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Abstract
Recently, we have provided evidence, suggesting that mice expressing the human apolipoprotein E3 (apoE3) are more prone 
to develop an obesity-like phenotype and a diabetic profile when subchronically fed a chlorpyrifos (CPF)-supplemented 
diet. The aim of the current study was to examine the underlying mechanisms through which CPF alters both insulin- and 
leptin-signalling pathways in an APOE-dependent manner. Both adult apoE3- and E4-targeted replacement and C57BL/6 
mice were exposed to CPF at 0 or 2 mg/kg body weight/day through the diet for 8 consecutive weeks. We determined the 
expression of JAK2, p-JAK2, STAT3, p-STAT3, SOCS3, IRS-1, p-IRS-1, AKT, p-AKT, GSK3β, p-GSK3β, and apoE in the 
liver, as well as hepatic mRNA levels of pon1, pon2, and pon3. CPF markedly disrupted both leptin and insulin homeostasis, 
particularly in apoE3 mice. Indeed, only CPF-fed apoE3 mice exhibited an increased phosphorylation ratio of STAT3, as 
well as increased total SOCS3 protein levels. Similarly, the exposure to CPF drastically reduced the phosphorylation ratio 
of both AKT and GSK3β, especially in apoE3 mice. Overall, CPF reduced the expression of the three pon genes, principally 
in C57BL/6 and apoE3 mice. These results provide notable mechanistic insights on the metabolic effects of the pesticide 
CPF, and attest the increased vulnerability of apoE3 carriers to its metabolic-disruptor role.
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Introduction

The dual epidemics of type 2 diabetes (T2D) and obesity 
has undeniably become an urgent global socio-economic 
and health problem. According to the International Diabe-
tes Federation (IDF), the number of people suffering from 
diabetes worldwide was estimated to be 415 million in 2015. 
Globally, if these trends continue, almost one adult in ten 
will live with this condition by 2040 (IDF 2017). Tradition-
ally, efforts to prevent and tackle diabetes have focused on 
addressing some well-known factors (e.g., age, sex, genetics, 
and lifestyle), which constantly raises the question as to what 
extent they are able by themselves to account for the global 
staggering pace of the disease. Accordingly, it has become 
increasingly evident that environmental exposures to health 
hazards, including pesticides, may be of critical concern in 
the global diabetes epidemic (Chevalier and Fénichel 2015; 
Thayer et al. 2012). While most investigations have tradition-
ally focused on deciphering the contribution of organochlo-
rine (OC) pesticides in triggering T2D and related metabolic 
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dysfunctions (Abou-Donia et al. 2006; Aminov et al. 2016; 
Dirinck et al. 2014; Everett et al. 2017; Grice et al. 2017; 
Stapleton and Chan 2009; Suarez-Lopez et al. 2015), much 
less is known about the impact of organophosphate (OP) 
compounds on these diseases (Montgomery et al. 2008; Slot-
kin 2011; Starling et al. 2014). Indeed, OP pesticides—and 
chlorpyrifos (CPF) in particular—have cornered the selling 
market since the late 1970s; their lower environmental per-
sistence than OC agents and high effectiveness against dif-
ferent insect species are qualities that still make them one of 
the most widely used pesticides worldwide (Saunders et al. 
2012). Although environmental agencies have attempted to 
restrict CPF use, recent data suggested that its residues are 
still detectable not only in urban and rural areas (Ccanccapa 
et al. 2016; Roca et al. 2014), but also in foods intended for 
human consumption (Chiesa et al. 2016; Nougadère et al. 
2012).

All compounds belonging to the OP pesticide family 
share the same primary mechanism of action: they bind to 
and strongly inhibit both plasma and brain cholinesterases 
(ChE) and other esterases (Crow et al. 2012; Estévez et al. 
2013). However, it is well established that some OPs, as 
CPF, act beyond their ability to inhibit ChE and that each 
substance has a unique inhibitor profile (Quistad et al. 2006; 
Rohlman et al. 2011). It can, therefore, no longer be assumed 
that all OPs act alike. As a prerequisite for them to express 
their toxicity, a cytochrome P-450 (CYP)-mediated oxidative 
reaction must occur. In the case of CPF, its oxygen analogue 
CPF-oxon can subsequently be inactivated by a paraoxo-
nase 1 (PON1)-dependent reaction, together with a role of 
albumin (Sogorb and Vilanova 2010). The PON family of 
enzymes also includes the little known PON2 and PON3, but 
only PON1 exerts an OP detoxifying activity. A number of 
studies have shown that the three proteins modulate oxida-
tive stress and inflammation following an isoform-specific 
pattern (Furlong et al. 2016). Furthermore, recent data have 
shed light on the role of PON3 in obesity and related meta-
bolic dysfunctions (Shih et al. 2015).

To date, a considerable number of studies have addressed 
the neurotoxic effects and behavioural outcomes of CPF 
exposure. However, only a few investigators have considered 
the metabolic effects of the pesticide (Lassiter and Brimi-
join 2008; Meggs and Brewer 2007; Reygner et al. 2016), 
while the bulk of the existing research focuses on early-life 
stages. Some of these investigations have suggested that CPF 
interferes with hormones essential to homeostatic regulation, 
such as insulin and leptin (Slotkin et al. 2005), but the exact 
molecular mechanisms remain unclear.

The field of ecogenetics investigates how certain genetic 
polymorphisms may represent risk factors for a number of 
diseases associated with exposure to environmental hazards 
(Costa 2000). In fact, genetically determined variations in 
biotransformation enzymes (e.g., CYP or PON1) (Cole et al. 

2014; Crane et al. 2012) or target molecules (e.g., ChE) 
(Lockridge et al. 2016) can modify the individual’s response 
to OPs. However, until recently, the search for other poten-
tial genetic risk factors was lacking. Briefly, apolipoprotein 
E (apoE) is a prominent constituent of plasma and brain 
lipoproteins that mainly exerts an anti-atherogenic function 
by interacting with members of the low-density lipoprotein 
receptor family. Three major APOE allelic variants exist in 
humans (i.e., ɛ2, ɛ3, and ɛ4) in varying frequencies, and 
although other mammals express the protein, this genetic 
polymorphism is peerless in the animal kingdom. Over the 
last few years, our group has focused on studying the extent 
to which human APOE polymorphisms modulate cognitive 
processes in the absence of disease. We have simultaneously 
investigated whether mice expressing one of the three human 
apoE isoforms respond differently when challenged with 
toxic agents (Peris-Sampedro et al. 2015a, b, 2016; Reverte 
et al. 2012, 2013, 2014a, b, 2016). An important finding is 
that apoE3 mice are more prone to gain excess weight than 
C57BL/6 (Peris-Sampedro et al. 2015b) and are the only 
ones to do so relative to both apoE2 and apoE4 mice (Peris-
Sampedro et al. 2015a) when subchronically fed a diet sup-
plemented with CPF during adulthood. Furthermore, being a 
carrier of the ɛ3 allele resulted in exacerbated plasma leptin 
and insulin levels, as well as higher HOMA-IR values (Peris-
Sampedro et al. 2015b).

Based on our previous results, the present study was 
aimed at unravelling the potential underlying mechanisms 
through which the pesticide alters both insulin- and leptin-
sensing pathways in apoE3 mice. To that end, we assessed 
the impact of dietary CPF and APOE genotype on (1) the 
JAK2/STAT3/SOCS3 signalling pathway, as the major path-
way of leptin signalling; (2) insulin signalling through IRS-1 
and the AKT/GSK3β signalling pathway, which plays a criti-
cal role in glucose homeostasis; and (3) the hepatic expres-
sion of pon polymorphisms.

Materials and methods

Animals

Adult apoE-targeted replacement (TR), homozygous for the 
human ε3 and ε4 alleles (Taconic Europe, Lille Skensved, 
Denmark), and C57BL/6 (Charles River France, L’Arbresle, 
France) male mice were used (7 months, n = 24). The apoE-
TR mouse model was designed to express human apoE 
under the control of the endogenous murine promoter (Sul-
livan et al. 1997), thereby enabling the expression of the 
human protein at physiologically regulated levels. Animals 
were housed under a 12-h light/dark cycle (lights off at 
8 pm) in the standard environmentally controlled conditions 
(22 ± 2 °C, 50 ± 10% humidity). They had free access to 
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food before the experiment started, and were fed a standard 
rodent chow (Panlab, Barcelona, Spain), unless otherwise 
indicated. Water was available ad libitum all times.

All procedures were approved by the Animal Care and 
Use Committee of the Rovira i Virgili University (Tarra-
gona, Spain) (ethics permit: 0288GC), and were conducted 
in compliance with the Spanish Royal Decree 53/2013 on 
the protection of experimental animals, and the European 
Communities Council Directive (86/609/EEC). All efforts 
were made to reduce both animal stress and usage.

Chemicals, treatment, and experimental design

CPF [O,O-diethyl O-(3,5,6-trichloropyridin-2-yl) phospho-
rothioate, purity 99.5%] was provided by Sigma-Aldrich 
(Seelze, Germany). The CPF-supplemented diet was 
obtained as previously described (Basaure et al. 2017; Peris-
Sampedro et al. 2015a, b, 2016). Briefly, the standard rodent 
chow was supplemented with 20 mg CPF/kg chow. Given 
the feeding conditions (i.e., 3 g/mouse/day), this processed 
diet was intended to deliver approximately 2 mg CPF/kg 
body weight/day. As reported earlier (Peris-Sampedro et al. 
2015a, b, 2016), and this dose induces a moderate inhibi-
tion of plasma cholinesterase without signs of acute toxicity.

The six experimental groups were as follows (n = 4/
group): control C57BL/6, CPF-fed C57BL/6, control apoE3, 
CPF-fed apoE3, control apoE4, and CPF-fed apoE4. Ani-
mals were provided with 3 g/mouse/day of either a standard 
or a CPF-supplemented diet for 8 consecutive weeks. At 
the end of the treatment period, mice were subjected to a 
3-h fast before being deeply anesthetized with carbon diox-
ide and euthanized. Blood was obtained by cardiac punc-
ture, which was immediately centrifuged to obtain plasma, 
which was ultimately stored at − 80 °C and thawed once 
for final analysis. After the blood draw, the median lobe of 
the liver was removed, dissected, and stored in RNAlater® 
(Sigma–Aldrich, Seelze, Germany) at − 80 °C for subse-
quent western blot analysis and gene expression.

Enzyme activity assessment

Plasma ChE activity was randomly assessed in six mice 
(controls = 3, CPF-fed = 3) as an indicator of the acute sys-
temic effect of the pesticide (Eaton et al. 2008; Peris-Sampe-
dro et al. 2015a, 2016). Enzymatic assay procedures and a 
detailed description of the sample processing are available 
elsewhere (Basaure et al. 2017; Peris-Sampedro et al. 2015a, 
b, 2016; Salazar et al. 2011). Briefly, enzyme activity was 
determined spectrophotometrically using the Ellman method 
(Ellman et al. 1961), and was further calculated relative to 
the protein content of the sample. The enzyme activity of the 
exposed animals was estimated based on that of the control 
mice, and represented as a percentage.

Western blot analysis

All the antibodies used in this study were supplied by Cell-
Signalling Technology (Cell-Signalling Technology, New 
England Biolabs, Beverly, MA, USA) unless otherwise 
stated. A sample buffer [0.5 M Tris–HCl pH 6.8, 10% glyc-
erol, 2% (wt/vol) SDS, 5% (vol/vol) 2-β-mercaptoethanol, 
0.05% bromophenol blue] was added to aliquots of each 
sample containing 30 µg of protein. The mixture was boiled 
at 95–100 °C for 5 min to ensure denaturation. The sam-
ples were then separated by electrophoresis on 12% acryla-
mide gels. The proteins were subsequently transferred to 
Immobilon-P PVDF sheets (Millipore Corp, Bedford, MA, 
USA) using a transblot apparatus (Bio-Rad, Madrid, Spain). 
The membranes were blocked for 1 h with a solution con-
taining 5% of skim milk dissolved in TBS-T buffer (50 mM 
Tris, 1.5% NaCl, 0.05% Tween 20, pH 7.5). The blots 
were then incubated overnight with primary monoclonal 
antibodies against AKT, AKT phosphorylated on Ser473, 
apoE (Abcam, Cambridge, UK), GSK3β, GSK3β phospho-
rylated on Ser9, IRS-1, IRS-1 phosphorylated on Tyr608 
(Millipore Ltd., Wembley, UK), JAK2, JAK2 phosphoryl-
ated on Y1007/Y1008, STAT3, STAT3 phosphorylated on 
Y705, SOCS3, or β-actin (Sigma, St. Louis, MO, USA). 
Afterwards, the blots were thoroughly washed in TBS-T 
buffer and incubated for 1 h with a peroxidase-conjugated 
immunoglobulin G antibody. Immunoreactive proteins were 
visualized using an Immun-Star Chemiluminescence Kit 
(Bio-Rad, Madrid, Spain), and the images were ultimately 
acquired and semi-quantified with Chemidoc™ Imaging 
System (Bio-rad, Madrid, Spain) (more details in Blanco 
et al. 2017). We periodically monitored the protein load via 
the immunodetection of β-actin.

Gene expression

All the products intended for RNA isolation, complementary 
DNA (cDNA) synthesis, and real-time reverse transcription 
PCR (RT-PCR) assays were purchased from Qiagen (Qiagen 
Inc., Hilden, Germany), unless otherwise specified.

RNA isolation and complementary DNA synthesis

Total RNA was extracted from the liver samples with an 
RNeasy Kit according to the manufacturer’s instructions. 
Briefly, the samples were first lysed and homogenized with 
highly denaturing guanidine–thiocyanate-containing buffer, 
which immediately inactivates RNases to ensure purification 
of intact RNA. After, ethanol was added to provide appropri-
ate binding conditions, and each sample was then applied to 
an RNeasy Mini spin column, where the total RNA binds to 
the membrane and contaminants can be efficiently washed 
away. At the end of the procedure, we obtained high-quality 
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RNA that was eluted in 100 µl water. Both RNA abundance 
and purity were assessed spectrophotometrically with Nan-
oDrop technology (i.e., measurement at 260 nm and assess-
ment of the OD260/OD280 ratio, respectively), while RNA 
integrity was tested by electrophoresis on a 1%-denaturing 
agarose gel. The first strand of cDNA was reverse-tran-
scribed from 1 µg of total RNA from each sample using a 
QuantiTect Reverse Transcription Kit, following the manu-
facturer’s protocol. To confirm that the samples were free of 
genomic DNA, we also carried out an identical reaction in 
the absence of reverse transcriptase. The subsequent cDNA 
was amplified by PCR with a Dream Taq Hot Start PCR 
Master Mix kit (Thermo Scientific, Waltham, MA, USA), as 
recommended by the supplier. We used the mouse-specific 
primer sequences for pon1, pon2, pon3, and gadph (Table 1). 
The PCR products were separated on a 1% agarose gel, and 
only specific bands were detected. The non-reactivity of 
the primers with contaminant genomic DNA was tested by 
including controls that omitted reverse transcriptase from 
the cDNA synthesis reaction.

Real‑time reverse transcription PCR assays

We performed a quantitative RT-PCR assay for pon1, pon2, 
pon3, and gadph with a QuantiTect SYBR Green PCR kit 
in a Rotor-Gene Q Real-Time PCR cycler, according to the 
manufacturer’s protocol. The thermal cycling consisted of a 
2-min initial step at 50 °C, followed by a 15-min polymerase 
activation step at 95 °C, and a cycling step with the follow-
ing conditions: 40 cycles of denaturing at 95 °C for 15 s, 
annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. 
As oligonucleotides of varying lengths produce dissociation 
peaks at different melting temperatures, the PCR products 
were analysed at the end of the PCR cycles using a heat 
dissociation protocol to confirm that a single PCR product 
was detected by SYBR Green dye. Fluorescence data were 
acquired during the 72 °C step. The threshold cycle (Ct) was 
calculated during the early cycles of amplification using the 
Rotor-Gene Q 2.0 software to identify significant fluores-
cence signals above noise (Blanco et al. 2012, 2013, 2017). 

Relative changes in transcript levels were normalized to the 
RNA levels of gadph according to the 2 − ΔΔCt method.

Statistics

Data were processed using the SPSS statistical package (ver-
sion 23.0). We used one-way analysis of variance (ANOVA) 
to establish the effects of dietary CPF on plasma ChE activ-
ity. We performed a Pearson correlation analysis to assess 
the relationship between the total and the phosphorylated 
levels of IRS-1 protein. All the other parameters were ana-
lysed by two-way ANOVA (treatment, genotype), and fur-
ther one-way ANOVA (treatment), if necessary. Tukey’s 
post-hoc comparisons were used when appropriate. Sta-
tistical significance was set at p < 0.05, and the results are 
reported as mean values ± SD.

Results

ChE activity and apoE protein levels

As in the previous studies (Peris-Sampedro et al. 2015a, b), 
mice subjected to an 8-week dietary exposure to 2 mg/kg 
body weight/day CPF did not show any apparent sign of 
cholinergic toxicity during the treatment period. Relative to 
the controls, the plasma ChE activity of CPF-exposed mice 
dropped to 17.76%. On the other hand, neither the treatment 
nor the genotype affected apoE levels in the liver (Fig. 1).

Effects of CPF and APOE genotype on both leptin‑ 
and insulin‑signalling pathways

The JAK2/STAT3/SOCS3‑signalling pathway

In response to leptin, JAK2 phosphorylates the leptin 
receptor (LEPRb) on Tyr1138, thereby promoting its 
activation and the subsequent recruitment of the SH2 
domain of STAT3. STAT3 is subsequently phosphorylated 
by the complex LEPRb-JAK2, resulting in dimerization 
and nuclear translocation. Once in the nucleus, STAT3 

Table 1   Primers used for 
RT-PCR analysis

Gene Accession number Orientation Primer sequence

pon1 NM_011134 Forward 5′-TTG​CTG​CAC​TTG​TCC​ATC​CTC-3′
Reverse 5′-ACT​GCT​GGC​TCC​TTC​TTG​TTC-3′

pon2 NM_183308 Forward 5′-ATG​GTG​GCT​CTG​AGT​TTG​-3′
Reverse 5′-TCC​TCA​GCT​CCA​GTT​TCG​AT-3′

pon3 NM_173006 Forward 5′- GAT​CTG​AAT​GAG​CAA​AAC​CCA​GAG​GC-3′
Reverse 5′- GAG​TCC​ATG​TTG​GGG​TGA​TTC​ACG​AC-3′

gadph NM_001289726 Forward 5′-ACA​ACT​TTG​GCA​TTG​TGG​AA-3′
Reverse 5′-GAT​GCA​GGG​ATG​ATG​TTC​TG-3′
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dimers act as a transcription factor regulating the expres-
sion of target genes such as SOCS3, which ultimately acts 
as a negative feedback regulator antagonizing LEPRb 
signalling.

Figure 2 provides an overview of the genotype-dependent 
effects of dietary CPF on the JAK2/STAT3 pathway and on 
subsequent total SOCS3 levels.

Overall, CPF exposure increased, while the genotype 
influenced both the p-STAT3/total STAT3 ratio (treatment: 
F1,20 = 5.250, p = 0.037; genotype: F2,20 = 8.723, p = 0.003) 
and total SOCS3 levels (treatment: F1,22 = 4.558, p = 0.048; 
genotype: F2,22 = 6.706, p = 0.007). Specifically, apoE3 
mice displayed the highest phosphorylation ratio of STAT3 
(apoE3 vs apoE4: p = 0.027; apoE3 vs C57BL/6: p = 0.008), 
and exhibited increased SOCS3 levels relative to both apoE4 
(p = 0.052) and C57BL/6 (p = 0.016) mice. We also observed 
a genotype × treatment interaction for these two parameters 
(STAT3: F2,20 = 5.424, p = 0.017; SOCS3: F2,22 = 4.151, 
p = 0.034). Reanalyses showed, albeit not significantly, that 
CPF exposure increased the phosphorylation of STAT3 in 
apoE3 (F1,6 = 5.745, p = 0.062) (Fig. 2b). Similarly, only 
the apoE3 individuals that were exposed to the pesticide 
exhibited increased SOCS3 levels (F1,6 = 13.354, p = 0.015) 
(Fig. 2c).

On the other hand, the treatment significantly increased 
the p-JAK2/total JAK2 ratio, regardless of the genotype 
(F1,22 = 12.487, p = 0.003) (Fig. 2a).

Insulin‑signalling pathway: p‑IRS‑1/total IRS‑1, p‑AKT/total 
AKT and p‑GSK3β/total GSK3β ratios

The binding of insulin to the α subunit of the insulin receptor 
(IR) results in the autophosphorylation of a number of tyros-
ine residues present in the β subunit, which in turn promotes 
the phosphorylation of IRS-1 protein. Active IRS-1 protein 
triggers the activation of a signalling cascade through PI3K, 
resulting in the activation of AKT by phosphorylation. Once 
active, AKT leads to the phosphorylation and subsequent 
inactivation of GSK3β, which ultimately results in glycogen 
synthesis.

The effects of CPF on insulin-signalling pathways are 
set out, as shown in Fig. 3. Neither the treatment nor the 
genotype affected the phosphorylation of IRS-1. Interest-
ingly, the changes in p-IRS-1 levels were positively and 
strongly correlated to those of the total protein (r = 0.813, 
p < 0.001). Indeed, although we did not found any significant 
result, CPF exposure tended to influence both the total and 
the phosphorylated forms of IRS-1 in a genotype-dependent 
pattern. In turn, while CPF-treated apoE3 mice displayed 
lower levels of these two forms, both apoE4 and C57BL/6 
individuals did so conversely (Fig. 3a).

We also observed a significant genotype ×  treatment 
interaction for the ratios of phosphorylation of both AKT 
(F2,22 = 6.107, p = 0.010) and GSK3β (F2,22 = 9.816, 
p = 0.001) proteins. The CPF-exposed apoE3 mice were 
indeed the only ones that displayed a sharp decline in the 
phosphorylation of AKT (F1,6 = 21.786, p = 0.005) (Fig. 3b) 
and GSK3β (F1,6 = 33.533, p = 0.002) (Fig. 3c) relative to 
their control peers. In line with this, we found that the treat-
ment led to a marked increase in the phosphorylation of 
GSK3β in C57BL/6 mice (F1,7 = 7.015, p = 0.038) (Fig. 3c).

Impact of CPF and APOE genotype on the expression 
of pon1, pon2, and pon3

PON enzymes enhance the liver’s capacity for the antioxida-
tive and anti-inflammatory defence. The hydrolytic capacity 
of PON1 to detoxify oxygen analogues of certain OPs was 
discovered more than six decades ago. While the scientific 
literature about genetic and developmental variability of 
PON1 has increased significantly, far too little attention has 
been paid to the other most common PON enzymes, namely, 
PON2 and PON3.

The relative expression of the three pon genes in the liver 
is shown in Fig. 4. Both the treatment and the genotype were 
found to modulate the expression of pon1 (treatment: F1,20 
= 30.862, p < 0.001; genotype: F2,20 = 11.903, p = 0.001), 

Fig. 1   Hepatic expression of apoE protein in apoE3, apoE4, and 
C57BL/6 adult male mice upon an 8-week dietary exposure to CPF. 
The upper panel provides the images of a representative western blot 
experiment
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pon2 (treatment: F1,19 = 11.937, p = 0.004; genotype: F2,19 
= 24.935, p < 0.001), and pon3 (treatment: F1,18 = 30.105, 
p < 0.001; genotype: F2,18 = 11.945, p = 0.001). Specifically, 
the 8-week dietary exposure to CPF led to an overall reduc-
tion in the expression of the three genes. Moreover, C57BL/6 
mice were the ones that most expressed both pon1 (C57BL/6 
vs apoE3: p = 0.001, C57BL/6 vs apoE4: p = 0.005) and 
pon3 (C57BL/6 vs apoE3: p = 0.001, C57BL/6 vs apoE4: 
p = 0.028). Conversely, ε3 carriers expressed pon2 to a lesser 
extent than the other two genotypes (apoE3 vs C57BL/6: 
p = 0.001, apoE3 vs apoE4: p < 0.001). We also noted a sig-
nificant genotype × treatment interaction for pon1 (F2,20 = 
5.424, p = 0.017) and pon3 (F2,18 = 6.386, p = 0.012). Rea-
nalysis showed that the pesticide significantly reduced the 
expression of pon1 (Fig. 4a) and pon3 (Fig. 4c) in C57BL/6 
(F1,5 = 14.749, p = 0.018 and F1,5 = 15.821, p = 0.016, 
respectively) and apoE3 mice (F1,6 = 8.108, p = 0.036 and 
F1,6 = 9.074, p = 0.030, respectively). Similarly, CPF-fed 
C57BL/6 mice expressed less pon2 than their control coun-
terparts did (F1,6 = 11.546, p = 0.019) (Fig. 4b).

Discussion

In this study, we sought to shed light on the molecular 
mechanisms able to explain the APOE-dependent meta-
bolic-disruptor role of CPF. We investigated both leptin- and 
insulin-signalling pathways, as well as the hepatic expres-
sion of pon1, pon2 and pon3 following an 8-week dietary 
exposure to the pesticide in apoE3, apoE4, and C57BL/6 
adult male mice. The results indicate that repeated die-
tary doses of CPF, devoid of signs of cholinergic toxicity, 
notably disrupted leptin and insulin homeostasis, as well 
as broadly reduced the expression of the three pon genes. 
Furthermore, and in line with the results of our previous 
studies (Peris-Sampedro et al. 2015a, b), apoE3 mice were 
the most affected. Indeed, only CPF-fed apoE3 mice exhib-
ited increased phosphorylation ratio of STAT3, as well as 
increased total SOCS3 protein levels. Likewise, exposure 
to CPF drastically reduced the phosphorylation ratio of both 
AKT and GSK3β, particularly in apoE3 mice. Meanwhile, 
C57BL/6 mice showed the highest expression of pon1 and 
pon3, while mice homozygous for the ε3 allele expressed 
the least pon2 basally. Overall, the expression of the three 

Fig. 2   Impact of an 8-week dietary exposure to CPF on leptin-sig-
nalling pathway in apoE3, apoE4 and C57BL/6 adult male mice. 
The relative levels of hepatic protein expression of a p-JAK2/total 
JAK2 and b p-STAT3/total STAT3 ratios, as well as the expression 
of c total SOCS3 protein are depicted. The upper panel provides the 
images of a representative western blot experiment. Groups showing 
different letters (a, b) differ significantly from each other at p < 0.05. 
The symbol in the lower panel indicates effects of the treatment 
within each group at p < 0.05 (*)

▸
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genes dropped after the exposure, being this decline more 
pronounced in C57BL/6 and apoE3 mice.

Similar to that we have previously found (Peris-Sampedro 
et al. 2015a, b, 2016), an 8-week exposure to 2 mg CPF/kg 
body weight/day induced an 82.24% asymptomatic inhibi-
tion of plasma ChE activity. This enzyme is mainly syn-
thetized in the liver and secreted in plasma. Although its 
specific physiological function has not yet been elucidated, 
it is well-established that plasma ChE exerts a protective 
role against several exogenous substances (e.g., cocaine, 
acetylsalicylic acid, and procaine), including OPs (Lock-
ridge et al. 2016). Indeed, plasma ChE is crucial to cushion 
the CPF-related neurotoxic effects, since it prevents or at 
least minimizes CPF-oxon binding to its primary brain target 
(i.e., acetylcholinesterase) (Costa 2006). In this sense, some 
authors have reported significant inhibitions of plasma ChE, 
while brain ChE activity remained unchanged in rodents 
exposed to either low or moderate doses of CPF (Carr et al. 
2014; Ricceri et al. 2006). Therefore, we assume that CPF-
fed mice were free from any significant central cholinergic 
toxicity.

To the best of our knowledge, this study is the first to 
reveal not only that CPF disrupts the JAK2/STAT3 pathway 
in rodents, but also that it does so in an APOE-dependent 
manner. We have shown that in overall terms, CPF exposure 
increased the phosphorylation ratio of JAK2 and STAT3, 
as well as total SOCS3 protein levels. However, these dif-
ferences were mainly due to a genotype effect. In fact, only 
apoE3 mice displayed higher p-JAK2 and STAT3 protein 
levels when challenged with CPF. We recently demonstrated 
that mice carrying the ε3 allele were more likely to gain 
excess weight than C57BL/6 (Peris-Sampedro et al. 2015b), 
apoE2 and apoE4 mice (Peris-Sampedro et al. 2015a) after 
subchronic exposure to the pesticide. Furthermore, this 
obesity-like phenotype was strongly correlated with plasma 
leptin levels. Coupled with this, some studies with human 
apoE-TR mice have also suggested that APOE3 genotype 
contributes to the development of diet-induced obesity and 
related metabolic dysfunctions (Arbones-Mainar et al. 2008; 
Huebbe et al. 2015; Karagiannides et al. 2008). Indeed, 
apoE3 but not C57BL/6 mice developed hyperleptine-
mia following a 24-week exposure to a western-type diet 
(Karagiannides et al. 2008). Increased circulating leptin 
levels observed in CPF-exposed apoE3 mice might argu-
ably increase the basal activity of JAK2/STAT3 signalling 
in neurons of the central nervous system. This process would 

Fig. 3   Impact of an 8-week dietary exposure to CPF on insulin-
signalling pathway in apoE3, apoE4 and C57BL/6 adult male mice. 
The relative levels of hepatic protein expression of: a p-IRS-1/total 
IRS-1, b p-AKT/total AKT, and c p-GSK3β/total GSK3β ratios are 
illustrated. The upper panel provides the images of a representative 
western blot experiment. Symbols in the lower panel indicate effects 
of the treatment within each group at p < 0.05 (*) and p < 0.01 (**)

▸
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in turn enhance the otherwise silent SOCS3 protein expres-
sion, thus ultimately further impairing LepRb sensitivity 
(Münzberg 2009).

Although increasing epidemiological and experimental 
evidence suggests that OPs cause insulin resistance, lead-
ing ultimately to T2D (Lasram et al. 2014), a great deal of 
uncertainty about their mechanism of action remains. Fur-
thermore, only a few studies have explored the impairment 
of the insulin-signalling pathway after adulthood exposure to 
CPF in rodents (Acker and Nogueira 2012; Elsharkawy et al. 
2013; Reygner et al. 2016), being most existing research 
focused on early-life stages (Lassiter and Brimijoin 2008; 
Slotkin et al. 2005). Moreover, some of these studies cited 
only reported changes at the hormonal level, and did not 
study the underlying mechanisms in depth. We recently 
showed that apoE3 adult male mice developed a sharper 
hyperinsulinemia than their C57BL/6 peers, and exhibited 
associated increases in plasma glucose following repeated 
exposure to 2 mg/kg body weight CPF (Peris-Sampedro 
et al. 2015b). The current results agree with our previous 
evidence (Peris-Sampedro et al. 2015b), demonstrating that 
dietary exposure to CPF leads to clear signs of insulin resist-
ance in apoE3 adult male mice. Although the phosphoryl-
ated form of IRS-1 was not affected by the treatment, the 
expression of both p-AKT and GSK3β proteins was notably 
and solely reduced in the liver of CPF-fed apoE3 animals. 
The decrease we observed in p-GSK3β protein expression 
implies a down-regulation in the synthesis of glycogen due 
to an increase in the activity of GSK3β and consequently 
the inactivation of glycogen synthase enzyme. In agreement 
with the current results, some in vitro studies have confirmed 
the inhibitor role of CPF on p-AKT levels in different types 
of cells (de Oliveira et al. 2016; Lee et al. 2014; Schäfer 
et al. 2013). Several authors have also consistently reported 
a diminished content in hepatic glycogen of rats both acutely 
(Elsharkawy et al. 2013) and chronically exposed to CPF 

(Goel et al. 2006). These authors also described a significant 
inhibition of hepatic glucose uptake and other alterations in 
carbohydrate metabolism, such as significant increases in 
glucose-6-phosphatase and glycogen phosphorylase activi-
ties (Elsharkawy et al. 2013; Goel et al. 2006).

Unexpectedly, the phosphorylation ratio of IRS-1 
remained unchanged in apoE3 mice after CPF exposure. 
However, we did notice that variations in such p-IRS-1 lev-
els were positively and strongly correlated to those of the 
total protein. Accordingly, albeit not significantly, CPF-fed 
apoE3 mice seemed to express total IRS-1 protein to a lesser 
extent than the other two genotypes. Among the various 
mechanisms that control the insulin action, SOCS proteins 
are known to act as negative regulators by either inhibiting 
the tyrosine kinase activity of the IR, or targeting the IRS 
proteins for degradation (Rui et al. 2002; Ueki et al. 2004). 
Under inflammatory states or metabolic stress, many proin-
flammatory cytokines, including leptin and IL-6, upregulate 
SOCS proteins (Rui et al. 2002). Rui et al. (2002) reported 
that SOCS3 is likely to promote insulin resistance by target-
ing IRS-1 for ubiquitin-mediated degradation. The increased 
SOCS3 protein expression we observed in CPF-exposed 
apoE3 mice could, therefore, at least partially explain the 
slight changes in the total and consequently the p-IRS-1 
protein expression. Further support for this idea has come 
from a number of authors, who have found increased SOCS3 
protein expression in insulin target tissues of obese mice, 
which were correlated with reduced levels of IRS-1 and 
insulin resistance (Emanuelli et al. 2001; Kido et al. 2000). 
Likewise, inactivation of SOCS3 in LepRb-expressing cells 
protects mice from insulin resistance (Pedroso et al. 2014).

Oxidative stress reflects an imbalance between the pro-
duction and elimination of reactive oxygen species (ROS) 
and it is known to contribute to both insulin resistance and 
T2D (Eriksson 2007). The most widely studied CPF toxic 
effects include the increase in ROS production in plasma 

Fig. 4   We determined the relative hepatic expression of the mRNAs 
encoding a pon1, b pon2, and c pon3 genes following an 8-week die-
tary exposure to CPF in apoE3, apoE4 and C57BL/6 adult male mice. 

Groups showing different letters (a, b) differ significantly from each 
other at p < 0.05. The symbol in the lower panel indicates effects of 
the treatment within each group at p < 0.05 (*)
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and organs, which leads to lipid peroxidation and increased 
protein carbonyl levels, ultimately prompting the inactiva-
tion of antioxidant defences in a concentration-dependent 
manner (Cacciatore et al. 2015; Gultekin et al. 2000; Mos-
bah et al. 2016). Various studies have demonstrated that a 
basal level of ROS induces the phosphorylation of AKT, 
thereby protecting cells from oxidative stress-mediated dam-
age, whereas high levels of ROS downregulate the AKT-
signalling pathway. Indeed, AKT has a kinase domain that 
is subject to oxidation events, ending with the inactivation 
of its inherent kinase activity by forming a disulfide bond 
between Cys-297 and Cys-311 (Murata et al. 2003). Inter-
estingly, co-exposure of CPF with antioxidants, including 
glutathione, zinc, vitamins C and E, or compounds that stim-
ulate the PI3K/AKT pathway, largely prevents the molecu-
lar alterations induced by the pesticide (de Oliveira et al. 
2016; Elsharkawy et al. 2013; Goel et al. 2006; Gultekin 
et al. 2001; Narra et al. 2015; Olsvik et al. 2015). On the 
other hand, it has been reported that GSK3β phosphorylates 
the nuclear factor (erythroid-derived 2)-like 2 (Nrf2), thus 
inhibiting its translocation to the nucleus and the subsequent 
expression of antioxidant proteins. Likewise, the GSK3β 
activity blockade by PI3K/AKT enables the Nrf2 nuclear 
translocation and up-regulates detoxifying enzyme levels 
(Rojo et al. 2008). It is, therefore, tempting to speculate 
that the increased GSK3β activity we found in CPF-treated 
apoE3 mice might trigger an increase in ROS production via 
the down-regulation of the PI3K/AKT-signalling pathway 
and the subsequent blocking of Nfr2 nuclear translocation.

To date, there are still few references that support the 
obesogenic effect of CPF during adulthood (Ehrich et al. 
2004; Meggs and Brewer 2007; Peris-Sampedro et  al. 
2015a, b). Meggs and Brewer (2007) pointed out that an 
increase in adipose tissue was the cause of the weight gain 
they observed in rats subjected to a subchronic exposure to 
low doses of CPF (Meggs and Brewer 2007). Accordingly, 
Howell et al. (2016) found that CPF significantly increased 
neutral lipid accumulation in a concentration-dependent 
manner in McA-RH7777 hepatocyte cells (Howell et al. 
2016). Moreover, limited experimental studies with human 
apoE-TR mice have suggested an increased vulnerability of 
apoE3 mice to diet-induced obesity and related metabolic 
dysfunctions (Arbones-Mainar et al. 2008; Huebbe et al. 
2015; Karagiannides et al. 2008). ApoE3 mice on a western-
type diet (Arbones-Mainar et al. 2008; Karagiannides et al. 
2008) or a control diet (Huebbe et al. 2015) were pheno-
typically more obese and exhibited increased fat depots than 
apoE4 mice. According to Huebbe et al. (2015), the rea-
son for these differences is that apoE3 individuals are more 
prone to accumulating fat in adipose tissue, owing to their 
efficiency at harvesting dietary energy (Huebbe et al. 2015). 
Based on the above, it is reasonable to expect an additive 
effect with a combination of being carrier of the ε3 allele 

and being exposed to CPF (Peris-Sampedro et al. 2015b). 
Sandhu et al. (2017) recently revealed that CPF accentuated 
the effect of retinoic acid (RA), a known cell differentiation 
agent, ultimately promoting the adipogenic differentiation 
of C3H10T½ cells (Sandhu et al. 2017). Furthermore, the 
authors found that both lipid differentiation and accumula-
tion were dependent on GSK3β activation; a co-treatment 
with lithium chloride, a selective inhibitor of GSK3β activ-
ity, abolished these effects. A conceivable hypothesis is that 
the increased GSK3β activity here found exclusively in CPF-
fed apoE3 mice might be not only diminishing glycogen 
synthesis in those individuals, but also favouring their lipid 
accumulation and subsequent weight gain.

The results of the present investigation provide novel and 
potential information about the effects of repeated adult-
hood exposures to CPF on the hepatic gene expression of 
pon1, pon2, and pon3. Interestingly, exposure to the pesti-
cide reduced the expression of the three genes overall, but 
most notably in both apoE3 and C57BL/6 mice. In line with 
our results, Medina-Díaz et al. (2017) have recently shown 
that pon1 mRNA in HepG2 cells decreased after 24, 48 and 
72 h of CPF treatment (Medina-Díaz et al. 2017). Along the 
same lines, Acker and Nogueira (2012) reported a reduction 
in PON1 activity following a single acute dose of 50 mg/
kg in rats. An exhaustive search of the scientific literature 
revealed that there is no single item of experimental evi-
dence on the effects of CPF exposure on pon3 mRNA, and as 
such it remains an important subject for future research. As 
stated above, recent results from our group suggest that CPF-
treated apoE3 are more vulnerable to developing obesity 
(Peris-Sampedro et al. 2015a, b). It has been recently shown 
that PON3 knock-out mice are more prone to gaining weight 
compared to their wild-type littermates when fed a high-fat 
diet (Shih et al. 2015). Based on all these data, we infer that 
the reduction in pon3 expression particularly observed in 
apoE3 mice after CPF exposure may be contributing to the 
APOE-dependent obesogenic phenotype.

The potential toxicity of low-dose CPF has been some-
times under discussion, partly because of contradictory 
experimental and epidemiological outcomes. For example, 
while its potential in causing embryotoxicity and develop-
mental disorders has been recurrently demonstrated in vitro 
(Estevan et al. 2013; Flaskos et al. 2011), the effects of the 
pesticide on human neurodevelopment remain controversial 
(Eaton et al. 2008). Therefore, humanized animal models, 
such as the apoE-TR mice, should be considered as a power-
ful tool to bridge the existing gap between experimental and 
epidemiological toxicology.

In summary, the current results, together with recent 
data (Peris-Sampedro et al. 2015a, b), show that apoE3 
mice are the most vulnerable to the detrimental metabolic 
effects of CPF. These individuals manifested clear signs of 
insulin resistance in the liver following an 8-week dietary 
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exposure to 2 mg/kg body weight CPF, as revealed by the 
up-regulation of the JAK2/STAT3/SOCS pathway and the 
down-regulation of both AKT and GSK3β proteins. Taken 
together, these results point to an inhibition of the antioxi-
dant mechanisms of the cell and a reduction in glycogen 
synthesis. These effects probably explain the T2D-like phe-
notype previously reported in apoE3 mice (Peris-Sampedro 
et al. 2015b). Furthermore, we provide the first evidence that 
dietary exposure to CPF generally decreases the expression 
of pon1, pon2 and pon3, thereby paving the way for further 
lines of research on the metabolic-disruptor role of the pes-
ticide. If the debate is to be moved forward, further studies 
are needed to determine whether the effects observed are 
attributable to the parental compound itself or to its metabo-
lites (e.g., CPF-oxon). Finally, we have demonstrated that 
the effects of the pesticide on insulin- and leptin-signalling 
pathways are APOE-dependent, which highlights the impor-
tance of studying genetic risk factors in societies already 
burdened with an increased incidence of non-communicable 
chronic diseases.

Funding  This research was supported by the Ministry of the Economy 
and Competitiveness (MINECO, Spain) (Grant Numbers PSI2010-
21743-C02-01 and PSI2014-55785-C2-2-R) and the Commission for 
Universities and Research of the Ministry of Innovation, Universities 
and Enterprise of the Generalitat de Catalunya (Grant Number 2013 
FI_B00170).

Compliance with ethical standards 

Conflict of interest  The authors declare that no conflict of interest has 
influenced the results presented in this investigation.

References

Abou-Donia MB, Khan WA, Dechkovskaia AM et al (2006) In utero 
exposure to nicotine and chlorpyrifos alone, and in combination 
produces persistent sensorimotor deficits and Purkinje neuron loss 
in the cerebellum of adult offspring rats. Arch Toxicol 80:620–
631. https​://doi.org/10.1007/s0020​4-006-0077-1

Acker CI, Nogueira CW (2012) Chlorpyrifos acute exposure induces 
hyperglycemia and hyperlipidemia in rats. Chemosphere 89:602–
608. https​://doi.org/10.1016/j.chemo​spher​e.2012.05.059

Aminov Z, Haase R, Rej R et al (2016) Diabetes prevalence in relation 
to serum concentrations of polychlorinated biphenyl (PCB) conge-
ner groups and three chlorinated pesticides in a Native American 
population. Environ Health Perspect 124:1376–1383. https​://doi.
org/10.1289/ehp.15099​02

Arbones-Mainar JM, Johnson LA, Altenburg MK, Maeda N (2008) 
Differential modulation of diet-induced obesity and adipocyte 
functionality by human apolipoprotein E3 and E4 in mice. Int J 
Obes 32:1595–1605. https​://doi.org/10.1038/ijo.2008.143

Basaure P, Peris-Sampedro F, Cabré M et al (2017) Two cholinesterase 
inhibitors trigger dissimilar effects on behavior and body weight in 
C57BL/6 mice: The case of chlorpyrifos and rivastigmine. Behav 
Brain Res 318:1–11. https​://doi.org/10.1016/j.bbr.2016.10.014

Blanco J, Mulero M, Domingo JL, Sánchez DJ (2012) Gestational 
exposure to BDE-99 produces toxicity through upregulation of 

CYP isoforms and ROS production in the fetal rat liver. Toxicol 
Sci 127:296–302. https​://doi.org/10.1093/toxsc​i/kfs08​2

Blanco J, Mulero M, Heredia L et al (2013) Perinatal exposure to 
BDE-99 causes learning disorders and decreases serum thy-
roid hormone levels and BDNF gene expression in hippocam-
pus in rat offspring. Toxicology 308:122–128. https​://doi.
org/10.1016/j.tox.2013.03.010

Blanco J, Lafuente D, Gómez M et al (2017) Polyvinyl pyrrolidone-
coated silver nanoparticles in a human lung cancer cells: time- 
and dose-dependent influence over p53 and caspase-3 protein 
expression and epigenetic effects. Arch Toxicol 91:651–666. 
https​://doi.org/10.1007/s0020​4-016-1773-0

Cacciatore LC, Nemirovsky SI, Verrengia Guerrero NR, Cochón AC 
(2015) Azinphos-methyl and chlorpyrifos, alone or in a binary 
mixture, produce oxidative stress and lipid peroxidation in the 
freshwater gastropod Planorbarius corneus. Aquat Toxicol 
167:12–19. https​://doi.org/10.1016/j.aquat​ox.2015.07.009

Carr RL, Graves CA, Mangum LC et al (2014) Low level chlor-
pyrifos exposure increases anandamide accumulation in juve-
nile rat brain in the absence of brain cholinesterase inhibition. 
Neurotoxicology 43:82–89. https​://doi.org/10.1016/j.neuro​
.2013.12.009

Ccanccapa A, Masiá A, Andreu V, Picó Y (2016) Spatio-temporal pat-
terns of pesticide residues in the Turia and Júcar Rivers (Spain). 
Sci Total Environ 540:200–210. https​://doi.org/10.1016/j.scito​
tenv.2015.06.063

Chevalier N, Fénichel P (2015) Endocrine disruptors: new players in 
the pathophysiology of type 2 diabetes? Diabetes Metab 41:107–
115. https​://doi.org/10.1016/j.diabe​t.2014.09.005

Chiesa LM, Labella GF, Giorgi A et al (2016) The occurrence of 
pesticides and persistent organic pollutants in Italian organic 
honeys from different productive areas in relation to potential 
environmental pollution. Chemosphere 154:482–490. https​://doi.
org/10.1016/j.chemo​spher​e.2016.04.004

Cole TB, Li WF, Co AL et al (2014) Repeated gestational exposure 
of mice to chlorpyrifos oxon is associated with paraoxonase 1 
(PON1) modulated effects in maternal and fetal tissues. Toxicol 
Sci 141:409–422. https​://doi.org/10.1093/toxsc​i/kfu14​4

Costa LG (2000) The emerging field of ecogenetics. Neurotoxicology 
21:85–89

Costa LG (2006) Current issues in organophosphate toxicology. 
Clin Chim Acta 366(1–2):1–13. https​://doi.org/10.1016/j.
cca.2005.10.008

Crane AL, Klein K, Zanger UM, Olson JR (2012) Effect of CYP2B6*6 
and CYP2C19*2 genotype on chlorpyrifos metabolism. Toxicol-
ogy 293:115–122. https​://doi.org/10.1016/j.tox.2012.01.006

Crow JA, Bittles V, Herring KL et al (2012) Inhibition of recombi-
nant human carboxylesterase 1 and 2 and monoacylglycerol 
lipase by chlorpyrifos oxon, paraoxon and methyl paraoxon. 
Toxicol Appl Pharmacol 258:145–150. https​://doi.org/10.1016/j.
taap.2011.10.017

de Oliveira MR, Peres A, Ferreira GC et al (2016) Carnosic acid 
affords mitochondrial protection in chlorpyrifos-treated Sh-Sy5y 
cells. Neurotox Res 30:367–379. https​://doi.org/10.1007/s1264​
0-016-9620-x

Dirinck EL, Dirtu AC, Govindan M et al (2014) Exposure to persistent 
organic pollutants: relationship with abnormal glucose metabo-
lism and visceral adiposity. Diabetes Care 37:1951–1958. https​://
doi.org/10.2337/dc13-2329

Eaton DL, Daroff RB, Autrup H et al (2008) Review of the toxicol-
ogy of chlorpyrifos with an emphasis on human exposure and 
neurodevelopment. Crit Rev Toxicol 38:1–125. https​://doi.
org/10.1080/10408​44080​22721​58

Ehrich M, Hancock S, Ward D et al (2004) Neurologic and immu-
nologic effects of exposure to corticosterone, chlorpyrifos, and 
multiple doses of tri-ortho-tolyl phosphate over a 28-day period 

https://doi.org/10.1007/s00204-006-0077-1
https://doi.org/10.1016/j.chemosphere.2012.05.059
https://doi.org/10.1289/ehp.1509902
https://doi.org/10.1289/ehp.1509902
https://doi.org/10.1038/ijo.2008.143
https://doi.org/10.1016/j.bbr.2016.10.014
https://doi.org/10.1093/toxsci/kfs082
https://doi.org/10.1016/j.tox.2013.03.010
https://doi.org/10.1016/j.tox.2013.03.010
https://doi.org/10.1007/s00204-016-1773-0
https://doi.org/10.1016/j.aquatox.2015.07.009
https://doi.org/10.1016/j.neuro.2013.12.009
https://doi.org/10.1016/j.neuro.2013.12.009
https://doi.org/10.1016/j.scitotenv.2015.06.063
https://doi.org/10.1016/j.scitotenv.2015.06.063
https://doi.org/10.1016/j.diabet.2014.09.005
https://doi.org/10.1016/j.chemosphere.2016.04.004
https://doi.org/10.1016/j.chemosphere.2016.04.004
https://doi.org/10.1093/toxsci/kfu144
https://doi.org/10.1016/j.cca.2005.10.008
https://doi.org/10.1016/j.cca.2005.10.008
https://doi.org/10.1016/j.tox.2012.01.006
https://doi.org/10.1016/j.taap.2011.10.017
https://doi.org/10.1016/j.taap.2011.10.017
https://doi.org/10.1007/s12640-016-9620-x
https://doi.org/10.1007/s12640-016-9620-x
https://doi.org/10.2337/dc13-2329
https://doi.org/10.2337/dc13-2329
https://doi.org/10.1080/10408440802272158
https://doi.org/10.1080/10408440802272158


1727Archives of Toxicology (2018) 92:1717–1728	

1 3

in rats. J Toxicol Environ Heal Part A 67:431–457. https​://doi.
org/10.1080/15287​39049​02734​97

Ellman GL, Courtney KD, Andres V, Featherstone RM (1961) A new 
and rapid colorimetric determination of acetylcholinesterase activ-
ity. Biochem Pharmacol 7:88–95. https​://doi.org/10.1016/0006-
2952(61)90145​-9

Elsharkawy EE, Yahia D, El-Nisr NA (2013) Sub-chronic exposure 
to chlorpyrifos induces hematological, metabolic disorders 
and oxidative stress in rat: attenuation by glutathione. Envi-
ron Toxicol Pharmacol 35:218–227. https​://doi.org/10.1016/j.
etap.2012.12.009

Emanuelli B, Peraldi P, Filloux C et al (2001) SOCS-3 inhibits insu-
lin signaling and is up-regulated in response to tumor necrosis 
factor-alpha in the adipose tissue of obese mice. J Biol Chem 
276:47944–47949. https​://doi.org/10.1074/jbc.M1046​02200​

Eriksson JW (2007) Metabolic stress in insulin’s target cells leads 
to ROS accumulation—a hypothetical common pathway caus-
ing insulin resistance. FEBS Lett 581:3734–3742. https​://doi.
org/10.1016/j.febsl​et.2007.06.044

Estevan C, Vilanova E, Sogorb MA (2013) Chlorpyrifos and its metab-
olites alter gene expression at non-cytotoxic concentrations in D3 
mouse embryonic stem cells under in vitro differentiation: consid-
erations for embryotoxic risk assessment. Toxicol Lett 217:14–22. 
https​://doi.org/10.1016/j.toxle​t.2012.11.026

Estévez J, Mangas I, Sogorb MA, Vilanova E (2013) Interactions 
of neuropathy inducers and potentiators/promoters with solu-
ble esterases. Chem Biol Interact 203:245–250. https​://doi.
org/10.1016/j.cbi.2012.11.007

Everett CJ, Thompson OM, Dismuke CE (2017) Exposure to DDT and 
diabetic nephropathy among Mexican Americans in the 1999–
2004 National Health and Nutrition Examination Survey. Environ 
Pollut 222:132–137. https​://doi.org/10.1016/j.envpo​l.2016.12.069

Flaskos J, Nikolaidis E, Harris W et al (2011) Effects of sub-lethal 
neurite outgrowth inhibitory concentrations of chlorpyrifos oxon 
on cytoskeletal proteins and acetylcholinesterase in differentiat-
ing N2a cells. Toxicol Appl Pharmacol 256:330–336. https​://doi.
org/10.1016/j.taap.2011.06.002

Furlong CE, Marsillach J, Jarvik GP, Costa LG (2016) Paraoxonases-1, 
-2 and -3: what are their functions? Chem Biol Interact 259:51–
62. https​://doi.org/10.1016/j.cbi.2016.05.036

Goel A, Dani V, Dhawan DK (2006) Chlorpyrifos-induced altera-
tions in the activities of carbohydrate metabolizing enzymes in 
rat liver: the role of zinc. Toxicol Lett 163:235–241. https​://doi.
org/10.1016/j.toxle​t.2005.11.002

Grice BA, Nelson RG, Williams DE et al (2017) Associations between 
persistent organic pollutants, type 2 diabetes, diabetic nephropa-
thy and mortality. Occup Environ Med 74:521–527. https​://doi.
org/10.1136/oemed​-2016-10394​8

Gultekin F, Ozturk M, Akdogan M (2000) The effect of organophos-
phate insecticide chlorpyrifos-ethyl on lipid peroxidation and anti-
oxidant enzymes (in vitro). Arch Toxicol 74:533–538. https​://doi.
org/10.1007/s0020​40000​167

Gultekin F, Delibas N, Yasar S, Kilinc I (2001) In vivo changes in 
antioxidant systems and protective role of melatonin and a com-
bination of vitamin C and vitamin E on oxidative damage in 
erythrocytes induced by chlorpyrifos-ethyl in rats. Arch Toxicol 
75:88–96. https​://doi.org/10.1007/s0020​40100​219

Howell GE, Mulligan C, Young D, Kondakala S (2016) Exposure to 
chlorpyrifos increases neutral lipid accumulation with accompa-
nying increased de novo lipogenesis and decreased triglyceride 
secretion in McArdle-RH7777 hepatoma cells. Toxicol In Vitro 
32:181–189. https​://doi.org/10.1016/j.tiv.2016.01.002

Huebbe P, Dose J, Schloesser A et al (2015) Apolipoprotein E (APOE) 
genotype regulates body weight and fatty acid utilization—studies 
in gene-targeted replacement mice. Mol Nutr Food Res 59:334–
343. https​://doi.org/10.1002/mnfr.20140​0636

IDF 2017 International Diabetes Feredation (2017) IDF Diabe-
tes Atlas Eighth Edition. http://www.diabe​tesat​las.org/resou​
rces/2017-atlas​.html. Accessed 30 Nov 2017

Karagiannides I, Abdou R, Tzortzopoulou A et al (2008) Apolipo-
protein E predisposes to obesity and related metabolic dysfunc-
tions in mice. FEBS J 275:4796–4809. https​://doi.org/10.111
1/j.1742-4658.2008.06619​.x

Kido Y, Burks DJ, Withers D, et al (2000) Tissue-specific insulin 
resistance in mice with mutations in the insulin receptor, IRS-
1. J Clin Invest 105:199–205. https​://doi.org/10.1172/JCI79​17

Lasram MM, Dhouib IB, Annabi A et al (2014) A review on the 
molecular mechanisms involved in insulin resistance induced 
by organophosphorus pesticides. Toxicology 322:1–13. https​
://doi.org/10.1016/j.tox.2014.04.009

Lassiter TL, Brimijoin S (2008) Rats gain excess weight after devel-
opmental exposure to the organophosphorothionate pesticide, 
chlorpyrifos. Neurotoxicol Teratol 30:125–130. https​://doi.
org/10.1016/j.ntt.2007.10.004

Lee JE, Lim MS, Park JH et al (2014) Nuclear NF-κB contributes to 
chlorpyrifos-induced apoptosis through p53 signaling in human 
neural precursor cells. Neurotoxicology 42:58–70. https​://doi.
org/10.1016/j.neuro​.2014.04.001

Lockridge O, Norgren RB, Johnson RC, Blake TA (2016) Naturally 
occurring genetic variants of human acetylcholinesterase and 
butyrylcholinesterase and their potential impact on the risk 
of toxicity from cholinesterase inhibitors. Chem Res Toxicol 
29:1381–1392. https​://doi.org/10.1021/acs.chemr​estox​.6b002​28

Medina-Díaz IM, Ponce-Ruiz N, Ramírez-Chávez B et al (2017) 
Downregulation of human paraoxonase 1 (PON1) by organo-
phosphate pesticides in HepG2 cells. Environ Toxicol 32:490–
500. https​://doi.org/10.1002/tox.22253​

Meggs WJ, Brewer KL (2007) Weight gain associated with chronic 
exposure to chlorpyrifos in rats. J Med Toxicol 3:89–93. https​
://doi.org/10.1007/BF031​60916​

Montgomery MP, Kamel F, Saldana TM et al (2008) Incident dia-
betes and pesticide exposure among licensed pesticide applica-
tors: Agricultural Health Study, 1993–2003. Am J Epidemiol 
167:1235–1246. https​://doi.org/10.1093/aje/kwn02​8

Mosbah R, Yousef MI, Maranghi F, Mantovani A (2016) Protective 
role of Nigella sativa oil against reproductive toxicity, hormo-
nal alterations, and oxidative damage induced by chlorpyrifos 
in male rats. Toxicol Ind Health 32:1266–1277. https​://doi.
org/10.1177/07482​33714​55467​5

Münzberg H (2009) Leptin-signaling pathways and leptin resistance. 
Front Eat Weight Regul. https​://doi.org/10.1159/00026​4400

Murata H, Hresko RC, Mueckler M (2003) Reconstitution of phos-
phoinositide 3-kinase-dependent insulin signaling in a cell-free 
system. J Biol Chem 278:21607–21614. https​://doi.org/10.1074/
jbc.M3029​34200​

Narra MR, Rajender K, Rudra Reddy R et al (2015) The role of 
vitamin C as antioxidant in protection of biochemical and hae-
matological stress induced by chlorpyrifos in freshwater fish 
Clarias batrachus. Chemosphere 132:172–178. https​://doi.
org/10.1016/j.chemo​spher​e.2015.03.006

Nougadère A, Sirot V, Kadar A et al (2012) Total diet study on pesti-
cide residues in France: levels in food as consumed and chronic 
dietary risk to consumers. Environ Int 45:135–150. https​://doi.
org/10.1016/j.envin​t.2012.02.001

Olsvik PA, Berntssen MHG, Søfteland L (2015) Modifying effects of 
vitamin e on chlorpyrifos toxicity in atlantic salmon. PLoS One 
10:1–21. https​://doi.org/10.1371/journ​al.pone.01192​50

Pedroso JAB, Buonfiglio DC, Cardinali LI et al (2014) Inactiva-
tion of SOCS3 in leptin receptor-expressing cells protects mice 
from diet-induced insulin resistance but does not prevent obe-
sity. Mol Metab 3:608–618. https​://doi.org/10.1016/j.molme​
t.2014.06.001

https://doi.org/10.1080/15287390490273497
https://doi.org/10.1080/15287390490273497
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1016/j.etap.2012.12.009
https://doi.org/10.1016/j.etap.2012.12.009
https://doi.org/10.1074/jbc.M104602200
https://doi.org/10.1016/j.febslet.2007.06.044
https://doi.org/10.1016/j.febslet.2007.06.044
https://doi.org/10.1016/j.toxlet.2012.11.026
https://doi.org/10.1016/j.cbi.2012.11.007
https://doi.org/10.1016/j.cbi.2012.11.007
https://doi.org/10.1016/j.envpol.2016.12.069
https://doi.org/10.1016/j.taap.2011.06.002
https://doi.org/10.1016/j.taap.2011.06.002
https://doi.org/10.1016/j.cbi.2016.05.036
https://doi.org/10.1016/j.toxlet.2005.11.002
https://doi.org/10.1016/j.toxlet.2005.11.002
https://doi.org/10.1136/oemed-2016-103948
https://doi.org/10.1136/oemed-2016-103948
https://doi.org/10.1007/s002040000167
https://doi.org/10.1007/s002040000167
https://doi.org/10.1007/s002040100219
https://doi.org/10.1016/j.tiv.2016.01.002
https://doi.org/10.1002/mnfr.201400636
http://www.diabetesatlas.org/resources/2017-atlas.html
http://www.diabetesatlas.org/resources/2017-atlas.html
https://doi.org/10.1111/j.1742-4658.2008.06619.x
https://doi.org/10.1111/j.1742-4658.2008.06619.x
https://doi.org/10.1172/JCI7917
https://doi.org/10.1016/j.tox.2014.04.009
https://doi.org/10.1016/j.tox.2014.04.009
https://doi.org/10.1016/j.ntt.2007.10.004
https://doi.org/10.1016/j.ntt.2007.10.004
https://doi.org/10.1016/j.neuro.2014.04.001
https://doi.org/10.1016/j.neuro.2014.04.001
https://doi.org/10.1021/acs.chemrestox.6b00228
https://doi.org/10.1002/tox.22253
https://doi.org/10.1007/BF03160916
https://doi.org/10.1007/BF03160916
https://doi.org/10.1093/aje/kwn028
https://doi.org/10.1177/0748233714554675
https://doi.org/10.1177/0748233714554675
https://doi.org/10.1159/000264400
https://doi.org/10.1074/jbc.M302934200
https://doi.org/10.1074/jbc.M302934200
https://doi.org/10.1016/j.chemosphere.2015.03.006
https://doi.org/10.1016/j.chemosphere.2015.03.006
https://doi.org/10.1016/j.envint.2012.02.001
https://doi.org/10.1016/j.envint.2012.02.001
https://doi.org/10.1371/journal.pone.0119250
https://doi.org/10.1016/j.molmet.2014.06.001
https://doi.org/10.1016/j.molmet.2014.06.001


1728	 Archives of Toxicology (2018) 92:1717–1728

1 3

Peris-Sampedro F, Basaure P, Reverte I et al (2015a) Chronic expo-
sure to chlorpyrifos triggered body weight increase and memory 
impairment depending on human apoE polymorphisms in a tar-
geted replacement mouse model. Physiol Behav 144:37–45. https​
://doi.org/10.1016/j.physb​eh.2015.03.006

Peris-Sampedro F, Cabré M, Basaure P et al (2015b) Adulthood dietary 
exposure to a common pesticide leads to an obese-like phenotype 
and a diabetic profile in apoE3 mice. Environ Res 142:169–176. 
https​://doi.org/10.1016/j.envre​s.2015.06.036

Peris-Sampedro F, Reverte I, Basaure P et al (2016) Apolipoprotein E 
(APOE) genotype and the pesticide chlorpyrifos modulate atten-
tion, motivation and impulsivity in female mice in the 5-choice 
serial reaction time task. Food Chem Toxicol 92:224–235. https​
://doi.org/10.1016/j.fct.2016.03.029

Quistad GB, Liang SN, Fisher KJ et al (2006) Each lipase has a unique 
sensitivity profile for organophosphorus inhibitors. Toxicol Sci 
91:166–172. https​://doi.org/10.1093/toxsc​i/kfj12​4

Reverte I, Klein AB, Ratner C et al (2012) Behavioral phenotype 
and BDNF differences related to apoE isoforms and sex in 
young transgenic mice. Exp Neurol 237:116–125. https​://doi.
org/10.1016/j.expne​urol.2012.06.015

Reverte I, Klein AB, Domingo JL, Colomina MT (2013) Long term 
effects of murine postnatal exposure to decabromodiphenyl ether 
(BDE-209) on learning and memory are dependent upon APOE 
polymorphism and age. Neurotoxicol Teratol 40:17–27. https​://
doi.org/10.1016/j.ntt.2013.08.003

Reverte I, Domingo JL, Colomina MT (2014a) Neurodevelopmen-
tal effects of decabromodiphenyl ether (BDE-209) in APOE 
transgenic mice. Neurotoxicol Teratol 46:10–17. https​://doi.
org/10.1016/j.ntt.2014.08.003

Reverte I, Pujol A, Domingo JL, Colomina MT (2014b) Thyroid hor-
mones and fear learning but not anxiety are affected in adult apoE 
transgenic mice exposed postnatally to decabromodiphenyl ether 
(BDE-209). Physiol Behav 133:81–91. https​://doi.org/10.1016/j.
physb​eh.2014.05.013

Reverte I, Peris-Sampedro F, Basaure P et al (2016) Attentional per-
formance, impulsivity, and related neurotransmitter systems in 
apoE2, apoE3, and apoE4 female transgenic mice. Psychopharma-
cology 233:295–308. https​://doi.org/10.1007/s0021​3-015-4113-9

Reygner J, Lichtenberger L, Elmhiri G et al (2016) Inulin supple-
mentation lowered the metabolic defects of prolonged exposure 
to chlorpyrifos from gestation to young adult stage in offspring 
rats. PLoS One 11(10):e0164614. https​://doi.org/10.1371/journ​
al.pone.01646​14

Ricceri L, Venerosi A, Capone F et al (2006) Developmental neurotox-
icity of organophosphorous pesticides: fetal and neonatal exposure 
to chlorpyrifos alters sex-specific behaviors at adulthood in mice. 
Toxicol Sci 93(1):105–113. https​://doi.org/10.1093/toxsc​i/kfl03​2

Roca M, Miralles-Marco A, Ferré J et al (2014) Biomonitoring expo-
sure assessment to contemporary pesticides in a school chil-
dren population of Spain. Environ Res 131:77–85. https​://doi.
org/10.1016/j.envre​s.2014.02.009

Rohlman DS, Anger WK, Lein PJ (2011) Correlating neurobehavioral 
performance with biomarkers of organophosphorous pesticide 
exposure. Neurotoxicology 32:268–276. https​://doi.org/10.1016/j.
neuro​.2010.12.008

Rojo AI, Sagarra MR, De Cuadrado A (2008) GSK-3β down-regulates 
the transcription factor Nrf2 after oxidant damage: relevance 
to exposure of neuronal cells to oxidative stress. J Neurochem 
105:192–202. https​://doi.org/10.1111/j.1471-4159.2007.05124​.x

Rui L, Yuan M, Frantz D et al (2002) SOCS-1 and SOCS-3 block 
insulin signaling by ubiquitin-mediated degradation of IRS1 and 
IRS2. J Biol Chem 277:42394–42398. https​://doi.org/10.1074/
jbc.C2004​44200​

Salazar JG, Ribes D, Cabré M et al (2011) Amyloid β peptide lev-
els increase in brain of AβPP Swedish mice after exposure to 
chlorpyrifos. Curr Alzheimer Res 8:732–740. https​://doi.
org/10.2174/15672​05117​97633​197

Sandhu HS, Bhanwer AJS, Puri S (2017) Retinoic acid exacerbates 
chlorpyrifos action in ensuing adipogenic differentiation of 
C3H10T1/2 cells in a GSK3β dependent pathway. PLoS One 
12(3):e0173031. https​://doi.org/10.1371/journ​al.pone.01730​31

Saunders M, Magnanti BL, Correia Carreira S et al (2012) Chlorpyrifos 
and neurodevelopmental effects: a literature review and expert 
elicitation on research and policy. Environ Health 11:S5. https​://
doi.org/10.1186/1476-069X-11-S1-S5

Schäfer M, Koppe F, Stenger B et al (2013) Influence of organophos-
phate poisoning on human dendritic cells. Chem Biol Interact 
206:472–478. https​://doi.org/10.1016/j.cbi.2013.08.011

Shih DM, Yu JM, Vergnes L et al (2015) PON3 knockout mice are 
susceptible to obesity, gallstone formation, and atherosclerosis. 
FASEB J 29:1185–1197. https​://doi.org/10.1096/fj.14-26057​0

Slotkin TA (2011) Does early-life exposure to organophosphate insec-
ticides lead to prediabetes and obesity? Reprod Toxicol 31:297–
301. https​://doi.org/10.1016/j.repro​tox.2010.07.012

Slotkin TA, Brown KK, Seidler FJ (2005) Developmental exposures of 
rats to chlorpyrifos elicits sex-selective hyperlipidemia and hyper-
insulinemia in adulthood. Environ Health Perspect 113:1291–
1294. https​://doi.org/10.1289/ehp.8133

Sogorb MA, Vilanova E (2010) Serum albumins and detoxication of 
anti-cholinesterase agents. Chem Biol Interact 187:397–402. https​
://doi.org/10.1016/j.cbi.2010.03.001

Stapleton AR, Chan VT (2009) Subtoxic chlorpyrifos treatment 
resulted in differential expression of genes implicated in neuro-
logical functions and development. Arch Toxicol 83:319–333. 
https​://doi.org/10.1007/s0020​4-008-0346-2

Starling AP, Umbach DM, Kamel F et al (2014) Pesticide use and inci-
dent diabetes among wives of farmers in the Agricultural Health 
Study. Occup Environ Med 71:629–635. https​://doi.org/10.1136/
oemed​-2013-10165​9

Suarez-Lopez JR, Lee DH, Porta M et al (2015) Persistent organic pol-
lutants in young adults and changes in glucose related metabolism 
over a 23-year follow-up. Environ Res 137:485–494. https​://doi.
org/10.1016/j.envre​s.2014.11.001

Sullivan PM, Mezdour H, Aratani Y et al (1997) Targeted replace-
ment of the mouse apolipoprotein E gene with the common human 
APOE3 allele enhances diet-induced hypercholesterolemia and 
atherosclerosis. J Biol Chem 272:17972–17980. https​://doi.
org/10.1074/jbc.272.29.17972​

Thayer KA, Heindel JJ, Bucher JR, Gallo MA (2012) Role of environ-
mental chemicals in diabetes and obesity: a national toxicology 
program workshop review. Environ Health Perspect 120:779–789. 
https​://doi.org/10.1289/ehp.11045​97

Ueki K, Kondo T, Kahn CR (2004) Suppressor of cytokine signaling 1 
(SOCS-1) and SOCS-3 cause insulin resistance through inhibition 
of tyrosine phosphorylation of insulin receptor substrate proteins 
by discrete mechanisms. Mol Cell Biol 24:5434–5446. https​://doi.
org/10.1128/MCB.24.12.5434-5446.2004

https://doi.org/10.1016/j.physbeh.2015.03.006
https://doi.org/10.1016/j.physbeh.2015.03.006
https://doi.org/10.1016/j.envres.2015.06.036
https://doi.org/10.1016/j.fct.2016.03.029
https://doi.org/10.1016/j.fct.2016.03.029
https://doi.org/10.1093/toxsci/kfj124
https://doi.org/10.1016/j.expneurol.2012.06.015
https://doi.org/10.1016/j.expneurol.2012.06.015
https://doi.org/10.1016/j.ntt.2013.08.003
https://doi.org/10.1016/j.ntt.2013.08.003
https://doi.org/10.1016/j.ntt.2014.08.003
https://doi.org/10.1016/j.ntt.2014.08.003
https://doi.org/10.1016/j.physbeh.2014.05.013
https://doi.org/10.1016/j.physbeh.2014.05.013
https://doi.org/10.1007/s00213-015-4113-9
https://doi.org/10.1371/journal.pone.0164614
https://doi.org/10.1371/journal.pone.0164614
https://doi.org/10.1093/toxsci/kfl032
https://doi.org/10.1016/j.envres.2014.02.009
https://doi.org/10.1016/j.envres.2014.02.009
https://doi.org/10.1016/j.neuro.2010.12.008
https://doi.org/10.1016/j.neuro.2010.12.008
https://doi.org/10.1111/j.1471-4159.2007.05124.x
https://doi.org/10.1074/jbc.C200444200
https://doi.org/10.1074/jbc.C200444200
https://doi.org/10.2174/156720511797633197
https://doi.org/10.2174/156720511797633197
https://doi.org/10.1371/journal.pone.0173031
https://doi.org/10.1186/1476-069X-11-S1-S5
https://doi.org/10.1186/1476-069X-11-S1-S5
https://doi.org/10.1016/j.cbi.2013.08.011
https://doi.org/10.1096/fj.14-260570
https://doi.org/10.1016/j.reprotox.2010.07.012
https://doi.org/10.1289/ehp.8133
https://doi.org/10.1016/j.cbi.2010.03.001
https://doi.org/10.1016/j.cbi.2010.03.001
https://doi.org/10.1007/s00204-008-0346-2
https://doi.org/10.1136/oemed-2013-101659
https://doi.org/10.1136/oemed-2013-101659
https://doi.org/10.1016/j.envres.2014.11.001
https://doi.org/10.1016/j.envres.2014.11.001
https://doi.org/10.1074/jbc.272.29.17972
https://doi.org/10.1074/jbc.272.29.17972
https://doi.org/10.1289/ehp.1104597
https://doi.org/10.1128/MCB.24.12.5434-5446.2004
https://doi.org/10.1128/MCB.24.12.5434-5446.2004

	New mechanistic insights on the metabolic-disruptor role of chlorpyrifos in apoE mice: a focus on insulin- and leptin-signalling pathways
	Abstract
	Introduction
	Materials and methods
	Animals
	Chemicals, treatment, and experimental design
	Enzyme activity assessment
	Western blot analysis
	Gene expression
	RNA isolation and complementary DNA synthesis
	Real-time reverse transcription PCR assays

	Statistics

	Results
	ChE activity and apoE protein levels
	Effects of CPF and APOE genotype on both leptin- and insulin-signalling pathways
	The JAK2STAT3SOCS3-signalling pathway
	Insulin-signalling pathway: p-IRS-1total IRS-1, p-AKTtotal AKT and p-GSK3βtotal GSK3β ratios

	Impact of CPF and APOE genotype on the expression of pon1, pon2, and pon3

	Discussion
	References


