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ABSTRACT: Pesticides are chemical substances used to eliminate various pests. Currently, more than two million
tons of pesticides are used annually in developing and developed countries. One of the chronic diseases associated with
pesticide poisoning is diabetes. This review aimed to elucidate the mechanisms of action involved in the development of
diabetes after pesticide poisoning. Relevant information was collected between January and May 2024, using databases
such as PubMed, Google Academic, and Elsevier. Pesticides reduce the secretion of glucagon-like peptide-1 (GLP-1) in
the intestine, thereby decreasing the release of insulin. Moreover, pesticides are metabolized to acetic acid by intestinal
microbiota. This contributes to gluconeogenesis in the liver. In addition, the accumulation of pesticides in adipose tissue
affects pancreatic beta-cells (B-cells) through increases in the levels of proinflammatory cytokines and the release of
leptin, resulting in insulin resistance and impairments of appetite control and energy balance. These alterations caused
by pesticides can contribute to the development of diabetes by affecting many organic systems.
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1 Introduction

Diabetes mellitus is a chronic metabolic disorder caused by a lack of insulin or a failure of the
cells to respond to insulin, which increases blood glucose levels (hyperglycemia) [1]. Complications of
hyperglycemia include symptoms such as polyuria, fatigue, excessive thirst, and decreased performance;
while in the long term, it causes deterioration of various tissues and organs (eyes, liver, blood vessels),
increasing the occurrence of pathologies such as cardiovascular disease, kidney failure, blindness and
neuropathy [2,3].

Type 1 diabetes mellitus (TIDM) and type 2 diabetes mellitus (T2DM) are the main types of diabetes [4].
In 2021, approximately 8.4 million people worldwide were reported to have TIDM [5]; which usually develops
in young adults as a result of a reaction in which the immune system mistakenly destroys beta-cells (-cells)
causing insulin deficiency [6,7]. T2DM accounts for nearly 90% of the approximately 537 million cases of
diabetes and is characterized by insulin resistance and insufficient insulin secretion [8-10]. Although T2DM
was known as a disorder that occurred in adulthood, rates of this disease in children and adolescents have
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increased in recent years [11,12]. Worldwide, Brazil (33 per 1000), Canada (5.7 per 1000), Mexico (4 per 1000)
and the United States (1.8 per 1000) have the highest prevalence of T2DM in adolescents [13].

In addition to known risk factors (genetics, sedentary way of life, smoking, and alcoholism), exposure
to pesticides can contribute to the development of diabetes [14,15]. Pesticides are chemical substances used to
prevent, control, or eliminate different pests that reduce agricultural production [16]. They can be classified
according to their chemical composition, mainly into organochlorines (OCs), organophosphates (OPs),
carbamates, pyrethroids, and neonicotinoids [17].

OCs are persistent in the environment for a long time and due to their lipophilic capacity, they
accumulate in adipose tissue [18]. The main toxicological effect of OPs is the irreversible inhibition of the
enzyme acetylcholinesterase (AChE), which causes deterioration of the respiratory tract and neuromuscular
transmission; they accumulate in the environment for long periods due to their frequent application and
moderate persistence [19,20]. Carbamates are thermally unstable, water-soluble, and have high polarity;
they are AChE inhibitors; however, their toxic action is reversible unlike OPs [21]. Pyrethroids are synthetic
organic insecticides which, due to their limited cutaneous absorption and ability to rapidly transform
substances, although some authors report that these pesticides are less toxic than OCs, OPs, and carbamates,
some of its metabolites are detected in fatty tissues due to their high lipophilicity, therefore its toxic
effect should not be dismissed [22,23]. Neonicotinoids act on nicotinic acetylcholine receptors (nAChRs)
and can persist for a long time in soil and water, with a half-life of up to three years and have a high
toxicological potential in organisms [24-26]. In addition, different studies have confirmed the participation
of these substances in the development of diabetes [27-30]. Table I shows the general characteristics of
these pesticides.

Table 1: General characteristics of pesticides related to diabetes

Pesticides Mechanism of Characteristics Examples References
action linked to
diabetes
Organochlorines Block the chloride =~ Chemically stable Dieldrin, p, [31-33]
channel activated Liposoluble p -dichlorodipheny
by gamma amino High persistence in  ldichloroethylene (p,
butyric acid the environment  p’-DDE), hexachloro-
(GABA) in Capacity for cyclohexane
B-cells bioaccumulation (B-HCH),
High toxicity dichlorodiphenyl-
trichloroethane
(DDT)
Organophosphates  Inhibition of AChE Water-soluble Malathion, parathion,  [34,35]
(irreversible) of Lipophilic chlorpyrifos,
muscarinic High absorption  diazinon, glyphosate,
receptors in Less persistent dichlorvos
pancreas and than
intestine organochlorines

(Continued)
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Table 1 (continued)
Pesticides Mechanism of Characteristics Examples References
action linked to
diabetes
Carbamates Inhibition of AChE Rapid degradation  Aldicarb, methomyl, [35,36]
(reversible) of capacity carbaryl, carbofuran,
muscarinic Low lipophilicity oxalyl
receptors in Chemically stable
pancreas and Less toxic than
intestine organophosphates
Pyrethroids Increase Slightly persistent Deltamethrin, [37-39]
expression of in the environment cypermethrin, lambda
vanin-1 in the liver Lipophilic cyhalothrin,
Slow absorption alfamethrin
Low solubility in
water
Less toxic than
organophosphates
Rapid excretion
from the body
Neonicotinoids Generation of Persistent in the Imidacloprid, [40-42]
oxidative stress in environment acetamiprid,
B-cells Low soil retention clothianidin,
capacity thiacloprid
Resistant to dinotefuran
hydrolysis from
neutral pH to
anaerobic
conditions
Highly soluble in
water

Low toxicity to
humans

Although there is evidence that pesticides are involved in the development of diabetes [43], it is
necessary to clarify the set of molecular interactions that may be involved in the development of the disease
and how the alteration of one organ can affect the functionality of another. This study aimed to elucidate
the mechanisms of action associated with exposure to these substances in the different organs involved
in the development of diabetes. In our review, we found that OCs, OPs, carbamates, pyrethroids, and
neonicotinoids affect the functioning of different organs involved in the development of diabetes, such as the
intestine, liver, adipose tissue, and pancreas.
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2 Methods

Relevant information was collected between January and May 2024, using databases such as PubMed,
Google Academic, Scopus, Web of Science, and Elsevier; using the keywords “pesticides’, “diabetes mel-

» « >« » <« » « » «

litus”, “intestine”, “liver”, “adipose tissue”, “pancreas” “organochlorines”, “organophosphates”, “carbamates”,
“pyrethroids”, “neonicotinoids” The main selection criteria were articles describing the link in diabetes
triggered by the mechanisms of action of pesticides, articles mostly updated (last 5 years); including articles
on animal models. We discarded articles on animal models that described the link between diabetes and

pesticides but not at the intestinal, liver, adipose tissue, and pancreas levels.

2.1 Mechanisms of Action at the Intestinal Level

The intestine is one of the target organs for the action and/or effect of different pesticides. Microor-
ganisms that live in the intestine in a symbiotic relationship constitute a set of organisms known as gut
microbiota (GM) [44,45]. GM is responsible for regulating intestinal integrity, and improving the function
and metabolism of the liver and peripheral tissue; these characteristics together can prevent diseases such
as obesity, T2DM, and non-alcoholic fatty liver disease [46]. However, pesticides can affect GM function,
trigger changes in the microbiome, and cause gut inflammation through excessive production of reactive
oxygen species (ROS) [47,48]. The scientific literature has demonstrated the effects of OCs and OPs on GM
(reduction of the Bacteroides genus) and of OPs and carbamates on muscarinic receptors in the intestine
(inhibition of AChE), as described below.

2.1.1 0Cs

The hydrolytic and bio-transformative reactions that some OCs undergo in the intestine
generate toxic metabolites which increase the risk of glucose intolerance [45,49]. For example, p,p’-
dichlorodiphenyldichloroethylene (p.p -DDE), the major metabolite of dichlorodiphenyltrichloroethane
(DDT), may accumulate in the fat and be transported up the food chain. A study in mice fed 2 mg/kg body
weight of p,p -DDE for 8 weeks significantly increased body fat mass and fasting blood glucose [50].

In addition, it has been reported that exposure of rodents to p,p -DDE led to the reduction of the genus
Bacteroides (belonging to the phylum Bacteroidetes) in GM, a change which is associated with obesity and
diabetes [51,52]. A study in mice revealed that the commensal bacteria Bacteroides acidifaciens (BA) can
directly interact with intestinal epithelial cells and inhibit dipeptidyl peptidase-4 (DPP-4) activation, thereby
increasing glucagon-like peptide-1 (GLP-1) (Fig. 1A) [53].

GLP-1 stimulates insulin release, inhibits gluconeogenesis and glycogenolysis in the liver, delays gastric
emptying and inhibits gastric motility, induces satiety and reduces food intake, and promotes glucose
utilization in skeletal muscle and liver, decreasing blood glucose levels [54-57]. Therefore, the elimination of
the Bacteroides genus in GM by OCs may reduce GLP-1 expression and contribute to hyperglycemia [58,59].
The loss of microorganisms in GM and drift from the ancestral microbial environment is known as dysbiosis
(Fig. 1A) [60].
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Figure 1: Mechanisms of pesticide toxicity in the intestine and liver. A. Pesticides can eliminate the Bacteroides genus
from gut microbiota (GM) by blocking dipeptidyl peptidase-4 (DDP-4) inhibition, resulting in reduced, glucagon-
like peptide-1 (GLP-1) secretion. B. Organophosphates (OPs) are metabolized by intestinal microbiota to acetic acid,
resulting in increased gluconeogenesis in the liver and intestine. C. OPs and carbamates overstimulate muscarinic
acetylcholine (ACh) receptors, thereby decreasing GLP-1secretion and causing, in turn, a decrease in the incretin effect.
D. Organochlorines (OCs) induce lipogenesis via activation of sterol response element binding protein 1c (SREBPI-
¢). E. OPs produce a long-lasting upregulation of adenylyl cyclase (AC), increasing glucose production. F. OPs inhibit
glucokinase (GCK), an enzyme that lowers glucose levels. G. Pesticides increase triglyceride and free fatty acids (FFA)
synthesis, causing accumulation of diacylglycerol (DAG) and ceramide. H. OPs stimulate inteleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-«), phosphorylate insuline receptor substrates 1 (IRS-1), and increase glycogenolysis and
gluconeogenesis. I. OPs stimulate gluconeogenesis by activating hypothalamic-pituitary-adrenal (HPA). J. Pyrethroids
activate Vanin-1 (VNNI), blocking the conversion of glucose to glycogen. Abbreviations: AChE, Acetylcholinesterase;
AKT?2, Protein Kinase B2; AMPc, Cyclic adenosine monophosphate; ATP, Adenosine triphosphate; G6Pase, Glucose-
6-phosphatase; GIP, Glucose-dependent insulinotropic polypeptide; GSK3p, Glycogen synthase kinase-3 beta; GYS2,
Glycogen synthase; IKK, Inhibitory-xB kinase; JNK, c-Jun N-terminal kinase; PKA, Protein Kinase A; PKC-6, Protein
kinase C theta; TAT, Tyrosine aminotransferase; TG, Triglycerides; TLR, Toll-like receptor. Created in BioRender

2.1.2 OPs and Carbamates
In GM, Bacteroides spp. is a key regulator of obesity due to its capacity to promote branched-chain amino
acid (BCAA) catabolism in brown adipose tissue; the increased BCAA catabolism inhibits obesity [61].

Chronic exposure to the organophosphate chlorpyrifos in mice on a normal-fat diet resulted in
increased Proteobacteria phyla and decreased Bacteroidetes phyla; this increased the percentage of body
weight. The altered microbiota could decrease insulin sensitivity and glucose tolerance (Fig. 1A) [62].
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Another possible mechanism explaining the influence of OPs on glucose homeostasis is their biotrans-
formation by GM to acetic acid (Fig. 1B). The anaerobic metabolism of the GM can metabolize insoluble plant
fibers, such as cellulose, generating disaccharides or glucose; it can be degraded in glycolysis and produce two
pyruvate molecules. Pyruvate can be used to synthesize acetyl-CoA, the latter can enter the Krebs cycle or be
used as a precursor in the synthesis of short-chain fatty acids such as acetate (an ionic form of acetic acid) by
a fermentative route [63]. Acetate can be absorbed into the apical and basolateral membrane of colonocytes
by passive diffusion or through specialized transporters, and reach peripheral and hepatic circulation via
the portal pathway. Approximately 70% of the exogenous acetate is absorbed by the liver and can be used
as a co-substrate for the synthesis of glucogenic amino acids (glutamine and glutamate); they serve as a
substrate for glucose synthesis through gluconeogenesis [64]. Gluconeogenesis is a pathway that requires
high ATP concentration, which can be obtained through the oxidation of fatty acids and the synthesis of
acetyl-CoA to feed the Krebs cycle and synthesize malate and oxalacetate; the latter act as precursors of
phosphoenolpyruvate which can feed gluconeogenesis [65,66]. The acetate produced by the degradation
of OPs could function as a substrate in the synthesis of acetyl-CoA in liver cells and thus in the synthesis
of metabolic intermediates from the Krebs cycle and gluconeogenesis. This was demonstrated in a study that
administered a dose of 28 ug/kg of body weight/day of monocrotophos to mice for 180 days [67].

AChE inhibitor pesticides may also impair glucose homeostasis by disrupting the incretin effect [68].
The incretin effect is defined as an increased insulin release triggered by oral glucose intake, relative
to intravenous administration of the same amount of glucose, and it is regulated by glucose-dependent
insulinotropic polypeptide (GIP) and GLP-1 [69].

Incretin secretion from the intestine is important for the proper functioning of insulin. When carbo-
hydrates are ingested, K cells in the duodenum secrete GIP to the brain through the vagus nerve; therefore,
acetylcholine (ACh) is released and stimulates muscarinic receptors on L cells located in the colon and distal
ileum, which increases GLP-1 secretion. In this way, GLP-1 may increase insulin release and reduce blood
glucose [70].

In OPs and carbamates intoxication, an overstimulation of muscarinic receptors occurs as a conse-
quence of excessive accumulation of ACh [71]. This overstimulation causes a down-regulation of muscarinic
receptors resulting in a decrease in GLP-1secretion, and in turn, a decrease in the incretin effect (Fig. 1C) [72].

A comparative study between patients with acute poisoning due to OPs and carbamates, and patients
occasionally exposed to these same pesticides, demonstrated significantly lower GLP-1 levels in patients
with acute poisoning. This result supports the theory that these pesticides may decrease the incretin effect,
contributing to the development of T2DM [27].

2.2 Mechanisms of Action in the Liver

The liver plays a key role in glucose homeostasis; it can store glucose (during food intake) as glycogen,
and when required, produce it through gluconeogenesis and glycogenolysis, this maintains normal blood
glucose levels [73]. The proper functioning of the liver can be altered by different pesticides. The toxic effects
of OCs (lipotoxicity), OPs (up-regulation of adenylyl cyclase, decreased glucokinase, accumulation of fatty
acid intermediates, activation of interleukins and glucocorticoid-activated gluconeogenesis) and pyrethroids
(activation of vanin-1) are described below.
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2.2.10Cs

The metabolites of OCs, i.e., B-hexachlorocyclohexane (B-HCH) and p,p -DDE can increase fatty acid
synthesis through activation of sterol response element binding protein 1c (SREBPIc) and lead to lipotoxicity
(Fig. 1D) [74].

Lipotoxicity refers to the harmful effects caused by excessive levels of free fatty acids (FFAs), with
deleterious effects on glucose homeostasis [75]. For example, the accumulation of FFAs causes the generation
of ROS. In hepatocytes, ROS causes overactivation of c-Jun N-terminal kinase (JNK), leading to insulin
resistance, in part through inhibitory phosphorylation of serine located on insulin receptor substrates 1
(IRS-1) and 2 (IRS-2) [76,77].

Exposure to 10 mg/kg/day of B-HCH for 8 weeks elevated hepatic levels of saturated fatty acids
(SFAs), mainly via stearate accumulation, and decreased levels of polyunsaturated fatty acids (PUFA). SFA
accumulation provides excessive substrates for the synthesis of triglycerides (TG), leading to lipotoxicity
and steatosis and may worsen glucose and insulin homeostasis, especially among individuals predisposed to
insulin resistance [78-80].

2.2.2 OPs

In hepatocytes, both diazinon and chlorpyrifos produce a long-lasting upregulation of adenylyl cyclase
(AC) [81]. AC catalyzes the conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate
(cAMP). In turn, cAMP activates protein kinase A (PKA) that phosphorylates the beta subunit of glycogen
phosphorylase, thus stimulating glucose production from glycogen (Fig. 1E) [82,83].

In mice treated with 20 mg/kg of body weight of dichlorvos, glucokinase (GCK) enzyme activity was
decreased [84]. In the liver, GCK reduces elevated blood glucose levels. The glucose excreted is stored mostly
as glycogen, helping to prevent hyperglycemia and ensure adequate hepatic glycogen stores to stabilize blood
glucose levels between meals. Consequently, the reduction of GCK activity by dichlorvos decreases glycogen
storage and glucose uptake, which contributes to the development of diabetes (Fig. 1F) [85-87].

OPs increase the rates of synthesis TG and FFA, consequently, the fatty acid intermediates diacylglycerol
(DAG) and ceramide accumulate; this causes autophosphorylation of protein kinase C theta (PKC-0),
which activates inhibitory-kB kinase (IKK) and JNK. IKK and JNK are two kinases that stimulate the
phosphorylation of serine in IRS-1 (Fig. 1G). This phosphorylation blocks the union between IRS and the
insulin receptor, promoting the degradation of IRS-1 [88].

Moreover, OPs stimulate proinflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNF-a), and interleukin 1 beta (IL-1PB), which activate the Toll-like receptor (TLR) inducing
inflammatory signaling pathways in metabolic cells through the kinases PKC, IKK, and JNK. These kinases
can inhibit insulin signaling through serine phosphorylation of IRS-1 (Fig. 1H) [89].

In animal studies, exposure to 15 mg of Diazinon for 28 days was shown to increase TNF-a levels [90].
Another study indicated that exposure to alower dose (3 mg/kg) for 14 days of the same pesticide upregulated
TNF-a and IL-6 genes [91]. In humans, one study indicated that levels of inflammatory cytokines (IL-6 and
TNF-a) were significantly increased in a group of adults exposed to OPs [92].

Another mechanism through which OPs induce gluconeogenesis is the regulation of glucocorticoids.
The glucocorticoids are hormones secreted by the adrenal cortex and regulated by the hypothalamic-
pituitary-adrenal (HPA) axis. Glucocorticoids stimulate gluconeogenesis in the liver through the activation
of genes such as pyruvate carboxylase (PC), Cytosolic phosphoenolpyruvate carboxykinase (PCKI),
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 (PFKFBI), fructose 1,6-bisphosphatase (FBP1),
glucose-6-phosphatase (G6Pase) and the glucose-6-phosphate (G6P) transporter, and they up-regulate the
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expressions of enzymes involved in ceramide synthesis, i.e., ceramide synthase 1 (Cersl), ceramide synthase
6 (Cers6) and serine palmitoyaltransferase (Sptlc2), leading to impairment of insulin signaling [93].

OPs increase blood levels of corticosterone by activating HPA. In rodents, subcutaneous administration
of 50 mg kg™! (single dose) of chlorpyrifos showed activation of HPA, as well as increases in activities
of hepatic G6Pase and hepatic tyrosine aminotransferase (TAT), which were correlated with increases in
corticosterone levels (Fig. 11) [94]. In addition, other studies have indicated elevated levels of corticosterone,
TAT, and G6Pase after oral administration of 1.8 mg/kg body weight of monocrotophos; as a result,
gluconeogenesis is stimulated and blood glucose levels are increased [95,96].

2.2.3 Pyrethroids

Pyrethroids can increase hepatic expression of vanin-1 (VNN1), which blocks the activation of protein
kinase B2 (AKT2), an important regulator of gluconeogenesis (Fig. 1]) [39]. AKT2 activation leads to
dephosphorylation of glycogen synthase kinase-3 beta (GSK3), which promotes glycogen synthase 2 (GYS2)
activation, favoring the conversion of glucose to glycogen [97]. In a study in mice fed 6 pug/kg body weight/day
of cypermethrin for 12 days and a high-calorie diet, exposure to it upregulated VNNI1 expression, impairing
the AKT2 pathway, reducing the conversion of glucose to glycogen and stimulating gluconeogenesis. In
patients with T2DM, excessive gluconeogenesis in the liver contributes to hyperglycemia [98].

2.3 Mechanisms of Action in Adipose Tissue

Adipose tissue participates in the maintenance of energy homeostasis by storing triglycerides and
secreting adipokines which are important for regulating glucose and lipid metabolism [99]. Adipose tissue is
made up of adipocytes which have the potential to increase in size, thereby increasing fat storage. In obesity,
when adipocytes grow to a certain size, a signal is activated to indicate the need to produce new adipocytes
(adipogenesis), increasing the size of adipose tissue [100].

In adipose tissue, the toxic effects of OPs (activation of peroxisome proliferator-activated receptor
gamma (PPARy) and generation of oxidative stress) and Neonicotinoids (inhibition of AMP-activated
protein kinase (AMPKa) phosphorylation) contribute to adipogenesis and glucose transporter type 4
(GLUT4) failure, which impairs insulin release and glucose uptake. These effects are described below.

2.3.1 0Ps

OPs may accumulate in adipose tissue due to their hydrophobic nature, and by activating PPARy, they
enhance adipogenesis (Fig. 2A) [70]. The activation of PPARy enhances adipocyte proliferation, thereby
improving their functionality [101,102].

A study showed that in mouse preadipocytes treated with fenthion (40 uM), PPARy transcription was
significantly activated, which stimulated lipid accumulation [103]. In addition, preadipocytes treated with
different doses of diazinon (1 uM, 10 pM, and 100 uM) increased the expression of PPARy and multiple
adipogenic genes, thus promoting adipogenesis [104]. Similarly, endrin enhanced the expressions of specific
transcription factors, including PPARy, and caused increases in triglyceride secretion [105].

These morpho-functional changes in adipose tissue also increase the levels of proinflammatory
cytokines such as TNF-a and IL-6 leading to damage in the pathways involved in appetite control and energy
balance (Fig. 2B) [106,107]. In addition, FFA will no longer be stored in adipose tissue, resulting in elevated
FFA concentration in blood (Fig. 2C), where they can reach the liver and via fatty acid intermediaries or by
stimulation of proinflammatory cytokines cause IRS-1 degradation, decreasing glucose uptake and increasing
blood glucose levels. Furthermore, these proinflammatory cytokines increase the p-cell response, leading
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to compensation of the islets through an increase in B-cell mass, causing their dysfunction and subsequent
apoptosis [108].
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Figure 2: Mechanisms of pesticide toxicity in adipose tissue and pancreas. A. Pesticides activate PPARy, increasing
adipogenesis. B. This stimulates proinflammatory cytokines. C. Increasing blood free fatty acids (FFA). D. It produces
the release of leptin. E. Pesticides generate oxidative stress by altering the expression of glucose transporter type 4
(GLUT4). E. Pesticides contribute to adipogenesis by inhibiting phosphorylation of AMP-activated protein kinase a
(AMPKa). G. Organochlorines (OCs) inhibit gamma-aminobutyric acid (GABA) receptors. H. Pesticides generate
reactive species oxygen (ROS), causing damage in P-cells. I. Organophosphates (OPs) impair insulin secretion via
inhibition of pancreatic acetylcholinesterase (AChE). J. Neonicotinoids activate tumor necrosis factor-alpha (TNF-a),
which reduces GLUT4 gene expression. Abbreviations: ACh, Acetylcholine; NF-«B, factor kappa-light-chain-enhancer
of activated B cells; PDX-1, pancreatic and duodenal homeobox factor 1; PPARy, peroxisome proliferator-activated
receptor gamma. Created in BioRender.

When there is excess adipose tissue mass, the release of leptin activates ATP-sensitive potassium
channels in pancreatic -cells. This prevents membrane depolarization, which blocks the opening of voltage-
dependent calcium channels, preventing the entry of Ca?* ions into the B-cells and preventing the release of
insulin (Fig. 2D) [109,110].

The constant accumulation of OPs within adipose tissue generates oxidative stress (Fig. 2E) [70]. Oxida-
tive stress impairs the binding of nuclear factor to the GLUT4 promoter, thereby reducing its expression [111].
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A study showed that paraquat induced oxidative stress in adipocyte mitochondria and decreased GLUT4
translocation, decreasing glucose uptake into cells leading to insulin resistance [112].

2.3.2 Neonicotinoids

Imidacloprid may enhance adipogenesis by inhibiting the phosphorylation of AMP-activated protein
kinase a (AMPKa) in adipocytes (Fig. 2F) [113]. Furthermore, studies in rodents suggest that oral adminis-
tration of 6 mg/kg of body weight/day of imidacloprid can elicit its effects on the liver and adipocytes through
decreased expression of Ca?*/calmodulin-dependent protein kinase kinase p (CaMKKp) and/or sirtuin 1
(SIRT1), two regulators of AMPK, which impairs lipid and glucose metabolism. Imidacloprid may partially
influence glucose homeostasis through induction of cellular oxidative stress [114]. Oxidative stress through
activation of p38 mitogen-activated protein kinase serine kinase (p38 MAPK), which phosphorylates and
neutralizes IRS-1, is associated with reduced insulin signaling and glucose transport [115].

2.4 Mechanisms of Action in the Pancreas

The pancreas is critically involved in the control of glucose homeostasis since this organ is home to
B-cells, which are responsible for synthesizing and secreting insulin when glucose levels are high [116].
Therefore, the toxic effects of OCs (inhibition of gamma-aminobutyric acid receptors), OPs (oxidative stress
and AChE inhibition), and neonicotinoids (oxidative stress and TNF-a activation) cause pancreatic cell
dysfunction contributing to the development of T2DM.

2.4.1 OCs

OCs inhibit gamma-aminobutyric acid (GABA) receptors, leading to continuous neuro-depolarization,
as P-cells also express GABA receptors (Fig. 2G). In addition to stimulating insulin release, GABA activation
regenerates [(-cells and inhibits apoptosis. Therefore, exposure to OCs may damage [-cell functional-
ity [33,117].

2.4.2 OPs

OPs cause cytotoxicity in the pancreas through oxidative stress and -cell apoptosis (Fig. 2H) [118,119].
In pancreatic P-cells, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity and mito-
chondrial respiratory chain (MRC) are the main sources of free radicals [120]. Oxidative stress impairs
proinsulin vesicle fusion in the plasma membrane, decreases insulin exocytosis and release, reduces insulin
production, and induces P-cell apoptosis [121-123]. In addition, excess free radicals inhibit pancreatic and
duodenal homeobox factor 1 (PDX-1) which is involved in insulin gene expression [124]. PDX1 is maintained
at elevated levels in B-cells, where it is required for efficient insulin gene transcription; therefore, PDX1
inhibition contributes to the development of diabetes [125].

OPs generate muscarinic overstimulation that impairs insulin secretion by altering pancreatic AChE
activity (Fig. 21) [126]. Under normal conditions, stimulation of muscarinic receptors in -cell increases Ca**
concentration, which enhances the efficiency of exocytosis, thus activating insulin secretion. Thus, altered
receptor stimulation then impairs insulin release [127].

2.4.3 Neonicotinoids

A study revealed that oral consumption of 45 mg/kg of imidacloprid induced ROS in B cells, causing
their apoptosis and consequently reduced insulin production and elevated blood glucose levels [42]. Another
mechanism by which imidacloprid disrupts glucose homeostasis is through the inhibition of GLUT4 in
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pancreatic acinar cells by the exacerbation of TNF-a (Fig. 2]). TNFa increases nuclear factor kappa-light-

chain-enhancer of activated B cells (Nf-kB) expression, which reduces GLUT4 gene expression resulting in

hyperglycemia [128,129].

Table 2 summarizes the mechanisms of action of the different pesticides addressed in this review and

their link with diabetes.

Table 2: Molecular mechanisms of pesticides in the development of diabetes

Organ Pesticide Mechanisms of action Relationship with References
diabetes
Organochlorines Elimination of the GM Decreased insulin [53]
genus Bacteroides which release
blocks inhibition of
DPP-4
Metabolization to acetic Increased [67]
Intestine acid gluconeogenesis
Organophosphates Overstimulation of Decreased insulin
muscarinic ACh release
receptors [27]
Carbamates Overstimulation of Decreased insulin [27]
muscarinic ACh release
receptors
Organochlorines Activation of SREBP1-c Insulin resistance [74]
Long-lasting Increased glucose [81]
upregulation of adenylyl production.
cyclase
Inhibit glucokinase Increased blood [84]
glucose levels
) Organophosphates  Increase triglyceride and Insulin resistance [88]
Liver FFA synthesis.
Stimulation Insulin resistance [92]
proinflammatory
cytokines
Activation of HPA Increased [94]
gluconeogenesis
Pyrethroids Activation of vanin-1 Increased blood [98]

glucose levels

(Continued)
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Table 2 (continued)

Organ Pesticide Mechanisms of action Relationship with References
diabetes
Stimulation Insulin resistance [102]
proinflammatory
cytokines
Oreanophosphates Increase blood FFA Insulin resistance [104,105]
ganophosp Release of leptin Decreased insulin [109,110]
Adipose tissue release
P Generation of oxidative Altered GLUT4 [112]
stress expression
Neonicotinoids Inhibition of Insulin resistance [113]
phosphorylation of
AMP-activated protein
kinase a (AMPKa)
Organochlorines Inhibition of Damage -cell [33]
gamma-aminobutyric functionality
acid (GABA) receptors
Overstimulation of Decreased insulin [126]
Pancreas Organophosphates muscarinic ACh release
receptors
Generation ROS B-cell apoptosis [118]
Generation ROS B-cell apoptosis [42]
Neonicotinoids Activation TNF-a Reduced GLUT4 [128,129]
expression

2.5 Comparative Analysis of the Revision

To obtain more detailed and accurate information on the effects of pesticides used in the studies in
this review, a comparison was made between the doses used in these studies with the WHO-reported lethal
dose 50 (LDsp). This comparison showed that, despite the use of doses lower than LDsg, harmful effects were
obtained in the different organs involved in the regulation of synthesis and release and insulin. This could
be due to many factors (diet, age, strain, etc.). However one important aspect would be that the doses of
the reference studies could be considered an exposure over time, because the test animals may have been

exposed for a different period (days).

Table 3 shows the comparison of doses used per pesticide group with LDs, for rats according to

WHO [130].
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Table 3: Comparative analysis of pesticide doses used in the studies of this review and LDs
Pesticides LD,, of reference oral Pesticides used in the Doses Reference
(WHO) studies analyzed in
this review

. 250 mg/kg DDT 2 mg/kg [50]
Organochlorines 250 mg/kg B-HCH 10 mg/kg [79]
18 mg/kg Monocrotophos 0.028 mg/kg [67]
56-80 mg/kg Dichlorvos 20 mg/kg [84]
300-400 mg/kg . 15 mg/kg [90]
Oreanonhosohates 300-400 mg/kg Diazinon 3 mg/kg [91]
ganophosp 92-276 mg/kg Chlorpyrifos 50 mg kg [94]
18 mg/kg Monocrotophos 1.8 mg/kg [95]
180-295 mg/kg Fenthion 39 mg/kg [103]
300-400 mg/kg Diazinon 1-100 mg/kg [104]
Pyrethroids 250 mg/kg Cypermethrin 0.006 mg/kg (98]
o 450 mg/kg Imidacloprid 6 mg/kg [114]
Neonicotinoids 450 mg/kg Imidacloprid 45 mg/kg [42]

3 Conclusions

There is increasing evidence of the involvement of different pesticides in the development of diabetes.
This review has grouped the molecular mechanisms by which pesticides alter the functioning of the intestine,
liver, pancreas, and adipose tissue; and has shown how, by causing dysfunction in one organ, they affect the
other organs through the alteration of glucose homeostasis, which can trigger diabetes due to their multi-
organ effects.

Pesticides can exert their negative effects on the intestine and subsequently damage the liver. Both OCs
and OPs cause GM dysbiosis by eliminating bacteria that participate in glucose homeostasis. For example,
they reduce the phyla of Bacteroidetes bacteria, which can decrease the expression of GLP-1, an increase
involved in insulin release. Similarly, OPs and carbamates after muscarine overstimulation and subsequent
downregulation reduce GLP-1 secretion by impairing insulin binding to the insulin receptor in the liver. In
the gut, OPs can also be metabolized by the microbiota to acetic acid, which is directed to the liver and
converted to glucose via gluconeogenesis. These mechanisms may contribute to hyperglycemia.

OPs and neonicotinoids can increase adipose tissue mass and damage P cells through the release
of leptin, which activates ATP-sensitive potassium channels in pancreatic p-cells, preventing membrane
depolarization, which blocks Ca?* entry and decreases insulin release. Furthermore, increased adipocyte
size prevents FFA from being stored in adipocytes, thereby increasing FFA levels in the bloodstream, where
they can be transported to the liver and cause IRS-1 degradation through the accumulation of fatty acid
intermediates or by stimulation of proinflammatory cytokines; this results in decreased glucose uptake
and increased blood glucose levels. In addition, both pesticides generate oxidative stress, which alters the
expression of GLUT4, increased blood glucose levels.

The results of this review suggest that further studies are needed to assess the interaction between the
molecular mechanisms exposed because we suggest that exposure to pesticides can first alter the functioning
of an organ and then trigger subsequent adverse effects on organs related to the development of diabetes.
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In addition, new studies will need to take into account the effects of simultaneous exposure to several
types of pesticides that may cause further damage to the organs responsible for glucose homeostasis.
This damage could be because pesticides are almost always marketed as a mixture of substances, which
can trigger substance-dependent toxicological effects, in addition to or by interaction between two or
more substances. This approach deserves greater attention from the scientific community, as molecular
mechanisms of synergism between OPs have been proposed, or by prior exposure to OCs. In addition, the
potential interaction between endocrine-disrupting pesticides and the cumulative toxicity of OPs and OCs
leads to estrogenic effects and neurological diseases. Such synergistic and/or antagonistic mechanisms may
not be free of some harmful effects on organs such as the liver, and pancreas, among others, and have a direct
relationship with the appearance of public health diseases.

These findings will serve to raise awareness about the relationship between exposure to pesticides
and the development of diabetes, especially for at-risk populations or more vulnerable groups, and thus
contribute to preventing the high prevalence of diabetes and the high costs of treating this disease.

4 Limitations of the Study

Although this review provided a better understanding of the mechanisms of action of pesticides and
their relationship with diabetes, more studies in humans are required. In addition, these studies should
include the effect of a single pesticide and its relationship with diabetes, controlling for confounding
variables. On the other hand, one of the main limitations of this review is that the data analysis comes from
studies carried out mainly in animal models since most of the studies consulted in this review.
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