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Abstract

(1) Background/objective: The intensive use of pesticides in modern agriculture has

raised growing concerns about their potential adverse effects on human health. Expo-
sure to these compounds has been linked to a variety of negative outcomes. This study
aims to evaluate and synthesize the available scientific evidence on the impact of pes-
ticide exposure in agricultural production on human health. It will integrate results
from experimental and observational studies conducted on animals and humans. (3)
Results: Findings show that exposure, particularly during the prenatal period, is as-
sociated with multisystemic alterations affecting fetal development, metabolism, the
immune system, the nervous system, and the gut microbiome. Evidence from animal
model studies complements human data, providing insight into the underlying bio-
logical mechanisms, such as oxidative stress, liver dysfunction, alterations in hormo-
nal signaling and activation of the inflammatory response. (4) Conclusions: Public
health strategies must be implemented to reduce pesticide exposure, strengthen envi-
ronmental and maternal-child surveillance, and promote research into the modula-
tion of the gut microbiome and systemic inflammation. This will help to prevent and
mitigate the metabolic, immunological, and neurodevelopmental effects associated
with these compounds.

Keywords: pesticide exposure; human health; gut microbiome; metabolic disorders; in-
flammation; neurodevelopmental effects; immune disorders

1. Introduction

Pesticides are chemical substances, either natural or synthetic, that are used to erad-

icate pests and insects. They are essential for improving crop production in agricultural
processes. They promote crop yields and protect crops from disease and damage. Pesti-
cides include herbicides, insecticides, fungicides, molluscicides, ovicides, acaricides, ro-
denticides and nematicides. The most used are fungicides, insecticides and herbicides [1].
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The extensive use of pesticides is one of the main sources of toxic compound expo- 41
sure in the general population, posing a significant environmental toxicology problem [2, 42
3]. 43

These chemical agents are designed to eliminate organisms that are considered harm- 44
ful. However, they can interfere with multiple biological processes in humans, particu- 45
larly if exposure is chronic or involves a mixture of different products [4]. 46

Various studies have demonstrated that the action of pesticides occurs via mecha- 47
nisms such as oxidative stress, altered cholinergic neurotransmission, endocrine disrup- 48
tion, and genotoxic damage [5-7]. 49

The consequences of this exposure are wide-ranging. They can include acute mani- 50
festations, such as respiratory or neuromuscular poisoning, as well as chronic effects as- 51
sociated with neurodegenerative pathologies and reproductive disorders [4,8]. 52

Studies have also documented the cumulative toxic effects of pesticides on health 53
and on non-target organisms. They have also shown that pesticide bioaccumulate and are 54
associated with endocrine disruption and chronic diseases in exposed human populations 55
[8,9]. 56

Advances in molecular biology and microbiology have led to the recognition that 57
intestinal permeability and the gut microbiota play a key role in systemic health and the 58
development of various diseases. Gut microbiota play a fundamental role in maintaining 59
homeostasis and human health by performing protective, structural and metabolic func- 60
tions that are essential for physiological balance. These include the production of bioactive 61
metabolites, immune regulation and the maintenance of epithelial barrier integrity [10,11]. 62

The intestinal mucosal layer acts as the body's first line of defense, balancing mucus 63
secretion and bacterial degradation to limit exposure to antigens and pro-inflammatory 64
molecules. Additionally, certain bacterial communities reinforce the tight junctions be- 65
tween epithelial cells, thereby preventing macromolecules and endotoxins from entering 66
the bloodstream [12]. 67

Its main contributions include modulating the immune system, regulating the gut- 68
brain axis, synthesizing vitamins and bioactive metabolites, protecting the intestinal bar- 69
rier, and facilitating peristaltic transit [13,14]. 70

Through these mechanisms, the gut microbiota influences the immunoinflammatory 71
response, energy metabolism, and neuroendocrine communication, establishing itself as 72
a determining factor in the overall health of the individual [15]. 73

Alteration of the gut microbiota (dysbiosis) has been associated with increased sus- 74
ceptibility to gastrointestinal, metabolic, cardiovascular and neurodegenerative diseases, 75
as well as autoimmune and neoplastic diseases. Microbial imbalance can contribute to 76
both systemic inflammation and immune dysfunction [16,17] and pathologies of toxic 77
origin [18]. 78

In this regard, microbiota not only acts as a modulator of digestive health, but also 79
as a mediator of the toxic response to environmental xenobiotics, by participating in their 80
biotransformation and partial detoxification, which is an emerging area of great interest 81
for contemporary toxicology [19-24]. 82

Various studies have documented the disruptive effects of organophosphate, carba- 83
mate and neonicotinoid pesticides on the intestinal epithelium and microbiota [25-27]. 84

These agents can alter the structure of bacterial communities, change intestinal per- 85
meability and create a pro-inflammatory state linked to oxidative stress and mitochon- 86
drial dysfunction [28,29]. 87

These alterations are linked not only to an increased risk of chronic diseases in adults, 88
but also to transgenerational effects, given that exposure during pregnancy can negatively 89
impact fetal development through epigenetic and microbiological mechanisms [30-32]. 90
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Although regulations have been implemented to reduce exposure levels, the persis- 91
tence of certain organochlorine compounds and the use of pesticides in poorly controlled 92
environments continue to pose significant risks to public health [33]. 93

In this context, this article systematically reviews the available scientific evidence on = 94
the effects of pesticides on human and animal health, analyzing the main toxicological 95
mechanisms involved and their clinical repercussions. 9

The objective of this systematic review is to evaluate and synthesize the available 97
scientific evidence on the effects of exposure to pesticides used in agricultural production 98
on human health, integrating results from experimental and observational studies—both 99
in humans and in animal models with biological and physiological similarities —with spe- 100
cial attention to physiological, neurological and metabolic alterations and disruption of 101
the gut microbiota. It also aims to identify the main toxicological mechanisms involved 102
and their possible relationship with the development of chronic diseases, to provide an 103
updated and well-founded overview to guide future research and public health policies. 104

The PICO format was used to establish the research question. 105

P (Population/Participants): Humans exposed to pesticides used in agricultural pro- 106
duction, as well as animal models with genetic, biological or behavioral similarities to 107
humans. 108

I (Intervention/Exposure): Acute or chronic exposure to pesticides, whether through 109
occupational, environmental or dietary contact. 110

C (Comparator): Populations or animal models not exposed or with minimal levels 111
of exposure to pesticides. 112

O (Outcomes): Physiological, neurological and metabolic alterations and changes in 113
the gut microbiota, including modifications in the permeability of the intestinal barrier 114
and its relationship with the development of chronic diseases. 115

Thus, the research question is as follows: What are the physiological, neurological, 116
metabolic, and microbiological effects associated with exposure to agricultural pesticides 117
in humans and comparable animal models, according to the available scientific evidence? 118

In order to delimit and systematize the scientific evidence available regarding this 119
question, the use of systematic reviews is proposed. These types of studies constitute a 120
rigorous and objective summary of the existing scientific literature on a given topic, inte- 121
grating multiple individual studies into a single document that has been critically evalu- 122
ated by experts. Systematic reviews also provide the best available evidence to inform 123

decisions in clinical practice. 124
2. Materials and Methods 125
2.1. Research design 126

A systematic review of the available scientific literature was conducted, following 127
the guidelines of the PRISMA (Preferred Reporting Items for Systematic Reviews and 128
Meta-Analyses) statement, with the aim of ensuring transparency, reproducibility, and 129
methodological rigor in the identification, selection, and analysis of studies. 130

The process included several clearly defined phases: initially, an exhaustive search 131
was carried out in relevant scientific databases, using keywords and MeSH terms related 132
to pesticides, human exposure and health effects. Subsequently, predefined inclusionand 133
exclusion criteria were applied, selecting studies that provided direct evidence on the re- 134
lationship between exposure to pesticides and physiological, metabolic or neurological 135
alterations in humans and animal models. 136

Once the eligible studies were identified, relevant data were extracted, including in- 137
formation on the pesticide, study design, population, health alterations, outcome varia- 138
bles, main findings, and conclusions. All studies underwent a critical quality assessment, 139
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considering factors such as risk of bias, internal and external validity, and consistency of 140
reported results. 141

Finally, the results were synthesized in a structured manner, integrating quantitative 142
and qualitative evidence to provide a comprehensive and objective view of the impact of 143
pesticides on human and animal health, and to inform recommendations for public health 144
prevention and risk mitigation of developing diseases related to the consumption and ex- 145
posure to these substances. 146

2.2. Search strategy 147

A comprehensive search of scientific literature published between 2018, and the pre- 148
sent day was conducted in the Medline/PubMed, Embase and Web of Science databases. 149
The aim was to compile the most relevant information available on the relationship be- 150
tween exposure to pesticides and health. To ensure consistency in the evaluation and anal- 151
ysis of the evidence, only articles published in English were considered. 152

Initially, the search was conducted by combining key concepts with the Boolean op- 153
erators AND and OR. The initial search algorithm was established with the terms “pesti- 154
cides”, “disease” and “illness”, resulting in the following syntax: (“pesticides”) AND 155
(“disease” OR “illness”). 156

As no sufficiently relevant results were found, the search was directed towards liter- 157
ature related to gut microbiota, using the syntax: (“pesticides”) AND (“disease” OR “ill- 158
ness” OR “gut microbiota”). This strategy generated many results, although they were 159
very heterogeneous in relation to the topic of interest. Finally, the search was refined to 160
focus specifically on the relationship between pesticides and gut microbiota, using the 161
final syntax: (“pesticides”) AND (“gut microbiota”). 162

To ensure the highest quality and level of scientific evidence, only systematic reviews 163
corresponding to Level I evidence were included. These reviews integrate the findings of 164
all relevant randomized clinical trials and have been critically reviewed by experts in the 165
field. 166

This review was conducted in two phases, from late June to late August 2024 and 167
from late January to mid-May 2025. A systematic and structured procedure was followed 168

to ensure the results obtained were comprehensive and valid. 169
2.3. Eligibility criteria 170
The inclusion criteria were as follows: 171
- Articles that were systematic reviews (Level I) 172
- Systematic reviews written in English 173
- Systematic reviews with full text available 174
- Systematic reviews relating to health alterations associated with pesticides use 175
- Systematic reviews of experimental studies conducted with rats and mice 176
The exclusion criteria were as follows: 177
- Systematic reviews containing evidence relating to persistent organic pollutants 178

- Systematic reviews containing evidence relating to metals 179
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- Systematic reviews containing hormone-disrupting substances 180
- Systematic reviews containing plastic substances 181
- Systematic reviews containing other substances not found among the group of 182
pesticides used in traditional agriculture 183
- Systematic reviews conducted on birds or animals that differ greatly from the 184
characteristics of the human organism 185
2.4. Article selection 186

First, an initial search was conducted using the algorithms described in the 'Search 187
strategy' section above. The aim was to estimate the volume of existing publications and 188
compile the most relevant information to answer the research question. 189

Next, the articles relevant to this study were identified using the established inclu- 190
sion and exclusion criteria. This phase involved reviewing titles and abstracts to deter- 191
mine the relevance of each publication. 192

Subsequently, a more detailed screening was carried out by accessing the full text of 193
the preselected articles. 194

Each document was read to assess its suitability, with those that did not fit the central 195
theme of the review or lacked relevant conclusions being discarded. 196

Finally, the studies included in the review were selected in accordance with the meth- 197
odological recommendations of Galarza and Cruz (2024) [34] to ensure rigor and con- 198
sistency in the selection process. 199

2.5. Data Extraction 200

The following variables were extracted from the selected articles as relevant: authors, 201
year of publication, pesticide, sample and/or type of study, results and conclusions. Only 202

relevant information was considered, and duplication of findings was avoided. 203
3. Results 204
3.1. Results of the study selection 205

The initial search using the algorithm (“pesticides”) AND (“disease” OR “illness” OR 206
“gut microbiota”) produced 10.850 results. This was then refined using the syntax “pesti- 207
cides” AND “gut microbiota”, reducing the number of studies identified to 350 articles. 208
After applying the previously defined eligibility criteria, 22 studies were selected for re- 209
view. 210

These articles were then screened in detail, with 10 being excluded for not precisely 211
matching the theme of this study and 5 for lacking conclusive results. Consequently, seven 212
articles were finally included in the systematic review. The entire selection process is rep- 213
resented in the corresponding flow chart (Figure 1). 214

Of the seven studies selected, three were conducted in the United States and fourin 215
Europe. The main characteristics and most relevant data from these studies are presented 216
in Table 1. 217

218
219
220
221
222
223
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Figure 1. Flowchart for study selection.

Table 1. Extraction of relevant data and main results from systematic review articles.

275
276
277
278
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AUTHOR PESTICIDE SAMPLE CHANGES IN THE | RESULTS CONCLUSIONS
YEAR AND/OR TYPE | INTESTINAL MI-
OF STUDY CROBIOME/BRAIN
DISORDERS

Yue, Y. etal. | Insecticide (3-HCH) Human mothers Weight loss in offspring. This study concludes that prenatal exposure
2024 Insecticide (Mecarbam) | Human mothers Weight loss in offspring. to pesticides induces changes in the gut mi-

Herbicide (Ammonium

glufosinate)

Father mice

Behavioral abnormalities.

Insecticide  (Combina-
tion of boscalid,

captan, chlorpyrifos,
thiacloprid,

thiophanate, and ziram)

Father mice

Obesity and metabolic disorders.

Insecticide
fos)

(Chlorpyri-

Rat offspring

Hyperlipidemia and hypergly-
cemia in female offspring.
Changes in rat behavior when
faced with new situations.
Changes in glutamine function
and GABA signaling in the
amygdala.

Mouse offspring

Interference with developing

neurones.

Insecticide (Nitenpyram

Parent mice

Decrease in serum glucose in fe-

male offspring.

Fungicide (Pro-

cymidone)

Progenitor rats

Metabolic disorders. Neurologi-

cal impairments throughout life.

crobiome that lead to intestinal dysbiosis,
impacting health and behavior, affecting key
bacterial strains and contributing to condi-
tions such as weight fluctuations, energy ho-
meostasis and neurobehavioral symptoms
like autism. Low body weight and modifica-
tions in bacterial genes associated with car-
bohydrate and lipid metabolism have been
identified, as well as behavioral abnormali-
ties in offspring. Obesity, metabolic disor-
ders, alterations in immunity and inflamma-
tion have also been observed. These findings
underscore the importance of investigating
the effects of pesticides on the microbiome
and their role in the development of meta-

bolic and neurological diseases.

]. Xenobiot. 2025, 15, x

https://doi.org/10.3390/xxxxx
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Parent mice

Metabolic disorders. Neurode-
velopmental disorders in sex-de-

pendent offspring.

Insecticide (Fenvalerate)

Parent mice

Increased  intrauterine  wet
weight. Increased height of lu-
minal epithelial cells. Increased
LH.

Insecticide (Dichlorodi-

phenyltrichloroethane)

Parent mice

Neurodevelopmental defects in

male mice.

Insecticide (Cyperme-
thrin)

Parent mice

Hearing impairments that de-

velop slowly over time.

Fungicide (Triticona-

zole)

Progenitor rats

Alteration of endocrine effects.
Changes in the genome tran-
scription of the external genitalia

of the male fetus.

Fungicide (Flusilazole)

Progenitor rats

Alteration of endocrine effects.

Insecticide (Chlor-

decone)

Parent mice

Defects and reduction in sperm

count.

Herbicide (Glyphosate)

Progenitor rats

Prostate disease, obesity, kidney
disease, ovarian disease, and
birth abnormalities.

Changes related to inflammation
and oxidative stress genes in the

cortex and cerebellum of off-

spring.

Herbicide (paraquat)

Baby mice

Increased weight in adults

among descendants.
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Herbicide (ammonium

Parent mice

Abnormal behaviour.

glufosinate)
Insecticide (permethrin) | Baby mouse Negative impact on gut

microbiota
Insecticide (endosulfan) | Parent mice Metabolic disorders. Obesity.
Insecticide (chlorpyri- Parent rats Negative impact on gut | Bacterial translocation in the
fos) microbiota liver and spleen. Lower birth

Profound changes in
the microbiome of the

caecum

rate.

Mouse offspring

egative impact on gut

microbiota

Dysbiosis at an early age in the

intestinal membrane.

Rat offspring

Microbiome modifica-

tions

Hyperlipidemia in female off-
spring. Hypoglycemic altera-
tions in female offspring. Altera-
tions in rat behavior in new situ-
Reduced

sponse in females. Asthma.

ations. immune re-

Insecticide (Niten-

Parent mice

Decrease in blood glucose in fe-

nant women

pregnant women living less than
2000 meters from places where

herbicides are used.

Sprague-Daw-

ley rats

Changes in maternal
behavior. Changes in

neural plasticity.

Perinatal exposure leads to

changes in the behavior of rat off-

spring.

pyram) male offspring.
Yang, Y. etal. | Glyphosate Case-control Increased risk of autism spec- | This study establishes a link between altera-
2023 study of preg- trum disorder in offspring of | tions in the gut microbiome and autism

spectrum disorder. Exposure to pesticides
causes dysbiosis in gut microbiota and neu-
rodevelopment, contributing to neurologi-
cal defects and behavioral alterations. In
summary, dysbiosis of the gut microbiome

is a crucial factor in the symptoms of autism
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ddY mice Cognitive impairment. | Behavioral abnormalities like au-
Social interaction im- | tism spectrum disorder in the
pairment offspring of male mice.

Swiss mice Deficit in social inter-

action. Repetitive ste-
reotypical behavior.
Morphological
changes in glial cells
residing in the brain.
Reduction in blood-
brain barrier permea-
bility. Alteration in
acetylcholinesterase

activity.

Chlorpyrifos

Case-control
study of preg-

nant women

Exposure in mothers positively
correlates with autism spectrum

disorder in offspring.

Cohort study
pregnant

women

Inverse association between pre-
natal exposure and domain-spe-
cific neuropsychological devel-

opment in children at 12 months.

Cohort study
pregnant

women

Increased autistic traits in 11-
year-old children with prenatal

exposure.

Case-control
study of preg-

nant women

Increased risk of autism spec-
trum disorder in offspring of

mothers exposed during the

spectrum disorder related to pesticides ex-

posure.
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second or third trimester of preg-

nancy.

Case-control
study of preg-

nant women

Higher risk of autism spectrum
disorder with greater exposure

during pregnancy.

Sprague-Daw-

Existence of behaviors typical of

ley rats autism spectrum disorder phe-
notypes (impaired social com-
munication and confined and re-
petitive behavior).

BTBR mice Exposure during prenatal devel-

opment promotes the existence
of behavioral traits typical of au-
tism spectrum disorder, includ-
ing impairments in social and
communication domains (altera-
tions in ultrasonic vocalization
and high levels of repetitive be-

haviors).

Wistar rats

Hypermobility and
stress-related hyper-
mobility. Hypo- or hy-
persensitisation of the
cholinergic and GA-
BAergic systems. In-
creased transcription
of the GABA-A-A2
subunit and M2

Communication deficits similar
to those seen in autism spectrum

disorder.
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receptor genes. Inhibi-
tion of acetylcholines-
terase activity. Stimu-
lation of pituitary hor-
mone release. Systemic
inflammation (TNER).
Decreased responsive-
ness to social novelty
in adulthood.

C57BL/6 mice

Exposure during prenatal devel-
opment is associated with long-
term negative effects on social
behavior and decreased explora-

tion of unfamiliar items.

C57BL/6 mice

Exposure during prenatal devel-
opment caused impairments in
social behavior and excitatory-

inhibitory balance.

Fmr1-KO rats

Exposure during development
led to exacerbation of a pheno-
type like autism spectrum disor-
der.

Pyrethroids

Case-control
study of preg-

nant women

Exposure during the third tri-
mester was associated with an
increased likelihood of present-
ing symptoms of autism spec-

trum disorder.
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Cross-sectional
study of preg-

nant women

Higher levels of pyrethroids in
urine were associated with an in-
creased risk of autism spectrum

disorder in offspring.

Case-control
study
pregnant

women

Prenatal exposure was associ-
ated with an increased risk of au-

tism spectrum disorder.

Wistar rats

Loss of dopaminergic

neurons in the substan-

tia nigra.
C57BL/6 mice Neuronal inflamma-
tion.

Imidacloprid Case-control Increased risk of autism spec-
study trum disorder in offspring in
pregnant 30% of cases.
women

Diazinon C57BL/6 mice Decreased regulation

of neurotransmitters.

Glufosinate ICR mice Impaired motor activ-

ammonium ity. Behaviors similar

to autism spectrum
disorder. Impaired
short-term memory

formation.

Gambarte, P.
C. K &

Organophosphate insec-

ticides

Kunming male

mice

Alteration of the com-

position of the

This study has confirmed the existence of al-

terations in the gut microbiome that lead to
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Wolansky,
M.]J.
2022

(Chlorpyrifos)

microbiota and meta-

bolic pathways

Male Wistar rats

Alteration of the com-
position of the micro-
biota. Increase in

the abundance of op-

portunistic pathogens.

Microbiota alterations are associ-
ated with obesity, diabetes phe-
notypes, and alterations in pan-
creatic islet cells. Alteration of
the mechanism responsible for
controlling the inflammatory re-
sponse. Micro- and macrostruc-

tural alterations in the right in-

testine.
Organophosphate insec- | C57BL/6 mice Changes in the compo- | Changes in the functional meta-
ticides (Diazinon) sition of the gut micro- | genome and metabolic path-
biome. ways. Differences are observed
depending on the sex of the
mouse.
Organophosphate insec- | Rats, CFT- Changes in the compo- | Functional and morphological
ticides (Monochroto- Wistar sition of the gut micro- | changes in the intestine.
phos) biome.

Mice, BALB/c Changes in the compo- | Changes in the expression of
sition of the gut micro- | genes related to metabolic path-
biome. ways, glucose intolerance and

pesticide biotransformation.
Carbamate insecticide | C57BL/6 mice Alteration of the com- | Specific changes throughout ex-
(Aldicarb) position of the microbi- | posure in the microbiome for

ota.

each genus of bacteria.

a reduction in beneficial bacteria and an in-
crease in harmful bacteria, causing intestinal
dysbiosis. Obesity, diabetes, alterations in
the inflammatory response, changes in the
genome, and morphological and functional
changes in the intestine have been identified
as a consequence of pesticides use. Altera-
tions in gene expression related to metabolic
pathways, glucose intolerance, and pesticide
biotransformation have also been demon-
strated.




J. Xenobiot. 2025, 15, x FOR PEER REVIEW

9 of 28

Pyrethroid insecticide

(Permethrin)

Male Wistar rats
and lactating

offspring

Alteration of the com-
position of the microbi-

ota.

Reduction in beneficial bacterial
genera and increase in non-bene-
ficial bacterial genera compared

to the control.

Systemic fungicide

ICR male mice

Changes in the compo-

(Propamocarb) sition of the gut micro-

biome 7 days after the

start of oral exposure.
Fungicide ICR male mice Alteration of the micro- | Increase in harmful bacteria and
carbamate biome composition af- | decrease in beneficial bacteria.

benzimidazole (Carben- ter 7 days.
dazim) Male C57BL/6 Alteration of the micro- | Increases and decreases in rela-
mice biome composition af- | tive abundance depending on
ter 7 days. bacterial gender (beneficial and
harmful).
Fungicide Female Spra- Alteration of the micro- | Increases and decreases in rela-

triazole compounds

gue-Dawley rats

biome composition.

tive abundance depending on

(Epoxiconazole) bacterial genus.

Herbicide Sprague-Daw- Gut microbiota dysbio-

Organophosphate ley rats sis and sex-dependent

(Glyphosate) effects at all doses ex-

amined.
Herbicide phenoxyacetic | Male C57BL/6 Increase and decrease in relative
acid (2,4 D) mice microbial abundance based on
bacterial genus.

Djekkoun, Organophosphates Rats Higher number of No impact or increase in body | This study has shown that exposure to pes-
N. et al. (Chlorpyrifos) harmful bacteria. weight in adults. Low body mass | ticides modulates bacterial populations, im-
2021. Lower number of and short body length at birth. | pacting the health of the host. Intestinal
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beneficial bacteria.
Increase in potentially
pathogenic flora. De-

crease in beneficial

Changes in plasma glucose lev-
els and lipid profile. Significant
difference in body weight.

flora
Mice Increase in potentially | Abnormal permeability.
pathogenic flora. De-
crease in beneficial
flora.
Organophosphates (Dia- | Mice Altered  microbiome | Impaired energy metabolism.
zinon) composition. Male animals are more suscepti-
ble to abnormal translocation.
Reduced body weight gain.
C57BL/6 mice Increase in potentially | Significant increase in body, liver
pathogenic flora. De- | and epididymal fat. Increase in
crease in beneficial | serum TG and glucose levels.
flora.
Organophosphates Mice Increase in potentially | Increased blood sugar levels.
(MCP) pathogenic flora. Glucose intolerance.
Organochlorines (TCDF) | Rats Decrease in beneficial | It causes inflammation and alters
flora. hepatic lipogenesis, gluconeo-
genesis, and glycogenolysis.
Organochlorines (DDT) | Rats Increase in potentially | Increased weight gain. Increased

pathogenic flora. De-
crease in Dbeneficial

flora

fasting glucose and insulin. Dis-

turbed lipid metabolism.

dysbiosis induced by these compounds is
associated with alterations similar to those
observed in metabolic syndrome, where
bacterial translocation, increased intestinal
permeability and microbial dysmetabolism
generate low-grade inflammation. These
mechanisms contribute to imbalances in en-
ergy homeostasis and increase the risk of de-
veloping chronic inflammatory diseases. It
has been demonstrated that various pesti-
cides can induce endotoxemia, mucosal per-
meability, and proinflammatory activation,
leading to systemic inflammatory responses.
Alterations in microbial substrates in the in-
testine have also been observed, leading to
changes in short-chain fatty acid profiles
and altering energy collection through tar-
geted dysbiosis, reinforcing their role in
metabolic disruption and the development
of chronic inflammatory pathologies.

Pesticides alter the gut microbiome, influ-
ence energy metabolism and promote low-
grade inflammation. They also impact on
metabolic health and the development of

chronic diseases.
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Organochlorines (PCP) | Female mice Increase in potentially | Reduction in body weight.
pathogenic flora. De-
crease in beneficial
flora.
Benzimidazoles (CBZ) Mice Increase in potentially | Accumulation of liver lipids.
pathogenic flora. De- | Increase in TG, cholesterol, HDL,
crease in beneficial | and LDL.
flora.
Utembe, W. | Data collected in other | Case-control Glyphosate. This study confirms the existence of cogni-
& reviews. studies in hu- Chlorpyrifos. tive deficits, motor dysfunction, stress-re-
Kamng'ona, mans. Pyrethroids. lated hypermobility, social interaction dys-
A W. Cohort studies Imidacloprid. function, reduced responsiveness to social
2021 in humans. Diazinon. novelty in adults, short-term memory im-
Rats. Ammonium glufosi- pairment, changes in maternal behavior,
Mice. nate. and neural plasticity along with repetitive

stereotypical behavior. Behaviors similar to
those of autism spectrum disorder are ob-
served. In addition, morphological changes
in glial cells residing in the brain and re-
duced blood-brain barrier permeability are
confirmed. There are also changes in the
levels of short-chain fatty acids in the brain,
along with negative regulation of neuro-
transmitters. Alteration of acetylcholines-
terase activity, implying its inhibition.
Hypo- or hypersensitization of cholinergic
and GABAergic systems. Loss of dopamin-

ergic neurons in the substantia nigra and
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neuronal inflammation. There is also evi-
dence of increased transcription of the
GABA-A-A2 subunit and M2 receptor
genes, along with stimulation of pituitary
hormone release (TNF-q, etc.). There is also
increased oxidative stress, which promotes

ageing and chronic diseases.

Meng, Z. et
al.
2020

Organophosphate insec- | Mice Disorders of the com- | Altered genes involved in
ticide (Malathion) position of the gut mi- | quorum sensing, increased mo-
crobiota. tility, pathogenicity, and genes
related to cell wall components.
Organophosphate insec- | Mice Alterations in the gut | Metabolic profile disorders.
ticide (Diazinon) microbiota.
Organophosphate insec- | Mice Intestinal  inflamma- | Insulin resistance and obesity.
ticide (Chlorpyrifos) tion and abnormal per-
meability.
Rats Delayed maturation of the diges-
tive tract.
Organophosphate insec- | Rats Weight gain and lipid accumula-
ticide (Dichlorodiphe- tion.
nyltrichloroethane)
Pyrethroid insecticide | Baby rats Dyskinesia and intestinal dis-
(Permethrin) ease.
Benzimidazole  fungi- | Mice Lipid metabolism disorder and

cide (Carbendazim)

inflammation.

Lipid metabolism disorder and

inflammation.

This work leads us to understand that expo-
sure to pesticides can modify the composi-
tion of the gut microbiome, which, in turn,
alters the production and function of its key
metabolites. Metabolic profile disorders, in-
sulin resistance, and obesity have been iden-
tified. Exposure to these substances can neg-
atively affect health, especially the digestive
system and metabolism. It has been proven
that an initial impact on the delayed matura-
tion of the digestive tract influences nutrient
absorption and promotes weight gain and li-
pid accumulation. This imbalance in lipid
metabolism generates inflammation, which
interferes with bile acid metabolism and can
cause enterohepatic disorders, increasing
the risk of cardiovascular disease. In addi-
tion, chronic colon inflammation and liver
toxicity aggravate overall health, reflecting

metabolic disorders and alterations in
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Systemic fungicide Mice Disorders of lipid and bile acid | digestive function. These effects underscore
(Propamocarb) metabolism. the importance of understanding the inter-
Disorders of enterohepatic me- | actions between the gut microbiome and
tabolism and possible cardiovas- | metabolism and environmental factors in
cular disease. the development of chronic diseases.
Systemic fungicide that | Mice Colon inflammation.
inhibits ergosterol
(Imazalil)
Systemic fungicide Rats Hepatic toxicity.
containing triazole com-
pounds (Epoxiconazole)
Systemic fungicide com- | Mice Intestinal microbiota | Metabolic profile disorders.
posed of Triazole (Pen- disorders.
conazole and its enantio-
mers)
Yuan, X. etal. | Data collected in other | Human body This work leads us to conclude that pesti-
2019 reviews. fluids. cides can alter the composition of the gut mi-
Mice. crobiome and its metabolites. It also sug-
NOD mice. gests that changes in the gut microbiome
Adult male and metabolites can cause adverse effects in
C57BL/6 mice. the host, in the transduction of extracellular
Sprague-Daw- signals from the plasma membrane to the
ley rats. cell and along the intracellular chain to stim-
Randomized ulate the cellular response. Different bile ac-
study. ids can bind to different receptors, which
Pregnant can lead to atherosclerosis, hepatic lipid me-
women. tabolism disorders, and dysbiosis due to fat

accumulation.
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Prospective ran-
domized study,
mother-baby
pairs.
Double-blind,
placebo-con-
trolled, random-
ized study in
patients with
type 2 diabetes.
Case-control
study in hu-

mans.

Short-chain fatty acids derived from micro-
bial fermentation of fibre can inhibit histone
deacetylases and serve as energy substrates
by directly activating G protein-coupled re-
ceptors. The action of short-chain fatty acids
on the GPR receptor in fat cells can cause
dysbiosis due to fat accumulation. In addi-
tion, innate immune cells activated by endo-
toxic bacteria can release various pro-in-
flammatory cytokines, inducing low-grade
inflammation and even neuronal inflamma-
tion.

The alteration of the intestinal microbiome
balance and increased intestinal permeabil-
ity due to pesticide absorption are potential
risk factors for increasing the entry of mole-
cules with higher molecular weight, leading
to an inflammatory response and, ulti-
mately, low-grade inflammation.
Furthermore, the action of short-chain fatty
acids in the brain can affect appetite and is
therefore associated with obesity and diabe-
tes. In short, pesticides can act on intestinal
microbes, affect their metabolites, and de-
stroy the mucosa and intestinal cells. These
changes cause pathological changes by act-
ing on receptor sites in different tissues and

organs.
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3.2. Results of the effects of pesticides exposure on humans

Research conducted on human populations has shown that exposure to pesticides
during pregnancy can have adverse effects on fetal development, including, among other
things, a decrease in birth weight. A significant association has also been identified be-
tween pregnant women living less than 2.000 meters from areas where these compounds
are used and an increased risk of their offspring developing autism spectrum disorders.
This risk intensifies depending on the degree of exposure, being particularly notable dur-
ing the second and third trimesters of pregnancy, with an estimated increase of 30%. Sim-
ilarly, an inverse relationship has been described between prenatal exposure to pesticides
and child neuropsychological development, manifested in the appearance of autistic traits
in 11-year-old children who were exposed in utero.

Furthermore, scientific evidence indicates that exposure to these chemicals is associ-
ated with various metabolic disorders, such as insulin resistance, type 2 diabetes mellitus,
dyslipidemia, dysfunction in the biotransformation of chemical compounds, atheroscle-
rosis, obesity and hepatic lipid metabolism disorders. Likewise, the existence of intestinal
dysbiosis linked to the accumulation of adipose tissue has been documented. Added to
this is the activation of the inflammatory response, mediated by the release of pro-inflam-
matory cytokines, together with alterations in the functionality of the immune system.

In relation to the intestinal microbiome, exposure to pesticides has been observed to
cause microbial imbalances and dysbiosis, leading to increased intestinal barrier permea-
bility and generating multiple adverse effects on individual health.

3.3. Results of the effects of pesticides exposure in animal models
3.3.1. Effects of exposure in rats

Experimental studies conducted on rats have revealed a wide variety of physiological
alterations resulting from exposure to these products. In the nervous system, there has
been an increase in the activity of excitatory pathways, accompanied by a decrease in in-
hibitory activity, as well as the loss of dopaminergic neurons in the substantia nigra. At
the endocrine and metabolic level, an increase in basal insulin levels has been docu-
mented, along with liver dysfunction affecting essential processes such as lipogenesis,
gluconeogenesis and glycogenolysis, leading to manifestations of liver toxicity. Likewise,
increases in body weight, obesity, a higher prevalence of phenotypes compatible with
type 2 diabetes mellitus, and alterations in the pancreatic islets, characterized by lipid ac-
cumulation, have been observed.

From an immunological perspective, exposure to these compounds is associated with
a decrease in immune response and alterations in the mechanisms regulating inflamma-
tion. At the intestinal level, both structural and functional changes have been described,
including micro- and macro-anatomical alterations located in the right intestine, a reduc-
tion in beneficial bacterial genera, the proliferation of potentially pathogenic species, and
the establishment of a state of dysbiosis in the intestinal microbiota. In addition, the results
show differences in the response to exposure based on sex, present at all doses evaluated.

Taken together, these findings suggest that exposure to pesticides could compromise
the homeostasis of the nervous, endocrine, immune, and gastrointestinal systems, under-
scoring the importance of further evaluating their effects on human health and extending
the findings to humans.
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325
3.3.2. Effects of gestational exposure to pesticides on rat offspring 326

Research conducted on rat pups whose mothers were exposed to pesticides during 327
pregnancy has revealed multiple metabolic, neurological and developmental abnormali- 328
ties. Metabolically, hyperlipidemia and hyperglycemia have been observed in female off- 329
spring, while neurologically, persistent dysfunction has been observed throughout their 330
lives. In male fetuses, changes in gene transcription in the external genitalia have been 331
reported, along with an increased susceptibility to prostate disease, obesity and kidney 332
disease. 333

The development of the digestive system is also compromised, with delayed matu- 334
ration of the gastrointestinal tract, dyskinesia and the onset of various intestinal diseases. 335
Regarding the reproductive system, ovarian alterations and abnormalities during the 336
birthing process have been documented. Likewise, at the neuroinflammatory and cellular 337
level, prenatal exposure is associated with changes in the inflammatory response and in 338
the expression of genes involved in oxidative stress, particularly in brain regions such as 339
the cortex and cerebellum. 340

Similarly, behavioral alterations have been identified in offspring, especially in their 341
ability to respond to novel situations, manifesting exacerbated phenotypes similar to those ~ 342
observed in autism spectrum disorder. Taken together, these results consolidate the evi- 343
dence that prenatal exposure to pesticides can have persistent adverse effects on the de- 344

velopment and physiological functionality of offspring. 345
346
3.3.3. Effects of exposure on mice 347

Research conducted on mice has shown that exposure to pesticides induces signifi- 348
cant alterations in the composition and functionality of the gut microbiome, characterized 349
by states of dysbiosis and increased intestinal barrier permeability. In the metabolic 350
sphere, there has been evidence of impaired energy metabolism, accompanied by a de- 351
crease in weight gain in both sexes, reduced body weight in females, and abnormal bac- 352
terial translocation phenomena. Likewise, increases in blood glucose, glucose intolerance, 353
hepatic lipid accumulation and alterations in the lipid profile have been observed, includ- 354
ing elevations in triglyceride, total cholesterol, HDL and LDL levels. 355

From a genetic and microbiological perspective, exposure to these compounds affects 356
quorum sensing regulation, promoting an increase in bacterial motility and pathogenicity, 357
as well as modifications in the expression of genes linked to cell wall structure and pesti- 358
cide biotransformation. Similarly, alterations in enterohepatic metabolism, variations in 359
bile acids, insulin resistance and an intensification of systemic inflammatory processes 360
have been documented, all of which are associated with an increased risk of developing 361
cardiovascular disease and colitis. 362

At the level of the central nervous system, deregulation in the synthesis and release 363
of neurotransmitters has been observed, along with neuronal inflammation, deterioration 364
of locomotor activity, alterations in short-term memory, and the manifestation of behav- 365
iors like those observed in autism spectrum disorder. 366

In terms of body composition, males show greater susceptibility to abnormal trans- 367
location, as well as a significant increase in the accumulation of body, hepatic and epidid- 368
ymal fat. Increases in serum triglyceride and glucose levels have also been reported, as 369
well as an accentuation of glucose intolerance. At the same time, changes in gene expres- 370
sion associated with metabolic pathways and glucose processing have been identified. 371

Taken together, these findings indicate that pesticides exposure has a multisystemic 372
impact, compromising energy metabolism, immune homeostasis and neurological func- 373
tion, with effects that differ according to sex and duration of exposure. 374
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4. Discussion 375

The main objective of this study was to analyze the existing scientific evidence on the 376
effects that pesticides can have on humans. To this end, a review was conducted of em- 377
pirical research carried out on human populations and experimental studies on animal 378
models that share genetic, biological and behavioral characteristics with humans. This 379
methodological approach allows us to anticipate the possible effects of pesticides on hu- 380
mans, considering environmental conditions comparable to those used in experimental 381
studies with animals. 382

Based on the analysis of the scientific literature reviewed in this study, it can be con- 383
cluded that exposure to pesticides in humans, particularly during pregnancy, is associated 384
with adverse effects on fetal development, metabolism and immune system function. 385
These effects include significant alterations in the neurological and metabolic systems, as 386
well as in the body's immune defense mechanisms. 387

Likewise, the decrease in birth weight, considered a risk marker for neonatal devel- 388
opment and health, is particularly relevant. This finding is of great importance, given that 389
low birth weight has been linked to increased susceptibility to chronic cardiovascular, 390
metabolic, and neurological diseases throughout the life cycle, a phenomenon that has 391
also been documented in animal model studies. 392

The evidence suggests that the relationship between exposure to pesticides and re- 393
duced birth weight could be explained by the interference of these chemical compounds 394
in the normal biological mechanisms of pregnancy, affecting maternal-fetal nutrition and 395
the processes of fetal growth and maturation. 396

On the other hand, it is worth highlighting the association between pesticides expo- 397
sure and an increased likelihood of developing autism spectrum disorders, especially 398
when such exposure occurs during the second and third trimesters of pregnancy. The fact 399
that the risk increases by approximately 30% during these periods suggests that the ob- 400
served effects of prenatal exposure are not a mere coincidence but rather respond to bio- 401
logical mechanisms consistent with the findings obtained in experimental research with 402
animal models. 403

Furthermore, the identification of autism spectrum traits in 11-year-old children ex- 404
posed to pesticides in utero shows that the consequences of such exposure transcend the 405
short term. These effects, which become evident in later stages of child development, have 406
significant implications for long-term neuropsychological and behavioral functioning. 407

Evidence from animal model studies reinforces this relationship, providing experi- 408
mental support that increases the severity of the phenomenon. Thus, not only is the im- 409
mediate well-being of the fetus compromised during gestation, but the individual's cog- 410
nitive, emotional and adaptive functions are also substantially affected during develop- 411
ment and in adulthood. 412

Evidence linking pesticides exposure to insulin resistance, type 2 diabetes mellitus, 413
obesity, and dyslipidemia reveal a characteristic pattern of metabolic disorders affecting 414
a significant proportion of the global population, particularly in Western societies. Insulin 415
resistance is one of the central pathophysiological mechanisms in the development of type 416
2 diabetes and has been associated with low-grade chronic inflammation and increased 417
oxidative stress, both of which have been identified as consequences of the metabolic dis- 418
orders described in experimental studies with rats and mice. These findings suggest that 419
metabolic disorders do not result exclusively from excess calories, but also from a persis- 420
tent inflammatory context that interferes with insulin action and promotes the accumula- 421
tion of adipose tissue in various organs. 422

In relation to liver alterations and lipid accumulation in the liver, the results indicate 423
the possible presence of non-alcoholic fatty liver disease, a condition that is increasing 424
globally and is closely related to obesity and metabolic syndrome. The accumulation of 425
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liver fat, in addition to being a marker of metabolic dysfunction, can predispose individ- 426
uals to the development of more serious lesions, such as fibrosis and liver cirrhosis. 427

The effects of this dysfunction on systemic metabolism should be analyzed in the 428
context of dyslipidemia, given that the liver plays an essential role in regulating lipid me- 429
tabolism and releasing fats into the bloodstream. Taken together, these findings reinforce 430
the need to consider pesticides exposure as a possible contributing factor in etiology of 431
chronic metabolic disorders. 432

Atherosclerosis, characterized by the accumulation of cholesterol plaques in the ar- 433
terial walls, is closely linked to the metabolic disorders described above and is one of the = 434
leading causes of cardiovascular morbidity and mortality worldwide. The interrelation- 435
ship between dyslipidemia, insulin resistance and atherosclerosis shows how alterations 436
in lipid and glucose metabolism can jointly contribute to the development of cardiovas- 437
cular diseases, which remain the leading cause of death in many parts of the world. Stud- 438
ies conducted in animal models have corroborated this association, reinforcing the evi- 439
dence that exposure to pesticides may play a significant role in the genesis of these meta- 440
bolic and vascular alterations. 441

Furthermore, the activation of the inflammatory response and the release of pro-in- 442
flammatory cytokines are key to understanding the systemic impact of exposure to these 443
compounds. Low-grade chronic inflammation is recognized as a common feature in many 444
metabolic diseases and plays a decisive role in the progression of insulin resistance and 445
obesity. Cytokines such as interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) 446
have been widely identified for their ability to interfere with insulin signaling and pro- 447
mote tissue damage. 448

This persistent inflammatory response not only alters metabolism but also exerts ad- 449
verse effects on various organs and tissues, promoting endothelial dysfunction and ag- 450
gravating cardiovascular pathologies. Taken together, these processes reflect a complex 451
interaction between exposure to chemical agents, systemic inflammation, and metabolic 452
alteration, which contributes significantly to the deterioration of cardiovascular health. 453

Intestinal dysbiosis, defined as an imbalance in the composition and function of the 454
gut microbiome, has been shown to be associated with various metabolic disorders, in- 455
cluding type 2 diabetes mellitus, obesity, and liver disease, findings that have also been 456
corroborated in animal models. Dysbiosis promotes increased intestinal permeability, fa- 457
cilitating the translocation of bacterial endotoxins into the systemic circulation. These en- 458
dotoxins activate the immune system, amplifying the inflammatory response, and con- 459
tribute to both insulin resistance and adipose tissue accumulation. 460

In addition, dysbiosis can cause structural damage to the intestine, compromising 461
nutrient absorption and the protective barrier against pathogens. This microbial imbal- 462
ance has been linked to a wide range of disorders, including digestive and metabolic dis- 463
eases, infections, and autoimmune pathologies, reinforcing the hypothesis that exposure 464
to pesticides may have systemic effects that transcend intestinal health. 465

Increased intestinal permeability is being increasingly investigated for its involve- 466
ment in metabolic and autoimmune diseases. Evidence suggests that the gut microbiome 467
plays a central role in regulating metabolism and systemic inflammation. Its alteration can 468
perpetuate a cycle of chronic inflammation that interferes with normal metabolic func- 469
tions, increasing susceptibility to disorders such as obesity, diabetes, and various autoim- 470
mune diseases. 471

Liver damage, together with an increased risk of inflammatory diseases such as coli- 472
tis and cardiovascular pathologies, highlights the negative effect of pesticides on overall 473
health, with a particular impact on essential organs such as the liver and cardiovascular 474
system. 475
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In this context, studies conducted on animal models are essential for understanding 476
the biological and physiological effects of pesticides exposure, as they provide relevant 477
information on the underlying mechanisms that could have implications for human 478
health. The evaluation of effects in rats and mice has revealed a series of physiological 479
alterations affecting multiple biological systems, including the nervous, immune and gas- 480
trointestinal systems. These studies not only identify the direct impacts of pesticides but 481
also anticipate the possible long-term consequences on the health and well-being of or- 482
ganisms, including humans. 483

The findings summarized in Table 1 corroborate the results obtained in empirical 484
research with human populations and highlight the adverse effects of pesticides on adult 485
rats and mice, as well as on their offspring when exposure occurs during gestation. 486

This study has several notable strengths. Notably, it integrates evidence from human 487
studies and animal models, enabling a more comprehensive and robust analysis of the 488
effects of pesticides. The study also takes a multidisciplinary approach, addressing the 489
metabolic, immune, neurological and gastrointestinal systems to provide a comprehen- 490
sive view of the alterations induced by these compounds. The study's clinical and public 491
health relevance is significant, particularly with regard to prenatal exposure and its po- 492
tential long-term consequences. Furthermore, comparing experimental and epidemiolog- 493
ical findings reinforces the biological plausibility of the observed effects. 494

However, the study also has some limitations. Firstly, the available evidence in hu- 495
mans is limited, which makes it difficult to establish definitive causal relationships. Sec- 496
ondly, there is methodological heterogeneity among the reviewed studies. Furthermore, 497
long-term follow-up is lacking in many studies, which limits our understanding of chronic 498
effects. All of these limitations must be considered when interpreting the results. 499

5. Conclusions 500

In summary, the results observed in human studies and supported by trials con- 501
ducted in animal models show that exposure to pesticides is associated with interrelated 502
metabolic, systemic, and immunological effects that compromise overall health. Insulin 503
resistance, dyslipidemia, low-grade chronic inflammation, and intestinal dysbiosis are in- 504
terconnected risk factors that require a multidisciplinary approach for their prevention 505
and management. The analysis of these pathological processes not only provides valuable 506
information on metabolic diseases but also opens research opportunities aimed at inter- 507
vention on the intestinal microbiome and modulation of the inflammatory response as 508
key therapeutic strategies. 509

Furthermore, pesticides have been documented to produce adverse effects on theim- 510
mune system, the nervous system, and the gut microbiome, contributing to the develop- 511
ment of inflammatory, metabolic, and degenerative diseases of the central nervous sys- 512
tem. Exposure during the prenatal period can predispose individuals to chronic diseases 513
in adulthood, as well as to neurodevelopmental disorders, early intestinal dysbiosis, obe- 514
sity, and other metabolic and endocrine disorders. 515

The results highlight the need for public health strategies that reduce pesticide expo- 516
sure in vulnerable populations and strengthen environmental and maternal-child surveil- 517
lance. Interventions aimed at modulating the gut microbiome and systemic inflammation, 518
together with preventive and translational research approaches, could mitigate metabolic, 519
immunological and neurodevelopmental effects, thus protecting human health from the 520
risks associated with these compounds. 521

Interventions are also being considered to reduce exposure to pesticides, especially 522
among vulnerable populations such as pregnant women and children. This includes pro- 523
moting sustainable agricultural practices, regulating the use of chemical compounds, and 524
educational programs on safe handling. It is also essential to strengthen environmental 525
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surveillance and biomonitoring, as well as monitoring maternal and child development,
with the aim of early detection and mitigation of adverse effects on metabolism, the im-
mune system and neurodevelopment.

Taken together, these actions highlight the importance of a multidisciplinary ap-
proach integrating prevention, monitoring and translational research to protect human
health from the risks associated with pesticides exposure.
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