
adipocytes were cotreated with imidacloprid and AICAR, an
AMPK activator.'” Consistent with results in Figure 3 and a
previous report,” imidacloprid treatment alone increased fat
accumulation compared to that of the control group (P =
0.0012) (Figure 4A). Treatment with AICAR alone reduced fat
accumulation (P < 0.0001) as expected.17 However, cotreat-
ment of AICAR and imidacloprid resulted in significantly
decreased fat accumulation to a level similar to that of AICAR
alone (P = 0.0012, compared to control). Figure 4B—D further
shows that AICAR and imidacloprid cotreatment significantly
decreased C/EBPa expression (P < 0.0001) while increasing
the ratio of pAMPKa/AMPKa to a level similar to that of
AICAR alone. These findings are consistent with previously
reported findings where AMPK activation was reported to
decrease the expression of C/EBPa.”® These results suggest
that imidacloprid promotes adipogenesis via the AMPKa-
mediated pathway in 3T3-L1 adipocytes.

Effects of Imidacloprid on the Insulin Signaling
Pathway in C2C12 Myotubes. Phosphorylation of IRS1
serine 307 (pIRS1 S307) is associated with the inhibition of
insulin signaling.”” Panels A and B in Figure 5 show that
imidacloprid significantly decreases insulin-stimulated phos-
phorylation of protein kinase B (AKT) while increasing the
phosphorylation of IRS1 S307. Imidacloprid (10 uM) was
further observed to elevate oxidative stress (Figure SC), and
NAGC, an oxygen-free radical chelator,™ partially reversed the
decreased phosphorylation of AKT induced by imidacloprid
(Figure SD). These results indicate that the elevated cellular
oxidative stress is partially responsible for insulin resistance
induced by imidacloprid.

B DISCUSSION

In the current in vivo study, oral exposure to imidacloprid at or
lower than the NOAEL aggravated high fat diet-induced weight
gain and elevated serum insulin levels in CS7BL/6] female
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Figure 2. Effects of imidacloprid on insulin tolerance test (ITT) (A—C) and glucose tolerance test (GTT) (D—F) as determined as the area under
the curve (AUC) and HOMA-IR (G). Mice were fed a low or high fat diet supplemented with imidacloprid (0, 0.06, 0.6, and 6 mg/kg bw/day) for
12 weeks. ITT was measured during the adaptation period and weeks S and 9. GTT was measured during the adaptation period and weeks 6 and 11.
Blood was collected from the tail vein, and glucose levels were determined at O min. Insulin (ITT) or glucose solutions (GTT) were subsequently
administered by intraperitoneal injection, and the glucose level was further measured at 15, 30, 60, and 120 min post-injection. HOMA-IR score was
calculated at week 12 with a HOMA-IR calculator. Numbers represent means + SE (n = 5—8).

mice. The current in vitro results indicate that imidacloprid may
elicit these effects by post-translational regulation of the AMPK
pathway in white adipose tissue. Although there was no
significant effect of imidacloprid on insulin resistance in the
current female study, imidacloprid might induce insulin
resistance via TNFa and/or an oxidative stress-mediated
mechanism as seen in a previous male study.'®

Previously, oral administration of imidacloprid to mice or rats
at 15 or 20 mg/kg bw/day significantly reduced body weight,
whereas mice exposed to 5 or 10 mg/kg bw/day revealed no
change in body weight when fed chow diet (low fat diet).*"*
Our previous publication first reported the interaction between
oral imidacloprid administration (at lower than 6 mg/kd bw/
day) and high fat diet in male mice, resulting in significantly
induced weight gain in male mice."® We now show that
imidacloprid and high fat diet also significantly increased weight
gain in female mice. There is only one other study reporting the
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role of high fat diet potentiating the effect of environmental
contaminants on weight gain where persistent organic
pollutants (POP) in crude fish oil were reported to potentiate
high fat diet (20 wt %/wt corn oil)-induced visceral adipose
tissue and weight gain compared with refined salmon oil
(without POP) after 4 weeks in male Sprague—Dawley rats.>
This study failed, however, to compare the role of POP in a low
fat diet. Therefore, it was not clear if high fat diet contributed to
the effects of POP in this model. Thus, the significance of the
current study and our previous male study is the interaction
between low dose imidacloprid (at or lower than an NOAEL of
5.7 mg of imidacloprid/kg bw/day) and high fat diet on the
development of obesity. The current results further support
that effects of imidacloprid and high fat diet on weight gain
were independent of the sex of the mice. Although the
mechanism of how a high fat diet induces increased weight gain
following imidacloprid treatment is still unknown, we speculate
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Figure 3. Effects of imidacloprid on AMPKa pathway and TNFa expression in white adipose tissue. Mice were fed with low or high fat diet
supplemented with imidacloprid (0, 0.06, 0.6, and 6 mg/kg bw/day) for 12 weeks. (A) CaMKKJ, Ca**/calmodulin-dependent protein kinase f; (B)
pAMPKa/AMPKa, phosphorylated AMP-activated protein kinase-a/AMP-activated protein kinase-a; (C) pACC/ACC, phosphorylated acetyl-CoA
carboxylase/acetyl-CoA carboxylase; (D) representative pictures; (E) TNFa, tumor necrosis factor a. Numbers represent mean + SE (n = 4—6).

Means with different letters are significantly different at P < 0.0S.
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Figure 4. Influence of AMPKa activation on adipogenesis induced by
imidacloprid in 3T3-L1 adipocytes. (A) Triglyceride; (B) representa-
tive pictures; (C) C/EBPa, CAATT element binding protein-a; (D)
pAMPKa/AMPKa, phosphorylated AMP-activated protein kinase-a/
AMP-activated protein kinase-a. Cells were treated with imidacloprid
(10 uM) or AICAR (40 uM) for 8 days. Numbers represent mean +
SE (n = 3). Means with different letters are significantly different at P <
0.0S.

that the high fat diet and imidacloprid interaction is
independent of type of fat used because both the current
study (using soybean oil) and a study from Ruzzin et al. (2010)
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(using corn oil) observed similar weight gain by treatment and
high fat diet. It is possible that the high fat diet induces
metabolic stress and imidacloprid further exacerbates this
process, resulting in excess weight gain in the high fat diet-fed
mice. Alternatively, we cannot exclude the possibility that low
and high fat diets might have different effects on the
bioavailability of insecticides, thus leading to the differences
observed in the current study.

In addition to high fat diet-induced weight gain, Ruzzin et
al.*? also reported that persistent organic pollutants (POP) in
crude fish oil promoted high fat diet (20 wt %/wt corn oil)-
induced insulin resistance compared to that of refined salmon
oil (without POP) in male rats. Others have reported that oral
administration of 20 mg of imidacloprid/kg bw/day for 90 days
with chow diet (low fat diet) increased the blood glucose level,
whereas 10 mg of imidacloprid/kg bw/day did not affect blood
glucose in female rats.”’ Our previous study reported that
imidacloprid treatment (0.6 and 6 mg/kg bw/day for 12 weeks)
exacerbated high fat diet (soybean oil)-induced insulin
resistance in male mice.'® In the current study, however, the
12 week imidacloprid exposure significantly increased serum
insulin levels without having an influence on insulin and
glucose tolerance in the high fat diet-fed female mice. These
findings suggest a potential sex difference in the susceptibility to
high fat diet-induced insulin resistance. It is possible that,
compared with male mice, female mice may require a longer
time and/or higher treatment dose to develop metabolic
disorders under the experimental conditions used. In support of
this contention, others have reported that female mice were
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Figure S. Effects of imidacloprid on insulin signaling and oxidative stress in C2C12 myotubes. (A) pAKT/AKT, phosphorylated AKT/AKT; (B)
pIRS1/IRS1, phosphorylated insulin receptor substrate 1 (Serine 307)/insulin receptor substrate 1; (C) effects of imidacloprid on oxidative stress;
(D) N-acetylcysteine (NAC, 10 mM) partially restored the imidacloprid-induced decrease of pAKT. Immunoprecipitation was first performed with
the IRS1 antibody and then immunoblotted with pIRS1 or IRS1 antibodies. Cells were differentiated into myotubes for 6 days in DMEM with 2%
horse serum, and then the myotubes were treated with imidacloprid (10 M) for 2 days. One day before insulin stimulation, media were changed to
F-12K with 2% horse serum. Protein expression was determined after treatment with or without insulin (100 nM) for 15 min. Numbers represent
mean + SE (n = 3). Means with different letters are significantly different at P < 0.0S.

resistant to high fat diet-induced glucose intolerance and insulin
resistance,”* which may be due to estrogens that are protective
against the development of metabolic syndrome and insulin
resistance in female rodents.”

In the previous male study,'® there were interactions between
imidacloprid and dietary fat on CaMKKf expression and
AMPK phosphorylation in adipocytes. In the current study,
however, there is only an interaction between imidacloprid and
dietary fat on AMPK phosphorylation but not on CaMKKf
expression. Thus, whether imidacloprid affects AMPKa
activation via CaMKKp or other upstream regulators in high
fat diet-fed female mice needs to be further determined. In
addition, imidacloprid is an agonist on nicotinic acetylcholine
receptors at low concentrations but blocks them at high
concentrations.* It is not clear from the results of the current
study whether imidacloprid induces adipogenesis and/or
insulin resistance by way of or independent of its action on
nicotinic acetylcholine receptors in muscle or adipose tissue.

Imidacloprid (10 #M) exposure was previously reported to
induce insulin resistance by decreasing both insulin-stimulated
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glucose uptake and phosphorylation of AKT in myotubes.'*
Imidacloprid was also reported to increase TNF-q, interleukin-
15, and interleukin-6 in mouse liver and brain.”’ TNFa is a
proinflammatory cytokine released mainly from macrophages in
response to other physiological processes® and is known to
inhibit insulin signaling by activating protein tyrosine
phosphatase by removing tyrosine phosphate groups from
IRS-1.”® In addition, binding of TNFa to its receptors triggers a
broad pattern of signaling cascades, including c-Jun amino-
terminal kinase (JNK), which cause insulin resistance by
promoting serine phosphorylation of IRS1 at 307, a negative
regulator of insulin signaling.”® In this study, imidacloprid
increased TNFa expression in adipose tissue, which might
contribute to the development of insulin resistance by
imidacloprid.

Chronic oxidative stress is thought to be one of contributing
factors to the development of chronic diseases, including
insulin resistance.’” Oxidative stress was reported to stimulate
the serine kinase of p38 mitogen-activated protein kinase (p38
MAPK), which is correlated with reduced insulin signaling and
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glucose transport.”” Imidacloprid was previously reported to
cause oxidative stress,””*' and our current results from C2C12
muscle cells suggest that imidacloprid reduces insulin-
stimulated phosphorylation of AKT partially mediated by
oxidative stress, further supporting the potential role of
oxidative stress on imidacloprid’s effects on insulin responsive-
ness. However, the in vivo effect of imidacloprid on insulin
responsiveness, especially in females, needs to be further
determined.

Imidacloprid is readily absorbed from the gastrointestinal
tract and distributed in almost all tissues.'” Once absorbed,
imidacloprid is degraded into several metabolites including 6-
chloronicotinic acid, which is also an indicator of imidacloprid
exposure;lg’42 thus, determining the blood concentrations of
imidacloprid and its metabolites would also be helpful for
identifying the compound responsible for adiposity in future
studies. Imidacloprid is regarded as moderately toxic with an
oral LD, of 420 mg/kg bw in rats, and the typical symptoms of
poisoning include cramps, fatigue, and muscle weakness, which
were not observed in the current study due to the low doses
used.”’

In conclusion, the current study reports that imidacloprid
exposure (0.6 and 6 mg/kg bw/day) promotes high fat diet-
induced obesity in female C57BL/6] mice, which is equivalent
to 0.049 and 0.49 mg/kg bw/day for humans based on the
body surface area normalization method.* Although the
detailed mechanisms on how imidacloprid interacted with
high fat diet still needs to be determined, the current results are
significant in demonstrating a potential correlation between low
level imidacloprid exposure and high fat diet in augmenting
obesity as well as insulin resistance.
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