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Introduction

Permethrin [(£)-3-phenoxybenzyl 3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate] is one of the synthetic pyrethroid insecticides structurally
based on the natural pyrethrins. First synthesized in 1973 and marketed in 1977, permethrin
is a photo-stable ester composed of the dichloro analogue of chrysanthemic acid and the 3-
phenoxybenzyl alcohol (Elliott, et al., 1973). In addition to the structural advancement for
the enhanced environmental stability, permethrin exhibits excellent potency against a wide
spectrum of insect pests, while retaining a large margin of mammalian safety (Clark, et al.,
2012; Soderlund, 2015). Four different sterecisomers can be found in the technical grade of
permethrin products, and among these isomers, one with the [1R, cis] configuration is
known to be the most potent form against insects (WHO, 1990b).

The action of permethrin on its molecular targets has been extensively studied and reviewed
previously (Choi, et al., 2006; Ray, et al., 2006; Soderlund, et al., 2002). Briefly, permethrin
elicits a rapid functional disruption in the neuromuscular system by membrane
depolarization. One of the important major target sites is located on the voltage sensitive
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sodium channel (VSSC) alpha-subunit, a pore forming transmembrane protein that consists
of four homologous domains (I-1V) (Soderlund, et al., 2002; Vijverberg, et al., 1982).
Permethrin is known to slow the inactivation of VSSCs during steady-state depolarization
and produces prolonged tail currents upon repolarization of the cell membrane once the
voltage-clamp is removed during the electrophysiological recording protocol (Choi, et al.,
2006; Tan, et al., 2005; Yoon, et al., 2008).

Permethrin in mammals is rapidly biotransformed by ester cleavage and oxidation reactions
and almost completely eliminated via urinary and fecal excretions within 12 days (WHO,
1990a). Environmental fate of permethrin varies depending on the environmental conditions.
A half-life of permethrin in soil under aerobic conditions has been estimated to be 28 days
or less under laboratory study conditions (WHO, 1990a). Based on these characteristics,
permethrin became the first pyrethroid to be widely used, making up approximately 17% of
the global insecticide market by 2013 (Soderlund, 2015; Soderlund, et al., 2002; Sparks,
2013). In the US alone, ~2.2 million Ibs of permethrin have been sprayed annually to
agricultural plots and approximately 63% is applied to the residential area for public health
(Feo, et al., 2010). In particular, permethrin has been formulated in pet products and
veterinary medications to control ectoparasitic arthropod pests, such as ticks and fleas. An
over-the-counter 1% permethrin formulation for human head louse control has been
available since 1994 to treat infested school aged children (Clark, et al., 2013; Durand, et al.,
2012). Additionally, many biting arthropods show avoidance behaviors to permethrin. Hence
many permethrin-treated materials (e.g., permethrin impregnated clothing including military
uniforms, pet collars, and mosquito nets) have been developed and used to repel blood
feeding arthropods (National Research Council, 1994). The widespread use of permethrin
suggests that human exposure to permethrin is highly likely.

Permethrin was reported to promote adipogenesis and induce insulin resistance in cell
culture models similar to other types of insecticides (Howell, et al., 2011; J. Kim, et al.,
2013, 2014; Moreno-Aliaga, et al., 2002; Park, et al., 2013; Shen, et al., 2017; Sun, Peng, et
al., 2017; Sun, Qi, et al., 2016; Xiao, Qi, et al., 2017; Xiao, Clark, et al. 2017). In addition,
permethrin treatment promoted high fat diet-induced insulin resistance in female mice
(Xiao, Kim, et al., 2017); however, the effects of permethrin on high fat diet-induced obesity
and insulin resistance in male mice remain unknown. Previously, several reports of sex-
dependent effects of insecticides, particularly organochlorine, organophosphorus, and
neonicotinoid insecticides, on weight gain have been reported (Lassiter & Brimijoin, 2008;
Lassiter, Ryde, et al., 2008; Sun, Qi, et al., 2017; Sun, Xiao, et al., 2016; Villeneuve, et al.,
1977; Xiao, Kim, et al. 2017). Oral exposure to organochlorine insecticide,
hexachlorobenzene, for four weeks was reported to increase weight gain only in male rats
(Villeneuve, et al., 1977). Neonatal exposure (postnatal day 1-4) to organophosphorus
insecticide, parathion, increased weight gain in males, but decreased weight gain in female
rats (Lassiter, Ryde, et al., 2008). Others reported that developmental exposure (from
gestational through weaning) to organophosphorus insecticide, chlorpyrifos, increased
weight gain only in male rats, but not females (Lassiter & Brimijoin, 2008). Our group
previously reported that oral exposure to a neonicotinoid insecticide, imidacloprid, at the
NOAEL or lower doses, increased weight gain in both male and females (Sun, Qi, et al.,
2017; Sun, Xiao, et al., 2016). These findings support the contention that there are sex-
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dependent effects of insecticides on weight gain in animals. Thus, the purpose of this study
was to investigate the effect of permethrin exposure on development of dietary fat-induced
obesity and type 2 diabetes using a male mouse model.

Material and methods

Materials

Permethrin (98% pure, mixture of 38.7% cisand 59.4% transisomers) was from Sigma-
Aldrich Co. (St. Louis, MO). Insulin (human recombinant) was obtained from Novo Nordisk
Inc. (Princeton, NJ). D-glucose solution (50%) was from Hospira Inc. (Lake Forest, IL).
Triglyceride (TG), cholesterol, glucose, and Pierce BCA protein assay Kits were purchased
from Thermo Fisher Scientific (Rockford, IL). Insulin ELISA kit was from ALPCO (Salem,
NH). Leptin ELISA kit was purchased from R&D systems (Minneapolis, MN). Non-
esterified fatty acid (NEFA) assay kit was from Wako Diagnostics (Richmond, VVA). Rabbit
antibodies of phosphorylated adenosine monophosphate-activated protein kinase a
(pPAMPKa.), adenosine monophosphate-activated protein kinase a (AMPKa)),
phosphorylated acetyl-CoA carboxylase (pACC), and acetyl-CoA carboxylase (ACC) were
purchased from Cell Signaling Technology (Danvers, MA). Rabbit antibodies of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), goat antibodies of calcium/
calmodulin-dependent protein kinase kinase 2 (CaMKK) and mouse antibody of p-actin
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Horseradish
peroxidase-conjugated anti-rabbit, anti-goat, or anti-mouse secondary antibodies were from
Cell Signaling Technology (Danvers, MA). High capacity cDNA reverse transcription kit,
real-time PCR primers and TagMan gene expression master mix were obtained from
Applied Biosystem (Carlsbad, CA). Other chemicals were either from Fisher Scientific
(Waltham, MA) or Sigma-Aldrich Co. (St. Louis, MO).

Animals and diet

All animal care and procedures were approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts Amherst (Protocol Number 2013-0014).
Male C57BL/6J mice at three weeks of age from the Jackson Laboratory (Bar Harbor, ME)
were housed in pairs with a 12-h light-dark cycle in a temperature and humidity controlled
room. Mice were adapted to new environment with low fat, semi-purified, AIN-93-based
diet in powdered form (TD94048, Harlan Laboratories, Madison, WI) for three weeks. All
mice were given a baseline insulin tolerance test (ITT) in the second week of adaptation and
a baseline glucose tolerance test (GTT) in the third week of the adaptation period. Then,
animals were randomly divided into two dietary groups: low fat diet-fed (4 w/w % fat) and
high fat diet-fed groups (20 w/w % fat, TD07518, Harlan Laboratories, Madison, WI). The
diet composition for low fat diet was as follows (ingredient, g/kg): corn starch, 465.7;
maltodextrin, 155; casein, 140; sucrose, 100; cellulose, 50; soybean oil, 40; mineral mix, 35;
vitamin mix, 10; choline bitartrate, 2.5; L-cystine, 1.8; tert-butylhydroquinone, 0.008. The
diet composition for high fat diet was as follows (ingredient, g/kg): corn starch, 288.5;
maltodextrin, 132; casein, 169.1; sucrose, 100; cellulose, 50; soybean oil, 200; mineral mix,
42.8; vitamin mix, 12.4; choline bitartrate, 3; L-cystine, 2.2; tert-butylhydroquinone, 0.04.
Permethrin was first dissolved in soybean oil and then mixed with other ingredients.
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Within each dietary fat group, control and three different doses of permethrin-containing diet
were given to mice for 12 weeks. Body weight and food intake were measured weekly.
Permethrin doses used in the current study were chosen based on acceptable daily intake of
permethrin is 50 pg/kg body weight (BW)/day and the chronic no observed adverse effect
level (NOAEL) of permethrin is 5000 pg/kg BW/day (CEPADP, 1987; WHO, 1990b). Since
calorie densities are different between low and high fat diets, doses of permethrin were
adjusted accordingly to achieve comparable permethrin doses delivered. Permethrin
concentrations in low fat diet were 0.43, 4.3, and 43 ug per g of diet to deliver 50, 500, and
5000 pg/kg BW/day, respectively. For high fat diet, permethrin concentrations were 0.62,
6.2, and 62 pug per g of diet to deliver 50, 500, and 5000 pg/kg BW/day, respectively.
Estimated permethrin intake in low fat diet-fed animals were 58 + 1, 594 + 1, and 6184

+ 151 pg/kg BW/day for 50, 500, and 5000 pg/kg BW/day, respectively. Estimated
permethrin intake in high fat diet-fed animals were 72 + 1, 610 + 47, and 6422 + 133 pg/kg
BW/day for 50, 500, and 5000 ug/kg BW/day, respectively. There were no statistical
differences in three permethrin doses delivered between low vs. high fat diets.

After 12 weeks of permethrin treatment, mice were sacrificed by CO, asphyxiation after 4
hours of fasting. Blood was collected by cardiac puncture and serum were separated by
centrifugation at 3,000 g for 20 mins at 4°C. Internal organs (heart, liver, kidneys, pancreas,
spleen) and adipose tissue; including epididymal, retroperitoneal, mesenteric, and
subcutaneous fat from abdominal area, were weighed at sacrifice. The liver, adipose tissue,
and gastrocnemius muscles were snap-frozen in liquid nitrogen and kept in =80°C for
further analysis. A part of epididymal white adipose tissue was preserved in 10% neutralized
formalin for histological analysis.

Determination of glucose homeostasis

Insulin tolerance test (ITT) was carried out three times (the second week of adaptation
period and weeks 5 and 9) according to the method described previously (Di Gregorio, et al.,
2004). Mice were fasted for 4 hours before a bolus of insulin (0.75 U/kg) was injected
intraperitoneally. Then, tail vein blood samples were obtained at 0, 15, 30, 60, and 120
minutes after insulin injection and tested for glucose level using a hand-held glucometer
(Advocate, Pharma Supply Inc, Wellington, FL). The areas under the curve (AUC) were
calculated using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA).

Intraperitoneal glucose tolerance tests (IPGTT) were conducted at the third week of
adaptation and weeks 6 and 11 according to a method described previously with slight
modification (Andrikopoulos, et al., 2008). After 6 hours of fasting, a bolus of glucose
solution (2 g/kg) was injected into the intraperitoneal cavity of each mouse. Blood glucose
level was then measured at 0, 15, 30, 60, and 120 minutes using a glucometer as described
above. Blood samples at 0, 30, 60, and 120 min were also obtained for insulin determination
by lateral tail incision using a method described previously (Christensen, et al., 2009).
HOMA-IR was calculated using HOMAZ2 calculator (Wallace, et al., 2004).
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Hematoxylin & Eosin (H&E) staining

Epididymal adipose tissues were fixed with 10% neutralized formalin solution before
embedding in paraffin. The 5 um-thick sections were made for hematoxylin and eosin
(H&E) staining using Shandon TissueWave 2 Microwave Specimen Processing System and
Rotary Microtome HM 325 (Thermo Fisher Scientific, Waltham, MA). Photographs were
captured using Olympus CK2 inverted microscope (Olympus, Tokyo, Japan) and microscope
eyepiece camera (AmScope, Irvine, CA, USA). Adipocyte size was measured using a
method described previously (Sun, Xiao, et al., 2016). Briefly, 50 cells for each sample slide
were randomly chosen and measured by four individuals, who were blinded to the treatment
groups, using ImageJ software v1.48 (National Institutes of Health, Bethesda, MD).

Western blot & reverse transcriptase quantitative PCR (RT-qPCR) analyses

Immunoblot analyses and RT-qPCR were done based on previous methods (Y. Kim, et al.,
2015; Xiao, et al., 2015). For RT-qPCR, the liver, gastrocnemius muscle, and epididymal
adipose tissue were homogenized using TRIzol reagent and total RNA extracted according
to manufacturer’s protocol. TagMan Gene Expression Assays for Glucose transporter 4
(GLUT4, Mm00436615_m1), Sterol regulatory element-binding protein 1 (SREBP1,
MmO00550338_m1), diacylglycerol O-acyltransferase 1 (DGAT1, Mm00515643 m1),
diacylglycerol O-acyltransferase 2 (DGAT2, Mm00499536_m1), cluster of differentiation
36 (CD36, MmM00432403_m1), phosphoenolpyruvate carboxykinase 2 (PEPCK,
MmO00551411_m1), pyruvate dehydrogenase kinase 4 (PDK4, Mm01166879_m1),
peroxisome proliferator-activated receptor alpha (PPARa, Mm00440939 _m1) were
performed on StepOne Plus real time PCR system (Applied Biosystems, Carlsbad, CA). The
oligonucleotide primers for TNFa. (NM_013693.2) were purchased from Eurofins MWG
Operon (Huntsville, AL). Threshold values were determined by comparative CT (AACT)
method. Relative quantities of gene expression with RT-gPCR were calculated relative to
18S ribosomal RNA.

Statistical analysis

Data were analyzed by PROC MIXED using the SAS software (Version 9.3, SAS Institute
Inc., Cary, NC, USA). Body weight (Fig. 1A) data were analyzed by two-way repeated
measure Analysis of Variance (ANOVA) and the slice option in the Least Square (LS) means
statement. All the other results were analyzed by two-way ANOVA with LS means
statement. The Tukey-Kramer’s method was used for the multiple comparisons among the
experimental groups. Letters were used to present differences between each experimental
group if there were significant interactions between diet and permethrin. When there were
no interactions between diet and permethrin, brackets were used in the figures to represent
differences between permethrin treatments and control groups. P-values less than 0.05 were
reported as statistically significant.

Food Chem Toxicol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao et al.

Results

Page 6

Permethrin promoted weight gain without influencing energy intake in high fat diet-fed

mice

High fat diet significantly increased body weight compared with low fat diet (22% increase,
F£<0.0001, Fig. 1A). Permethrin treatments significantly increased body weight versus
control groups (97% increase, P=0.0478) and there was a significant three-way interaction
on body weight (diet x permethrin x time) (£=0.0057). Similarly, high fat diet and
permethrin treatment significantly increased body weight gain with significant interaction
(97% and 35% increases, respectively; £<0.0001) for all (Fig. 1B). Permethrin treatments at
500 and 5000 pg/kg BW/day in high fat diet-fed groups significantly increased body weight
gain versus the high fat diet control (56% and 76% increases, respectively). However, no
effect of permethrin on body weight gain was observed in low fat diet-fed groups. There was
significant effect of diet on energy intake (low fat diet 4678 + 56 KJ; high fat diet 5007+ 111
KJ), without permethrin effects or interaction (Fig. 1C). These results suggest that
permethrin promoted weight gain along with high fat diet without influencing energy intake.

Effect of permethrin on organ weights and adipocyte size

Organ weights (liver, pancreas, heart, kidneys, and spleen) as well as adipose tissue weights
(epididymal, subcutaneous, mesenteric, retroperitoneal, and total adipose tissue) are shown
in Table 1. High fat diet treatments significantly decreased the organ weights of heart (16%,
P=0.0001), kidney (11%, P=0.0007), and spleen (30%, ~£=0.0001) versus low fat diet-fed
groups, but not liver and pancreas weights. Permethrin treatments had no effect on any of the
organ weights measured (Table 1). Significant diet and permethrin interactions were
observed for heart and kidney weights (£=0.0025 for heart and £=0.0125 for kidneys).

High fat diet treatments significantly increased total adipose tissue weight versus low fat
diet-fed groups (202% increase, £<0.0001). Permethrin treatments significantly increased
total adipose tissue weight versus the control groups (36% increase, A=0.0085). In particular,
permethrin treatments (500 and 5000 pg/kg BW/day) with high fat diet significantly
increased total adipose tissue mass compared with the high fat diet control (78% and 80%
increases; A<0.0001 and P=0.0002, respectively), while no effects of permethrin was
observed in low fat diet-fed groups. Consistently, adipocyte cell sizes were significantly
increased by high fat diet (94% increase over low fat diet-fed groups, A<0.0001) and
permethrin treatments (17% increase over the controls, =0.0460), while no diet and
permethrin interaction was observed (Fig. 2B).

Effect of permethrin on glucose homeostasis

To determine the role of permethrin in dietary fat-induced insulin resistance, insulin
tolerance and glucose tolerance tests were completed along with measurement of serum
insulin during GTT and HOMA-IR calculations (Fig. 3 and 4, Supplementary Fig. S1, S2,
and S3). There were no significant differences on insulin responsiveness measured by ITT,
GTT, insulin levels, or HOMA-IR during adaptation period (Fig. 3A, 3D, 3G, and 4A). In
weeks 5 and 9, the high fat diet-fed groups showed significantly increased insulin resistance
as measured by ITT vesus the low fat diet-fed groups (46% and 73% increases, P=0.0006
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and AP<0.0001, respectively, Fig. 3B and 3C). Permethrin treatments only showed significant
effect on insulin responsiveness measured by ITT in week 9 (15% increase over control
groups, P=0.0256) with significant interaction (£<0.0001). In the high fat diet-fed groups,
animals with the middle and highest dose of permethrin (500 pg/kg and 5000 pg/kg,
respectively) showed significantly increased insulin resistance compared to the high fat diet
control at week 9 (56% and 56% increases, £=0.0046 and P=0.0041, respectively, Fig. 3C).
No significant effects of permethrin treatment, however, were found between low fat diet-fed
groups.

For GTT, the high fat diet significantly increased glucose intolerance in weeks 6 and 11
(43% and 36% increase over the low fat diet-fed groups, A<0.0001 for both weeks, Figure
3E and 3F). Permethrin treatments significantly impaired glucose tolerance only in week 11
(17% increase over the controls, £=0.0198) with significant interaction (= 0.0061). In the
high fat diet-fed groups, animals with permethrin (500 pg/kg and 5000 pg/kg) showed
significantly impaired glucose tolerance over the high fat diet control at week 11 (33% and
41% increases over the high fat diet control, respectively).

Insulin levels were measured during glucose tolerance test as a marker of glucose
homeostasis (Figure 3G-3l) (Ayala, et al., 2010). The high fat diet-fed groups showed
significantly increased insulin level in weeks 6 and 11 compared to the low fat diet-fed
groups (103% and 156% increases, respectively, A<0.0001 for both weeks). Permethrin
treatments significantly increased insulin levels during the GTT in weeks 6 and 11 (24% and
58% increases over the controls, =0.0426 and ~£=0.011, respectively, Fig. 3H and 3I). There
was also significant interaction effect between dietary fat and permethrin treatment for
insulin level in week 6 and 11 (P=0.0009 and P=0.0027). Permethrin treatments at 500 and
5000 pg/kg BW/day with the high fat diet significantly increased insulin level versus the
high fat diet control (132% increase, £=0.0030 for 500 pg/kg BW/day in week 6; 117% and
112% increase, P=0.0008 and ~P=0.0179, for 500 and 5000 pg/kg BW/day in week 11,
respectively).

Results of HOMA-IR are shown in Figure 4. The high fat diet-fed groups showed
significantly increased HOMA-IR score compared with the low fat diet-fed groups in weeks
6, 11, and 12 (162%, 218%, and 300% increases, respectively, A<0.0001 for all, Fig. 4B—
4D). Permethrin treatments significantly increased HOMA-IR score versus the control
groups in weeks 6, 11, and 12 (54%, 47%, and 99% increases; P=0.0027, P=0.0448, and
P=0.0282, respectively). Significant interactions were observed at week 6, but not in weeks
11 and 12. In week 6, permethrin treatment at 5000 ug/kg BW/day in the high fat diet-fed
groups significantly increased HOMA-IR compared to the high fat diet control (252%
increase, £<0.0001). Overall, these results suggest that permethrin aggravate high fat diet-
induced insulin resistance.

Effect of permethrin on serum markers

Results of serum analyses are shown in Table 2. The high fat diet significantly increased
serum levels of insulin (254% increase, A< 0.0001), glucose (22% increase, P= 0.0003),
leptin (779% increase, A< 0.0001) and cholesterol (27% increase, A<0.0001) when
compared with the low fat diet-fed groups, but not the non-esterified fatty acid or TG levels.

Food Chem Toxicol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao et al.

Page 8

Overall, permethrin treatments significantly increased serum levels of insulin (104%
increase, P=0.0487), glucose (8% increase, £=0.0099), leptin (131% increase, £<0.0001),
TG (21% increase, P=0.0357), and cholesterol (11% increase, A=0.0132), but not the non-
esterified fatty acid levels. There was a significant interaction between dietary fat and
permethrin treatment on glucose (P=0.0011), leptin (£<0.0001) and cholesterol (P=0.0150).
There were no significant effects of permethrin on any of the serum parameters measured in
the low fat diet-fed groups.

Effects of permethrin on markers of epididymal white adipose tissue

Based on the previous report that permethrin potentiate adipogenesis via inhibiting the
activation of AMPK in 3T3-L1 adipocytes (J. Kim, et al., 2014), we have measured AMPKa
activation in epididymal adipose tissue (Fig. 5). The high fat diet significantly decreased
phosphorylated AMPKa (49%, £<0.0001), AMPKa (38%, A<0.0001), and the ratio of
pAMPKa/AMPKa (25%, P=0.0278) compared with the low fat diet-fed groups (Fig. 5A—
5C). Permethrin treatments significantly decreased pAMPKa (17% reduction, £=0.0075)
and pAMPKa/AMPKa (18% reduction, £=0.0120), but not AMPKa, compared with the
controls. No significant interaction effects were observed for pPAMPKa, AMPKa, and
pAMPKa/AMPKa ratio.

As one of down-stream targets of AMPK, ACC gets phosphorylated at Ser 79 (pACC)
resulting in inactivation of ACC (Canto, et al., 2010; Ha, et al., 1994). The high fat diet
significantly decreased pACC (49% reduction, A=0.0044) and ACC (60% reduction,
£<0.0001), but not pACC/ACC ratio (Fig. 5D-5F). Permethrin treatments significantly
decreased pACC (51% reduction, P=0.0215) and pACC/ACC ratio (59% reduction,
P=0.0087), but not ACC. No significant interaction effects were found for pACC, ACC, and
pACC/ACC ratio.

Calcium/calmodulin-dependent protein kinase kinase-beta (CaMKKP) is one of the
upstream regulators of AMPK (Hawley, et al., 2005). The current results showed permethrin
significantly decreased the protein level of CaMKKp (30% reduction, £=0.0438), while no
effects of dietary fat or interactions were observed (Fig. 5H).

Glucose transporter-4 (GLUT4) is the major glucose transporter responsible for insulin-
stimulated glucose uptake expressed in both adipose tissue and muscle (Bell, et al., 1990).
High fat diet and permethrin treatments significantly decreased GLUT4 expression
compared with low fat diet-fed and the control groups, respectively (46% and 31%
reductions; £<0.0001 and P=0.0054, respectively, Fig. 51). We also measured the expression
of tumor necrosis factor-a (TNFa), as it is an important inflammatory cytokine that plays a
key role in obesity induced insulin resistance in type 2 diabetes (Hotamisligil, 1999b).
Significantly higher levels of TNFa expression were observed by both high fat diet (172%
increase, £<0.0001) and permethrin (34% increase, £=0.0238) with interaction (P=0.0079)
from the white adipose tissue (Fig. 5J). Sterol regulatory element-binding protein 1
(SREBP1) is another important regulator of adipogenesis (J. B. Kim, et al., 1996) and
permethrin significantly increased SREBP (50% increase, £<0.0001) but no effects of
dietary fat or interaction were observed (Fig. 5K). We also tested CD36 (regulates fatty acid
uptake) and acyl CoA: diacylglycerol acyltransferase 1 and 2 (DGAT, catalyzes mammalian
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triacylglycerol synthesis and lipid droplet formation), however, there were no effects of
dietary fat or permethrin for these markers (Supplementary Fig. S4) (Coburn, et al., 2000;
Harris, et al., 2011).

Effects of permethrin on the liver

We have measured AMPKa in the liver (Fig. 6). The high fat diet significantly increased
phosphorylated AMPKa (32% increase, £=0.0002) and ratio of pAMPKa/AMPKa. (32%
increase, £=0.0003) compared with the low fat diet-fed groups, but not AMPKa (Fig. 6A—
6C). Permethrin treatments significantly increased pAMPKa (78% increase, £<0.0001) and
pAMPKa/AMPKa ratio (77% increase, £<0.0001), but not AMPKa, compared with the
controls. No significant interaction effects were observed for pAMPKa, AMPKa, and
pAMPKa/AMPKa ratio. The high fat diet significantly decreased ACC (33% reduction,
F£<0.0001) but not pACC, which result in increased pACC/ACC ratio (40% increase,
P=0.0170) (Fig. 6D-6F). Permethrin treatments significantly increased pACC/ACC ratio
(81% increase, P=0.0403), but not pACC or ACC, compared with the controls. No
significant interaction effects were found for pACC, ACC, and pACC/ACC ratio.

The increase in hepatic gluconeogenesis is believed to play an important role in the elevation
of fasting blood glucose level and pathogenesis of diabetes (Beale, et al., 2007; Valera, et al.,
1994). Phosphoenolpyruvate carboxykinase (PEPCK) is the key enzyme regulating
gluconeogenesis, as overexpression of hepatic PEPCK gene in mice lead to the development
of non-insulin-dependent diabetes mellitus (Beale, et al., 2007; Valera, et al., 1994). High fat
diet and permethrin treatments significantly increased PEPCK gene expression versus low
fat diet-fed groups and control groups, respectively (39% and 25% increases; £=0.006 and
P=0.0149, respectively) with significant interactions (P=0.0013, Fig. 6H). Permethrin
treatments at 500 and 5000 ug/kg BW/day significantly elevated PEPCK gene expression
over the controls in the high fat diet-fed groups (99% and 79%; P=0.0056 and P=0.0431,
respectively). No significant difference, however, was found in the low fat diet-fed groups.

PPARa is expressed principally in the liver where it plays important role in regulating fatty
acid oxidation (Reddy, et al., 2001). Permethrin treatments significantly decreased PPARa
versus the controls (19% reduction, £P=0.0121, Figure 61), but there were no significant
effects of diet or interaction.

Effects of permethrin on glucose and lipid metabolism in gastrocnemius skeletal muscle

High fat diet and permethrin treatments significantly decreased GLUT4 gene expression
(47% and 24% reductions, A<0.0001 and P=0.0064, respectively) compared with low fat
diet-fed and the control groups without interactions (Fig. 7A). All permethrin treatments
significantly decreased GLUT4 gene expression in muscle compared with control (as shown
by brackets).

Pyruvate dehydrogenase kinase (PDK) acts to phosphorylate and inactivate pyruvate
dehydrogenase complex, which facilitate a rate-limiting step in glucose oxidation by
converting pyruvate to acetyl-CoA (Sugden, et al., 2003). A previous study showed that
increased skeletal muscle PDK gene expression was usually found in the insulin resistance
states (. I. Kim, et al., 2006). In this study, high fat diet and permethrin treatments
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significantly increased PDK4 gene expression (114% and 58% increases, £<0.0001 and
P=0.0226, respectively) compared with the low fat diet-fed and control groups without
interactions (Fig. 7B).
Discussion

The current study showed that daily administration of permethrin, at the NOAEL or lower
doses, potentiated high fat diet-induced weight and fat mass gains as well as altered insulin
resistance in male mice. Previously, permethrin was found to promote high fat diet-induced
insulin resistance without effect on body weight in female mice (Xiao, Kim, et al., 2017). To
our knowledge, this is the first study reporting the potential role of permethrin in dietary fat-
induced weight gain and insulin resistance in male mice. The current results along with
previous report (Xiao, Kim, et al., 2017) suggest that there was a sex-dependent effect of
permethrin on high fat diet-induced weight gain and insulin resistance. Increase intracellular
calcium and ER stress may be contributed to altered adipogenesis and insulin resistance by
permethrin (Basseri, et al., 2009; Cnop, et al., 2012; Draznin, et al., 1988; Jones, et al., 1996;
Ozcan, et al., 2004; Sha, et al., 2009; Xiao, Qi, et al., 2017; Zemel, et al., 1995; Zemel, et al.,
2000), although this does not explain the sex-dependent and tissue specific effects of
permtherin.

The current and our previous report suggest sex-dependent responses to permethrin on high
fat-diet induced weight gain (Xiao, Kim, et al., 2017). In the previous study, treatment with
permethrin had no effect on weight gain in females, even though permethrin decreased
voluntary activities, thus reducing energy expenditure, without any influence on energy
intake (Xiao, Kim, et al., 2017). Since we did not measure voluntary activities in the current
study, we are unable to make any conclusion whether permethrin influenced energy
expenditure by altering activity levels in male mice. In addition, it is known that the brown/
beige adipose tissue plays important roles in energy expenditure by producing heat through
thermogenesis (Kajimura, et al., 2015; Seale, et al., 2007), however, it is not clear whether
permethrin could target brown/beige adipose tissue to influence energy expenditure, sex-
dependently. Thus, it would be helpful to measure total energy expenditure, including
thermogenesis, along with phenotypes of the brown/beige adipose tissues in both females
and males to directly compare the sex-dependent effects of permethrin on weight gain.

The current and previous report indicate that permethrin increased insulin resistance in both
males and females (Xiao, Kim, et al., 2017). This may be due in part by decreasing the
activation of AKT via extracellular signal-regulated kinase-1 (ERK)-mediated, but not
AMP-activated protein kinase a (AMPKa)-mediated mechanism as seen in C2C12
myotubes (J. Kim, et al., 2014; Sun, Peng, et al., 2017). In addition to AKT, permethrin
treatment significantly increased TNFa gene expression in adipose tissue. In this study, we
did not measure the TNFa. level in the serum samples, however, it was previously
established that adipose tissue gene expression level of TNFa is correlated with serum
TNFa level (Winkler, et al., 2003). As TNFa is one of the major factors in obesity-induced
insulin resistance (Hotamisligil, 1999b) by increasing serine phosphorylation of insulin
receptor substrate 1 (IRS-1) and by inhibiting insulin receptor activities (Hotamisligil,
1999a), the effect of permethrin on increased TNFa gene expression may contribute to
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permethrin’s effects on insulin resistance. Lastly, increased PDK4 gene expression in the
skeletal muscle and increased PEPCK gene expression in the liver by permethrin treatment
would further contributed to altered glucose metabolism in these animals. Additional
mechanistic studies on insulin signaling pathway including AKT signaling and insulin-
stimulated GLUT4 translocation will be needed to identify the exact mechanisms of
permethrin on altered insulin responsiveness.

Previously, our group reported that neonicotinoid insecticide, imidacloprid, promoted high
fat diet-induced weight gain and insulin resistance in male mice (Sun, Xiao, et al., 2016).
However, imidacloprid treatment promoted high fat diet-induced weight gain without
causing insulin resistance in females (Sun, Qi, et al., 2017), while permethrin treatment
increased high fat diet-induced insulin resistance without weight gain (Xiao, Kim, et al.,
2017). Imidacloprid and permethrin belongs to different structural classes of insecticides and
have different mechanisms of action; imidacloprid targets the nicotinic acetylcholine
receptors (Xiao, Clark, et al., 2017), while permethrin activates the voltage sensitive sodium
channels (VSSCs) (Soderlund, 2012). However, both imidacloprid and permethrin are
known to cause membrane-depolarization, leading to common physiological responses in
non-target tissues (J. Kim, et al., 2013, 2014; Park, et al., 2013). Moreover, even in males,
imidacloprid treatment significantly decreased the activation of AMPKa both in the liver
and the white adipose tissue (Sun, Xiao, et al., 2016), whereas permethrin treatment resulted
in different responses in those tissues; decreased the activation of AMPKa in the white
adipose tissue while increased it in the liver. In addition, exposure to imidacloprid was
previously reported to increase CD36 in white adipose tissue of male mice (Sun, Xiao, et al.,
2016), whereas permethrin treatment resulted no effect. Currently, it is not clear how these
two insecticides elicit high fat diet-induced sex-dependent responses of weight gain and/or
insulin resistance. While it seems likely that there are common underlying mechanisms
leading these symptoms, there may be specific responses that are different between these

In summary, the current study reports the potential role of daily exposure to relatively low
levels of permethrin in the development of high fat diet-induced obesity and insulin
resistance in male mice in comparison to the previous report on females (Xiao, Kim, et al.,
2017). Although further mechanistic studies are needed to explore how permethrin elicits
these effects sex-dependently, it can be concluded from the current study that permethrin
might target AMPK, fatty acid oxidation and energy expenditure to induce excessive weight
gain and AKT signaling pathway to induce insulin resistance in male mice.
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. Permethrin promoted high fat diet-induced insulin resistance in male mice

. Permethrin promoted high fat diet-induced weight and fat mass gain in male
mice

. Permethrin inhibited AMP-activated protein kinase in white adipose tissue
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Figure 1.
Effects of permethrin treatmen

t on body weight (A), weight gain (B) and energy intake (C).

Mice were treated with either control or permethrin [50, 500, and 5000 pg/kg body weight

(BW)/day] in either low fat or

high fat diet for 12 weeks. (A) Open symbols, low fat diet-fed

mice; Filled symbols, high fat diet-fed mice. Circles, control; Up-triangles, 50 pg/kg BW/
day; Down-triangles 500 pg/kg BW/day; Squares, 5000 pg/kg BW/day. Values represent

means £ S.E. (n= 5-8). Means

with different letters are significantly different (/£<0.05).
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Figure 2.
Effects of permethrin treatment on epididymal adipocyte size. Mice were treated with either

control or permethrin [50, 500, and 5000 pg/kg body weight (BW)/day] in either low fat or
high fat diet for 12 weeks. Values represent means = S.E. (n= 3).
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Figure 3.
Effects of permethrin treatment on insulin responsiveness. Insulin tolerance test (ITT, Figure

3A-C), glucose tolerance test (GTT, Figure 3D-F), and insulin level during GTT (Figure
3G-I). Mice were treated with either control or permethrin [50, 500, and 5000 pg/kg body
weight (BW)/day] in either low fat or high fat diet for 12 weeks. Value represent means +
S.E. (n=4-8). Means with different letters are significantly different (A< 0.05).

Food Chem Toxicol. Author manuscript; available in PMC 2019 January 01.



Xiao et al. Page 20
HOMA-IR
>
=1
=3 A. Adaptation period B. Week 6
e L 16 -
14
QZJ [ Control 14 -
=] 12 - C—1 50 uglkg BWiday 12 L
& X10 + =3 500 ug/kg BW/day 0L a
Q < @ 5000 ug/kg BW/day <
= s 8 = 8r
4 o o
T 6 T 6f
4+ 4+ b
b
0 < 0 S
Low fat High fat Low fat High fat
Effect | Dietary fat | Permethrin Interaction
> P-value <.0001 0.0027 <.0001
= Bl C. Week 11 16 D. Week 12
>
o 14 1 14 |
=4
Z el w2t
o <10 | <10 |
= =
c 8l L
0 (] O 8
3 I I
=, 6r 6
= 4r i
2 [ 2+ !
0 0 Z
Low fat High fat Low fat High fat
Effect | Dietaryfat | Permethrin | Interaction Effect | Dietary fat | Permethrin | Interaction
P-value <.0001 0.0448 n.s. P-value <.0001 0.0282 n.s.
Z
= Figure 4.
=] Effects of permethrin on HOMA-IR score. HOMA-IR score was calculated during
Z adaptation period, weeks 6, 11 and 12 with HOMA-IR calculator. Mice were treated with
% either control or permethrin [50, 500, and 5000 pg/kg body weight (BW)/day] in either low
c . . .
@ fat or high fat diet for 12 weeks. Value represent means + S.E. (n=4-8). Means with
%- different letters are significantly different (A< 0.05).
—+
>
c
—
>
=
<
Q
5
c
o)
9]
=.
o
~+
Food Chem Toxicol. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xiao et al.

[— Control

[ 50pug/kg BW/day
[ 500pg/kg BW/day
N 5000 pg/kg BW/day

A. pAMPKa B. AMPKa

Page 21

C. pAMPKa/AMPKa
14

12
10

() Q Q
<) D os =4
c c € 03
© ® o5 ©
= < £ 08
o R o
T T z "
o o 02 o 02
w '8 a5 w ., :
Low fat High fat Low fat High fat Low fat High fat
[ Effoct | Dietary fat | Permethrin | Interaction | [ Effect | Dietary fat [ in | ion | [ Effect [ Distary fat | Permethrin | interaction |
[Pvalue | <0001 | 00075 | ns. | [Pvae| 00001 | ns | s | [Pvae| 0028 | o020 | ns
D. pACC E.ACC F. pACC/ACC
14 14 25
12 12
811 0 8,1 0 g’l
Sos € os g
«© «© =
E 06 5 06 (3]
T 04 o 04 k=]
O o2 7 O O
- 00 /gé L 00 * 0
Low fat High fat Low fat High fat
[ Eftoct | Diotary fat | Permethrin [ interaction | [ Effect ] Dietary m] Permethrin ] Interaction } [ Eftect | Dietary fat | Permethrin [ Interaction |
[Pvaluo | 00044 | 00215 | ns. | [Pvae | <0001 | ns. | ns. | [Pvae[ ns. | o007 | ns |
G. Low fat High fat H. CaMKKB
Permethrin Permethrin
(ng/kg BW/iday) (ng/kg BW/day) &
Control 50 500 5000 Control 50 500 5000 =
PAMPKa [ s Sl sttt Wt e g
AP K o [~ ——— — | =
(=}
pAcc [FFw I = ] =
AcC In- — l | EnmL[(:::yf:t] vuml:xinlng?lmtitxion |
CaMKKBI— — — — — -—.I [Pvalve | ns. | 00438 [ ns.
B-actinl —_——-—-—_-l
. GLUT4 J.TNFa K. SREBP1
12 6 a - 25
[
9 w0 “g’, 5 ab D 2
@© 08 «© 4 1] o
< < S 18 17
O 06 S 3 be ) ?é
B 7 =P bc b B . %é
o s [ cc ° %7
W o2 w1 ¢ 1L 0 %%%
0.0 éé
2 [ Z 0.0 Z
Low fat High fat Low fat High fat Low fat High fat
[ Eftect | Dietary fat | Permethrin | interaction | [ Eftect [ Dietary fat | I | [ Ettoct [ Diotary fat | Pormethrin | intoraction |
[ Pvale | <0001 | 00054 | ns. | [Pvalue | <000t | 00238 | ooors | [Pvawo [ ns [ <000t | ns |
Figure 5.

Effects of permethrin treatment on molecular targets involved in lipid metabolism and
inflammation in the epididymal white adipose tissue. A. Protein levels of phosphorylated
AMPKa (pAMPKa); B. AMPKa; C. pAMPKa to AMPKa ratio; D. Phosphorylated
acetyl-CoA carboxylase (pACC); E. Acetyl-CoA carboxylase (ACC); F. pACC to ACC
ratio; and G. Representative pictures. H. CaZ*/calmodulin-dependent protein kinase kinase
(CaMKKp); I, glucose transporter type 4 (GLUT4); J, tumor necrosis factor-a (TNFa); and
K, sterol regulatory element-binding protein (SREBP1). Mice were treated with either
control or permethrin [50, 500, and 5000 pg/kg body weight (BW)/day] in either low fat or
high fat diet for 12 weeks. Value represent means + S.E. (n= 4-5). Means with different
letters are significantly different (A<0.05).
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Figure 6.
Effects of permethrin treatment on molecular targets involved in glucose and lipid

metabolism in the liver. A. Phosphorylated AMPKa (pAMPKa); B. AMPKa; C. pAMPKa
to AMPKa ratio; D. Phosphorylated acetyl-CoA carboxylase (pACC); E. Acetyl-CoA
carboxylase (ACC); pACC to ACC ratio; G. Representative pictures; H.
phosphoenolpyruvate carboxykinase (PEPCK); I, peroxisome proliferator-activated receptor-
a (PPARa). Mice were treated with either control or permethrin [50, 500, and 5000 pg/kg
body weight (BW)/day] in either low fat or high fat diet for 12 weeks. Value represent means
+ S.E. (n=3-5). Means with different letters are significantly different (A< 0.05).
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Figure 7.

Effects of permethrin treatment on gene expression regulating glucose metabolism in
gastrocnemius skeletal muscle. A. Glucose transporter type 4 (GLUTA4); B. pyruvate
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dehydrogenase kinase 4 (PDK4). Mice were treated with either control or permethrin [50,
500, and 5000 pg/kg body weight (BW)/day] in either low fat or high fat diet for 12 weeks.

Value represent means + S.E. (n=4-5).
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