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Obesity and diabetes mellitus are considered the most important diseases of the XXI century. Recently, many epidemiological
studies have linked exposure to pesticides to the development of obesity and type 2 diabetes mellitus. The role of pesticides
and their possible influence on the development of these diseases was investigated by examining the relationship between these
compounds and one of the major nuclear receptor families controlling lipid and carbohydrate metabolism: the peroxisome
proliferator-activated receptors (PPARs), PPARw, PPARS/S, and PPARy; this was possible through in silico, in vitro, and
in vivo assays. The present review aims to show the effect of pesticides on PPARs and their contribution to the changes in
energy metabolism that enable the development of obesity and type 2 diabetes mellitus.

1. Introduction

According to the World Health Organization (WHO), obe-
sity affected 13 million people in 2016, and the trend of
increasing prevalence is constant, affecting adults and chil-
dren, regardless of race and social status [1]. Obesity is
defined as the loss of balance between the body’s energy
intake and consumption, leading to the storage of adipose
tissue that exceeds its activity and causes hypertrophy and
the growth of ectopic adipose tissue [2]. One of the main
complications resulting from this metabolic alteration is
the development of insulin resistance, leading to type 2 dia-
betes mellitus. Diabetes mellitus is among the leading
causes of death worldwide, ranking ninth in 2019, and
was the direct cause of 1.5 million deaths. In large part,
these patients were overweight and sedentary. Diabetes mel-
litus is defined as “a chronic disease that occurs either when
the pancreas does not produce enough insulin or when the
body cannot effectively use the insulin that is produced” [3].
Both diseases affect a large proportion of the world’s popu-
lation and are interrelated. Obesity is one of the most

important risk factors for the development of type 2 diabe-
tes mellitus.

Lately, many epidemiological studies have linked expo-
sure to environmental toxicants such as phthalates, bisphe-
nols, and pesticides to obesity and diabetes [4, 5]. The
environmental toxicants capable of promoting lipid accu-
mulation and adipogenesis are known as obesogens; some
examples are pesticides such as DDT (dichloro diphenyl tri-
chloroethane), DDE (dichloro diphenyl dichloroethylene),
HCH (hexachlorocyclohexane), and chlorpyrifos [6, 7]. On
the other hand, most pesticides are endocrine disruptors that
alter lipid and carbohydrate metabolism, causing insulin
resistance and thus diabetes mellitus [8]. Pesticides such as
DDT, DDE, aldicarb, and carbaryl have been linked to the
occurrence of diabetes mellitus [9, 10].

Using numerous omics techniques, exposure to pesti-
cides has been linked to the genetic expression of this dis-
ease, specifically to one of the key nuclear receptors that
control lipid and carbohydrate metabolism: the peroxisome
proliferator-activated receptors (PPARs) [6]. PPARs are a
family of nuclear receptors of the type II. These receptors


https://orcid.org/0000-0002-2546-0391
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/1743289

bind to a co-repressor protein and when they bind to a
ligand, they require a co-activator protein [11], which then
forms a complex between the receptor-ligand and retinoid
X receptor (RXR), to form a heterodimer, this migrates into
the nucleus and binds to the peroxisome proliferator
response elements (PPRE), which consist of a sequence of
two hexanucleotides (5-AGGTCA-3") separated by one
nucleotide [11, 12]; they enable the transcription of genes
that have this sequence in their promoter. Three subtypes
have been described so far: PPARa, PPARf/J, and PPARy.
PPAR« (also known as NRIC1) was originally identified as
an orphan receptor activated by peroxisome proliferation
[13]. PPARS or PPAR & (NR1C2) and PPARy (NRI1C3)
have been cloned as activator receptors of many proximal
proliferators [14, 15]. PPARy has two alternative promoters
that generate two isoforms expressed in different tissues:
PPARy1 in many different tissues and PPARy2 specifically
in adipose tissue, but this expression can also be induced
in other organs by a high-fat diet [15, 16].

The aim of the present review is to describe the differ-
ences involved in the activation of PPARs by many pesti-
cides, leading to alterations in fat and carbohydrate
metabolism, which could contribute to the development of
diseases such as obesity and type 2 diabetes mellitus. To this
end, three groups of studies have been made, first in silico
studies that help to predict the binding and interaction
between the pesticides and the PPARs; second in vitro stud-
ies to describe the possible mechanism of action to activate
the receptor in specific cell lines; and third in vivo studies
to evaluate the global response and the simultaneous use of
different pathways in complete organisms.

2. In Silico Predictions: Interaction between
Pesticides, Peroxisome Proliferators (PP),
and the Peroxisome Proliferator-Activated
Receptors (PPARs)

One of the most important points to consider is the descrip-
tion of the docking of the pesticides to the PPAR receptors
and their subsequent activation. The interaction of different
peroxisomal proliferators (PP) and their PPARs receptors
has led to the study of the molecular properties of PP and
the active sites of the receptors, this to a better understand-
ing of the binding of both molecules. The in silico experi-
ments have been shown to be sufficient to predict these
interactions. They show not only the probability of binding
between pesticides and the receptor by software such as Tox-
Cast® [17] or AutoDock Vina® [18], but also the molecular
interactions between amino acid residues of PPARs involved
in binding and stability of ligand-receptor binding, which
promotes better activation. Table 1 summarizes the reports
on the prediction of binding and interaction of many pesti-
cides and PPARs, as well as the molecular structures of the
pesticides and the software used for prediction.

The use of mathematical and computational tools such
as quantitative structure-activity relationship (QSAR)
models has enabled the prediction of binding between the
pesticide and PPARSs, for example, fluazinam, a diarylamine
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used as a fungicide, with the human PPARy receptor [17];
fomesafen, an herbicide belonging to the nitrobenzamide
group, with the PPAR« receptor of mice and rats [19]; these
interactions considered their molecular chemical character-
istics and their physicochemical and biological properties,
mainly the size and flexibility of the molecule, electronic dis-
tribution, hydrophobicity, hydrogen bonds, and the pres-
ence of many pharmacological features related to biological
activity.

The application of predictive docking between ligands
and receptors has allowed us to assess the molecular level
of interactions between the amino acid residues of the active
site of the receptor with moieties or functional groups of the
structures of pesticides. In the binding of fomesafen and
PPARa, the amino acid residues lysine (Lys) is involved in
the electrostatic interactions, and methionine (Met), leucine
(Leu), and phenylalanine (Phe) favor 7—m interactions [19].
Other pesticides evaluated by docking include difluben-
zuron, a benzoylurea that inhibits chitin synthesis and is
an agonist of the human PPARy receptor interacting
through 18 amino acid residues, highlighting cysteine (Cys
285) [20]. Cys 285 was determined by X-ray crystallography
to be essential for the binding between organotin, triphenyl-
tin (TPT), and tributyltin (TBT) with PPARy, which does
not favor a covalent ionic interaction between the tin (Sn)
of the pesticides and the sulfur (S) in the ionic state of the
amino acid [21]. Besides, the antagonistic interaction
between rat PPARy and bromuconazole, a triazole used as
a fungicide, must be due to a close interaction between
hydrogen bonds formed between the pesticides and the his-
tidine (His 477) of the receptor, which shares the same
amino acid with an anchorage that the pharmacological
antagonist GW9662 [18]. So it is being shown that the inter-
action of some amino acids that are constantly involved in
pesticide and receptor binding.

As for the structure of the pesticides described earlier, all
of them have the same aromatic ring, except for TBT, which
has a lower ability to activate PPARy. However, its ability to
ionize allows stability in the ligand-receptor interaction to
produce an ion-7 or 717 interaction [18-21], as shown in
Table 1. As many authors have suggested the use of this pre-
dictive technique makes it possible to define amino acid res-
idues and the moieties and/or functional groups of the
pesticides that can facilitate receptor activation, activation
levels, possibly biological activity, and identification of their
behavior as agonist or antagonist.

3. In Vitro Studies: Binding, Activation, and
Mechanism of Action of Pesticides via
PPARs Receptors

Cell lines have been the most used to study the binding and
biological activation of a ligand to this receptor. They also
have the advantage of being accessible in their elaboration
and facilitate the understanding of the phenomenon of
ligand-receptor integration, so that many pathways can be
proposed. The biological effect of the binding of pesticides
to the different PPARs, as agonists or antagonists, as well
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as the biological biomarkers related to the secretion of pro-
teins [22] and/or gene expression [23] transactivated by
these nuclear receptors have made it possible to fathom the
possible mechanism of action of pesticides with the PPARs
[24]. Three main types of cell cultures have been used: those
that were transfected, which means that the cell line does not
originally express a receptor but is induced [25]; cell lines
that express different PPARs, such as the HepG2 line of
hepatocytes [26]; and cell lines whose functions depend on
activation of the receptor, including the 3T3-L1 cell line of
preadipocytes, whose maturation depends on PPARy [27].
Table 2 shows the reports identified up to this review con-
cerning the different PPARs, the pesticides that activate
them, the cell lines used in the studies, and the effect of their
activation.

3.1. Transactivation of PPARs by Pesticides. To assess the
potential biological activity of PPARs through pesticides,
two techniques were elaborated; first reporting genes to
identify the ability of the complex pesticide-PPAR to bind
and translocate to the nucleus cell [25, 28]; and then the rec-
ognition and binding to the PPRE via monitoring transcrip-
tion of regulated genes by the receptors [29]. One of the first
analyses of the transactivation of PPAR« and PPARy by the
pesticides was carried out in CV-1 cells (kidney cells from
monkeys) transfected with the mouse receptors, testing 200
pesticides: 29 organochlorines, 11 diphenyl esters, 59 organ-
ophosphates, 12 pyrethroids, 22 carbamates, 11 amides, 7
triazines, 8 ureas, and 44 other groups. The result was that
only pyrethrine, imazalil, and diclofob-methyl showed trans-
activation of PPARa, but none of the 200 pesticides showed
transactivation of PPARy; moreover, these pesticides can
activate the RXR, which is also involved in lipid metabolism
[25]. These results are consistent with those of 2,4-dichloro-
phenoxyacetic acid (2,4-D) and 4-chloro-o-toloxyacetic acid
(MCPA), previously reported not to transactivate for mouse
and human PPARa and PPARy receptors in transfected
COS-1 cells [28]; furthermore, mouse PPAR« is more sensi-
tive to the human receptor. Consistent results were observed
with pyrethroids: deltamethrin, cis-permethrin, cyperme-
thrin, fenvalerate, allethrin, trans-permethrin, bioresme-
thrin, and phenothrin, none of which activated the PPAR«
receptor in transfected COS-1 cells; however, the trans-
permethrin metabolites: 3-phenoxybenzoic acid and 3-
phenoxybenzaldehyde had agonic activity via PPAR« in
microarrays [30]. Nevertheless, subsequent studies have
shown that many pesticides initially reported as not activa-
tors of PPAR«a and PPARy can participate in lipid and car-
bohydrate metabolism, through this receptor as DDT and
its metabolite DDE [31], chlorpyrifos [32], diazinon [33],
endrin [24], among others.

3.2. Activation of PPARs by Pesticides. Thanks to technolog-
ical progress, it is now possible to obtain and analyze a large
amount of data in a short period of time, making it possible
to describe in great detail the changes in the genome, prote-
ome, and metabolome at the cell or tissue level in response
to toxic environmental influences. The changes induced by
the activation of PPARs due to interaction with pesticides

have been linked to the development of obesity and type 2
diabetes mellitus [34, 35]. The analysis is mainly based on
the findings of differentially expressed genes (DEGs) [36]
and transcription factors (TFs) [37], which are the main
group of proteins that have a response to the exposure of a
chemical substance and specifically increase biological con-
ditions; the result can be associated through networks that
allow to identify central and key genes in many diseases [29].

Alteration of PPARy expression in the presence of toxa-
phene, methoxychlor, permethrin, atrazine, DDT, paraquat,
and chlorpyrifos was described in microarray (RNA) analy-
sis in a rat hepatocyte model, revealing changes in lipid and
carbohydrate metabolism [37]. In another analysis of tran-
scriptomics of HepaRG cells and exposure to quizalofop-p-
ethyl, networks of genes associated with metabolic pathways
involved in fatty acid degradation were identified. In the
presence of isoxaflutole, retinol metabolism and PPARYy sig-
naling were altered, and finally, glyphosate did not alter the
expression of PPARy but decreased large-chain fatty acids
(LCFAs) and polyunsaturated fatty acids (PUFAs), suggest-
ing the existence of other receptors involved in lipid metab-
olism [29]. In a study using the latest technology proposing
organ replacement using an organ-on-chip of a rat kidney,
the transcriptome and metabolome were analyzed after
DDT and permethrin exposure and their mixture. The
results show that the conditions assessed produced a hepatic
steatosis profile with high expression of PPAR-related genes,
fatty acids, lipid metabolism, and steroid biosynthesis; and
the mixture had an additive effect on the transport RNA
and necrotic/inflammatory profiles [36].

This omics analysis makes it possible to assign all the
changes that can be caused by exposure to pesticides without
knowing a possible target for the effects on cellular func-
tions. These results have confirmed to a greater extent the
changes found in cell cultures are the expression of specific
genes controlled by the PPARs. Therefore, the use of this
type of technology can make the detection of changes caused
by environmental toxicants more efficiently, including those
that were not previously foreseeable. However, the cost and
specialized equipment make it difficult to use this tool on a
larger scale.

3.3. The Biological Effect of PPAR Activation in Lipid
Metabolism by the Pesticides. Evaluation of the biological
activity of the PPARYy receptor is mainly based on adipocyte
differentiation [38], lipid storage in adipose tissue [39], and
control of lipid and carbohydrate metabolism [40]. The most
commonly used cell line is 3T3-L1 [41]. This strain of prea-
dipocyte is used as a model for initial adipocyte differentia-
tion in assessing activation of the PPARy receptor [27] and
other TFs involved in adipogenesis [42]. However, other cell
lines have also been used, such as the OP9 cell line as a
model of late adipocyte differentiation [38] and even the
use of primary cultures of adipocytes [43]. Less differentiated
cells have also been used, such as bone marrow-derived mul-
tipotent stromal cells (BM-MSC), which have allowed the
evaluation of the role of pesticides on the PPARy receptor
and the other receptors involved in cell differentiation
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TABLE 2: In vitro studies of activation PPARs by pesticides.
PPAR Pesticide Ch?mlcfﬂ Type .Of Cell culture Item Year References
subtype classification pesticide
Primary mouse and Kondo et al
Permethrin Pyrethroid Insecticide human Activation of PPAR« 2020 [125] ’
hepatocytes cultures
Activation of PPARa, CYP4A
Methiocarb > ,
et - Cos-1 cells PXR, CAR Fujino et al.
Carbamate Insecticide L 2016
Carbarvl (transfected) Activation of PPARa, PXR, [57]
PPAR« R CAR
Deltamethrin Cos.1 cell Fuiino et al
. ) . L. 0s-1 cells . ujino et al.
Cls—Permethfm Pyrethroid Insecticide (transfected) None activate PPAR«a 2019 [30]
Cypermethrin
Primary mouse  Activation of PPARa, regulate Anderson
Paraquat Bipyridine Herbicide hepatocytes lipid homeostasis and dismiss 2004 et al. [66]
cultures of stress ’
Increase expres of PPARS/S,
Z,%A R 2,4-D Phenoxy Herbicide HepG2 cell line and CREB (regulator of 2018 Sur[lzeét] al,
gluconeogenesis)
. . . . Up-regulate PPARy, C/EBPs, Seok et al.
Endrin Organochlorine  Insecticide =~ 3T3-L1 cell line FAS, GLUT-4, Adiponectin 2022 [24]
DDT Organochlorine Primary Jellali et al
Insecticide Increase PPAR 2021 )
Permethrin Pyrethroid hepatocytes rat 4 [36]
Enhance store lipid droplets, Blanco et al
Chlorpyrifos Organophosphate Insecticide ~ 3T3-L1 cell line  up-regulated transcription of 2020 32] ’
PPARy, C/EBP«a and FABP4
Permethrin
C i Pyrethroid
ermethrin i - i
P Insecticide 3T3-L1 cell line TG ?ccumulatlor} and.p re 2021 Kassotis
adipocytes proliferation et al. [126]
Chlorpyrifos
Organophosphate
Iprodione Imide
P Fungicide
Flutolanil Acid amides Fungicide
Paraquat Bipyridine Herbicide
DDT Insecticide
Endosulfan Insecticide
PPARy Methoxychlor . Insecticide
Organochlorine .
Pentachlorophenol Insecticide
Quintozene Fungicide
Toxaphene Insecticide 1 Hrabi
Chlorpyrifos Insecticide Hepatocyte rat ce Up-regulate PPARy 2020 Sohrabi
o Organophosphate o line et al. [37]
Diazinon Insecticide
Fibronil Phenylpyrazole  Fungicide
Allethrin Insecticide
Bifenthrin Fungicide
Cyhalothrin Pyrethroid Insecticide
Permethrin Insecticide
Resmethrin Insecticide
Atrazine Triazine Herbicide
Paclobutrazol Triazole Herbicide
Diuron Ureas Herbicide
Endrin Organochlorine  Insecticide i
g ic Hepatocyte rat cell Down-regulate PPARy 2020 Sohrabi
Propamocarb Carbamate Fungicide line et al. [37]
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TastLE 2: Continued.
PPAR Pesticide Ch?mlcfﬂ Type .Of Cell culture Item Year References
subtype classification pesticide
Rotenone Heteropentacyclic Insecticide
compound
Lipid accumulation, activate
Prallethrin Pyrethroid Insecticide 3T3-L1, OP9.’ BM- PPARy and stimulate the 2020 Andrews
MSC cell lines . . et al. [38]
expression of Plinl
Allethrin Pyrethroid Insecticide
Fenthion Organophosphate Insecticide 3T3-L1, OP9, BM- Activate transcriptional - Andrews
Fentin Organotion Fungicide MSC cell lines function of PPARy et al. [38]
Quinoxyfen Quinoline Fungicide
2-Benzothiazole .
. Benzothiazole Fungicide
sulfonic acid & Mammalian cells Bind to PPARy 2020 NeTlleZ;:t]. al
MCPA Phenoxy Herbicide
Activation of PPARy, increase
TBT Organotion Antifouling ~ THP-Icell line hp1(:1 accunllu.latmn and. 2021 Jie et al. [65]
expression of lipid metabolism
genes
.. . Induce accumulation of lipids Biserni et al.
QpE Phenoxy Herbicide 3T3-L1 cell line via PPARy 2019 (39]
Glyphosate Organophosphate ~ Herbicide
2,4-D Phenoxy Herbicide 4 i .
Dicamba Chlorophenoxy  Herbicide  3T3-L1 cell line Not induce accumuation of ) g Mesnage
lipids via PPARy et al. [29]
Mesotrione Triketone Herbicide
Isoxaflutole Isoxazole Herbicide
P thri Pyrethroid Insecticid i is vi i
er.rne .rln yrethroi nsec .1c.1 € 37311 cell line Induce adipogenesis via 2019 Qi et al.
Fibronil Phenylpyrazole ~ Fungicide PPARy [128]
Induce adipogenesis, up- Yuan et al
Chlorantraniliprole Ryanoid Insecticide ~ 3T3-L1 cell line  regulate C/EBPa, PPARy and 2019 (23] ’
ACC
Chlorpyrifos Organophosphate Insecticide HTR8/SVneo cells Reduce mRNA of PPARy 2019 Rlda[réz]et al,
- . . . Enhance TG content, increase Sun et al.
Flubendiamide Ryanoid Insecticide ~ 3T3-L1 cell line C/EBPa, PPARy 2018 [129]
TG accumulation, without Luz et al
Pyraclostrobin Strobilurin Fungicide = 3T3-L1 cell line activation of PPARy, reduce 2018 [40] '
LPL, CEBPa, GLUT4
.. . . .. . Lipid accumulation, induce Xiang et al.
Cis-Bifenthrin Pyrethroid Insecticide ~ HepG2 cell line expression of PPARy, FAS 2018 [58]
QpE Phenoxy Herbicide
Isoxaflutole Isoxazole Herbicide HepaRG Activate PPARy 2018 Mesnage
Mesotrones Triketone Herbicide (transfected) et al. [37]
Glyphosate Organophosphate ~ Herbicide Not activate PPARy
Increase lipid accumulation, Smith et al
Diazinon Organophosphate Insecticide ~ 3T3-L1 cell line  induce transcriptional factors 2018 33] '
of C/EBPa and PPARy
Diflubenzuron
Chlorfluazuron Exhibited potent PPAR Ning et al
Flucycloxuron Benzoylurea Insecticide ~ HepG2 cell line XAIDIEC potent EEARY  p018 T8 S
Noviflumuron agonistic activity [20]
Flufenoxuron
TBT . . Induce lipid accumulation,
Organotion Antifouling Primary adipocytes increase C/EBPa and PPARy 2017 Lutfi et al.
TPT culture of [43]

expression
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TaBLE 2: Continued.
PPAR Pesticide Ch?mlcfﬂ Type .Of Cell culture Item Year References
subtype classification pesticide
Onchrorynchus
mykiss
Increase lipid accumulation, Kim et al
DDT / DDE Organochlorine  Insecticide 3T3-L1 cell line PPARy expression, FAS, C/ 2016 ’
(31]
EBP«, LPL
Increase lipid accumulation Sun et al
Fibronil Phenylpyrazole  Insecticide =~ 3T3-L1 cell line  and expression of PPARy and 2016 [22] ’
C/EBPa genes
Increase lipid peroxidation,
inhibit the induction of Martini
Glyphosate Organophosphate  Herbicide ~ 3T3-L1 cell line =~ PPARy during differentiation 2016 et al. [56]
with the commercial ’
presentation, not in pure form
Decreased PPARYy expression Ko et al
Deltamethrin Pyrethroid Insecticide  SH-SY5Y cell line and the receptor protects 2016 [68] ’
against pesticide cytotoxicity
Promote adipogenesis via Biemann
TBT Organotion Antifouling MSC cells PPARYy receptor but there are 2014 et al. [60]
others receptors ’
Activation of PPARy, dismiss
. L. . the oxidative stress, Lee et al.
Chlorpyrifos Organophosphate Insecticide ~SH-SY5Y cell line inflammation and death cell 2014 [69]
produced to the pesticide
Heteropentacyclic Activation of PPARY via Corona
Rotenone p 4 Insecticide ~ SH-SY5Y cell line  rosiglitazone and inhibits the 2014
compound .. et al. [70]
effect of pesticide
TBT Induce PPARy, FABP4, lipid S
TPT Organotion Antifouling MSC cells accumulation, stimulus 2011 [59] ’
Dibutyltin cellular differentiation
. S . Increase adipogenic activity Penza et al.
TBT Organotion Antifouling  3T3-L1 cell line but not via PPARy 2011 [52]
Endrin Organochlorine  Insecticide Bind to PPARy, but preferably
through to glucocorticoid i
Tolylfluanid Sulfamide Fungicide = 3T3-L1 cell line § re ciptor 2010 Sarg[lss 4? al,
TPT Organotion Antifouling Activate PPARy
. o . Promote adipogenesis and Griin et al.
TBT Organotion Antifouling  3T3-L1 cell line lipid accumulation 2006 [130]
. . Inadera &
TBT Organotion Antifouling  3T3-L1 cell line Ascumulatlon Of.hpld but not 2005 Shimomura
via PPARy and increase aP2 [45]
TBT Activate PPARYy,
Organotion Antifouling ~ 3T3-L1 cell line accgmulatlon f)f TG and 2005 Kanayama
TPT increase adipocyte et al. [44]
differentiation
Induction of C/EBPa, PPARy, x?:e:‘;
DDT Organochlorine  Insecticide =~ 3T3-L1 cell line increase phenotype of 2002 Mats fmura
adipocytes [46]
Inhibition of adipocyte Moreno-
. . .. . differentiation, inhibit C/EBP« Aliaga &
Endrin Organochlorine  Insecticide 3T3-L1 cell line but not C/EBP and C/EBPS, 1999 Matsumura
reduce PPARy [51]
DDE (@] hlori I ticid i i
. rganochlorine  Insec 1C1 € 37311 cell line No affect PPAR« n.el'ther 2012 Taxvig et al.
Chlorpyrifos Organophosphate  Insecticide PPARYy, reduce lipid [49]
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TastLE 2: Continued.
siggrﬁe Pesticide cli};ffrllz ;Ct?(lm :e}g)iiizi Cell culture Item Year References
Mancozeb Dithiocarbamate  Fungicide accumulation inhibit
Prochoraz Ureas Fungicide adipocyte differentiation
. . N . Activate PPARy bL}t not Taxvig et al.
Deltamethrin Pyrethroid Insecticide ~ 3T3-L1 cell line PPARq, reduc‘:e lipid 2012 [49]
accumulation
Aldrin Insecticide
a-BHC Insecticide
B-BHC Insecticide
y-BHC Insecticide
§-BHC Insecticide
Captan Fungicide
cis-Chlordane Insecticide
trans-Chlordane Insecticide
Chlorobenzilate Insecticide
Chloropropylate Insecticide
Chlorothalonil Fungicide
o,p’-DDT Insecticide
p,p’-DDT Insecticide
p,p’-DDE Insecticide
'-DDD Insecticide trCaZs_fle ccteelcll lvlvrifh None have agonistic activity to 2006 Takeuchi
p-p Organochlorine PPAR and PPARy PPAR« and PPARy et al. [25]
Dichlobenil Herbicide mouse
Dicofol Insecticide
PPAR«x Dieldrin Insecticide
and a-Endosulfan Insecticide
PPARy B-Endosulfan Insecticide
Endosulfan sulfate Insecticide
Endrin Insecticide
Folpet Fungicide
Fthalide Fungicide
Heptachlor Insecticide
H:gg{ci}éleor Insecticide
Methoxychlor Insecticide
Pentachlorophenol Insecticide
Quintozene Fungicide
Acifluorfen Herbicide
Acifluorfen-methyl Herbicide
Bifenox Herbicide CV-1 cell lige o o )
e SR None ot sty 0 g Tk
Chlornitrofen Herbicide mouse
CNP-amino Herbicide
Chloroxurone Diphenyl ethers Herbicide
CV-1 cell line
Diclofop-methyl Herbicide Pft)i}r{lzgfzcr:fidpvl\;l[tﬁ{y Induce PPAR«a and PPARy 2006 erl;ai(flé};;
mouse
Fluazifop-butyl Herbicide CV-1 cell line None have agonistic activity to 2006 Takeuchi
Nitrofen Herbicide transfected with PPARa and PPARy et al. [25]
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TaBLE 2: Continued.

PPAR Chemical Type of

subtype Pesticide dlassification pesticide Cell culture Item Year References
Oxyfluorfen Herbicide PPARa and PPARy
mouse
Acephate Insecticide
CV-1 cell line
transfected with ~ None have agonistic activity to 2006 Takeuchi
PPAR« and PPARy PPAR« and PPARy et al. [25]
mouse
Anilofos Herbicide
Bromophos-ethyl Insecticide
Br(ﬁ?ﬁ;()s_ Insecticide
Butamifos Herbicide
Chlorpyrifos Insecticide
Chl;rgﬁr;lf 08 Insecticide
Cyanofenphos Insecticide
Cyanophos Insecticide
Diazinon Organophosphate  [nsecticide
Dichlofenthion Insecticide
Dichlorvos Insecticide
Dimethoate Insecticide
Dioxabenzofos Insecticide
Disulfoton Insecticide
EPN Insecticide
Edifenphos Fungicide
Ethion Insecticide
Ethoprophos Insecticide
Fenamiphos Nematicide
Fenchlorphos Insecticide
Fenitrothion Insecticide
Fenitrothion oxon Insecticide
Fensulfothion Insecticide
Fenthion Insecticide
Glyphosate Herbicide
Iprobenfos Fungicide
CV-1 cell line
i S Kol oreiiyo s Tk
mouse
Isoxathion Insecticide
Leptophos Insecticide

Malathion Insecticide
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TaBLE 2: Continued.

PPAR Chemical Type of

subtype Pesticide dlassification pesticide Cell culture Item Year References
Mecarbam Insecticide
Methamidophos Insecticide
Methidathion Insecticide
Methyl-parathion Insecticide
Monocrotophos Insecticide
Parathion Insecticide
Phenthoate Insecticide
Phorate Insecticide
Phosalone Insecticide
Phosmet Insecticide
Piperophos Fungicide
Pirimiphos-methyl Insecticide
Profenofos Insecticide
Propaphos Insecticide
Prothiofos Insecticide
Prothiofos oxon Insecticide
Pyridaphenthion Insecticide
CV-1 cell line
Qunipos S None bt ey 0 T
mouse
Terbufos Insecticide
Tetrachlorvinphos Insecticide
Thiometon Insecticide
Tolclofos-methyl Fungicide
Tolclofos-methyl Fungicide
oxon
Trichlorfon Insecticide
Vamidothion Insecticide
Cyfluthrin Insecticide
Cyhalothrin Insecticide
Cypermethrin Insecticide
Deltamethrin Insecticide CV-1 cell liqe o o )
e S Koo ore sy s Tk
Fenvalerate Insecticide mouse
Flucythrinate Insecticide
Fluvalinate Pyrethroid Insecticide
Permethrin Insecticide
CV-1 cell line
Pyrethrin Insecticide P}Elzgchzcr:zd;;’f;{y Induce PPAR«a and PPARy 2006 ;lj[ai(flél;i
mouse
Tefluthrin Insecticide CV-1 cell line
transfected with ~ None have agonistic activity to 2006 Takeuchi
Tralomethrin Insecticide PPARa and PPARy PPAR« and PPARy et al. [25]
mouse
Bendiocarb Insecticide CV-1 cell line None have agonistic activity to Takeuchi

Benomyl Carbamate Fungicide  transfected with PPAR« and PPARy 2006 ot al. 25]
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TaBLE 2: Continued.

PPAR Chemical Type of

subtype Pesticide dlassification pesticide Cell culture Item Year References
Carbaryl Insecticide PPARa and PPARy
Carbendazim Fungicide mouse
Carbofuran Insecticide
Chlorpropham Herbicide
Diethofencarb Fungicide
Dimepiperate Herbicide
Esprocarb Herbicide
Ethiofencarb Insecticide
Fenobucarb Insecticide
Isoprocarb Insecticide
Methiocarb Insecticide
Methomyl Insecticide
Molinate Herbicide
Oxamyl Insecticide
Phenmedipham Herbicide
Pirimicarb Insecticide
Pyributicarb Herbicide
Thiobencarb Herbicide
Thl:ﬁ;:(r)lﬁarb Herbicide
Thiram Fungicide
Alachlor Herbicide
Asulam Herbicide
Cafenstrole Herbicide
Flutolanil Fungicide
Mefenacet Herbicide CV-1 cell lige o o )
Meronl  Acdamids Fogde S None s aicscti o g ok
Metalaxyl Fungicide mouse
Metolachlor Herbicide
Pretilachlor Herbicide
Propyzamide Herbicide
Thenylchlor Herbicide
Anilazine Fungicide
Atrazine Herbicide
Metribuzin Herbicide CV-1 cell lir{e o o )
pomn Tiune  Hobde SSL | o bty 0y Tk
Prometryn Herbicide mouse
Simazine Herbicide
Simetryn Herbicide
Ber;;iltﬁl;lon_ Herbicide
Daimuron Herbicide
Diflubenzuron Insecticide
Diuron Ureas Herbicide
Linuron Herbicide
Pencycuron Fungicide
Prochloraz Fungicide CV-1cell line  None have agonistic activity to 2006 Takeuchi

transfected with PPARa and PPARy et al. [25]
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TaBLE 2: Continued.
siggrﬁe Pesticide cli};ffrllz ;Ct?(lm :e}g)iiizi Cell culture Item Year References
Propanil Herbicide PPARO;IT:IiePPARY
Amitraz Formamidine Fungicide
Benfuresate Benzofuran Herbicide
Bentazone Benzothiadiazole — Herbicide
Benzoximate Organochlorine  Acaricide
Bitertanol Triazole Fungicide
Bromopropylate Benzilate Acaricide CV-1 cell line
Chinomethionat Quinoxaline Fungicide transfected with ~ None have agonistic activity to 2006 Takeuchi
PPAR« and PPARy PPAR«a and PPARy et al. [25]
Chloridazon Pyridazinone Herbicide mouse
Dazomet Thiadiazine Insecticide
Diquat Bipyridine Herbicide
Fenarimol Pyrimidine Fungicide
Ferimzone Pyrimidine Fungicide
Fluazinam Diarilamine Fungicide
CV-1 cell line
Imazalil Conazole Fungicide p}gi}gzﬁzc;(ejdpgfﬁy Induce PPARa and PPARy 2006 ;l;a;ﬁgzi
mouse
Imidacloprid Neonicotinoid ~ Insecticide
Iminoctadine Guanidine Fungicide
Indanofan Sulfonylurea Herbicide
CV-1 cell line
ol N eiote NS Non bty 0 g T
mouse
Iprodione Imide Fungicide
Isoprothiolane Dithiolane Fungicide
Lenacil Uracyles Herbicide
MCPA Phenoxy Herbicide
2,4-D Phenoxy Herbicide
Paraquat Bipyridine Herbicide
Pendimethalin Dinitroaniline Herbicide
Probenazole Benoxthiazole Fungicide
Procymidone Dicarboximide = Fungicide
Propiconazole Triazole Fungicide
Pyrazolynate Pyrazole Herbicide
Pyrazoxyfen Pyrazole Herbicide
CV-1 cell line
Pyroquilon  Pyrroloquinoline  Fungicide , MRoeAet L | None Tove oo LA 1 2005 [
mouse
Sethoxydim Oxime Herbicide
Thiabendazole Benzimidazole  Fungicide
Thiocyclam Nereistoxin Insecticide
Thlﬁi }tlﬁ;lla tes Thioureas Fungicide
Triadimefon Triazole Fungicide
Tricyclazole Triazole Fungicide
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TaBLE 2: Continued.
PPAR Pesticide Ch?mlcfﬂ Type .Of Cell culture Item Year References
subtype classification pesticide
Triflumizole Imidazole Fungicide
Trifluralin Dinitroaniline Herbicide
Triforine Piperazine Fungicide
Vinclozolin Dicarboximide =~ Fungicide
Maloney &
2,4-D MCPA Phenoxy Herbicide COS-1 (transfected) No transactivation receptors 1999  Waxman
(28]
PPARaq,
PPARp/ . - . RK13 (rabbit No interaction with the Devos et al.
8, Atrazine Triazine Herbicide Kidney) transfected receptors 2003 [104]
PPARy

Abbreviations: 2,4-D, 2,4-dichlorphenoxyacetic acid; ACC, acetyl Co-A carboxylase; BM-MSC, bone marrow-derived mesenchymal stem cell; C/EBPaq,
CCAAT enhancer binding protein alpha; C/EBPf, CCAAT enhancer binding protein beta; CAR, constitutive androstane receptor; CREB, CAMP
responsive element binding protein 1; EPN, Ethyl p-nitrophenyl phenylphosphorothioate; FABP4, fatty acid-binding protein 4; FAS, fatty acid synthase;
GLUT-4, glucose transporter type 4; LPL, lipoprotein lipase; MCPA, 4-Chloro-o-toloxyacetic acid; DDT, diclorodifeniltricloroetano; DDD,
Dichlorodiphenyldichloroethane; DDE, Dichlorodiphenyldichloroethylene; PPARa, peroxisome proliferator-activated receptor alpha; PPARS/S,
peroxisome proliferator-activated receptor beta or delta; PPARy, peroxisome proliferator-activated receptor gamma; PXR, pregnane X receptor; QpE,

Quizalofop-p-ethyl; TBT, Tributyltin; TG, triglycerides; TPT, Triphenyltin.

towards the adipocyte lineage [42] and even their possible
role in the generation of osteocytes or chondrocytes [38].
To illustrate the biomolecular implications of activation of
the PPARy receptor by pesticides, a brief review of the changes
was made and is presented below. The biomarkers used in the
preadipocyte cell lines revolve around their differentiation into
mature adipocytes. The most important marker is lipid accumu-
lation [27]. Key regulators of adipogenesis that influence and
control PPARy expression include the CCAAT-enhancer-
binding protein family (C/EBPs) described as C/EBPa, C/
EBPf, and C/EBPS, with C/EBPf5 being an inducer of C/
EBPa, which in turn is an inducer of PPARy [33]; the use
of the aP2 gene (fatty acid binding protein) in mature adipo-
cytes is an indicator of its activation [44, 45]. C/EBP« and
PPARy promote adipogenesis by controlling the expression
of ACC (acetyl-CoA carboxylase), FAS/FASN (fatty acid
synthase), FAPB4 (fatty acid binding protein 4), LPL (lipo-
protein lipase), which are involved in lipogenesis [42].
However, the expression of proteins is not always sufhi-
cient to consider them active, as in the case of ACC, which
is controlled by a phosphorylation/dephosphorylation pro-
cess through AMP-activated protein kinase (AMPK) [23,
44]. On the other hand, the evaluation of CYP4A as an early
marker of signaling in peroxisome proliferation has been pro-
posed because it has a PPRE sequence in its promoter [47, 48].
Once adipocytes are mature, other biomarkers are used,
such as adipokines, hormones that control adipocyte function
are involved in the metabolism of lipids and carbohydrates at
local and systemic levels. The adipokines most commonly
analyzed in the activation of PPARy by pesticides are: adipo-
nectin, which is only secreted by mature adipocytes, regulates
glucose levels, increases insulin sensitivity, and also has anti-
inflammatory effects [33]; leptin, which is directly propor-
tional to adipose tissue [49]; resistin, which regulates insulin
sensitivity (in humans by macrophages and in mice by adipo-
cytes) [50]; and perilipin, which plays an important role in the

mobilization and accumulation of fat in adipose tissue [33].
Other biomarkers associated with the response to PPARy
activation by pesticides include inflammatory biomarkers:
IL-6, monocyte chemotherapy protein 1 (MCP1/CCL2), and
tumor necrosis factor-alpha (TNF-«), which impair adipocyte
differentiation by inhibiting it through the nuclear factor
kappa light chain enhancer transcriptional pathway of activat-
ing B cells and protein kinase C (NF-/PKC) [51].

Finally, the accumulation of lipids and their subsequent
oxidation in mitochondria and peroxisomes lead to high
production of reactive oxygen species (ROS), which generate
stress in the endoplasmic reticulum (ER) [23] and alter
mitochondrial function [40], creating an imbalance in
energy homeostasis, factors that have also been studied in
adipocyte exposure to pesticides [52].

It is important to consider the presence and activation of
another nuclear steroid/thyroid hormone receptors (NR)
associated with adipocyte differentiation and/or function,
such as the RXR, which functions by forming a heterodimer
with PPARs and influences the processes of cell develop-
ment, differentiation, metabolism, and death [53]; and the
glucocorticoid receptor (GR), which induces adipogenesis
and induction of insulin resistance in the mature adipocyte
[54]. Figure 1 summarizes the relationships between the var-
ious biomarkers mentioned in the adipocyte and provides an
overview of the relationships and changes reported by pesti-
cide exposure on adipocyte cellular functioning that affect
the development of obesity.

From the group of pesticides belonging to the organo-
chlorines, the effects of DDT and its main metabolite DDE
have been studied. Although its use has been banned in sev-
eral countries, it is still possible to find it in soil samples and
various organisms due to the persistence and the accumula-
tion of its metabolite. For DDT, it has been reported to
increase the accumulation of lipids, the expression of PPARy
and C/EBPa protein, and the enzymes FAS and ACC, and
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FIGURE 1: Activation of PPARy and its interaction with lipid metabolism on the adipocyte. E1 PPARy is conditioned to C/EBP« activation,
once activated the receptor can recognize and bind to a PEP sequence of the genes of Acc, Fas, Ap2 y Lpl, which are involved with
lipogenesis, adipocyte differentiation, lipid accumulation, and adipogenesis; lets the secretion of adipokines, therefore, are used as
biomarkers of PPARy activation. Also, the activation can be blocked by the accumulation of Ca*? ions and ER activation. Abbreviations:
ACC, acetyl Co-A carboxylase; AMPKa, AMP-activated protein kinase; C/EBPa-, CCAAT enhancer binding protein alpha; C/EBP-J3,
CCAAT enhancer binding protein beta; C/EBP-d, CCAAT enhancer binding protein delta; ER, estrogen receptor; FABP4, fatty acid-
binding protein 4; FAS, fatty acid synthase; GLUT-4, glucose transporter type 4; LPL, lipoprotein lipase; PPARy, peroxisome

proliferator-activated receptor gamma; TG, triglycerides.

leptin [46, 50]; however, in the 3T3-F442A cell line, leptin
levels are increased but C/EBPa« levels are decreased, possi-
bly leading to late adipocyte differentiation [46]. As for the
metabolite DDE, its effect is consistent with that of its parent
molecule, as it also increases lipid accumulation, the same
enzyme, and adipokines [31] without altering inflammatory
markers such as IL-6, MCP-1, and TNF-« [50]. Regarding
PPAR«a receptor activation, no difference in mPPAR«
expression was detected in the 3T3-L1 lineage [49]. Another
organochlorine metabolite studied is oxychloride, a metabo-
lite of chlordane, but it has no effect on adipogenesis or
lipolysis in NIH3T3-L1 cells [50]. One more, organochlorine
pesticide is dieldrin, whose exposure to NIH3T3-L1 cells
increases adiponectin and decreases adipogenesis [50].
Among organophosphate pesticides, diazinon induces
the accumulation of lipids and increases the expression of
de CEBP, FAS, PPAR, ACC, adiponectin, and perilipin, this
last one can be found in mature adipocytes [33]. Fenthion is
reported to be a PPARy agonist in both 3T3-L1 and OP9 cell
lines and activates the transcriptional activity of PPARy
[38]. Chlorpyrifos was originally reported as an inhibitor
of adipocyte differentiation, decreasing lipid accumulation
[55], associated with a decrease in leptin, resistin, and adipo-
nectin secretion [49]; but Blanco et al. in 2020 reported an
increase in lipid accumulation and increased expression of
C/EBP, PPAR, and FAPB4 in the same cell line, 3T3-L1
[32]. On the other hand, the cyclodiene endrin has been
reported to inhibit adipogenesis by inhibiting C/EBP [51]
and only modestly stimulating PPARy activity and to a
greater extent GR activity [54], so the effect is not associ-

ated with PPARy. However, Seok et al. in 2022 reported
that endrin can activate C/EBPs, PPARy, glucose trans-
porter type 4 (GLUT-4), adiponectin, and FAS in the late
phase of adipogenesis [24]. Glyphosate in its commercial
form, but not in its pure form, inhibits PPARy induction,
inhibits proliferation and adipogenesis in 3T3-L1; and in
mouse embryo fibroblasts (MEFs), it decreases PPARy but
not C/EBPp, increases lipid peroxidation and expression
of the enzyme superoxide dismutase (SOD) as a process
to contain the free radicals and lipids generated during per-
oxidation [56].

Within the carbamates, methiocarb and carbaryl can
activate PPARa [57], while dithiocarbamates such as man-
cozeb, as antagonists, reduce lipid accumulation and do
not affect the expression of either PPARa or PPARy. As
for the imidazoles, prochloraz behaves in the same way as
mancozeb as an antagonist [49].

The pyrethroids prallethrin and allethrin have been
reported to act as PPARy agonists to increase the accu-
mulation of lipids in the 3T3-L1 and OP9 lineages, along
with suppression of the Osx and Bgalp genes necessary
for osteocyte differentiation into MSC lineages. In addi-
tion to increase in FAPB4 levels in the 3T3-L1 lineage
following prallethrin exposure [38]. In the case of delta-
methrin, it was found to be an antagonist of PPARy by
reducing lipid accumulation and adipocyte differentiation
of 3T3-L1 [49].

Quinoxyfen, a member of the quinolines, showed ago-
nistic activity for PPARy in 3T3-L1 cells; however, it sup-
pressed the expression of osteogenic genes in MSC cells, as
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did the organotoxic agent fentin [38]. Of the phenylpyra-
zoles, fipronil increases lipid accumulation and expression
of C/EBP, PPAR, CCA, FAS, FABP4, and GLUT-4 [22].
Cis-bifenthrin increases the accumulation of lipids in
HepG2 cells and the expression of FAS, PPAR, and SCD1
(stearoyl-CoA desaturase-1), which are responsible for the
biosynthesis of monounsaturated fatty acids (MUFAs); how-
ever, it has also been shown to do so via the pregnane X
receptor (PXR) [58].

The most studied group is the organotin compounds, of
which the main representatives are TPT and TBT. TPT is
reported to activate PPARy and RXR, increasing lipid accu-
mulation and adipocyte differentiation [44]. Like TBT, it
increases lipids accumulation, activates PPARy, RXR in its
homodimeric form [45], LXR, ER [52], and also increases
the expression of the gene aP2, as a marker of adipocyte dif-
ferentiation [44, 45]. In the multipotent bone marrow stro-
mal cells (BMS2), TBT stimulates lipid accumulation and
activates the expression of PPARy, RXR, and LXR receptors,
although the PPARy-RXR heterodimer is required for the
adipogenesis process [59]. In the MSC-C3HIOT1/2 cell line,
TBT is able to activate PPARy2, Pref-1, and Sox9, the latter
two genes involved in chondrocyte differentiation. However,
the presence of dexamethasone decreases the expression of
Pref-1 and SOX9, as well as the gene RUNX2, which is
involved in osteocyte differentiation [60]. Regarding primary
cultures of adipocytes, there is a report of rainbow trout
(Oncorhynchus mykiss) adipocytes in which TBT and TPT
induce lipid accumulation and increase the expression of
PPARy and C/EBPa, but their activation is not sufficient
for complete adipocyte differentiation in this species [43].

The phenoxypropidic acid ester quizalofop-p-ethyl
increases PPARy expression and lipid accumulation and is
a potent inducer of adipogenesis in 3T3-L1. However, the
mechanism by which this occurs does not entirely depen-
dent on PPARy [39]. Chlorantraniliprole, a pyrazole,
increases triglyceride content and expression of C/EBP,
PPAR, and ACC and decreases pAMPK without altering
endoplasmic reticulum stress (ERstress) [23]. Within strobi-
lurins, pyraclostrobin accumulates triglycerides without
activating PPARy, LPL, or C/EBPa, so an alternative
pathway to that of PPARy is active, implying a change
in mitochondrial function in an attempt by the cell to
restore its homeostasis [40].

The study of metabolites derived from pesticides is
poorly understood, but for DDE (a metabolite of DDT) in
SH-SY5Y cells [31], 3,5,6-trichloropyridinol (TCP) [32]
and chlorpyrifos-oxon (CPO) in MCE-7 cells [61], the latter
two chlorpyrifos metabolites were reported to have PPARy-
agonizing effects and to promote adipogenesis. The quizalo-
fop-p-ethyl metabolites studied (quizalofopic acid, tetrahy-
drofurfuryl alcohol, and 2,3-dihydroxyquinoxaline) appear
to have no activity on adipose tissue [39]. The plasma hydro-
lysis metabolite of carbaryl, 1-naphthol, is also able to acti-
vate PPARy. However, the hydrolysis metabolite of
methiocarb, metylthio-3,5-xylenol, does not activate PPARy
but decreases the expression of PPAR« in the presence of
the metabolites: methiocarb sulphoxide and methiocarb
sulphone [57].
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On the other hand, the effect of mixtures of different pes-
ticides is not as researched rather than that of pesticide
metabolites, because of the complexity of selecting truly rep-
resentative mixtures, doses, and the number of pesticides
that can be combined. However, the report on mixtures of
quizalofop-p-ethyl with glyphosate, 2,4-D, dicamba, meso-
trione, and isoxaflutole does not appear to have any enhanc-
ing or inhibitory effect on its adipogenic effect [29].

The effect of the different pesticides on the PPARs recep-
tors present in or possibly derived from cell lines of the adi-
pocyte lineage shows a great diversity of responses, both
agonistic and antagonistic, regardless of the structural simi-
larity between the molecules belonging to the same group of
pesticides. Furthermore, the direct effect on the genes acti-
vated by the PPARs is very obvious, although it is also recog-
nized that they are not the only nuclear receptors involved in
the response; and the final consequences of this alteration in
lipid metabolism can also be explained by the change in cel-
lular function of organelles such as the mitochondrial and
ER. Given that the mechanism of action of pesticides on
PPARs affecting lipid metabolism is very complex and
diverse, it is difficult to link pesticides directly to the devel-
opment of obesity, but this link cannot be denied either.

3.4. The Biological Effect of the Activation of PPARs in
Carbohydrate Metabolism by Pesticides. The effect of pesti-
cides on the activation of PPARs and carbohydrate metabo-
lism has not been as studied as the liver disturbances in
energy metabolism that have been associated to the presence
of toxicants. In the literature consulted, only studies con-
cerning the activation of PPARs by pesticides in the HepG2
cell line could be found. Thus, for PPARy, Ning et al. per-
formed an analysis of 14 pesticides with chitin synthesis
inhibitors, 5 of which were found to be potent agonists
(diflubenzuron, chlorfluazuron, flucycloxuron, novifluoron,
and flufenoxuron). It has been highlighted that difluben-
zuron alters energy metabolism by decreasing adenosine tri-
phosphate (ATP) concentrations and increasing those of
pyruvate and lactate, two precursor metabolites of the tricar-
boxylic acid cycle (TAC). The expression of genes encoding
enzymes that are part of the TAC such as pyruvate dehydro-
genase alpha 1 (PDHAI), oxoglutarate dehydrogenase
(OGDH), and citrate synthase (CS) decreases; and with a
downward trend in isocitrate dehydrogenase (IDH2) and
fumarase (FH), TAC activity decreases. On the other hand,
the expression of glycolysis enzymes such as 6-phospho-
fructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) and
lactate dehydrogenase B (LDHB) is increased. It is possible
that these changes favor the synthesis of triglycerides, as
glycerol precursors are available in large quantities [20].

In the case of the PPARS/J receptor and its activation by
pesticides, a correlation was found between glucose metabo-
lism in HepG2 cells and the herbicide 2,4-D, which lowers
extracellular glucose levels and increases glucose in the hepa-
tocyte, associated with increased expression of FoxOl
(increases expression of gluconeogenic genes), CREB (tran-
scriptional regulator of gluconeogenesis), and PPARs [26].

The effect of pesticides on cells more involved in the sys-
temic regulation of carbohydrate metabolism and serum
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glucose levels is very low, so it is important to conduct fur-
ther analyses to understand whether the effect has a direct
or indirect impact on the development of type 2 diabetes
mellitus by inducing insulin resistance and the subsequent
development of the disease, which has been raised by differ-
ent epidemiological studies [9, 62].

3.5. Alteration of Lipid and Carbohydrate Metabolism by
Activation of PPAR by Pesticides in Other Pathological
Conditions. Since the expression of PPARs is diverse in the
organs that build up organisms, the effect of their activa-
tion not only means a change in carbohydrate and fat
metabolism in adipose and liver tissue, which is associated
with the development of obesity and diabetes but exposure
to pesticides and activation of PPARs has also been shown
to be involved in other diseases and even to have a possible
protective role in other metabolic processes. The following
changes: the cell line used in the study and the observed
biological effect are also described in Table 2.

The effect of PPARy activation by pesticides on tumori-
genesis and subsequent cancer development was observed by
exposing CD1 mouse, rat, and human hepatocytes to per-
methrin and its metabolites: 3-phenoxybenzoic acid and
trans-dichlorochrysanthemic acid. In the presence of per-
methrin and 3-phenoxybenzoic acid, DNA replication was
increased in mouse cells but not in human cells. In addition
to increasing the expression of PPARy in the presence of 3-
phenoxybenzoic acid and trans-dichlorochrysanthemic acid
in hepatocytes of mice and rats, but not in humans. There
is a clear difference in the response to the activation of the
receptor in cells of different species [63].

In human reproductive changes, particularly embryo
implantation in the uterus, chlorpyrifos has been reported
to be able to damage trophoblast function and placental
development in the context of decreasing the expression of
PPARy in an extravillous trophoblast cell model (ecCTB)
with HTR8/SVneo cells [64].

The alteration of lipid metabolism in macrophages is
influenced by the pesticide TBT, which can activate PPARy,
increase lipid accumulation, expression of lipid metabolism
genes in human macrophages (THP-1 cells); such as CD36
(a receptor that promotes the entry of fatty acids into the
cell), NR1H3/LXRe (regulates the homeostasis of fatty acids
and cholesterol), FADS1, FADS2 (catalyze the first step in
the synthesis of PUFAs), SREBP-1c (activates hypogenic
genes in the liver), ACC (participates in the biosynthesis of
fatty acids), FABP4, and FAS [65].

In oxidative stress, PPAR« activation may mediate tissue
damage due to physical or chemical stress stimuli. Exposure
to paraquat increases the presence of CYP4A in primary cul-
tures of mouse hepatocytes of the wild-type genotype and to
a greater extent in cells with null PPAR«, suggesting regula-
tory action of PPAR« and activation of CYP4A by a different
receptor [66].

In the metabolism of lipids in neurons, the metabolite of
chlorpyrifos, chlorpyrifos oxon, caused the inhibition of
fatty acid amide hydrolase (FAAH), the increase of metabo-
lites of endocannabinoids (eCB), which are agonists of
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PPARs, as well favored the activation of PPARs in MCF-7
cells and the alteration of lipid metabolism [61].

The activation of PPARs has also been described as a
mediator in the damage caused by pesticides that do not
activate the receptor or activate it only to a lesser extent, as
their effect is abolished by pharmacological agonists of
PPARs. PPARYy agonists have been described as dopaminer-
gic neuroprotectors [67], and the most commonly used cell
model is SH-SY5Y (human neuroblastoma cells which can
differentiate into neurons). Effects of pesticides on this cell
line include: deltamethrin decreases the expression of
PPARy and PINK-1 (it is a mitochondrial target involved
in protection against ROS) and causes cell death through
mitochondria-dependent apoptosis [68].  Chlorpyrifos
induces oxidative stress and cell death and also decreases
and induces inflammatory genes such as COX-2 and TNF-
a [69]. Rotenone increases the proliferation of ROS and
decreases the expression of SOD1 [70] and TNF-« by inhi-
biting mitochondrial complex I [71]. All these effects are
reversed with rosiglitazone as a pharmacological agonist of
PPARYy.

Assessment of PPARs receptor activation in cell models
provides a guide to understand the molecular mechanism
by which the interaction and biological responses achieved
in the presence of pesticides occur. However, the informa-
tion that has been reported up to date is insufficient to gen-
erate a general mechanism of action that directly correlates
pesticide exposure with the activation of PPARs and the
development of obesity. Although the general effect on lipid
metabolism, and to a lesser extent carbohydrate metabolism,
could be a factor in triggering the development of obesity
and, as a complication, the development of diabetes. This
is because the reported findings are recurrent. However, sev-
eral of these results may be due to mechanisms unrelated to
the activation of PPARs. Besides, the approach of in vitro
analyses is limited to a specific cell line, and since the stress-
ful environment might force the cell lines to respond in a
way they would not in the presence of other lines, they might
mask the responses obtained. Therefore, the use of in vivo
models may expand the understanding and framing of a sys-
temic response of PPARs receptor activation by pesticides in
the development of obesity and type 2 diabetes mellitus.

4. In Vivo Studies: Activation of PPARs
Receptors by Pesticides and Their
Subsequent Biological Response

Upstream, animal models have served to evaluate and pro-
ject the possible effects that might be observed in humans,
as what is found in them does not always replicate or
approximate the effect observed in humans. In addition,
organisms have also been used as sentinel models to assess
the degree to which a particular biome is affected by the
presence of pesticides or other environmental toxins.
Table 3 shows the animal models used to assess exposure
to pesticides involved in PPAR receptor activation and their
biological effects.
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4.1. Changes in Lipid Metabolism in Adipose and Muscle
Tissue Involving PPARs due to Pesticides. Lipid metabolism
in animal models is assessed by measuring adipose tissue,
assessing biomarkers of lipid metabolism in the liver, quan-
tifying triglycerides and cholesterol in serum, and measuring
short-chain fatty acids (PFAs) in muscle tissue. Two main
animal models were used: aquatic models, which are used
to monitor environmental quality, and murine models,
which are more focused on clinical implications that can
be applied to humans. Then the animal models used to eval-
uate the activation of PPARs by pesticides involved in lipid
metabolism are mentioned.

In the case of triazoles, aquatic animal models are mainly
used in the evaluation of their effects, i.e., for paclobutrazol,
the rockfish (Sebasticus marmoratus) model was used, in
which an increase in the expression of PPARa and
PPARJ/S in the liver and of FAS and ACC1 was observed
[72]; for difenoconazole, the marine medaka (Oryzias mela-
stigma) model was used, in which an increase in the expres-
sion of PPAR«, PPPARy, and PPARf/S was observed in the
muscle, but in the liver, only the expression of the first two
receptors increased. It is possible that this difference in
expression is due to greater oxidation of fatty acids in skele-
tal muscle tissue and an increase in glucose oxidation in the
liver [73].

Glyphosate, in a transcriptomic and proteomic liver
analysis of tilapia (Oreochromis niloticus), an increase in
lipid content but a decrease in the expression of PPAR«
was observed, this increase in lipids is probably the result
of an imbalance in the redox balance of hepatocytes due to
a large amount of intracellular ROS [74].

From the group of organotin compounds, TPT decreases
the expression of PPARy and its correlating genes (Fas,
Cyp4bl, Lpl) in the frog embryo model (Lithobates sylvati-
cus) during the first days of exposure. However, after chronic
exposure, this phenomenon reverses and increases the
expression of PPAR« and PPARy and related genes; possibly
due to an adaptive response to the constant stimulus [75].
Besides, TBT is capable of activating the PPARy receptor
in mouse MSC cells, promoting adipogenesis [76], and
increasing adipose tissue mass in adult mice when exposed
to the pesticide occurred during mouse fetal development
[52]. In the female rat model, it increases adipose tissue
weight and increases the accumulation of lipids and choles-
terol, as well as the expression of PPARy and ROS [77].

The use of mouse models to study the activation of
PPARs by pesticides can be observed in the analyses per-
formed for mancozeb, a dithiocarbamate, which increased
the expression of PPARy and raised cholesterol and triacyl-
glycerols in the mice serum [78]; however, it was previously
reported as an antagonist of PPARy by not affecting receptor
expression and decreasing lipid accumulation in preadipo-
cyte cells [49]. Furthermore, in a mixture of mancozeb and
imidacloprid, the increase in cholesterol and triglycerides is
enhanced [78]. Including organophosphate, DDT, and DDE
could alter adipogenesis processes and reduce PPARy expres-
sion [79]. Another organophosphate, chlorpyrifos promotes
obesity but is not related to the expression of PPARY, it alters
mitochondrial function and thermogenesis in mice [7].
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Fipronil, an insecticide belonging to the phenylpyrazoles,
increased the accumulation of lipids in the liver and altered
lipid metabolism by producing an increase in PFAs, which
in turn increased the expression of PPAR«; and which, when
oxidized, increased the concentration of ROS, leading to oxi-
dative stress and activation of inflammatory pathways
observed in a rat model [80].

In the case of lambda-cyhalothrin, a pyrethroid capable
of activating PPARy and PPAR« receptors in albino rats, it
increased the concentration of total lipids, triglycerides,
and cholesterol, as well as the inflammatory modulator
TNF-« [81]. However, Costa et al. demonstrated the differ-
ences between pesticides in species and reported that this
inflammatory marker did not change in humans in the pres-
ence of a-cypermethrin, another pyrethroid [82].

Also, the different response of different species to PPARy
activation was evident when evaluating the effect of oxadia-
zon, an oxadiazole herbicide. In mice and rats, it was
observed that exposure to pesticide-induced hepatomegaly
due to the enlargement of peroxisomes. However, this effect
was not observed in dogs, demonstrating a difference in the
sensitivity of PP among species [83].

Dicamba, a salt of benzoic acid used as an herbicide, is a
structural isomer of 2,4-D known to be a PP that increases
the expression of PPARs and beta-oxidation of lipids, in addi-
tion to differential expression of CYP4A with respect to rat
sex, as an increase was observed only in males [84]. It is clear
that the sex of the organisms can also be considered.

The continuous detection of the change in lipid metabo-
lism and the increase in the expression of PPAR« and PPARy
in the presence of different pesticides in the models of aquatic
organisms has led to their proposal as biomonitors of water
quality and to the possibility of monitoring these changes as
biomarkers. The differential response between types of pesti-
cide exposure and their effects on lipid metabolism and
PPARs expression allows us to propose a broader study of
the characteristics of pesticides and/or organisms that make
them more susceptible to pesticide exposure response and
the activation of PPARs that favor the alteration of lipids
involved in the development of obesity.

4.2. Changes in Energy Metabolism in the Liver due to
Activation of PPARs by Pesticides. The use of animal models
has the advantage that the systemic response to an external
stimulus in an organism can be studied. This allows the eval-
uation of the response of different organs and the compensa-
tory mechanisms of the organism that attempt to minimize
and repair the damage caused. Then, various effects of expo-
sure to pesticides on carbohydrate and lipid metabolism as a
whole will be described as how both responses relate to the
activation of PPARs, as well as their association with the
development of obesity and type two diabetes mellitus.

In the organophosphates group, monocrotophos was
found to induce glucose intolerance, insulin resistance, and
dyslipidemia with hyperinsulinemia in rats, largely due to
increased expression of GGFDH (glucose-6-phosphate dehy-
drogenase) and G3PD (glycerol-3-phosphate), which indi-
rectly promotes the regulation of lipogenesis. The insulin
resistance presented is associated with an increase in lipids
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TaBLE 3: In vivo models of pesticide effect above the PPAR receptors.
PPAR Pesticide Chemical classification Type .Of Model of Item Year References
subtype pesticide study
Methidathion These ici i
pesticides not active
Fenthion Organophosphate Insecticide MalenﬁgeC?’Fl PPARw in a tumorigenesis 2022 Rooaeg;;:t al
Parathion process
. . . Male albino  Up-regulated FABP, ACC1, and Wasef et al.
Fibronil Phenylpyrazole Insecticide rats PPAR« 2021 (80]
Male Level of glucose decreased and Bao et al
Carbendazim Carbamate Fungicide zebrafish PPARa, ACO, CPT1 were not 2020 [91] ’
(Danio rerio) affected
Decrease the content of TG and
cholesterol by accelerating .
Boscalid Anilide Fungicide Zebraﬁsh lipolysis; and inhibiting 2019 Qian et al.
(Danio rerio) . L . [95]
lipogenesis, via the regulation of
PPAR«
Female
C57BL/6N  Increase expression of PPARx Kondo et al
Permethrin Pyrethroid Insecticide  wild-type or in hepatocytes and KO mice the 2019 (63] '
PPAR«a (KO) effect decreases
mice
Male SD PPAR« regulates the
. I . . wild-type or  biochemical and histological Strupp et al.
Propaquizafop Ariloxiphenoxypropionate Herbicide PPAR (KO) changes in the liver in 2018 (98]
rats hepatocarcinogenesis
PPARa Decrease PPAR« and increase
Propamocarb Carbamate Fungicide Male C?7bL/ hepatic bile acids Wlth a change 2018 Wu et al.¥
6] mice of energy metabolism and the
gut microbiota
Male Sv/129 Induce testicular toxicity due to
. . wild-type or disruption of cholesterol/ Harada et al.
2:4-D Organochlorine Herbicide PPARa-null testosterone homeostasis in 2016 [109]
mice Leydig cells via PPAR«
Male C3H/ PPARa and CAR are involved
. . . HeNCirl and . . Kuwata et al.
Oxadiazon Oxadiazol Herbicide in the development of liver ~ 2016
CAR (KO) [99]
. tumors
mice
Induce mouse liver tumors,
Toxaphene Organochlorine Insecticide Male B6C3Fl increase CAR, AhR but not 2015 Wan et al.
mice [102]
PPAR« target genes
Myclobutanil Perturb fatty acid and steroid
Propiconazole . metabolism in the liver
Triazole Fungicide Male Wistar predominantly through the 2009 Go‘etz and
Han IGS rats Dix [93]
Triadimefon CAR, PPAR, and PXR
signaling pathways.
Male lizard
.M ethyl Thioallophanate Fungicide (Podarcis Increase AOX and PPARa 2006 Buono et al.
thiophanate . [92]
sicula)
Xenopus Increase PPARJ/S, which is
PPARP/ Atrazine Triazine Herbicide leavis assoc1§t§d with the COMVEISION 5011 Zaya et al.
8 of lipid and proteins into [94]
tadpoles
energy
DDT Organophosphate Insecticide Male SD rats ~ Decrease PPARy expression 2022 Al—[(;lga]a idi
PPARy DDE
. . Decrease the TG synthesis via Wu et al.
Bromuconazole Triazole Fungicide Male SD rats inhibiting the PPARy pathway 2021 (18]
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TaBLE 3: Continued.

PPAR Pesticide Chemical classification Type of Model of

subtype pesticide study Item Year References

Activate PPARy, increase lipid
TBT Organotion Antifouling Malg riiSZeBL/ accumulation and the 2021 TJie et al. [65]
expression of lipid metabolism

i . . Male C57BL/ No affect the genes regulated by Wang et al.
Dieldrin Organochlorine Insecticide 6 mice PPARy in hepatocarcinogenesis 2020 (97]
Activation of PPARy with
o . Male Wistar pioglitazone, decreases the Amin et al.
Paraquat Dipiridile Herbicide rats concentrations of MDA (a lipid 2020 [107]
peroxidation marker)
- Male CFT- Increase lipid content in the Nagaraju
Monocrotophos Organophosphate Insecticide Wistar rats  liver, PPARy, ACC, and FAS 2020 et al. [85]
Xenopus TPT exposure reversed some Zhu et al
TPT Organotion Antifouling  tropicalis impacts induced by PPARy 2018 [110] ’
embryos overexpression
Abnormal ovarian adipogenesis
. e Female with increased cholesterol de Araujo
TBT Organotion Antifouling Wistar rats levels, lipid accumulation, 2018 et al. [77]
PPARy, C/EBP-3, and Lipin-1
Increase mRNA expression of
TBT Organotion Antifouling Male C$7bL/ the PPARy target genes Fabp4, 2017 Baker et al.
6] mice ; [76]
Plinl
Mancozeb Dithiocarbamate Fungicide iss albi Affect PPARy and increased the Bhaskar and
& Swiss albino cholesterol and TG 2014  Mohanty
mice
Imidacloprid Neonicotinoid Insecticide No affinity to PPARy [78]
. Atorvastatin reduces the L
Paraquat Dipiridile Herbicide Male Wistar inflammation produced by =~ 2014 Malekinejad
rats .. . et al. [131]
pesticide, via PPARy
The MoA of
Pronamide Benzamide Herbicide MaﬁiSeD_l hepatocarcinogenesis although 2014 e?;?iﬁ%%]
to PPARy and CAR '
Down-regulated PPARy and
Pregnant rats altered late gestation possibl Gosemann
Nitrofen Diphenyl ether Herbicide and their . 8 P Y 2012
fetus due to impair lung development et al. [132]
and maturation
PPARy Reduce expression of PPARY,
heterozygous improve insulin sensitivity, and Luo et al
Paraquat Dipiridile Herbicide mice increased resistance to 2008 [105] '
(PPARY*/  paraquat-induce oxidative
aP2-Cre) stress
Pregnant Increase the number of
. P C57BL/6] adipocytes and lipid Griin et al.
TBT Organotion Antifouling mice and  accumulation through RXR and 2006 [130]
their pups PPARy
Inhibit the growth of zebrafish
and alters the levels of
. . T . Zebrafish glycolipid metabolism and Luo et al.
Imidacloprid Neonicotinoids Insecticide (Danio rerio) oxidative stress; reduce the 2021 [96]
expression of PPAR« and
PPARa PPARy
PPARy Pregnant CD- In high and low-fat diet,
Endosulfan . . 1 mice and PPAR« and its target gene Yan et al.
sulfate Organochlorine Insecticide their male Cptla are increased, but not 2021 [87]
pups modify PPARy
Chlorpyrifos Organophosphate Insecticide Decrease PPAR« and PPARy, 2019 Wang et al.

due to lipid metabolism [86]
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TaBLE 3: Continued.
PPAR Pesticide Chemical classification Type .Of Model of Item Year References
subtype pesticide study
Male disorders that are associated
zebrafish with gut oxidative stress and
(Danio rerio) microbiota dysbiosis
Male Induce nephrotoxicity via Xia et al
Atrazine Triazine Herbicide Kunming modulating CYP450, PPARa, 2018 [108] ’
mice PPARy, AhR, CAR, and PXR
. Up-regulate mRNA expression Moustafa
c Iiillz)tt)g:in Pyrethroid Insecticide Mali;lsbmo levels of PPARa, PPARy, TNF- 2016 and Hussein
4 a FAS, and SREBP-1C [81]
Wood frog In chronic exposure, increase Hiclev et al
Triphenyltin Organotion Antifouling  (Lithobates the expression of PPARa, 2013 g[7y5] ’
sylvaticus) PPARy, FAS, and LPL
Increase lipid content, alter
Tilapia redox status in liver, the genes
Glyphosate Organophosphate Herbicide (Oreochromis involved in ion transport, lipid 2022 Jia et al. [74]
niloticus) metabolism, and PPAR
signaling pathway
Allethrin
Bioresmethrin
Cis-permetryn
Cypermethrin Male S No activation of nucl Fujino et al
. . .. ale Sprague 0 activation of nuclear ujino et al.
Deltamethrin Pyrethroids Insecticide Dawley rats receptor in liver 2019 (30]
Fenvalerate
Trans-
permetryn
Phenothrin
PPAR Marine Increase the expression of
a
. . .. medaka receptor PPAR«, PPARp/S, Dong et al.
PPARy Difenoconazole Triazole Fungicide (Oryzias PPARy, and increase lipid levels 2016 (73]
gPARﬁ / melastigma) in muscle but not in liver
Male rockfish Increase toFal lipid, TG, TC,
Paclobutrazol Triazole Fungicide  (Sebasticus free fatty acid and up-regulate 2013 Sun et al.
marmoratus) PPARa, PPARS/S, PPARy, AR, [72]
FAS, FABP4, ACC
Atrazine Triazine Herbicide CFI mice No interact with the receptors 2003 Devos et al.
a, /5, or y [104]
Male Wistar
Diclofop Ariloxiphenoxypropionate Herbicide rats ero{g;ﬁil?;;‘;?:g;i PP 2001 Pal[ultoit] al,
(Pzh:wis) P
Peroxisome proliferation only .
. . . . . Richert et al.
Oxadiazon Oxadiazol Herbicide Male SD rats occurred in rats and mice 1996

Male CD1
mice
Male beagle
dogs

maybe to PPARs activation

(83]

Abbreviations: 2,4-D, 2,4-Dichlorophenoxyacetic acid; ACC, acetyl Co-A carboxylase; ACO, acyl-CoA oxidase; AhR, aryl hydrocarbon receptor; AR,
androgen receptor; AOX, alternative oxidase; C/EBP-, CCAAT enhancer binding protein beta; CAR, constitutive androstane receptor; CPT-1, carnitine
palmitoyltransferase I; FABP4, fatty acid-binding protein 4; FAS, fatty acid synthase; KO, knock out; LPL, lipoprotein lipase; MDA, malondialdehyde; PP,
peroxisome proliferator; PPAR«, peroxisome proliferator-activated receptor alpha; PPARB/S, peroxisome proliferator-activated receptor beta or delta;
PPARy, peroxisome proliferator-activated receptor gamma; PXR, pregnane X receptor; SD, Sprague Dawley; SREBP-1GC, sterol regulatory element-binding
protein 1; TBT, tributyltin; TC, total cholesterol; TG, triglycerides; TNF-a, tumor necrosis factor alpha; TPT, Triphenyltin.
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in the liver, which is favored by increased expression of
CCA, FAS, PPARy (lipogenesis), and a decrease in PPAR«
(B-oxidation). All the previously described changes together
produce the symptoms of hepatic steatosis that occur in
patients with obesity [85]. On the other hand, chlorpyrifos
alters energy metabolism in the liver by decreasing the
expression of pyruvate kinase (PK) and glucokinase (GK)
enzymes involved in glycolysis, and by decreasing the
expression of PPARa, PPARy, ACO (acyl-CoA oxidase),
FAS, ACC (lipid metabolism); in addition to altering the
composition of the gut microbiota, decreasing y-Proteobac-
teria, in the zebrafish (Danio rerio) model [86].

Exposure to the organochlorine endosulfan sulfate dur-
ing pregnancy and early postnatal days in mice resulted in
alteration of glucose homeostasis, hepatic lipid metabolism,
and gut microbiota; as the expression of PPAR«a, G6P,
GLUT-2 (type 2 glucose transporter) was increased, the
opposite effect was observed in the presence of a high-fat
diet when biomarkers decreased [87].

Within the group of carbamates, propamocarb has been
described to increase GK and decrease PK, PPAR«, and
genes related to triglyceride and fatty acid synthesis and
transport; furthermore, exposure to pesticides has been asso-
ciated with alteration of the gut microbiota due to alteration
of bile acid lipid metabolism, which affects the composition
of the microbiota [88, 89]. Another carbamate, carbendazim,
which may also be a metabolite of methyl thiophanate and
benomyl [90], increases the expression of PPARy, FAS,
hexokinase 1 (HK1) (glycolysis), and PK, in addition to
altering the gut microbiota, which decreases the genus Fir-
micutes and Bacteroidetes, which is associated with obesity
[91]. Thiocarbamate, methyl thiophanate, increases PPAR«
expression, degrades liver glycogen, and increases ACO, an
enzyme involved in lipid metabolism and activation of
PPARSs, in the Gecko model (Podarcis sicula) [92].

In the triazole group, bromuconazole inhibits PPARy
signaling but increases TG, TC, and pyruvate in male rats
[18]. Myclobutanil, propiconazole, and triadimefon alter
genes regulated by PPAR« in male rats, decreasing Cyp4alo0,
Cyp4al, and PK, thereby limiting fatty acid biosynthesis and
storage [93]. Triazine, a triazide, increases PPARB/§ expres-
sion and decreases lipid storage. This change may be due to
the activation of PPARp/S redirecting metabolism to energy
production as an adaptive response to pesticide exposure in
frog tadpoles (Xenopus leavis) [94].

TBT exposure poses a high risk for the development of
type 2 diabetes mellitus in mice because it produces insulin
resistance, alters hepatic glucose metabolism, increases insu-
lin levels, and decreases serum glucagon levels. Insulin resis-
tance is caused by increased G6P and phosphoenolpyruvate
carboxykinase, which are involved in glycogenolysis and glu-
coneogenesis [34].

Boscalid, an anilide, affects aquatic organisms such as
zebrafish (Danio rerio), inhibits their growth and causes liver
and kidney damage, increases HK, G6P, and PPARa, pro-
motes [-oxidation and decreases ACC, FAS, TG, TC, and
blood glucose [95]. Imidacloprid, a neonicotinoid, inhibits
zebrafish growth and alters glycolipid metabolism. It
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increases the expression levels of PPARy, PPARa, ACC,
FAS, GK, and HK, as well as the inflammatory biomarkers
TNF-a, IL-14, and IL-8, and increases levels in the liver [96].

The above results generally correlate with the increase in
lipid storage and lipid oxidation, as well as with the increase
in glycogenolysis and gluconeogenesis, and with the devel-
opment of insulin resistance, which may be the prerequisite
for the development of obesity and diabetes. Another factor
is the composition of the gut microbiota, which could affect
lipid metabolism and promote the development of obe-
sity [91].

4.3. Changes in Energy Pathologies Involving Activation of
PPARSs by Pesticides. Activation of PPARs by pesticides has
also been associated with the development of other meta-
bolic disorders or various pathologies, the most obvious of
which is associated with altered energy metabolisms, such
as obesity and diabetes. Most notably in their role as PP in
the development of tumors and liver cancer, in response to
oxidative stress, and in response to renal, reproductive, and
developmental toxicity.

Several pesticides have been reported to be PP that
increase the concentration of peroxisomes in liver tissue
and trigger the development of tumors that eventually lead
to carcinogenesis. Nuclear receptor activation is a common
mechanism of action in the development of toxicity and car-
cinogenesis in rodents in non-genotoxic processes [97].
Therefore, activation of PPARs by pesticides has been asso-
ciated with a possible mechanism of carcinogenesis in
rodents but not in humans. Pesticides that activate PPARs
and have a carcinogenic effect include propaquizafop, an
aryloxyphenoxypropionate that has a hepatocarcinogenic
effect via PPARa by increasing the expression of CYP4A
and ACO in rats but is not relevant to humans according
to the Human Relevance Framework (MOA/HRF) [66, 98].
Oxadiazone, an N-phenyl heterocycle compound, induces
tumor development by activating PPAR«, inducing CYPal0
and CYP4A [99]. The benzamide pronamide induces liver
tumors through the activation of nuclear receptors CAR
(constitutive androstane receptor) and PPARe«, which
induce genes such as Cyp2b10 and Cy4al0, but is not rele-
vant to the mechanism in humans due to quantitative and
qualitative differences between mice and humans [100]. Per-
methrin, a pyrethroid insecticide, produces liver tumors in
mice but not in rats by increasing CYP4A expression and
activating PPARg, resulting in a mitotic effect [63], although
the effect cannot be extrapolated to humans according to the
ILSI/PCS (The International Life Sciences Institute/Interna-
tional Program on Chemical Safety) reference frame. And
diclofop, a chlorophenoxy herbicide recognized as PP,
increases the number of peroxisomes, palmitoyl-CoA oxi-
dase, catalase, and binucleate hepatocytes in rats, effects that
have been associated with PPAR« activation [101].

On the other hand, there are pesticides capable of pro-
ducing tumors, but the involvement of PPARs is not
involved in the development of the disease. For example,
toxaphene, an organochlorine that causes tumors in the liver
of mice, increases genes related to oxidative stress and not



PPAR Research

PPAR« [102]. Within the organophosphate group, methi-
dathione produces tumors in the liver of male mice, but
the role of PPARa was ruled out by microarray assay
[103]. Finally, there are reports of pesticides suppressing
tumor development, such as fenthion, which does not
increase liver tumor development, and parathion, which
suppresses liver cancer development [103]. And atrazine
inhibits cell proliferation and cytokine production in the
liver and kidney but does not activate PPARs [104]. Overall,
the role of PPARw in tumor/cancer development predomi-
nates among pesticides that have been reported to be able
to do so by enabling the activation of genes that allow perox-
isome proliferation and function. However, it is important to
recognize that the receptor is not the only one involved in all
pesticides.

Regarding oxidative stress and its relation to obesity, it
was observed that lower activity of the PPARy receptor or
its deletion tended to reduce the stress and the expression
of obesity. For example, the PPARy2 Prol2Ala polymor-
phism decreases its activation and leads to a lower body
mass index, and increases insulin sensitivity in humans
[105]. Therefore, PPARy-deficient mice are more resistant
to oxidative stress and paraquat exposure lethality, likely
due to increased expression of antioxidant genes in adipose
and skeletal muscle tissues [105]. However, activation of
the PPARy receptor in lung tissue by agonists such as pio-
glitazone [106] or carvacrol [107] decreases oxidative stress
resulting from paraquat inhalation and, consequently, the
production of ROS and inflammatory biomarkers such as
TNF-«a and IL-17, indicating that PPARy activation elicits
a completely different response to the same substance in dif-
ferent organs.

Other effects observed by the activation of PPARS by
pesticides include the generation of nephrosis by atrazine
and its degradation metabolites, through the activation of
PPAR« and/or PPARYy receptors, the increase in the expres-
sion of CYP4A and its white genes [108]. Testicular toxicity
induced by 2,4-D, which is caused by the alteration of
PPARa« receptor pathways that inhibit cholesterol synthesis
in Leydig cells, does not occur in PPARa-null mice [109].
And the induction of malformations, especially in the eye,
in frog embryos (Xenopus tropicallis) resulting from expo-
sure to TPT due to overexpression of PPARy [110].

The effect of activation of PPARs by pesticides in pathol-
ogies other than obesity and diabetes allows us to highlight
that the alteration of lipid metabolism, its intervention in
peroxisome proliferation and its differential response in dif-
ferent organs, its evaluation, and analysis of its role in the
metabolism of lipids and carbohydrates are more complex
than expected.

5. Discussion

Based on the above information, it can be concluded that the
associations between pesticide exposure and the develop-
ment of obesity and diabetes mellitus in epidemiological
studies have promoted the search for the probable molecular
mechanism explaining this relationship. To this end, in silico
studies were first performed to investigate the interaction
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between the ligand and the receptor using models such as
QSAR or docking. These models revealed that for the
PPARYy receptor, the amino acid residue Cys 285 could play
a crucial role in the association of pesticides with this recep-
tor, as observed for diflubenzuron [20] or for the organotin
compounds TPT and TBT [21]. This interaction was also
reported for molecules of a different type such as 1,3-diphe-
nyl-2-propone, volatile organic compounds extracted from a
fermented cheonggukjang (Korean food), and the Cys 285
residues of PPARf/§ and PPARy [111]. This interaction
was confirmed by X-rays to be essential for the interaction
between organotin and the PPARY [21]. The chemical struc-
tures of the pesticides that form greater stability in the com-
pound and thus greater activity of the receptor are those that
contain aromatic rings in their structure and are able to form
7—1 bonds between the amino acid residues that they con-
tain, conforming receptors and their structures, particularly
in an ionized state [19, 21], this has also observed with tri-
clocarban, an antiseptic formerly used in personal care prod-
ucts, by interacting with the receptor mouse and human
PPAR« through a Cl-7 via the amino acid residue phenylal-
anine (Phe 318) [112]; in the flame retardants bis(2-ethyl-
hexyl)-2,3,4,5-tetrabromophthalate (TBPH) and mono-2(-
ethylhexyl)-tetrabromophthalate (MEHP), where the first
m-alkyl forms interactions with the amino acid residues his-
tidine (His 199) and proline (Pro 476); and for the second
alkyl bonds with the residues methionine (Met 248) and
arginine (Arg 260) of the zebrafish PPARy receptor [113].
This shows that the interaction between the amino acid res-
idues of the receptor and the molecular structures of the pes-
ticides can be given by specific amino acid residues and,
moreover, allows specific interactions that enable greater
stability.

Since the biological effect of PPAR activation is directly
related to the metabolism of lipids and carbohydrates, the
main axis of biomarkers studied are the genes containing
in their promoter the PPRE and the enzymes/proteins
encoded by these genes in the main organs controlling the
energetic homeostasis of the organism; the biomarkers used
to monitoring PPAR activation through pesticides could be
summarized as follows: the biological activation of the PPAR
has been observed in adipose tissue by DDT, dieldrin, diazo-
nin, fenthion, and fibronil through the accumulation of
lipids as an effect of adipocyte maturation [22, 33, 38, 50].
Also this activation has been observed with organophos-
phate flame retardants (OPFRs) in inducing adipogenesis
as 2-ethylhexyl diphenyl phosphate (EHDPP) [114] and tri-
phenyl phosphate (TPHP) [115]; however, by exploring the
mechanism by which pesticides enable this accumulation,
it has been shown that the role of PPARy in this phenome-
non is important and consistent, but not unique, as accumu-
lation of lipids is still observed despite blocking the receptor,
as in the case of ghizalofop-ethyl [39]; and even the direct
role of other receptors in lipid accumulation has been
reported, as in the case of dioxin: 2,3,7,8-tetrachlorodi-
benzo-p-dioxin, which is antagonistic to the aryl hydrocar-
bon receptor (AhR) and prevents lipid accumulation in
association with a decrease in PPARy [116]. Likewise, the
mechanism of lipid accumulation has been shown to be
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not only due to a process of direct activation of nuclear
receptors, as is the case with chlorantraniliprole and pyra-
clostrobin, which increase oxidative stress in the ER and
mitochondria, accordingly, caused by an increase in lipid
peroxidation and ROS, and decrease the availability of
ATP [23, 40]. In relation to adipogenesis, it has also been
observed that the presence of other nuclear receptors is nec-
essary to carry it out, such as RXR, LRX, or ER in organotin:
TBT, TPT [45, 52, 59, 60], or the GR for endrin [54], which
allows to theorize the existence of a synergistic interaction or
enhancer of different receptors by activating a different cas-
cade of regulation and activation of adipogenesis through
binding to other receptors also involved in it; for example,
TBT forms a covalent bond with the cysteine (Cys) of the
active site of the RXR receptor, which activates adipogenesis
less efficiently than PPARy [59]. This could lead to think
that the redundant processes present in nature allows to
ensure the functioning and maintenance of cells, and even
as a regulatory mechanism that overall favors the survival
of the organism. In terms of cell differentiation towards the
adipocyte lineage, it has been reported that pesticides such
as quinoxyfen, fentin, prallethrin, and allethrin show a pref-
erence for adipocyte differentiation of MSCs through the
PPARy [38], showing that activation of this receptor is nec-
essary for this outcome by inhibiting genes related to osteo-
cytes or dendrocytes [38].

Antagonists such as deltamethrin, mancozeb, pro-
chloraz, and glyphosate show that complete inhibition of
adipogenesis and lipid accumulation corresponds very well
with decreased expression of PPARy and enzymes associated
with receptor activation [49, 56]. And that even the effect in
the commercial presentation is much greater than in its pure
state, as the presence of certain additives can enhance or
even increase the activity, as in the case of glyphosate as an
antagonist [56] or quizalofop-ethyl as an agonist [39], which
has less activity in its pure state. Some additives that have
been reported to activate PPARw are toximul [116], a pesti-
cide surfactant, and piperonyl butoxide [118], a pesticide
synergist that increases lipid accumulation as well as
CYP4A10. Although it is important to highlight that the
CYP4A gene contains a PPRE in its promoter, the LXR
receptor can also activate this gene [119], revealing an alter-
native control mechanism and raising the possibility that
other genes controlled by PPARs may have a similar
mechanism.

In the case of pesticides whose biological activity is con-
troversial because they showed antagonistic activity for
PPARy in initial studies since there is no increase in lipid
accumulation, such as chlorpyrifos [49] and endrin [46];
and in later studies, its involvement could be observed by
increasing adipogenesis through receptor activation [24,
49, 55]. This discrepancy has been widely discussed and
demonstrated in this regard, with results shown to be influ-
enced by the source of strain acquisition, the number of
passages in cell culture, and the protocol used during cell
differentiation [41]. The protocols used in cell differentia-
tion into adipocytes of the various cell lines use a mixture
of a glucocorticoid (dexamethasone), insulin, and 3-isobu-
tyl-1-methylxanthine (MDI), which on the one hand pro-
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motes adipogenesis by activating master TFs such as
CCAAT-enhancer-binding protein homologous protein
(C/EBPs) and PPARY, and on the other hand, in less differ-
entiated cell lines, inhibits those of other possible lines. In
addition to enhancing the stimulus to increase the expres-
sion of PPARY, thereby decanting the differentiation pro-
cess, as pre-adipocyte cells express low levels of PPARy
[32]. Without the presence of this mixture or any of its
components, in the experiments reported, the effect is sig-
nificantly inhibited or diminished, in addition to obtaining
a different pattern of activation and expression of adipo-
genesis protein. As observed with TBT, the presence of a
single element of the MDI mixture favors the expression
of adiponectin, perilipin, or C/EBP« in a differential man-
ner [120]. Dexamethasone has been described to decrease
the expression of adiponectin (which increases insulin sen-
sitivity) and the transcriptional repression of Pref-1 (a key
gene in chondrocyte differentiation); insulin favors the
activation of PPARy; and 3-isobutyl-1-methylxanthine
increases the concentration of intracellular cAMP, which
is necessary for the activation and increase of C/EBPf
[121]. In addition, the maturity stage of the adipocyte in
which the determination is made also affects the observed
results. A clear example of this is triterpene, celastrol,
which has a stronger effect in the first few days and
decreases its effect as it passes through the different stages
of maturation [122]. Comparison of results reported to
date for pesticides is complicated by the wide variation in
methods, which prevents the establishment of a correct
mechanism of action for all variants that have an impact.
However, it is apparent that they all converge in that acti-
vation of PPARy promotes adipogenesis and lipid accumu-
lation, although the role of the receptor is not yet entirely
clear for some pesticides.

The effect of pesticides on PPARs in carbohydrate
metabolism has low rates of research, perhaps in large part
because it is considered to be the effect of liver injury causing
the presence of various toxicants and because the involve-
ment of other receptors in carbohydrate metabolism is more
obvious than that of PPARs. However, it has been reiterated
that the effect of diflubenzuron on the PPARy receptor is
associated with the decrease of enzymes involved in TCA,
reducing their activity and the generation of ATP by this
metabolic pathway [20], along with the possibility of
increasing the synthesis of triglycerides by increasing the
availability of glycerol precursors; and 2,4-D exposure favors
the expression of the PPARf/6 receptor, allowing the reduc-
tion of extracellular glucose and increasing glycogen stores
[26]. The previous results highlight the need for more evalu-
ation of the effect of pesticides on carbohydrate metabolism
via PPARs. Also, exposure to pesticide mixtures remains
controversial due to the absorbability and bioaccumulation
of individual pesticides [96].

Although the use of different cell lines has allowed to
approach the mechanism by which the activation of PPARs
by pesticides may favor the development of obesity and dia-
betes, the use of in vivo models, that is, in animals, has made
it possible to analyze the effect of pesticides on several possi-
ble target organs simultaneously that were not originally
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considered and, moreover, to provide a clear approach to the
changes that favor the development of disease. The results
observed in animal models are very consistent with those
observed in vitro experiments. Two main models have been
used to evaluate the effects of pesticides on PPARs, aquatic
models, and murine models. The first model is used more
for environmental monitoring, and the second is in the
search for understanding diseases and therapeutic targets.

In aquatic models, it was observed that the greatest effect
occurs in muscle tissue by increasing the expression of
PPAR«, PPRAY, and PPARP/S receptors, increasing lipid
storage in muscle and adipose tissue, and increasing lipid
metabolism, although this effect is not observed in the liver
[73]. In murine models, after exposure to pesticides such
as TBT, mancozeb, imidacloprid, lambda-cyhalothrin, fipro-
nil, dicamba, and oxadiazon, an increase in PPAR« and/or
PPARYy receptor exposure is shown in adipose tissue compo-
sition, the presence of dyslipidemia (elevated lipids in the
blood) and an increase in lipid metabolism associated with
an increase in the concentration of ROS and inflammatory
biomarkers in adipose tissue, liver, and muscle [80]. In addi-
tion, there is a change in the composition of the gut micro-
biota, which occurs as a direct change in pesticide exposure,
as well as a change in fat metabolism and the formation of
ROS [86, 89, 91].

However, not all results are in complete agreement with
those observed in vitro experiments. This was the case with
mancozeb [78] and lambda-cyhalothrin [81], where no acti-
vation of the receptor or generation of inflammatory bio-
markers was observed in vitro as shown in the animal
model, although it should be noted that the cells and tissues
used in the respective experiments are different [82]. Per-
haps this is because, in response to toxic exposure, the body
attempts to maintain body homeostasis by activating or
favoring other receptors that have similar activity to PPARs,
such as CAR [72], LXR [72, 73], including estrogen receptors
[52], and thyroid receptors [78].

It seems that the alteration of lipid and carbohydrate
metabolism because of exposure to pesticides and activation
of PPARs is mainly due to an increase in the concentration
of lipids, triglycerides, and cholesterol, which are directly
related to the increase in the expression of PPAR«a and
PPARYy and the genes activated by these receptors, thus link-
ing them to the development of obesity. On the other hand,
the development of insulin resistance is associated with two
main processes, the first through the increase in serum lipids
and the second through the increase in key enzymes of glu-
coneogenesis and glycogenolysis (G6P and PKC), leading to
an increase in insulin concentration. In a chronic state, insu-
lin resistance develops, leading to the development of type 2
diabetes mellitus.

On the other hand, the recurrently observed increase in
oxidative stress and inflammatory biomarkers could be due
to the increase of fatty acid in serum, which allows the
expression of PPAR receptors, especially in the liver, increas-
ing the accumulation of lipids in this organ, favoring their
oxidation, and the consequent production of ROS [77, 80].
The sensitivity of each pesticide to the receptor, the animal
species [83], and the genus of the species [84] play an impor-
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tant role in the response obtained during exposure to
pesticides.

It is important to highlight that the results presented
above link the activation of PPARSs receptors in in vitro and
in vivo models to the development of obesity and diabetes,
due to the interaction, activation, and biological responses
(accumulation of lipids, adipogenesis, alteration in carbohy-
drates metabolism, insulin resistance); mainly with organotin
pesticides (TBT and TPT) [21, 34, 43-45, 59, 76], followed by
organophosphates (chlorpyrifos and DDT/DDE) [6, 9, 31, 32,
37, 46, 50, 61, 86]; however, the remaining pesticides such as
pyrethroids, carbamates, and others show similar trends in
terms of effects on PPARs as initially found for organotin
and organophosphates. Therefore, further studies are needed
to expand and clarify the mechanism by which pesticides
might activate PPARSs receptors and cause the development
of obesity and diabetes mellitus.

Alteration of the gut microbiota has been raised as a pos-
sible target in the development of obesity because alteration
of the microbiota has been associated with increased oxida-
tion of lipids and consequent activation of PPARs. The oxi-
dation of lipids and the resulting formation of ROS alter the
composition of the microbiota. First, direct exposure to pes-
ticides affects the intestinal mucosa and microbiota compo-
sition, favoring the increase of strains associated with the
presence of obesity [86, 88, 91].

The mechanism of action by which PP pesticides are
capable of producing tumors/cancer has been extensively
studied, and the role of PPAR« activation appears to be
important in this process; even though, the results in rodents
are not applicable to humans. It is also recognized that this
receptor is not the only one involved in tumorigenesis and
that the effect of inhibiting the development of tumors and
liver cancer may be the effect of exposure to certain pesti-
cides [97, 103]. Finally, the activation of PPARs has also
been suggested as a possible therapeutic target in the cogni-
tive symptoms of Gulf War illness [123].

The above data can be summarized in Figure 2, which
shows that the effects on energy metabolism in adipose tis-
sue observed in the presence of pesticides occurred in adi-
pose metabolism through activation of nuclear receptors:
PPAR«, which controls lipid synthesis genes (ACO and
CPT1); and the PPARy receptor, which controls lipid break-
down genes (FAS, ACC, and SREBP1-C). These, when
altered, can trigger the accumulation of ROS (due to lipid
degradation), which damages DNA, ER, and mitochondrial
function, and promotes oxidative stress: the energy metabo-
lism of the cell is altered. These changes promote the secre-
tion of adipokines and inflammatory components such as
adiponectin, leptin, TNF-a, and IL-1f, which influence and
control the entry and consumption of glucose from cells.
Lipid metabolism was also altered by the presence of pesti-
cides, increasing the accumulation and growth of adipose
tissue and promoting the formation of new adipocytes (adi-
pogenesis). In addition, macrophages present in the tissue
were induced to secrete inflammatory components such as
TNF-a, IL-18, and IL-6. In both cases, a chronic state of
inflammation and insulin resistance associated with obesity
is promoted. However, since high lipid concentrations
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FiGure 2: Effects of pesticides on carbohydrate and fat metabolism involving diabetes and obesity through activation of PPARs. Activation
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prevent the proper functioning of insulin receptors as well as
their insufficient synthesis in musculoskeletal tissues, the
effect of pesticides at these levels has not yet been studied.
On the other hand, changes in energy metabolism were also
observed in hepatocytes (Figure 2(b)), in which activation of
PPARy and PPARf/§ promotes glycolysis but decreases
activation of TAC, thereby increasing the presence of pre-
cursors in the metabolism of glycerol, favoring the synthesis
of triglycerides, promoting the accumulation of lipids and
the development of nonalcoholic fatty liver, and altering sys-
temic energy function. In addition, activation of PPAR« pro-
motes peroxisome formation, which has been linked to the
development of carcinogenic processes in murine models.
The development of diabetes under these conditions may
be due to the influence of adipokines (leptin and resistin),

as they stimulate or reduce the secretion of insulin (a hor-
mone that controls serum glucose levels) [124]. However,
the effects of the presence of pesticides have been little stud-
ied and their role is unclear. In contrast, in the pancreas, the
organ responsible for insulin secretion (Figure 2(c)), the role
of activation of PPARs by pesticides is still unknown, as are
the effects on signaling and insulin receptor function in
muscle tissue (Figure 2(d)). Finally, alteration of the gut
microbiota (Figure 2(e)) appears to alter the metabolism of
carbohydrates and lipids; they have recently been proposed
as another factor in the development of obesity; nevertheless,
the exposure to pesticides at these levels is still unclear. The
role of PPARs in the development of obesity and diabetes
mellitus is more likely to be the alteration of lipid metabo-
lism and, consequently, the development of insulin
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tolerance, which in turn triggers the development of type 2
diabetes mellitus, although a greater amount of data is still
needed to establish this link.

6. Conclusions

According to the WHO, it is estimated that by 2025,
approximately 167 millions of people will deal with obesity
and problems linked to overweight such as diabetes, high
blood pressure, and dyslipidemia. Environmental toxicants,
such as pesticides, have been identified as one of the possi-
ble factors favoring the development of these diseases; due
to their environmental persistence and their bioaccumula-
tion, the exposure to pesticides can take place everywhere:
in schools, offices, at home through different vectors such
as the food, drinking and daily use water; also traces of pes-
ticides can be found in air, leaving in this way contact to
pesticides in all our surroundings. This is why is so impor-
tant to research and find more info about the effect of these
toxicants in the human body and health. Understanding
pesticides and their mechanisms of action could allow find-
ing and proposing therapeutic targets to fight them; given
that lipid and carbohydrate metabolisms are involved in
obesity and diabetes and being that PPARs are one of the
most important nuclear receptors for the control of these
metabolic processes, we could prevent or avoid activating
these interactions.

The information available up to date does not enable to
determine the mechanism of action of a specific chemical
group of pesticides because compounds in the same group
react differently, e.g., as agonists, antagonists, or with no
effect on the receptors. The use of in silico models has
allowed the prediction of the interaction between PPARs
and pesticides and has been proven to be a very useful tool.

The use of in vitro models with cell lines has been impor-
tant in elucidating the mechanism of action of pesticides and
PPARSs, but the discrepancy of the spotted results in different
protocols could debate this response. Therefore, the search
for alternatives with more precise definitions and lower dis-
persion of results would allow a better understanding of the
effect of pesticides and the mechanism by which they exert
this effect.

Finally, in vivo models with animals have made it possi-
ble to link the effects of pesticides to lipid metabolism and its
effects on the development of obesity through the accumula-
tion of fat that ease insulin resistance and the subsequent
development of type 2 diabetes mellitus. Thus, activation
of PPARs by pesticides was found to be consistent in most
cases; PPARy receptor activation can lead to adipogenesis
and lipogenesis in adipose tissue and liver; lipolysis and pro-
liferation of peroxisomes involved in liver tumor develop-
ment by the PPARa receptor; and changes in lipid and
carbohydrate metabolism to a lesser extent by the PPARS/
4 receptors; however, the changes observed in lipid and even
carbohydrate metabolism are not the only ones and are not
all exclusively dependent on PPARSs, their participation in
these metabolic process is essential for the cell function.

The above reviewed statements leave a lot of gaps and
opportunities to find more about the alteration of carbohy-
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drate metabolism, and the alteration of pancreatic and
muscle-skeleton function associated or not to pesticides,
and there are even new implications like the alteration of
the gut microbiome associated to the exposure to pesticides
and the PPARs leaving many fields in need to be studied
with more emphasis.
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