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A B S T R A C T

Over the past few decades, there has been a marked and largely unexplained decline in the mental health and
wellbeing of young people worldwide. While demographic and life context factors such as employment, edu-
cation, economic status, life adversity, socialization habits, and physical activity predict mental wellbeing out-
comes in older adults with high accuracy, their predictive power diminishes significantly in younger generations.
This suggests that additional, underexplored factors are contributing to this decline. One such factor, often
overlooked, is the increasing exposure of children and adolescents to neurotoxic and neuro-disruptive chemicals
in the food and beverages they consume. These include agricultural and industrial chemicals (e.g., pesticide
residues, heavy metals), additives in ultra-processed foods, and packaging-derived contaminants such as
microplastics and bisphenols. Here, we provide a narrative review of the associations between exposure to these
chemicals and adverse neurodevelopmental and mental health outcomes in youth, considering changes in
farming practices, food production, and packaging over recent decades. We also highlight some of the key
research challenges of evaluating these impacts and note the lack of attention from the neuroscience and neu-
roimaging communities. Altogether, the widespread presence of these neurotoxic and neuro-disruptive chemicals
in the body and brain, and growing reports of their adverse impacts on behavior, cognition, and mental health in
young people, points to the potential for progressive degradation of brain function that poses a grave threat to
the future wellbeing of society and underscores the urgent need for increased research, funding, and regulation in
this area.

1. An unexplained decline in the mental health and wellbeing of
young people

Just over a decade ago, researchers studying psychological wellbeing
observed a U-shaped trend with age (Steptoe et al., 2015; Stone et al.,
2010). Younger and older adults had the highest wellbeing with a dip in
middle age. Today, a growing body of evidence indicates that youth
mental health has since steadily declined (Blanchflower et al., 2024c,
2024b; CDC, 2023; Keyes et al., 2019; Marquez and Long, 2021;
McCurdy and Murphy, 2024; Twenge et al., 2018; Wiens et al., 2020),
with adolescents and young adults in many countries around the world
now reporting the lowest mental wellbeing of any age group
(Blanchflower, 2025; Blanchflower et al., 2024a; Blanchflower and
Bryson, 2025, 2024a, 2024b; Helliwell et al., 2024; Sapien Labs, 2025,

2024, 2022b, 2022a). The Global Mind Project, a large-scale ongoing
research program that measures population trends and drivers relating
to mental health and wellbeing, shows that, across the internet-enabled
world, nearly 50 % of young adults aged 18–24 are mentally distressed
or struggling (reflecting the experience of approximately five or more
mental health symptoms that would be of clinical concern) compared to
less than 10 % of their grandparents’ generation (Sapien Labs, 2024).
The magnitude of this trend signifies an extraordinary shift in just 15
years. Most prominently, these symptoms include fear and anxiety,
unwanted thoughts, feelings of sadness or hopelessness, loss of focus,
poor self-image, decreased emotional control, feelings of aggression
towards others, and feeling detached from reality (Sapien Labs, 2022b).
At the same time, studies have highlighted a significant increase in
neurodevelopmental disorder diagnoses in children over the past few
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decades (Grosvenor et al., 2024; McKechnie et al., 2023; Russell et al.,
2022; Xu et al., 2018). However, while researchers generally agree that
youth mental health is declining, there is far less clarity on what is
causing it, and what to do about it.
The Global Mind Project has previously investigated the contribution

of numerous demographic and life context factors, including age, bio-
logical sex, educational attainment level, employment status, frequency
of physical activity and in-person socializing, the experience of various
life traumas and adversities, substance use, and medical conditions, in a
large sample of over 400,000 individuals and shown that, together, they
predict the mental health status of older adults with high accuracy and
precision (95 %+) (Bala et al., 2024). However, their predictive power
declines systematically for younger generations to just 67 % for
18–24-year-olds, indicating that other factors are at play. While the rise
of smartphones and social media has been shown to contribute to this
trend (Braghieri et al., 2022; Orben et al., 2022; Sapien Labs, 2023;
Shannon et al., 2022; Twenge and Martin, 2020), this also does not fully
explain the extent of the decline. One factor that has seldom been dis-
cussed in relation to this decline is the increased number of neurotoxic
and neuro-disruptive chemicals that children and young people
consume in their food and beverages. These include agricultural and
industrialized chemicals (e.g. pesticide residues, heavy metals),
additive-containing ultra-processed foods (UPFs), as well as
packaging-derived chemicals (e.g. microplastics, bisphenols). While
previous studies have discussed the potential role of these chemicals on
rising rates of diseases such as obesity and cancer in young people
(Phelps et al., 2024; The Consortium for Children’s Environmental
Health, 2025; Zhao et al., 2023), their potentially disruptive and
degenerative effects in the brain have profound and far-reaching con-
sequences for the mental functioning of society. In addition, although
these chemicals may affect outcomes in all age groups, children are
fundamentally more vulnerable to toxic and disruptive chemicals due to
their immature metabolic pathways, the rapid maturation and plasticity
of their developing brain, and their lower body weight (Lanphear, 2015;
Rauh and Margolis, 2016), with a growing body of evidence demon-
strating their harmful impact on mental health in children (Bellinger,
2018; James and OShaughnessy, 2023).
Here we provide a narrative review of the associations between these

chemicals and adverse neurodevelopmental and mental health out-
comes, and a perspective on their impact in the context of changing
trends in the cultivation, manufacturing, and packaging of food and
beverages over the past few decades. We also discuss the challenges of
researching the impact of environmental chemicals on the developing
brain, show how the neuroscience and neuroimaging community has
largely ignored this research topic, and highlight the urgent need for
more funding and research to understand the risks to the developing
brain so that effective regulations can be put in place.

2. The impact of toxins in our food environment on brain tissue
and function

2.1. Agricultural pesticides

In 2022, 3.7 million metric tons of agricultural pesticides were
applied to crops worldwide to control pests, weeds, and diseases (FAO,
2024). In turn, these pesticide residues enter the food chain and can be
found in bread, fruit, and vegetables, with their concentration varying
depending on food type and country (Ahmadi et al., 2024a, 2024b;
Claydon, 2017; Environmental Working Group, 2024; Heinrich Böll
Foundation et al., 2022; Keklik et al., 2025; Poulsen et al., 2017; Sinha
et al., 2012). Over the past few decades, numerous studies and bio-
monitoring programs have found multiple pesticides (e.g. pyrethroids,
organophosphates, neonicotinoids) and/or their metabolites in a range
of bodily fluids (e.g., urine, blood/plasma, amniotic fluid, umbilical cord
serum, and breast milk) as well as in cerebrospinal fluid and the brain,
indicating that they can traverse around the body, and cross both the

Table 1
Cross-section of recent literature showing the presence of pesticides and pesti-
cide metabolites in urine, blood, plasma, cerebrospinal fluid, umbilical cord
serum, amniotic fluid, breast milk, and the brain.

Name of pesticide or pesticide
metabolite

References

Urine Organophosphates: chlorpyrifos, 3,5,6-
Trichloro− 2-pyridinol (TCPy),
diazinon, terbufos, dialkyl phosphates
(DAPs) metabolites [e.g. diethyl
phosphate (DEP),
diethylthiophosphate (DETP),
dimethylphosphate (DMP) and
dimethylthiophosphate (DMTP)],
pirimiphos-methyl
Neonicotinoids: acetamiprid, N-
desmethyl-acetamiprid, imidaclothiz,
clothianidin, flonicamid,
thiamethoxam, dinotefuran
Pyrethroids: imiprothrin, cypermethrin
3-Phenoxybenzoic acid (3-PBA), 4-
Formylphenylboronic acid (4-FPBA),
trans 3-(2,2-dichlorovinyl)− 2,2-
dimethylcyclopropane carboxylic acid
(trans-DCCA), cis-(2,2-dibromovinyl)−
2,2-dimethylcyclopropane− 1-
carboxylicacid (cis-DBCA)
Organochlorides: chlorpropham,
hexachlorobenzene (HCB)
Carbamates: chlorpropham

(Bao et al., 2020;
Berman et al., 2020;
Brahmand et al., 2019;
Guzman-Torres et al.,
2023; Huen et al.,
2012; Ichikawa et al.,
2019; Laubscher et al.,
2022; Li et al., 2022; Li
et al., 2023; Martins
et al., 2023;
Muñoz-Quezada et al.,
2020; Norén et al.,
2020; Ottenbros et al.,
2023; Simaremare
et al., 2020a;
Suwannarin et al.,
2023; Tang et al.,
2024; Zhao et al.,
2023)

Blood/Plasma Organophosphates: chlorpyrifos,
diazinon, terbufos,
Neonicotinoids: N-desmethyl-
acetamiprid, thiamethoxam,
Imidacloprid, dinotefuran,
clothianidin
Pyrethroids: cypermethrin, imiprothrin
Organochlorides:
dichlorodiphenyltrichloroethane
(DDT),
dichlorodiphenyldichloroethylene
(DDE), HCB, pentachlorophenol
Others: biphenyl, diphenylamine,
pyrene

(Han et al., 2023;
Huen et al., 2012;
Kaya et al., 2022;
Laubscher et al., 2022;
Qu et al., 2024;
Simaremare et al.,
2020b; H. Zhang et al.,
2022a; Zhang et al.,
2023a; Zhao et al.,
2023)

Cerebrospinal
fluid

Organophosphates: Triethyl phosphate
(TEP), Tri(2-chloroethyl) phosphate
(TCEP), Tri(1-chloro− 2-propyl)
phosphate (TCIPP), Tri-phenyl
phosphate (TPHP), 2-Ethylhexyl di-
phenyl phosphate (EHDPP)
Neonicotinoids: N-desmethyl-
acetamiprid, sulfoxaflor,
thiamethoxam, imidacloprid
Pyrethroids: No in-vivo studies
identified in humans
Organochlorides: HCB
Others: biphenyl, diphenylamine

(Hou et al., 2022;
Laubscher et al., 2022;
Zhao et al., 2023)

Brain Organophosphates: No in-vivo studies
identified in humans
Neonicotinoids: No in-vivo studies
identified in humans
Pyrethroids: No in-vivo studies
identified in humans
Organochloride: aziridine, benzyloxy
bis-trifluoro-methyl aziridine,
Carbamates: bis-O-methyl oxime,
butanol-O-methyl-oxime, methoxy-
phenyl-oxime, acetamide oxime
(metabolites of aldicarb and
dioxocarb)
Other: 1,2,4 triazolol, 6-chloro-
pyridazinone

(Cresto et al., 2023;
Dewailly et al., 1999;
Louati et al., 2023)

Umbilical cord
serum/blood

Organophosphates: chlorpyrifos,
diazinon
Neonicotinoids: imidacloprid, N-
desmethyl-acetamiprid
Pyrethroids: trans-DCCA cis-DCCA,

(Abdel Hamid et al.,
2020; Huen et al.,
2012; Kaya et al.,
2022; Prahl et al.,
2021; Santos et al.,

(continued on next page)
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placenta and blood-brain barrier (see Table 1 for a cross-section of
recent literature). Concurrently, studies investigating the impact of
pesticides on neurodevelopmental outcomes in children and adolescents
have shown associations with cognitive, social, and language deficits
(Engel et al., 2016; Furlong et al., 2017, 2014; He et al., 2022; Ntantu
Nkinsa et al., 2023; Qi et al., 2022; Ramos et al., 2023; Sagiv et al., 2023)
as well as altered cortical activation, white matter microstructure, and
functional connectivity (Binter et al., 2022; Gao et al., 2024; Sagiv et al.,
2024; Van den Dries et al., 2020) [see (Andersen et al., 2022; Elser et al.,
2022; James and OShaughnessy, 2023; Reed et al., 2023a; Shekhar
et al., 2024) for some recent reviews]. At the neurobiological level,
pesticides are also known to be endocrine disruptors and disruptors of
the gut-brain axis (Gama et al., 2022; Khoo et al., 2024; Mazuryk et al.,
2024; Mnif et al., 2011; Rueda-Ruzafa et al., 2019), and to have various
modes of neurotoxicity and neuro-disruption that include targeting
nicotinic acetylcholine receptors (e.g. neonicotinoids) (Cimino et al.,
2017; Costas-Ferreira and Faro, 2021), voltage-gated sodium channels
(e.g. pyrethroids) (Field et al., 2017; Tang et al., 2018), and other
neurotransmitter pathways (e.g. per- and polyfluoroalkyl substances
(PFAS)-containing pesticides) (Brown-Leung and Cannon, 2022; Nan-
naware et al., 2024). Taken together, these findings highlight the
pervasive presence of pesticide residues in the human body and their
potential to interfere with neurodevelopmental processes through mul-
tiple biological pathways.

2.2. Heavy metals in groundwater and soil

Heavy metals, such as cadmium, lead, copper, chromium, mercury,
manganese, and arsenic are found in trace quantities in the environment
with several also being essential minerals. However, they are also
released into the environment as byproducts of various industrial pro-
cesses including mining, smelting, electroplating, waste discharge,
chemical manufacturing, and fuel combustion, as well as being present
in agricultural pesticides and fertilizers. As a result, they accumulate in
soils and seep into surface and groundwater (Alengebawy et al., 2021;
European Environment Agency, 2025; Rai et al., 2019; Tóth et al., 2016;
Yuan et al., 2021; Zeng et al., 2023; Zhou et al., 2020), entering both the
food chain (Angon et al., 2024; European Food SafetyAuthority (EFSA)
et al., 2021; Bair, 2022; Godebo et al., 2023; Koch et al., 2022; Rai et al.,
2019; Rusin et al., 2021; Scutarașu and Trincă, 2023; Sharma and
Nagpal, 2020) and freshwater drinking supplies (Chowdhury et al.,

Table 1 (continued )

Name of pesticide or pesticide
metabolite

References

transchrysanthemum dicarboxylic acid
(t-CDCA), cis− 3-(2,2-dibromovinyl)−
2,2-dimethylcyclopropane carboxylic
acid (c-DBCA), 4-fluoro− 3-
phenoxybenzoic acid (FPBA), and
3phenoxybenzoic acid (3PBA)
Organochlorides: DDT, DDE,
Hexachlorocyclohexane (HCH),
heptachlor
Carbamates: bendiocarb

2022; Wren et al.,
2021; Yang et al.,
2021; Zhang et al.,
2022b)

Amniotic fluid/
placenta

Organophosphates: chlorpyrifos, DAPs
(e.g. diethylphosphate,
dimethylphosphate,
dimethylthiophosphate)
Neonicotinoids: No in-vivo studies
identified in humans
Pyrethroids: No in-vivo studies
identified in humans
Organochlorides: 2,5-dichlorophenol,
pentachlorophenol, DDT, DDD, DDE
2,2′,4,5,5′-Pentachlorobiphenyl
(PCB− 101), HCH, heptachlor and
endrin
Carbamates: carbofuranphenol
Other: naphthol (naphthalene,
metabolites) ortho-phenylphenol

(Anand and Taneja,
2020; Barmpas et al.,
2020; Bradman et al.,
2003; Dusza et al.,
2022; Koutroulakis
et al., 2014; Rodriguez
et al., 2023)

Breast milk Organophosphates: chlorpyrifos, TCPy
Nicotinoids: thiamethoxam,
imidacloprid, clothianidin,
acetamiprid-N-desmethyl
Pyrethroids: Cypermethrin,
cyhalothrin, permethrin,
esfenvalerate/fenvalerate
Organochlorides: aldrin, dieldrin,
endrin, HCB, Endosulfan, HCH, DDT,
DDE, DDD, chlordane, heptachlor,
mirex, methoxychlor, dechlorane plus

(Al Antary et al., 2021;
Brahmand et al., 2019;
Chávez-Almazán et al.,
2020; Chen et al.,
2020; Corcellas et al.,
2012; EL-Saeid et al.,
2021; Figueiredo
et al., 2024; Kao et al.,
2019; Kuang et al.,
2020; Mehta et al.,
2020; Müller et al.,
2019; Pan et al., 2020;
Santos et al., 2022;
Souza et al., 2020;
Witczak et al., 2021;
Zhang et al., 2023b)

Table 2
Cross section of recent literature reporting the presence of arsenic, cadmium, lead, and mercury in urine, blood, cerebrospinal fluid, umbilical cord serum, amniotic
fluid, breast milk, and the brain. Note: manganese, chromium, and copper are not included as they are essential minerals.

Arsenic Lead Mercury Cadmium

Urine (Buekers et al., 2023; Ellingsen
et al., 2023; Hudgens et al., 2016;
Middleton et al., 2016)

(Kim et al., 2020; Sallsten et al., 2022) (Castaño et al., 2019; Kim et al., 2020;
So et al., 2021)

(Adams and Newcomb, 2014;
Lu et al., 2024)

Blood/ Plasma (Del Rio et al., 2017; Ellingsen et al.,
2023; Ettinger et al., 2017; Mullin
et al., 2019; Shapiro et al., 2015)

(Akan, 2014; Ericson et al., 2021;
Hauptman et al., 2021; Victory et al.,
2019)

(Basu et al., 2018; Castaño et al., 2019;
Li et al., 2024; Sharma et al., 2019; So
et al., 2021; Sun et al., 2021)

(Akan, 2014; Garner and
Levallois, 2017; Z. Li et al.,
2022; Martins et al., 2020;
Yang et al., 2022)

Cerebrospinal
fluid

(Wu et al., 2023) (Kamalian et al., 2023; Vinceti et al.,
2017; Wu et al., 2023)

(Vinceti et al., 2017; Wu et al., 2023) (Vinceti et al., 2017; Wu et al.,
2023)

Brain (Larsen et al., 1979) (Pamphlett et al., 2023) (Björkman et al., 2007; O’Donoghue
et al., 2020; Pamphlett et al., 2023)

(Lech and Sadlik, 2017)

Umbilical cord
serum/Blood

(Ettinger et al., 2017; Hu et al.,
2015; Iwai-Shimada et al., 2019; Li
et al., 2019; Navasumrit et al., 2019;
Xu et al., 2016)

(García-Esquinas et al., 2013; Heiss et al.,
2020; Irwinda et al., 2019; Mahdi et al.,
2023; Rouzi et al., 2024)

(García-Esquinas et al., 2013; Irwinda
et al., 2019; Kozikowska et al., 2013;
Sharma et al., 2019)

(García-Esquinas et al., 2013;
Hu et al., 2015; Salpietro et al.,
2002)

Amniotic fluid/
placenta

(Jalali and Koski, 2018; Johnson
et al., 2019; Kocyłowski et al., 2019;
Ovayolu et al., 2020)

(Al-Saleh et al., 2011; Kocyłowski et al.,
2019; Ovayolu et al., 2020)

(Al-Saleh et al., 2011; Ovayolu et al.,
2020)

(Al-Saleh et al., 2011;
Kocyłowski et al., 2019;
Ovayolu et al., 2020)

Breast milk (Bzikowska-Jura et al., 2024; Kumar
et al., 2024; Linares et al., 2024;
Motas et al., 2021; Samiee et al.,
2019; Sharafi et al., 2023)

(Bzikowska-Jura et al., 2024; Koyashiki
et al., 2010; Mohammadi et al., 2022;
Motas et al., 2021; Naspolini et al., 2024;
Park et al., 2018; Sharafi et al., 2023)

(Bzikowska-Jura et al., 2024;
Cherkani-Hassani et al., 2019;
Mohammadi et al., 2022; Motas et al.,
2021; Park et al., 2018; Sharma et al.,
2019)

(Bzikowska-Jura et al., 2024;
Motas et al., 2021; Sharafi
et al., 2023; Shawahna et al.,
2023)
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2016; Kumar et al., 2023; Santucci and Scully, 2020). For example, data
from the LUCAS Topsoil Survey demonstrated that 137,000 km2 (6 %) of
agricultural land in the EU contained concentrations of at least one
heavy metal above the guideline value (Tóth et al., 2016), while it is
estimated that 94–220 million individuals worldwide may be exposed to
high levels of arsenic in their domestic water supply through ground-
water sources (Podgorski and Berg, 2020). Although some heavy metals
(e.g. chromium, manganese, copper) are essential minerals and there-
fore deficiencies are associated with adverse health outcomes
(Nakamura et al., 2019; Shen et al., 2024), at higher concentrations they
are neurotoxic and neuro-disruptive (Bulcke et al., 2017; Feng et al.,
2023; Harischandra et al., 2019; Miah et al., 2020; Morris and Levenson,
2017; Wise et al., 2022) and associated with adverse neurocognitive
outcomes in both adults and children (Caparros-Gonzalez et al., 2019; J.
Chen et al., 2023; Ni et al., 2018; Squitti et al., 2024; Tyler and Allan,
2014). For example, excess manganese exposure arising from industrial
waste seepage into drinking water has been associated with structural
changes to the brain (Lao et al., 2017), impaired cognitive and motor
functioning (Bjørklund et al., 2017; Lucchini et al., 2017), and increased
symptoms of attention-deficit/hyperactivity disorder (ADHD)
(Schullehner et al., 2020), while excess copper has been associated with
symptoms of depression (Chen et al., 2023; Ni et al., 2018).
In addition, heavy metals that are not essential minerals, such as

lead, mercury, arsenic, and cadmium, have been detected in numerous
body fluids including blood, umbilical cord blood, amniotic fluid, breast
milk, and cerebrospinal fluid, as well as in the brain (see Table 2 for a
cross section of recent literature). While reported levels vary across
studies, there is no known safe level of lead and mercury in children,
while for arsenic there is currently no agreed safe level. For cadmium,
guidelines vary with the United States Food and Drug Administration
(FDA) setting a toxicological reference value (TRV) range for cadmium
of 0.21–0.36 µg / kg of body weight / day, while the European Food
Safety Authority (EFSA) considers exposure of between 0.3 and 8 µg / kg
of body weight / day as a low-level health risk. Concurrently, studies
have shown that these heavy metals are metabolically and develop-
mentally neurotoxic (Aaseth et al., 2020; Balali-Mood et al., 2021;
Chandravanshi et al., 2021; Gonçalves et al., 2021; Lasley, 2018;
Mochizuki, 2019; Sanders et al., 2009; Tolins et al., 2014; Van Wijn-
gaarden et al., 2017; Virgolini and Aschner, 2021) and exposure has
been associated with a multitude of adverse mental health outcomes in
both children and adults including greater risk of depression and anxiety
(Bai et al., 2024; Bouchard et al., 2009; Reuben et al., 2019; Scinicariello
and Buser, 2015; L. Zhang et al., 2024a), psychopathology
(Ayuso-Álvarez et al., 2019; Reuben et al., 2019), neurodevelopmental
disorders [e.g. autism spectrum disorder (ASD), ADHD (Amadi et al.,
2022; Ding et al., 2023; Gu et al., 2024)], and cognitive deficits
(Althomali et al., 2024; Chen et al., 2023; Ciesielski et al., 2012; Heng
et al., 2022; Liu et al., 2025; Stein et al., 2022). For example, exposure to
lead in childhood is associated with greater psychopathology in adult-
hood (Reuben et al., 2019) while maternal exposure to methylmercury
through eating contaminated fish and seafood results in transplacental
exposure that adversely affects neurodevelopment (Van Wijngaarden
et al., 2017). As with pesticides, these findings underscore the pervasive
presence of heavy metals in the environment and their capacity to
infiltrate the body and brain, contributing to a range of neuro-
developmental and mental health challenges.

2.3. Additives and ingredients in UPFs

A third source of neurotoxic and neuro-disruptive chemicals are the
additives and ingredients in convenience UPFs that are typically not
found in whole foods (Monteiro et al., 2019). These products range from
snacks and breakfast cereals to fizzy drinks, fast food, and ready meals
but also include infant formula and baby foods (Dunford and Popkin,
2023). These are intentionally added to food and beverages during
manufacturing to improve their flavor, mouthfeel, palatability, and/or

shelf life and include emulsifiers, sweeteners, colors, flavorings, and
preservatives, with several (e.g. potassium bromate, propylparaben,
aspartame, propyl gallate, sodium nitrite) identified as chemicals of
health concern (EWG, 2024). Today, adolescents are the highest con-
sumers of UPFs, accounting for 50 %–66 % of adolescent total energy
intake in the United Kingdom (UK), United States (US), and Brazil
(Chavez-Ugalde et al., 2024; D’Avila and Kirsten, 2017; Wang et al.,
2021; Zhang et al., 2022). Studies examining the impact of diets high in
UPFs on mental health outcomes in adolescents have shown that higher
UPF consumption is associated with poorer mental health as well as
higher prevalence of depressive symptoms and internalizing and exter-
nalizing problems (Faisal-Cury et al., 2022; Mesas et al., 2022;
Reales-Moreno et al., 2022). In addition, maternal diets high in UPFs,
saturated fats, and total sugars can adversely affect a child’s cognitive
development (de de de Lauzon-Guillain et al., 2022; Puig-Vallverdú
et al., 2022; Zupo et al., 2024). Similarly, in adult populations, multiple
lines of evidence indicate that higher consumption of UPFs are signifi-
cantly associated with increased symptoms of depression, heightened
challenges with emotional/cognitive control, and cognitive decline
(Bala et al., 2025; Gomes Gonçalves et al., 2023; Lane et al., 2024,
2022), effects that cannot be explained by differences in exercise habits,

Table 3
Studies reporting the presence of microplastics, bisphenol A, and phthalates in
urine, blood, plasma, cerebrospinal fluid, umbilical cord serum, amniotic fluid,
breast milk and the brain.

Microplastics Bisphenol A Phthalates

Urine (Barceló et al.,
2023; Massardo
et al., 2024; Pironti
et al., 2023;
Rotchell et al.,
2024; Song et al.,
2024)

(González et al.,
2019; Lee et al.,
2018; Lehmler et al.,
2018; Shiue, 2014;
Vandenberg et al.,
2014)

(Bräuner et al.,
2022; Carwile
et al., 2022; Fruh
et al., 2022;
Genuis et al.,
2012; Shiue,
2014; Smith
et al., 2022;
Vieyra et al.,
2023; Vogel
et al., 2023)

Blood/ Plasma (Barceló et al.,
2023; Guan et al.,
2023; Leslie et al.,
2022; V L Leonard
et al., 2024)

(González et al.,
2019; Lee et al.,
2018; Liu et al.,
2017; Vandenberg
et al., 2010)

(Bräuner et al.,
2022; Genuis
et al., 2012;
Kolatorova et al.,
2018; X. Zhang
et al., 2024b)

Cerebrospinal
fluid

(Xie et al., 2024) (Zhang et al., 2024) (Agin et al.,
2020; Zhang
et al., 2024)

Brain (Amato-Lourenço
et al., 2024;
Campen et al.,
2024; Nihart et al.,
2025)

(Charisiadis et al.,
2018; Geens et al.,
2012; van der Meer
et al., 2017)

No studies found

Umbilical cord
serum/
Blood

(Sun et al., 2024;
Zhu et al., 2024)

(Ikezuki et al., 2002;
Lee et al., 2018; Liu
et al., 2017;
Vandenberg et al.,
2010)

(Al-Saleh et al.,
2024; Hwa et al.,
2022; Kolatorova
et al., 2018)

Amniotic
fluid/
placenta

(Halfar et al., 2023;
Ragusa et al., 2021;
Tian et al., 2025;
Xue et al., 2024)

(Edlow et al., 2012;
Ikezuki et al., 2002;
Loukas et al., 2023;
Pinney et al., 2017;
Vandenberg et al.,
2010; Yamada et al.,
2002;
Zbucka-Krętowska
et al., 2019)

(Bräuner et al.,
2022;
Golestanzadeh
et al., 2022;
Jensen et al.,
2012;
Katsikantami
et al., 2020;
Liang et al.,
2023; Silva et al.,
2004)

Breast milk (Barceló et al.,
2023; Ragusa et al.,
2022; Saraluck
et al., 2024)

(Lee et al., 2018; Sun
et al., 2004;
Vandenberg et al.,
2010; Zimmers et al.,
2014)

(Main et al.,
2006)
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income, or life adversity. For example, evidence suggests that up to a
third of mental distress experienced in the general population could be
associated with UPF consumption, for some demographics and geogra-
phies (Bala et al., 2025). At the neurobiological level, studies have
shown that frequent UPF consumption disrupts the gut microflora, and
in turn the gut-brain axis (Martínez Leo and Segura Campos, 2020; Song
et al., 2023) and is associated with myelin degradation (Mannino et al.,
2023), structural brain changes (Contreras-Rodriguez et al., 2023), and
disruption of reward signalling in the brain [see (Contreras-Rodriguez
et al., 2022) for a recent review]. Collectively, these findings highlight
how consumption of UPFs and their associated additives can disrupt key
neurobiological processes and impact both neurodevelopmental and
mental health outcomes.

2.4. Microplastics, bisphenols, and phthalates from plastic packaging

A fourth source of neurotoxic chemicals in food and beverages is
their plastic packaging. It has been estimated that, in some markets,
approximately 40 % of food and beverages are packaged in plastic (ING,
2019) due to its low cost, versatility, and utility in relation to heat and
water resistance, ease of transportation, and elongation of shelf life.
However, it is also known that microplastics and other
packaging-derived chemicals such as bisphenols (e.g. bisphenol A) and
plasticizers (e.g. phthalates) can migrate into the packaged foods and
beverages, including fruit, vegetables, meat, seafood, milk formula, and
water (Manzoor et al., 2022; Martín-Carrasco et al., 2023; Oliveri Conti
et al., 2020; Qian et al., 2024; Udovicki et al., 2022; Vitali et al., 2023).
In addition, long-term storage, refrigeration, or heating of food or water
in plastic containers can accelerate this migration. For example, a recent
study showed that plastic baby food containers can release up to 4
million microplastic and 2 billion nanoplastic particles from only one
square centimeter of plastic area within 3 min of microwave heating
(Hussain et al., 2023). Correspondingly, microplastics, bisphenols, and
phthalates have been found in numerous body fluids (e.g. blood, urine,
cerebrospinal fluid, umbilical cord serum, amniotic fluid, and breast
milk) as well as in the brain, where they can be present at higher con-
centrations than in kidney and liver (Campen et al., 2024), and indi-
cating that they are able to traverse both the placenta and blood-brain
barrier (Table 3). For example, it has been estimated that eating take-out
food 4 − 7 times per week can result in a person ingesting 12 − 203 pieces
of microplastics per week, while an individual consuming an American
diet can ingest between 39,000 and 52,000 pieces of microplastics from
food and beverages each year (Cox et al., 2019; Du et al., 2020). Studies
investigating the neurotoxicity as well as the neurodevelopmental and
mental health impacts of these chemicals have, to date, focused mainly

on bisphenols (e.g. bisphenol A, C, and F) and phthalates, with only a
limited number of studies on microplastics [although see (Prüst et al.,
2020)]. They have demonstrated that bisphenols and phthalates act as
endocrine disruptors with multifaceted effects. These include mimicking
endogenous oestrogen hormones; disrupting androgen and thyroid re-
ceptors (Gore et al., 2019; Moriyama et al., 2002); impairing microglial
function (Rosin and Kurrasch, 2018); interfering with brain-derived
neurotrophic factor (BDNF) signaling (Mustieles et al., 2022), the
hypothalamic-pituitary-adrenal (HPA) axis (Giesbrecht et al., 2016),
and the gut-brain axis (Balaguer-Trias et al., 2022); modulating epige-
netic regulation (Alavian-Ghavanini et al., 2018); exacerbating neuro-
inflammation (Bjørklund et al., 2024); affecting hippocampal
developmental plasticity (Holahan and Smith, 2015); and altering both
white matter microstructure (England-Mason et al., 2020) and grey
matter volumes (Ghassabian et al., 2023), to name a few. From a neu-
rodevelopmental perspective, exposure to these chemicals, either in
childhood or prenatally, has been associated with increased symptoms
of ASD and ADHD (Bjørklund et al., 2024; Kim et al., 2022; Oh et al.,
2024; Stein et al., 2015) as well as social and cognitive deficits (Engel
et al., 2021; Ghassabian et al., 2023; Ham et al., 2024; Miodovnik et al.,
2011; Rolland et al., 2023; Shoaff et al., 2023, 2019) [see (Ahn and
Jeung, 2023; Costa and Cairrao, 2024; Hyun and Ka, 2024; Radke et al.,
2020) for some recent reviews].

3. Growing exposure to environmental toxins

Although inorganic pesticides have been used in agriculture since
about the 1940s, their production has expanded rapidly over the past
few decades (Fig. 1A) (Carvalho, 2017; FAO, 2024; Heinrich Böll
Foundation et al., 2022; Ritchie et al., 2023a). This growth reflects not
only increases in the total area of treated farmland (which includes
repeat applications to the same area) but also in the number of different
active ingredients applied to an area. For example, in the UK, the total
treated area increased from 59 million spray hectares in 2000, to 73
million spray hectares in 2016 – a rise of 24 % – while the number of
active ingredients increased from 12.8 per hectare in 2000 to 15.9 per
hectare in 2016 (Friends of the Earth, 2019). In addition, there has been
a shift in the specific pesticides applied. For example, several classes of
pesticides have grown in use over the past two decades in response to
changing regulatory pressures and disease resistance (Craddock et al.,
2019; Umetsu and Shirai, 2020). These include neonicotinoid in-
secticides (now banned for use in the UK and European Union (EU) but
still the most commonly used insecticide globally), PFAS pesticides
(Donley et al., 2024; PAN Europe, 2024; Simon-Delso et al., 2015), and
pyrethroid pesticides (PAN Europe, 2024; Perry and Moschini, 2020).

Fig. 1. (A) Average pesticide application per unit of cropland, measured in kilograms per hectare (global estimates) (B) Cumulative annual production of plastics
from 1950 to 2019. Source: Our World in Data, (Ritchie et al#, 2023b, 2023a).
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For example, between 2000 and 2016 (prior to its ban in 2018), the
weight of neonicotinoids applied to all crops in the UK increased from
26,404 kg to 87,704 kg – an increase of 232 % – while French sales of
PFAS-containing pesticides tripled from 2008 to 2021 (from 700 to over
2000 tonnes) (PAN Europe, 2024). In the US in 2017, 23 % and 14 % of
all approved pesticide active ingredients were organofluorines and
PFAS, respectively, with 61 % and 30 % of those being approved in the
prior 10 years (Donley et al., 2024). Moreover, more than 50 % of
soybean acres and more than 90 % of maize acres are now treated with
neonicotinoid pesticides in the US (Perry and Moschini, 2020). These
trends have also played out in the presence of pesticide residues found in
food. For example, in the EU, the proportions of fruit and vegetables
containing residues of PFAS pesticides have risen by 220 % and 247 %
between 2011 and 2021, respectively (PAN Europe, 2024), while the
number of PFAS pesticides detected in food has increased dramatically
from 24 in 2006 to 412 in 2022 (Poulsen et al., 2024).
However, it is not just agricultural practices that have changed over

the past few decades. During the same time, there has also been a rise in
the manufacturing and consumption of convenience and fast foods in
many regions of the globe (Baker et al., 2020; Juul et al., 2022; Juul and
Hemmingsson, 2015; Matos et al., 2021; Reardon et al., 2021; Wang
et al., 2021) with the UPF market projected to grow by $856.6 billion at
a compound annual growth rate (CAGR) of 9 % between 2024 and 2029
(Technavio, 2025). For example, a large-scale study examining trends in
UPF consumption in adolescents in the US between 1999 and 2018
showed that the estimated percentage of total energy from UPF con-
sumption increased from 61 % to 67 % whereas the percentage of total
energy from consumption of unprocessed or minimally processed foods
decreased from 29 % to 23 % (Wang et al., 2021). At the same time, the
proportion of food products containing additives that were purchased by
households in the US rose significantly from 49.6 % in 2001 to 59.5 % in
2019 while the proportion of purchased baby foods containing additives
also increased by 20 % (Dunford et al., 2023). At the same time, the
average number of additives in food and beverage products purchased
by US households rose significantly from 3.7 in 2001 to 4.5 in 2019
(p < 0.001) while the proportion of purchased products containing one,
two, or three additives increased by 2 %–5 % between 2001 and 2019,
and the proportion of products containing zero additives decreased by
approximately 11 % (45 to 34 %) (Dunford et al., 2023). These trends
are played out in the global food additive market, which is growing at an
annual rate of ~6 % (Grand View Research, 2025; MarketsandMarkets,
2023).
Relatedly, this rise in consumption of plastic-wrapped convenience

foods with longer shelf-lives and fast foods in single-use plastic con-
tainers means that food and beverages increasingly come into contact
with plastic during their manufacturing, transportation, and storage,
increasing the risk of human exposure. For example, a recent report from
Environmental Defense in Canada found that more than 70 % of prod-
ucts in Canada’s produce and baby food aisles are packaged in plastic,
with the amount of baby food packaged in plastic increasing by 6 %
between 2022 and 2024 (Environmental Defense, 2024). In addition, an
estimated average of 13 billion microplastic particles are released daily
into waterways in the US via municipal wastewater (Mason et al., 2016),
while 63,000–430,000 and 44,000–300,000 tons of microplastics are
estimated to be added to farmlands in Europe and North America,
respectively, each year, further contributing to exposure (Nizzetto et al.,
2016). With plastic use and waste production continuing to rise at an
unprecedented rate [Figure1B (Geyer et al., 2017; Ritchie et al.,
2023b)], the cumulative and persistent nature of plastic exposure in
food systems and the environment suggests that human exposure to
plastic-derived chemicals will only intensify in the coming decades.
In addition, while this review focuses on food and beverages, it is

important to acknowledge that children and adolescents are also
exposed to numerous other neuro-disruptive chemicals in daily life,
including from clothing, air pollution, toys, and personal care products,
whose combined and poorly understood interactions may further impact

brain development (Ageel et al., 2024; Fadaei, 2023; Reuben et al.,
2021; The Consortium for Children’s Environmental Health, 2025; Tung
et al., 2024; Wang et al., 2019; Xia et al., 2022).

4. An urgent need to fill knowledge gaps and overcome
methodological challenges

This rapid and cumulative exposure to a growing range of toxins that
begins in gestation, along with growing evidence of their neurotoxic and
neuro-disruptive impacts on the brain, support the hypothesis that our
food environment is progressively degrading neural and metabolic
function in the brain, with cascading consequences for psychological
and cognitive health. In addition, the heightened vulnerability of chil-
dren to these toxic and disruptive chemicals (Lanphear, 2015; Rauh and
Margolis, 2016) puts them at the forefront of these risks. This positions
the toxicity of our food environment and systems as a key candidate
contributing to the rapid decline in various facets of mental health and
wellbeing in young people (Blanchflower, 2025; Blanchflower et al.,
2024c; CDC, 2023; Helliwell et al., 2024; Keyes et al., 2019; Sapien Labs,
2025). It may also account for some of the unexplained components
highlighted in previous research (Bala et al., 2024). While the links
between environmental exposures and chronic health conditions such as
cancer, obesity, and diabetes are better established (Phelps et al., 2024;
The Consortium for Children’s Environmental Health, 2025; Zhao et al.,
2023), diseases such as cancer (where early onset under age 40 has
increased by an estimated 79 % between 1990 and 2019) are typically
perceived as a binary outcome, either present or absent, and often
considered a future risk. In contrast, the progressive degradation of the
brain and nervous system functioning, driven by increasing exposure to
neurotoxic and neuro-disruptive chemicals, poses an immediate and
pervasive public health issue that is an existential threat to the very
fabric of human society and its progress.
To tackle this growing public health crisis, there are still major gaps

in our basic knowledge that need to be filled and multiple challenges to
overcome. For example, we still know very little about how the presence
of micro- and nanoplastics in the body and brain impact neuro-
developmental and mental health outcomes. There are also many
methodological challenges that currently stand in the way of progress.
To start with, simply carrying out these kinds of studies is challenging
due to the sheer number of different chemicals and metabolites involved
from farm to table; the rapid metabolism of some chemicals; poor visi-
bility of the chemicals actually added (intentionally or unintentionally)
to a product; the fact that chemicals are typically present inmixtures and
not individually; the costs, complexities, and practicalities of assaying
and analyzing the levels of these chemicals in biological samples; the
complexities of determining human exposure levels when they are often
from multiple sources over a lifetime; quantifying the disruption of
neural systems when they do not necessarily result in cell death; and
relating exposures to neurobiological and behavioral outcomes. For
example, assays for the detection and quantification of most toxins are
not readily available in commercial labs, particularly for plastics and
PFAS in human blood, and are expensive at several hundred dollars per
sample. In addition, within the existing literature, there is currently an
extensive variety of methodologies used to measure the impacts of
environmental toxins and neurotoxic chemicals. For example, studies
trying to understand the impacts of pesticides on children vary in terms
of sampling approaches (e.g. 1-spot vs 3-spot sampling during different
trimesters of pregnancy), the demographic and clinical profile of the
children in the study, the storage and analysis of samples, the specific
outcomes studied, and the assessments and questionaries used [e.g.
(Reed et al., 2023b)]. This lack of standardization makes it hard to
aggregate across studies (which often have relatively small sample
sizes), gives inconsistent results, and causes studies to be ignored by
regulators due to methodological weaknesses. For example, a number of
studies investigating the impacts of pesticides, heavy metals, bisphenols,
and phthalates on neurodevelopmental outcomes report null or
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inconsistent results [e.g. (Andersen et al., 2021; Boffetta et al., 2024;
Cunha et al., 2023; Fage-Larsen et al., 2024; Gascon et al., 2015; Hall
et al., 2022; Islam et al., 2022; Jensen et al., 2019; Joyce et al., 2022;
Manley et al., 2022; Praveena et al., 2020; Sagiv et al., 2022; Tsuji et al.,
2015)].
It is also of relevance that, to date, this topic has been largely ignored

by the neuroscience, neuroimaging, and psychiatric communities,
including funding bodies and journals. For example, Table 4 shows the
number of articles containing relevant search terms relating to these
chemicals in leading neuroscience, neuroimaging, and psychiatry jour-
nals, highlighting the minimal number of published studies on these
topics in these journals over the past 10 years. Without increased
engagement of the neuroscience community, progress in this area will be
hindered, as their expertise is vital for investigating underlying mech-
anisms and evaluating the impact on brain function and behavior. In
contrast, a growing number of articles on these topics have been pub-
lished over the past decade (Fig. 2; Supplementary Table 1), primarily in
journals focusing on neurotoxicity, the environment, or nutrition.
Greater recognition of these gaps in mainstream neuroscience and
mental health research is essential to ensure a more comprehensive
understanding of the implications of these chemicals on brain function

and mental health.
To help inform public policy and regulation, the many gaps in our

understanding must be filled and multitude of methodological chal-
lenges must be overcome to obtain more conclusive evidence on the
impacts of these chemicals on the brain. Although there are several
large-scale national and regional biomonitoring initiatives and consor-
tiums that track the presence of these chemicals in the general popula-
tion [e.g. (Birnbaum et al., 2012; Marx-Stoelting et al., 2023; National
Center for Environmental Health., 2022; Patisaul, 2020; Vorkamp et al.,
2023)], they rarely combine understanding of neurophysiological and
mental health outcomes and are insufficient for sounding the alarm on
critical exposure levels, establishing pre-market testing guidelines and
informing robust regulatory processes and guidance. In addition, given
that exposure to toxins can vary substantially across geographies, this
calls for more geographically distributed monitoring.

5. A call for action

There is an urgent need for further research on the impacts of these
chemicals on the brain and mental health outcomes to show consistent
evidence of the risks so that regulatory action can be taken. This includes

Table 4
The number of articles with the following search terms anywhere in the article published over the past 10 years (January 01, 2015–December 31, 2024) in top ranking
neuroscience, neuroimaging, and psychiatry journals.

Journal pesticides “heavy
metals”

“ultra-
processed
foods”

“food
additives”

microplastics “bisphenol
A”

“endocrine
disruptors”

Estimated total number of
published articles on all
topics

Journal of Neuroscience 16 20 0 4 0 9 0 9445
Neuroimage 3 11 0 0 1 0 1 8690
Nature Neuroscience 2 5 1 1 1 1 3 2588
Neuron 13 6 0 1 1 4 0 4542
Brain 18 10 0 1 1 0 0 4275
Cerebral Cortex 2 8 0 2 1 4 2 4328
Human Brain Mapping 2 0 0 0 0 0 0 4016
Trends in Neurosciences 9 5 0 0 0 2 1 973
World Psychiatry 4 5 0 0 0 0 0 1071
The Lancet Psychiatry 27 2 2 0 0 1 0 2940
JAMA Psychiatry 6 4 0 1 0 1 1 2462
American Journal of Psychiatry 6 0 0 0 0 0 0 1966
Journal of the American Academy
of Child and Adolescent
Psychiatry

6 1 0 3 0 1 1 1933
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(i) systematic demonstration of the impacts on brain tissue and struc-
ture; (ii) larger scale cross-sectional studies in humans that assess the
relationship between various toxin exposures, brain physiology, and
functional deficits; (iii) longitudinal studies across the lifespan, partic-
ularly with respect to understanding the consequences of early child-
hood exposure; and (iv) replication of studies to resolve conflicting
evidence. These insights will not only help address this growing public
health crisis but will also expand our mechanistic understanding of the
brain and its environment and shed light on fundamental neurophysi-
ological processes that shape cognition and behavior.
Altogether, the potential consequences of a progressive deterioration

of brain function poses a grave threat to the future wellbeing of society
and requires a paradigm shift in research, regulation, and funding. In
addition, it is imperative that the many challenges of studying these
exposures does not deter research progress. To accelerate research and
understanding of these impacts, funding bodies must prioritize large-
scale, transdisciplinary research initiatives that engage neuroscientists,
mental health professionals, environmental toxicologists, nutritional
scientists, and policymakers. Future studies should systematically
investigate the long-term neurodevelopmental effects of these exposures
using standardized methodologies and large cohort designs and incor-
porating multi-level assessments spanning cellular mechanisms, mo-
lecular biomarkers, neuroimaging, and behavioral outcomes.
Additionally, global biomonitoring efforts must be expanded to establish
critical exposure thresholds, inform regulatory frameworks, and guide
pre-market safety assessments for chemicals used in food production and
packaging. Addressing this critical gap in research is essential for safe-
guarding the brain health and mental wellbeing of future generations
before the consequences become irreversible.

Funding

This work was supported by funding from Sapien Labs.

Declaration of Competing Interest

None declared.

Acknowledgements

JN: Conceptualization, Analysis, Writing – original draft, Writing –
review and editing. ZM: Analysis, Writing – review and editing. TT:
Conceptualization, Writing – review and editing. All authors approved
the final version.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.neubiorev.2025.106290.

Data availability

No data was used for the research described in the article.

References

Aaseth, J., Wallace, D.R., Vejrup, K., Alexander, J., 2020. Methylmercury and
developmental neurotoxicity: a global concern. Curr. Opin. Toxicol. Mech. Toxicol.
19, 80–87. https://doi.org/10.1016/j.cotox.2020.01.005.

Abdel Hamid, E.R., Sharaf, N.E., Ahmed, H.H., Ahmed, A., Mossa, A.-T.H., 2020. In utero
exposure to organochlorine pesticide residues and their potential impact on birth
outcomes and fetal gender. Environ. Sci. Pollut. Res 27, 33703–33711. https://doi.
org/10.1007/s11356-020-09411-x.

Adams, S.V., Newcomb, P.A., 2014. Cadmium blood and urine concentrations as
measures of exposure: NHANES 1999–2010. J. Expo. Sci. Environ. Epidemiol. 24,
163–170. https://doi.org/10.1038/jes.2013.55.

Ageel, H.K., Harrad, S., Abdallah, M.A.-E., 2024. Microplastics in indoor air from
Birmingham, UK: implications for inhalation exposure. Environ. Pollut. 362,
124960. https://doi.org/10.1016/j.envpol.2024.124960.

Agin, A., Blanc, F., Bousiges, O., Villette, C., Philippi, N., Demuynck, C., Martin-
Hunyadi, C., Cretin, B., Lang, S., Zumsteg, J., Namer, I.J., Heintz, D., 2020.
Environmental exposure to phthalates and dementia with Lewy bodies: contribution
of metabolomics. J. Neurol. Neurosurg. Psychiatry 91, 968–974. https://doi.org/
10.1136/jnnp-2020-322815.

Ahmadi, S., Khazaei, S., mehri, F., 2024a. Determination of pesticide residues in fruits: a
systematic review and meta-analyses. J. Food Compos. Anal. 128, 106012. https://
doi.org/10.1016/j.jfca.2024.106012.

Ahmadi, S., Khazaei, S., Mehri, F., 2024b. The concentration of pesticide residues in
vegetables: a systematic review and meta-analyses. J. Agric. Food Res. 15, 101027.
https://doi.org/10.1016/j.jafr.2024.101027.

Ahn, C., Jeung, E.-B., 2023. Endocrine-disrupting chemicals and disease endpoints. Int J.
Mol. Sci. 24, 5342. https://doi.org/10.3390/ijms24065342.

Akan, J., 2014. Determination of heavy metals in blood, urine and water samples by
inductively coupled plasma atomic emission spectrophotometer and fluoride using
ion-selective electrode. J. Anal. Bioanal. Tech. 5. https://doi.org/10.4172/2155-
9872.1000217.

Al Antary, T.M., Alawi, M.A., Kiwan, R., Haddad, N.A., 2021. Monitoring of
Organochlorine Pesticide Residues in Human Breast Milk in the Northern
Governorates of Jordan in 2019/2020 Compared with the Results of 2015 Study.
Bull. Environ. Contam. Toxicol. 106, 1071–1076. https://doi.org/10.1007/s00128-
021-03191-x.

Alavian-Ghavanini, A., Lin, P.-I., Lind, P.M., Risén Rimfors, S., Halin Lejonklou, M.,
Dunder, L., Tang, M., Lindh, C., Bornehag, C.-G., Rüegg, J., 2018. Prenatal Bisphenol
A Exposure is Linked to Epigenetic Changes in Glutamate Receptor Subunit Gene
Grin2b in Female Rats and Humans. Sci. Rep. 8, 11315. https://doi.org/10.1038/
s41598-018-29732-9.

Alengebawy, A., Abdelkhalek, S.T., Qureshi, S.R., Wang, M.-Q., 2021. Heavy metals and
pesticides toxicity in agricultural soil and plants: ecological risks and human health
implications. Toxics 9, 42. https://doi.org/10.3390/toxics9030042.

Al-Saleh, I., Shinwari, N., Mashhour, A., Mohamed, G.E.D., Rabah, A., 2011. Heavy
metals (lead, cadmium and mercury) in maternal, cord blood and placenta of healthy
women. Int. J. Hyg. Environ. Health 214, 79–101. https://doi.org/10.1016/j.
ijheh.2010.10.001.

Al-Saleh, I., Elkhatib, R., Alghamdi, R., Alrushud, N., Alnuwaysir, H., Alnemer, M.,
Aldhalaan, H., Shoukri, M., 2024. Assessment of maternal phthalate exposure in
urine across three trimesters and at delivery (umbilical cord blood and placenta) and
its influence on birth anthropometric measures. Sci. Total Environ. 949, 174910.
https://doi.org/10.1016/j.scitotenv.2024.174910.

Althomali, R.H., Abbood, M.A., Saleh, E.A.M., Djuraeva, L., Abdullaeva, B.S., Habash, R.
T., Alhassan, M.S., Alawady, A.H.R., Alsaalamy, A.H., Najafi, M.L., 2024. Exposure
to heavy metals and neurocognitive function in adults: a systematic review. Environ.
Sci. Eur. 36, 18. https://doi.org/10.1186/s12302-024-00843-7.

Amadi, C.N., Orish, C.N., Frazzoli, C., Orisakwe, O.E., 2022. Association of autism with
toxic metals: a systematic review of case-control studies. Pharmacol. Biochem.
Behav. 212, 173313. https://doi.org/10.1016/j.pbb.2021.173313.

Amato-Lourenço, L.F., Dantas, K.C., Júnior, G.R., Paes, V.R., Ando, R.A., de Oliveira
Freitas, R., da Costa, O.M.M.M., Rabelo, R.S., Soares Bispo, K.C., Carvalho-
Oliveira, R., Mauad, T., 2024. Microplastics in the olfactory bulb of the human brain.
JAMA Netw. Open 7, e2440018. https://doi.org/10.1001/
jamanetworkopen.2024.40018.

Anand, M., Taneja, A., 2020. Organochlorine pesticides residue in placenta and their
influence on anthropometric measures of infants. Environ. Res 182, 109106. https://
doi.org/10.1016/j.envres.2019.109106.

Andersen, H.R., Dalsager, L., Jensen, I.K., Timmermann, C.A.G., Olesen, T.S., Trecca, F.,
Nielsen, F., Schoeters, G., Kyhl, H.B., Grandjean, P., Bilenberg, N., Bleses, D.,
Jensen, T.K., 2021. Prenatal exposure to pyrethroid and organophosphate
insecticides and language development at age 20–36 months among children in the
Odense Child Cohort. Int. J. Hyg. Environ. Health 235, 113755. https://doi.org/
10.1016/j.ijheh.2021.113755.

Andersen, H.R., David, A., Freire, C., Fernández, M.F., D’Cruz, S.C., Reina-Pérez, I.,
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Garduño, C., Lorca-Marín, J.A., Alguacil, J., Gómez-Becerra, I., Gómez-Ariza, J.L.,
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Waliszewski, S.M., 2020. Dietary habits associated with the presence of
organochlorine pesticides in human milk. J. Environ. Sci. Health Part B 55, 756–766.
https://doi.org/10.1080/03601234.2020.1783169.

Chavez-Ugalde, I.Y., de Vocht, F., Jago, R., Adams, J., Ong, K.K., Forouhi, N.G.,
Colombet, Z., Ricardo, L.I.C., van Sluijs, E., Toumpakari, Z., 2024. Ultra-processed
food consumption in UK adolescents: distribution, trends, and sociodemographic
correlates using the National Diet and Nutrition Survey 2008/09 to 2018/19. Eur. J.
Nutr. https://doi.org/10.1007/s00394-024-03458-z.

Chen, D., Liu, Z., Barrett, H., Han, J., Lv, B., Li, Y., Li, J., Zhao, Y., Wu, Y., 2020.
Nationwide biomonitoring of neonicotinoid insecticides in breast milk and health
risk assessment to nursing infants in the Chinese population. J. Agric. Food Chem.
68, 13906–13915. https://doi.org/10.1021/acs.jafc.0c05769.

Chen, H., Zhang, H., Wang, X., Wu, Y., Zhang, Y., Chen, S., Zhang, W., Sun, X., Zheng, T.,
Xia, W., Xu, S., Li, Y., 2023. Prenatal arsenic exposure, arsenic metabolism and
neurocognitive development of 2-year-old children in low-arsenic areas. Environ.
Int. 174, 107918. https://doi.org/10.1016/j.envint.2023.107918.

Chen, Song, W., Zhang, W., 2023. The emerging role of copper in depression. Front
Neurosci. 17, 1230404. https://doi.org/10.3389/fnins.2023.1230404.

Cherkani-Hassani, A., Ghanname, I., Mouane, N., 2019. Total, organic, and inorganic
mercury in human breast milk: levels and maternal factors of exposure, systematic
literature review, 1976-2017. Crit. Rev. Toxicol. 49, 110–121. https://doi.org/
10.1080/10408444.2019.1571010.

Chowdhury, S., Mazumder, M.A.J., Al-Attas, O., Husain, T., 2016. Heavy metals in
drinking water: occurrences, implications, and future needs in developing countries.
Sci. Total Environ. 569570 476–488. https://doi.org/10.1016/j.
scitotenv.2016.06.166.

J.J. Newson et al.

https://doi.org/10.1111/obr.13126
https://doi.org/10.1136/bmjopen-2023-075095
https://doi.org/10.1136/bmjopen-2023-075095
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref28
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref28
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref28
https://doi.org/10.3390/ijerph19031368
https://doi.org/10.3389/fphar.2021.643972
https://doi.org/10.1001/jamainternmed.2019.6019
https://doi.org/10.1001/jamainternmed.2019.6019
https://doi.org/10.1016/j.etap.2023.104204
https://doi.org/10.1016/j.etap.2019.103279
https://doi.org/10.1016/j.etap.2019.103279
https://doi.org/10.1289/EHP3904
https://doi.org/10.1289/EHP3904
https://doi.org/10.21037/pm.2018.11.03
https://doi.org/10.21037/pm.2018.11.03
https://doi.org/10.1016/j.envres.2019.108739
https://doi.org/10.1016/j.envres.2022.113461
https://doi.org/10.1289/ehp.1205330
https://doi.org/10.1016/j.envres.2017.03.003
https://doi.org/10.1016/j.envres.2017.03.003
https://doi.org/10.1007/s12035-024-03941-y
https://doi.org/10.1007/s12035-024-03941-y
https://doi.org/10.1186/1476-069X-6-30
https://doi.org/10.1186/1476-069X-6-30
https://doi.org/10.1080/10408444.2023.2297751
https://doi.org/10.1001/archgenpsychiatry.2009.164
https://doi.org/10.1001/archgenpsychiatry.2009.164
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref44
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref44
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref44
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref44
https://doi.org/10.1257/aer.20211218
https://doi.org/10.1007/s40201-019-00398-3
https://doi.org/10.1007/s40201-019-00398-3
https://doi.org/10.1016/j.envint.2021.106987
https://doi.org/10.1016/j.envint.2021.106987
https://doi.org/10.1021/acs.chemrestox.2c00072
https://doi.org/10.1021/acs.chemrestox.2c00072
https://doi.org/10.1016/j.ijheh.2023.114115
https://doi.org/10.1016/j.ijheh.2023.114115
https://doi.org/10.1007/978-3-319-60189-2_16
https://doi.org/10.1038/s41598-024-58683-7
https://doi.org/10.1016/j.envpol.2019.06.084
https://doi.org/10.1016/j.envpol.2019.06.084
https://doi.org/10.1002/fes3.108
https://doi.org/10.1016/j.envres.2021.112083
https://doi.org/10.1016/j.envres.2021.112083
https://doi.org/10.1016/j.scitotenv.2019.03.174
https://doi.org/10.1016/j.scitotenv.2019.03.174
https://doi.org/10.5620/eaht.2021003
https://doi.org/10.5620/eaht.2021003
https://doi.org/10.1038/s41598-018-26498-y
https://doi.org/10.1080/03601234.2020.1783169
https://doi.org/10.1007/s00394-024-03458-z
https://doi.org/10.1021/acs.jafc.0c05769
https://doi.org/10.1016/j.envint.2023.107918
https://doi.org/10.3389/fnins.2023.1230404
https://doi.org/10.1080/10408444.2019.1571010
https://doi.org/10.1080/10408444.2019.1571010
https://doi.org/10.1016/j.scitotenv.2016.06.166
https://doi.org/10.1016/j.scitotenv.2016.06.166


Neuroscience and Biobehavioral Reviews 176 (2025) 106290

10

Ciesielski, T., Weuve, J., Bellinger, D.C., Schwartz, J., Lanphear, B., Wright, R.O., 2012.
Cadmium exposure and neurodevelopmental outcomes in U.S. children. Environ.
Health Perspect. 120, 758–763. https://doi.org/10.1289/ehp.1104152.

Cimino, A.M., Boyles, A.L., Thayer, K.A., Perry, M.J., 2017. Effects of neonicotinoid
pesticide exposure on human health: a systematic review. Environ. Health Perspect.
125, 155–162. https://doi.org/10.1289/EHP515.

Claydon, S., 2017. The Dirty Dozen. Pesticide Action Network UK. URL 〈https://www.
pan-uk.org/dirty-dozen/〉 (accessed 9.19.24).

Contreras-Rodriguez, O., Solanas, M., Escorihuela, R.M., 2022. Dissecting ultra-
processed foods and drinks: do they have a potential to impact the brain? Rev.
Endocr. Metab. Disord. 23, 697–717. https://doi.org/10.1007/s11154-022-09711-2.

Contreras-Rodriguez, O., Reales-Moreno, M., Fernández-Barrès, S., Cimpean, A.,
Arnoriaga-Rodríguez, M., Puig, J., Biarnés, C., Motger-Albertí, A., Cano, M.,
Fernández-Real, J.M., 2023. Consumption of ultra-processed foods is associated with
depression, mesocorticolimbic volume, and inflammation. J. Affect Disord. 335,
340–348. https://doi.org/10.1016/j.jad.2023.05.009.

Corcellas, C., Feo, M.L., Torres, J.P., Malm, O., Ocampo-Duque, W., Eljarrat, E.,
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Trends in neonicotinoid pesticide residues in food and water in the United States,
1999–2015. Environ. Health 18, 7. https://doi.org/10.1186/s12940-018-0441-7.

Cresto, N., Forner-Piquer, I., Baig, A., Chatterjee, M., Perroy, J., Goracci, J., Marchi, N.,
2023. Pesticides at brain borders: impact on the blood-brain barrier,
neuroinflammation, and neurological risk trajectories. Chemosphere 324, 138251.
https://doi.org/10.1016/j.chemosphere.2023.138251.

Cunha, Y.G., de, O., do Amaral, G.C.B., Felix, A.A., Blumberg, B., Amato, A.A., 2023.
Early-life exposure to endocrine-disrupting chemicals and autistic traits in childhood
and adolescence: a systematic review of epidemiological studies. Front Endocrinol.
(Lausanne) 14, 1184546. https://doi.org/10.3389/fendo.2023.1184546.

D’Avila, H.F., Kirsten, V.R., 2017. Energy intake from ultra-processed foods among
adolescents. Rev. Paul. De. Pediatr. 35, 54. https://doi.org/10.1590/1984-0462/;
2017;35;1;00001.

Del Rio, M., Alvarez, J., Mayorga, T., Dominguez, S., Sobin, C., 2017. A comparison of
arsenic exposure in young children and home water arsenic in two rural West Texas
communities. BMC Public Health 17, 850. https://doi.org/10.1186/s12889-017-
4808-4.

van den Dries, M.A., Lamballais, S., El Marroun, H., Pronk, A., Spaan, S., Ferguson, K.K.,
Longnecker, M.P., Tiemeier, H., Guxens, M., 2020. Prenatal exposure to
organophosphate pesticides and brain morphology and white matter microstructure
in preadolescents. Environ. Res. 191, 110047. https://doi.org/10.1016/j.
envres.2020.110047.

van der Meer, T.P., Artacho-Cordón, F., Swaab, D.F., Struik, D., Makris, K.C.,
Wolffenbuttel, B.H.R., Frederiksen, H., van Vliet-Ostaptchouk, J.V., 2017.
Distribution of non-persistent endocrine disruptors in two different regions of the
human brain. IJERPH 14, 1059. https://doi.org/10.3390/ijerph14091059.

Dewailly, E., Mulvad, G., Pedersen, H.S., Ayotte, P., Demers, A., Weber, J.P., Hansen, J.
C., 1999. Concentration of organochlorines in human brain, liver, and adipose tissue
autopsy samples from Greenland. Environ. Health Perspect. 107, 823–828. https://
doi.org/10.1289/ehp.99107823.

Ding, M., Shi, S., Qie, S., Li, J., Xi, X., 2023. Association between heavy metals exposure
(cadmium, lead, arsenic, mercury) and child autistic disorder: a systematic review
and meta-analysis. Front. Pedia 11. https://doi.org/10.3389/fped.2023.1169733.

Donley, N., Cox, C., Bennett, K., Temkin, A.M., Andrews, D.Q., Naidenko, O.V., 2024.
Forever pesticides: a growing source of PFAS contamination in the environment.
Environ. Health Perspect. 132, 075003. https://doi.org/10.1289/EHP13954.

Du, F., Cai, H., Zhang, Q., Chen, Q., Shi, H., 2020. Microplastics in take-out food
containers. J. Hazard Mater. 399, 122969. https://doi.org/10.1016/j.
jhazmat.2020.122969.

Dunford, E.K., Popkin, B.M., 2023. Ultra-processed food for infants and toddlers;
dynamics of supply and demand. Bull. World Health Organ 101, 358–360. https://
doi.org/10.2471/BLT.22.289448.

Dunford, E.K., Miles, D.R., Popkin, B., 2023. Food additives in ultra-processed packaged
foods: an examination of US household grocery store purchases. J. Acad. Nutr. Diet.
123, 889–901. https://doi.org/10.1016/j.jand.2022.11.007.

Dusza, H.M., Manz, K.E., Pennell, K.D., Kanda, R., Legler, J., 2022. Identification of
known and novel nonpolar endocrine disruptors in human amniotic fluid. Environ.
Int 158, 106904. https://doi.org/10.1016/j.envint.2021.106904.

Edlow, A.G., Chen, M., Smith, N.A., Lu, C., McElrath, T.F., 2012. Fetal bisphenol A
exposure: concentration of conjugated and unconjugated bisphenol A in amniotic
fluid in the second and third trimesters. Reprod. Toxicol. 34, 1–7. https://doi.org/
10.1016/j.reprotox.2012.03.009.

Ellingsen, D.G., Weinbruch, S., Sallsten, G., Berlinger, B., Barregard, L., 2023. The
variability of arsenic in blood and urine of humans. J. Trace Elem. Med Biol. 78,
127179. https://doi.org/10.1016/j.jtemb.2023.127179.

EL-Saeid, M.H., Hassanin, A.S., Bazeyad, A.Y., 2021. Levels of pesticide residues in breast
milk and the associated risk assessment. Saudi J. Biol. Sci. 28, 3741–3744. https://
doi.org/10.1016/j.sjbs.2021.04.062.

Elser, B.A., Hing, B., Stevens, H.E., 2022. A narrative review of converging evidence
addressing developmental toxicity of pyrethroid insecticides. Crit. Rev. Toxicol. 52,
371–388. https://doi.org/10.1080/10408444.2022.2122769.

Engel, S.M., Bradman, A., Wolff, M.S., Rauh, V.A., Harley, K.G., Yang, J.H., Hoepner, L.
A., Barr, D.B., Yolton, K., Vedar, M.G., Xu, Y., Hornung, R.W., Wetmur, J.G.,
Chen, J., Holland, N.T., Perera, F.P., Whyatt, R.M., Lanphear, B.P., Eskenazi, B.,
2016. Prenatal organophosphorus pesticide exposure and child neurodevelopment at
24 months: an analysis of four birth cohorts. Environ. Health Perspect. 124,
822–830. https://doi.org/10.1289/ehp.1409474.

Engel, S.M., Patisaul, H.B., Brody, C., Hauser, R., Zota, A.R., Bennet, D.H., Swanson, M.,
Whyatt, R.M., 2021. Neurotoxicity of ortho-phthalates: recommendations for critical
policy reforms to protect brain development in children. Am. J. Public Health 111,
687–695. https://doi.org/10.2105/AJPH.2020.306014.

England-Mason, G., Grohs, M.N., Reynolds, J.E., MacDonald, A., Kinniburgh, D., Liu, J.,
Martin, J.W., Lebel, C., Dewey, D., 2020. White matter microstructure mediates the
association between prenatal exposure to phthalates and behavior problems in
preschool children. Environ. Res. 182, 109093. https://doi.org/10.1016/j.
envres.2019.109093.

Environmental Defense, 2024. Left Holding the Bag.
Environmental Working Group, 2024. Dirty DozenTM Fruits and Vegetables with the

Most Pesticides [WWW Document]. URL 〈https://www.ewg.org/foodnews/dirty-do
zen.php〉 (accessed 9.19.24).

Ericson, B., Hu, H., Nash, E., Ferraro, G., Sinitsky, J., Taylor, M.P., 2021. Blood lead
levels in low-income and middle-income countries: a systematic review. Lancet
Planet. Health 5, e145–e153. https://doi.org/10.1016/S2542-5196(20)30278-3.

Ettinger, A.S., Arbuckle, T.E., Fisher, M., Liang, C.L., Davis, K., Cirtiu, C.-M., Bélanger, P.,
LeBlanc, A., Fraser, W.D., MIREC Study Group, 2017. Arsenic levels among pregnant
women and newborns in Canada: results from the Maternal-Infant Research on
Environmental Chemicals (MIREC) cohort. Environ. Res 153, 8–16. https://doi.org/
10.1016/j.envres.2016.11.008.

European Environment Agency, 2025. Chemicals in European surface water and
groundwater (Signal). URL 〈https://www.eea.europa.eu/en/european-zero-polluti
on-dashboards/indicators/chemicals-in-european-surface-water-and-groundwater
-bodies〉.

EWG, 2024. EWG’s Dirty Dozen Guide to Food Chemicals: The top 12 to avoid |
Environmental Working Group [WWW Document]. URL 〈https://www.ewg.org/con
sumer-guides/ewgs-dirty-dozen-guide-food-chemicals-top-12-avoid〉 (accessed
10.17.24).

Fadaei, A., 2023. An investigation into the present levels of contamination in children’s
toys and jewelry in different countries: a systematic review. Rev. Environ. Health 38,
601–611. https://doi.org/10.1515/reveh-2022-0064.

Fage-Larsen, B., Andersen, H.R., Wesselhoeft, R., Larsen, P.V., Dalsager, L., Nielsen, F.,
Rauh, V., Bilenberg, N., 2024. Exposure to chlorpyrifos and pyrethroid insecticides
and symptoms of Attention Deficit Hyperactivity Disorder (ADHD) in preschool
children from the Odense Child Cohort. Environ. Res. 241, 117679. https://doi.org/
10.1016/j.envres.2023.117679.

Faisal-Cury, A., Leite, M.A., Escuder, M.M.L., Levy, R.B., Peres, M.F.T., 2022. The
relationship between ultra-processed food consumption and internalising symptoms
among adolescents from São Paulo city, Southeast Brazil. Public Health Nutr. 25,
2498–2506. https://doi.org/10.1017/S1368980021004195.

FAO, 2024. Pesticides use and trade, 1990–2022.
Feng, D., Zhao, Y., Li, W., Li, X., Wan, J., Wang, F., 2023. Copper neurotoxicity:

Induction of cognitive dysfunction: A review. Med. (Baltim. ) 102, e36375. https://
doi.org/10.1097/MD.0000000000036375.

Field, L.M., Emyr Davies, T.G., O’Reilly, A.O., Williamson, M.S., Wallace, B.A., 2017.
Voltage-gated sodium channels as targets for pyrethroid insecticides. Eur. Biophys. J.
46, 675–679. https://doi.org/10.1007/s00249-016-1195-1.

Figueiredo, T.M., Santana, J., da, M., Granzotto, F.H.B., Anjos, B.S.D., Guerra Neto, D.,
Azevedo, L.M.G., Pereira, M., 2024. Pesticide contamination of lactating mothers’
milk in Latin America: a systematic review. Rev. Saude Publica 58, 19. https://doi.
org/10.11606/s1518-8787.2024058005446.

Friends of the Earth, 2019. There’s something wrong in the countryside: rising pesticide
use in the UK | Policy and insight [WWW Document]. URL 〈https://policy.friendsoft
heearth.uk/insight/theres-something-wrong-countryside-rising-pesticide-use-uk〉
(accessed 9.18.24).

Fruh, V., Preston, E.V., Quinn, M.R., Hacker, M.R., Wylie, B.J., O’Brien, K., Hauser, R.,
James-Todd, T., Mahalingaiah, S., 2022. Urinary phthalate metabolite
concentrations and personal care product use during pregnancy - Results of a pilot
study. Sci. Total Environ. 835, 155439. https://doi.org/10.1016/j.
scitotenv.2022.155439.

Furlong, M.A., Engel, S.M., Barr, D.B., Wolff, M.S., 2014. Prenatal Exposure to
Organophosphate Pesticides and Reciprocal Social Behavior in Childhood. Environ.
Int 70, 125–131. https://doi.org/10.1016/j.envint.2014.05.011.

Furlong, M.A., Barr, D.B., Wolff, M.S., Engel, S.M., 2017. Prenatal exposure to pyrethroid
pesticides and childhood behavior and executive functioning. NeuroToxicology 62,
231–238. https://doi.org/10.1016/j.neuro.2017.08.005.

Gama, J., Neves, B., Pereira, A., 2022. Chronic Effects of Dietary Pesticides on the Gut
Microbiome and Neurodevelopment. Front Microbiol 13, 931440. https://doi.org/
10.3389/fmicb.2022.931440.

Gao, Y., Li, R., Ma, Q., Baker, J.M., Rauch, S., Gunier, R.B., Mora, A.M., Kogut, K.,
Bradman, A., Eskenazi, B., Reiss, A.L., Sagiv, S.K., 2024. Childhood exposure to
organophosphate pesticides: Functional connectivity and working memory in

J.J. Newson et al.

https://doi.org/10.1289/ehp.1104152
https://doi.org/10.1289/EHP515
https://www.pan-uk.org/dirty-dozen/
https://www.pan-uk.org/dirty-dozen/
https://doi.org/10.1007/s11154-022-09711-2
https://doi.org/10.1016/j.jad.2023.05.009
https://doi.org/10.1016/j.envint.2012.05.007
https://doi.org/10.1016/j.envint.2012.05.007
https://doi.org/10.1007/s00204-023-03614-0
https://doi.org/10.3390/ijms22168413
https://doi.org/10.1021/acs.est.9b01517
https://doi.org/10.1186/s12940-018-0441-7
https://doi.org/10.1016/j.chemosphere.2023.138251
https://doi.org/10.3389/fendo.2023.1184546
https://doi.org/10.1590/1984-0462/;2017;35;1;00001
https://doi.org/10.1590/1984-0462/;2017;35;1;00001
https://doi.org/10.1186/s12889-017-4808-4
https://doi.org/10.1186/s12889-017-4808-4
https://doi.org/10.1016/j.envres.2020.110047
https://doi.org/10.1016/j.envres.2020.110047
https://doi.org/10.3390/ijerph14091059
https://doi.org/10.1289/ehp.99107823
https://doi.org/10.1289/ehp.99107823
https://doi.org/10.3389/fped.2023.1169733
https://doi.org/10.1289/EHP13954
https://doi.org/10.1016/j.jhazmat.2020.122969
https://doi.org/10.1016/j.jhazmat.2020.122969
https://doi.org/10.2471/BLT.22.289448
https://doi.org/10.2471/BLT.22.289448
https://doi.org/10.1016/j.jand.2022.11.007
https://doi.org/10.1016/j.envint.2021.106904
https://doi.org/10.1016/j.reprotox.2012.03.009
https://doi.org/10.1016/j.reprotox.2012.03.009
https://doi.org/10.1016/j.jtemb.2023.127179
https://doi.org/10.1016/j.sjbs.2021.04.062
https://doi.org/10.1016/j.sjbs.2021.04.062
https://doi.org/10.1080/10408444.2022.2122769
https://doi.org/10.1289/ehp.1409474
https://doi.org/10.2105/AJPH.2020.306014
https://doi.org/10.1016/j.envres.2019.109093
https://doi.org/10.1016/j.envres.2019.109093
https://www.ewg.org/foodnews/dirty-dozen.php
https://www.ewg.org/foodnews/dirty-dozen.php
https://doi.org/10.1016/S2542-5196(20)30278-3
https://doi.org/10.1016/j.envres.2016.11.008
https://doi.org/10.1016/j.envres.2016.11.008
https://www.eea.europa.eu/en/european-zero-pollution-dashboards/indicators/chemicals-in-european-surface-water-and-groundwater-bodies
https://www.eea.europa.eu/en/european-zero-pollution-dashboards/indicators/chemicals-in-european-surface-water-and-groundwater-bodies
https://www.eea.europa.eu/en/european-zero-pollution-dashboards/indicators/chemicals-in-european-surface-water-and-groundwater-bodies
https://www.ewg.org/consumer-guides/ewgs-dirty-dozen-guide-food-chemicals-top-12-avoid
https://www.ewg.org/consumer-guides/ewgs-dirty-dozen-guide-food-chemicals-top-12-avoid
https://doi.org/10.1515/reveh-2022-0064
https://doi.org/10.1016/j.envres.2023.117679
https://doi.org/10.1016/j.envres.2023.117679
https://doi.org/10.1017/S1368980021004195
https://doi.org/10.1097/MD.0000000000036375
https://doi.org/10.1097/MD.0000000000036375
https://doi.org/10.1007/s00249-016-1195-1
https://doi.org/10.11606/s1518-8787.2024058005446
https://doi.org/10.11606/s1518-8787.2024058005446
https://policy.friendsoftheearth.uk/insight/theres-something-wrong-countryside-rising-pesticide-use-uk
https://policy.friendsoftheearth.uk/insight/theres-something-wrong-countryside-rising-pesticide-use-uk
https://doi.org/10.1016/j.scitotenv.2022.155439
https://doi.org/10.1016/j.scitotenv.2022.155439
https://doi.org/10.1016/j.envint.2014.05.011
https://doi.org/10.1016/j.neuro.2017.08.005
https://doi.org/10.3389/fmicb.2022.931440
https://doi.org/10.3389/fmicb.2022.931440


Neuroscience and Biobehavioral Reviews 176 (2025) 106290

11

adolescents. NeuroToxicology 103, 206–214. https://doi.org/10.1016/j.
neuro.2024.06.011.
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Amour, D., 2017. Mapping the basal ganglia alterations in children chronically
exposed to manganese. Sci. Rep. 7, 41804. https://doi.org/10.1038/srep41804.

Larsen, N.A., Pakkenberg, H., Damsgaard, E., Heydorn, K., 1979. Topographical
distribution of arsenic, manganese, and selenium in the normal human brain.
J. Neurol. Sci. 42, 407–416. https://doi.org/10.1016/0022-510X(79)90173-4.

Lasley, S.M., 2018. Chapter 37 - Developmental Neurotoxicology of Lead:
Neurobehavioral and Neurological Impacts. In: Slikker, W., Paule, M.G., Wang, C.
(Eds.), Handbook of Developmental Neurotoxicology (Second Edition). Academic
Press, pp. 413–425. https://doi.org/10.1016/B978-0-12-809405-1.00037-7.

Laubscher, B., Diezi, M., Renella, R., Mitchell, E.A.D., Aebi, A., Mulot, M., Glauser, G.,
2022. Multiple neonicotinoids in children’s cerebro-spinal fluid, plasma, and urine.
Environ. Health 21, 10. https://doi.org/10.1186/s12940-021-00821-z.

de Lauzon-Guillain, B., Marques, C., Kadawathagedara, M., Bernard, J.Y., Tafflet, M.,
Lioret, S., Charles, M.A., 2022. Maternal diet during pregnancy and child
neurodevelopment up to age 3.5 years: the nationwide Étude Longitudinale
Française depuis l’Enfance (ELFE) birth cohort. Am. J. Clin. Nutr. 116, 1101–1111.
https://doi.org/10.1093/ajcn/nqac206.

Lech, T., Sadlik, J.K., 2017. Cadmium Concentration in Human Autopsy Tissues. Biol.
Trace Elem. Res 179, 172–177. https://doi.org/10.1007/s12011-017-0959-5.

Lee, J., Choi, K., Park, J., Moon, H.-B., Choi, G., Lee, J.J., Suh, E., Kim, H.-J., Eun, S.-H.,
Kim, G.-H., Cho, G.J., Kim, S.K., Kim, Sungjoo, Kim, S.Y., Kim, Seunghyo, Eom, S.,
Choi, S., Kim, Y.D., Kim, Sungkyoon, 2018. Bisphenol A distribution in serum, urine,
placenta, breast milk, and umbilical cord serum in a birth panel of mother-neonate
pairs. Sci. Total Environ. 626, 1494–1501. https://doi.org/10.1016/j.
scitotenv.2017.10.042.

Lehmler, H.-J., Liu, B., Gadogbe, M., Bao, W., 2018. Exposure to Bisphenol A, Bisphenol
F, and Bisphenol S in U.S. Adults and Children: The National Health and Nutrition
Examination Survey 2013–2014. ACS Omega 3, 6523–6532. https://doi.org/
10.1021/acsomega.8b00824.

Leonard, V.L., Liddle, S., Atherall, C.R., Chapman, C.A., Watkins, E., M., D J
Calaminus, S., Rotchell, J.M., 2024. Microplastics in human blood: Polymer types,
concentrations and characterisation using μFTIR. Environ. Int 188, 108751. https://
doi.org/10.1016/j.envint.2024.108751.

Leslie, H.A., van Velzen, M.J.M., Brandsma, S.H., Vethaak, A.D., Garcia-Vallejo, J.J.,
Lamoree, M.H., 2022. Discovery and quantification of plastic particle pollution in
human blood. Environ. Int. 163, 107199. https://doi.org/10.1016/j.
envint.2022.107199.

Li, A., Zhuang, T., Shi, J., Liang, Y., Song, M., 2019. Heavy metals in maternal and cord
blood in Beijing and their efficiency of placental transfer. J. Environ. Sci. 80,
99–106. https://doi.org/10.1016/j.jes.2018.11.004.

Li, Q., Lesseur, C., Srirangam, P., Kaur, K., Hermetz, K., Caudle, W.M., Fiedler, N.,
Panuwet, P., Prapamontol, T., Naksen, W., Suttiwan, P., Baumert, B.O., Hao, K.,
Barr, D.B., Marsit, C.J., Chen, J., 2023. Associations between prenatal
organophosphate pesticide exposure and placental gene networks. Environ. Res 224,
115490. https://doi.org/10.1016/j.envres.2023.115490.

Li, W., Miao, C., Sun, B., Wu, Z., Wang, X., Li, H., Gao, H., Zhu, Y., Cao, H., 2024.
Association of maternal blood mercury concentration during the first trimester of
pregnancy with birth outcomes. Sci. Rep. 14, 22675. https://doi.org/10.1038/
s41598-024-74373-w.

Li, Z., Lewin, M., Ruiz, P., Nigra, A.E., Henderson, N.B., Jarrett, J.M., Ward, C., Zhu, J.,
Umans, J.G., O’Leary, M., Zhang, Y., Ragin-Wilson, A., Navas-Acien, A., 2022. Blood

J.J. Newson et al.

https://doi.org/10.1186/s12199-019-0783-y
https://doi.org/10.1016/j.jtemb.2018.06.012
https://doi.org/10.3389/ftox.2023.1290119
https://doi.org/10.1289/ehp.1104522
https://doi.org/10.1016/j.envres.2018.12.055
https://doi.org/10.1016/j.reprotox.2019.05.061
https://doi.org/10.1016/j.reprotox.2019.05.061
https://doi.org/10.1002/aur.2698
https://doi.org/10.1002/aur.2698
https://doi.org/10.1017/S1368980015000506
https://doi.org/10.1093/ajcn/nqab305
https://doi.org/10.1016/j.jtemb.2023.127165
https://doi.org/10.1016/j.jtemb.2023.127165
https://doi.org/10.3390/ijerph16081438
https://doi.org/10.1016/j.toxrep.2020.04.008
https://doi.org/10.1016/j.toxrep.2020.04.008
https://doi.org/10.1016/j.jfca.2024.106943
https://doi.org/10.1016/j.jfca.2024.106943
https://doi.org/10.1007/s00127-019-01697-8
https://doi.org/10.1007/s00127-019-01697-8
https://doi.org/10.1016/j.envres.2024.118441
https://doi.org/10.1016/j.envres.2024.118441
https://doi.org/10.1016/j.envres.2020.109901
https://doi.org/10.1016/j.envres.2020.109901
https://doi.org/10.1016/j.envint.2022.107093
https://doi.org/10.3390/nu14081626
https://doi.org/10.1007/s12011-018-1471-2
https://doi.org/10.33549/physiolres.933962
https://doi.org/10.1016/j.reprotox.2014.03.010
https://doi.org/10.1016/j.reprotox.2014.03.010
https://doi.org/10.1515/reveh.2010.25.3.243
https://doi.org/10.1016/j.envpol.2013.07.030
https://doi.org/10.1016/j.envpol.2013.07.030
https://doi.org/10.1016/j.scitotenv.2020.138412
https://doi.org/10.1016/j.scitotenv.2020.138412
https://doi.org/10.1016/j.jece.2023.109964
https://doi.org/10.1186/s12940-024-01115-w
https://doi.org/10.3390/nu14132568
https://doi.org/10.1136/bmj-2023-077310
https://doi.org/10.1146/annurev-publhealth-031912-114413
https://doi.org/10.1038/srep41804
https://doi.org/10.1016/0022-510X(79)90173-4
https://doi.org/10.1016/B978-0-12-809405-1.00037-7
https://doi.org/10.1186/s12940-021-00821-z
https://doi.org/10.1093/ajcn/nqac206
https://doi.org/10.1007/s12011-017-0959-5
https://doi.org/10.1016/j.scitotenv.2017.10.042
https://doi.org/10.1016/j.scitotenv.2017.10.042
https://doi.org/10.1021/acsomega.8b00824
https://doi.org/10.1021/acsomega.8b00824
https://doi.org/10.1016/j.envint.2024.108751
https://doi.org/10.1016/j.envint.2024.108751
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.jes.2018.11.004
https://doi.org/10.1016/j.envres.2023.115490
https://doi.org/10.1038/s41598-024-74373-w
https://doi.org/10.1038/s41598-024-74373-w


Neuroscience and Biobehavioral Reviews 176 (2025) 106290

13

cadmium, lead, manganese, mercury, and selenium levels in American Indian
populations: The Strong Heart Study. Environ. Res 215, 114101. https://doi.org/
10.1016/j.envres.2022.114101.

Liang, H.-W., Snyder, N., Wang, J., Xun, X., Yin, Q., LeWinn, K., Carroll, K.N., Bush, N.R.,
Kannan, K., Barrett, E.S., Mitchell, R.T., Tylavsky, F., Adibi, J.J., 2023. A study on
the association of placental and maternal urinary phthalate metabolites. J. Expo. Sci.
Environ. Epidemiol. 33, 264–272. https://doi.org/10.1038/s41370-022-00478-x.

Linares, A.M., Thaxton-Wiggins, A., Unrine, J.M., 2024. Concentrations of Lead and
Arsenic in Mother’s Milk and Children’s Blood in Peruvian Breastfeeding Dyads.
J. Hum. Lact 40, 69–79. https://doi.org/10.1177/08903344231212430.

Liu, J., Li, J., Wu, Y., Zhao, Y., Luo, F., Li, S., Yang, L., Moez, E.K., Dinu, I., Martin, J.W.,
2017. Bisphenol A Metabolites and Bisphenol S in Paired Maternal and Cord Serum.
Environ. Sci. Technol. 51, 2456–2463. https://doi.org/10.1021/acs.est.6b05718.

Liu, Y., Shi, Z., Liu, J., 2025. Nutrient-heavy metal interaction and mixed heavy metal
exposure in relation to cognition across lifespan: review evidence, potential
mechanisms, and implications. Nutr. Neurosci. 1–12. https://doi.org/10.1080/
1028415X.2024.2436818.

Li, Y., Wang, X., Feary McKenzie, J., T Mannetje, A., Cheng, S., He, C., Leathem, J.,
Pearce, N., Sunyer, J., Eskenazi, B., Yeh, R., Aylward, L.L., Donovan, G., Muller, J.F.,
Douwes, J., 2022. Pesticide exposure in New Zealand school-aged children: Urinary
concentrations of biomarkers and assessment of determinants. Environ. Int. 163,
107206. https://doi.org/10.1016/j.envint.2022.107206.

Louati, K., Kolsi, F., Kallel, R., Gdoura, Y., Borni, M., Hakim, L.S., Zribi, R., Choura, S.,
Maalej, A., Sayadi, S., Chamkha, M., Mnif, B., Khemakhem, Z., Boudawara, T.S.,
Boudawara, M.Z., Safta, F., 2023. Research of Pesticide Metabolites in Human Brain
Tumor Tissues by Chemometrics-Based Gas Chromatography–Mass Spectrometry
Analysis for a Hypothetical Correlation between Pesticide Exposure and Risk Factor
of Central Nervous System Tumors. ACS Omega 8, 29812. https://doi.org/10.1021/
acsomega.3c04592.

Loukas, N., Vrachnis, D., Antonakopoulos, N., Pergialiotis, V., Mina, A., Papoutsis, I.,
Iavazzo, C., Fotiou, A., Stavros, S., Valsamakis, G., Vlachadis, N., Maroudias, G.,
Mastorakos, G., Iliodromiti, Z., Drakakis, P., Vrachnis, N., 2023. Prenatal Exposure
to Bisphenol A: Is There an Association between Bisphenol A in Second Trimester
Amniotic Fluid and Fetal Growth? Med. (Kaunas. ) 59, 882. https://doi.org/
10.3390/medicina59050882.

Lu, L., Zhang, Y., Angley, M., Bejerano, S., Brockman, J.D., McClure, L.A., Unverzagt, F.
W., Fly, A.D., Kahe, K., 2024. Association of Urinary Cadmium Concentration With
Cognitive Impairment in US Adults: A Longitudinal Cohort Study. Neurology 103,
e209808. https://doi.org/10.1212/WNL.0000000000209808.

Lucchini, R., Placidi, D., Cagna, G., Fedrighi, C., Oppini, M., Peli, M., Zoni, S., 2017.
Manganese and Developmental Neurotoxicity. Adv. Neurobiol. 18, 13–34. https://
doi.org/10.1007/978-3-319-60189-2_2.

Mahdi, A.A., Ansari, J.A., Chaurasia, P., Ahmad, M.K., Kunwar, S., McClean, S.,
Yogarajah, P., 2023. A Study of Maternal and Umbilical Cord Blood Lead Levels in
Pregnant Women. Indian J. Clin. Biochem 38, 94–101. https://doi.org/10.1007/
s12291-022-01040-0.

Main, K.M., Mortensen, G.K., Kaleva, M.M., Boisen, K.A., Damgaard, I.N.,
Chellakooty, M., Schmidt, I.M., Suomi, A.-M., Virtanen, H.E., Petersen, J.H.,
Andersson, A.-M., Toppari, J., Skakkebæk, N.E., 2006. Human Breast Milk
Contamination with Phthalates and Alterations of Endogenous Reproductive
Hormones in Infants Three Months of Age. Environ. Health Perspect. 114, 270–276.
https://doi.org/10.1289/ehp.8075.

Manley, C.K., Villanger, G.D., Thomsen, C., Cequier, E., Sakhi, A.K., Reichborn-
Kjennerud, T., Herring, A.H., Øvergaard, K.R., Zeiner, P., Roell, K.R., Engel, L.S.,
Kamai, E.M., Thistle, J., Hall, A., Aase, H., Engel, S.M., 2022. Prenatal Exposure to
Organophosphorus Pesticides and Preschool ADHD in the Norwegian Mother, Father
and Child Cohort Study. Int J. Environ. Res Public Health 19, 8148. https://doi.org/
10.3390/ijerph19138148.

Mannino, A., Daly, A., Dunlop, E., Probst, Y., Ponsonby, A.-L., van der Mei, I.A.F.,
Black, L.J., 2023. Higher consumption of ultra-processed foods and increased
likelihood of central nervous system demyelination in a case-control study of
Australian adults. Eur. J. Clin. Nutr. 77, 611–614. https://doi.org/10.1038/s41430-
023-01271-1.

Manzoor, M.F., Tariq, T., Fatima, B., Sahar, A., Tariq, F., Munir, S., Khan, S., Nawaz
Ranjha, M.M.A., Sameen, A., Zeng, X.-A., Ibrahim, S.A., 2022. An insight into
bisphenol A, food exposure and its adverse effects on health: A review. Front Nutr. 9,
1047827. https://doi.org/10.3389/fnut.2022.1047827.

MarketsandMarkets, 2023. Food Additives Market by Type (Emulsifiers, Hydrocolloids,
Preservatives, Dietary Fibers, Enzymes, Sweeteners, Flavors), Source, Form,
Application (Food, Beverages), by Functionality (Thickening, Stabilizing, Binding,
Emulsifying, Other Functionalities), and Region - Global Forecast to 2028. URL 〈htt
ps://www.marketsandmarkets.com/Market-Reports/food-additives-market-270.ht
ml〉.

Marquez, J., Long, E., 2021. A Global Decline in Adolescents’ Subjective Well-Being: a
Comparative Study Exploring Patterns of Change in the Life Satisfaction of 15-Year-
Old Students in 46 Countries. Child Indic. Res 24, 1251–1292. https://doi.org/
10.1007/s12187-020-09788-8.

Martín-Carrasco, I., Carbonero-Aguilar, P., Dahiri, B., Moreno, I.M., Hinojosa, M., 2023.
Comparison between pollutants found in breast milk and infant formula in the last
decade: A review. Sci. Total Environ. 875, 162461. https://doi.org/10.1016/j.
scitotenv.2023.162461.

Martínez Leo, E.E., Segura Campos, M.R., 2020. Effect of ultra-processed diet on gut
microbiota and thus its role in neurodegenerative diseases. Nutrition 71, 110609.
https://doi.org/10.1016/j.nut.2019.110609.

Martins, A.C., Urbano, M.R., Almeida Lopes, A.C.B., Carvalho, M., de, F.H., Buzzo, M.L.,
Docea, A.O., Mesas, A.E., Aschner, M., Silva, A.M.R., Silbergeld, E.K., Paoliello, M.M.

B., 2020. Blood cadmium levels and sources of exposure in an adult urban
population in southern Brazil. Environ. Res 187, 109618. https://doi.org/10.1016/j.
envres.2020.109618.

Martins, A.F., Santos, A.S.E., Moreira, J.C., Câmara, V., de, M., Asmus, C.I.R.F., Rosa, A.
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Mikeš, O., Szigeti, T., Középesy, S., Martinsone, I., Martinsone, Z., Akulova, L.,
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González-Alvarez, A.D., Gonzalez-Chica, D.A., González-Gil, E.M., Gonzalez-
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Kovács, É., Kovacs, V.A., Kovalskys, I., Kowlessur, S., Koziel, S., Kratenova, J.,
Kratzer, W., Kriaucioniene, V., Kriemler, S., Kristensen, P.L., Krizan, H., Kroker-
Lobos, M.F., Krokstad, S., Kromhout, D., Kruger, H.S., Kruger, R., Kryst, Ł.,
Kubinova, R., Kuciene, R., Kujala, U.M., Kujundzic, E., Kulaga, Z., Kulimbet, M.,
Kulothungan, V., Kumar, R.K., Kumari, M., Kunešová, M., Kurjata, P., Kusuma, Y.S.,
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Lustigová, M., Łuszczki, E., M’Buyamba-Kabangu, J.-R., Ma, G., Ma, X., Machado-
Coelho, G.L., Machado-Rodrigues, A.M., Macia, E., Macieira, L.M., Madar, A.A.,
Madraisau, S., Madsen, A.L., Maestre, G.E., Maggi, S., Magliano, D.J., Magnacca, S.,
Magriplis, E., Mahasampath, G., Maire, B., Majer, M., Makdisse, M., Mäki, P.,
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Sharma, B.M., Sáňka, O., Kalina, J., Scheringer, M., 2019. An overview of worldwide and
regional time trends in total mercury levels in human blood and breast milk from
1966 to 2015 and their associations with health effects. Environ. Int 125, 300–319.
https://doi.org/10.1016/j.envint.2018.12.016.

Shawahna, R., Saleh, R., Owiwi, L., Abdi, A., Bani-Odeh, D., Maqboul, I., Hijaz, H.,
Jaber, M., 2023. Breastmilk cadmium levels and estimated infant exposure: a
multicenter study of associated factors in a resource-limited country. Int. Breastfeed.
J. 18, 36. https://doi.org/10.1186/s13006-023-00574-0.

Shekhar, C., Khosya, R., Thakur, K., Mahajan, D., Kumar, R., Kumar, S., Sharma, A.K.,
2024. A systematic review of pesticide exposure, associated risks, and long-term
human health impacts. Toxicol. Rep. 13, 101840. https://doi.org/10.1016/j.
toxrep.2024.101840.

Shen, Y., Zhang, W., Jin, H., Guo, F., Jin, M., Chen, G., 2024. Association of whole blood
essential metals with neurodevelopment among preschool children. Pedia Res.
https://doi.org/10.1038/s41390-024-03729-9.

Shiue, I., 2014. Higher urinary heavy metal, arsenic, and phthalate concentrations in
people with high blood pressure: US NHANES, 2009–2010. Blood Press. 23,
363–369. https://doi.org/10.3109/08037051.2014.925228.

Shoaff, J.R., Calafat, A.M., Schantz, S.L., Korrick, S.A., 2019. Endocrine disrupting
chemical exposure and maladaptive behavior during adolescence. Environ. Res 172,
231–241. https://doi.org/10.1016/j.envres.2018.12.053.

Shoaff, J.R., Hahn, J., Calafat, A.M., Korrick, S.A., 2023. Adolescent endocrine disrupting
chemical exposure and academic achievement. Environ. Res. 234, 116493. https://
doi.org/10.1016/j.envres.2023.116493.

Silva, M.J., Reidy, J.A., Herbert, A.R., Preau, J.L., Needham, L.L., Calafat, A.M., 2004.
Detection of Phthalate Metabolites in Human Amniotic Fluid. Bull. Environ. Contam.
Toxicol. 72, 1226–1231. https://doi.org/10.1007/s00128-004-0374-4.

Simaremare, S.R.S., Hung, C.-C., Hsieh, C.-J., Yiin, L.-M., 2020b. Relationship between
Organophosphate and Pyrethroid Insecticides in Blood and Their Metabolites in
Urine: A Pilot Study. Int. J. Environ. Res. Public Health 17, 34. https://doi.org/
10.3390/ijerph17010034.

Simaremare, S.R.S., Hung, C.-C., Hsieh, C.-J., Yiin, L.-M., 2020a. Relationship between
Organophosphate and Pyrethroid Insecticides in Blood and Their Metabolites in
Urine: A Pilot Study. Int. J. Environ. Res. Public Health 17, 34. https://doi.org/
10.3390/ijerph17010034.

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Chagnon, M.,
Downs, C., Furlan, L., Gibbons, D.W., Giorio, C., Girolami, V., Goulson, D.,
Kreutzweiser, D.P., Krupke, C.H., Liess, M., Long, E., McField, M., Mineau, P.,
Mitchell, E.A.D., Morrissey, C.A., Noome, D.A., Pisa, L., Settele, J., Stark, J.D.,
Tapparo, A., Van Dyck, H., Van Praagh, J., Van der Sluijs, J.P., Whitehorn, P.R.,
Wiemers, M., 2015. Systemic insecticides (neonicotinoids and fipronil): trends, uses,
mode of action and metabolites. Environ. Sci. Pollut. Res 22, 5–34. https://doi.org/
10.1007/s11356-014-3470-y.

Sinha, S.N., Rao, M.V.V., Vasudev, K., 2012. Distribution of pesticides in different
commonly used vegetables from Hyderabad, India. Food Res. Int. 45, 161–169.
https://doi.org/10.1016/j.foodres.2011.09.028.

Smith, A.R., Kogut, K.R., Parra, K., Bradman, A., Holland, N., Harley, K.G., 2022. Dietary
intake and household exposures as predictors of urinary concentrations of high
molecular weight phthalates and bisphenol A in a cohort of adolescents. J. Expo. Sci.
Environ. Epidemiol. 32, 37–47. https://doi.org/10.1038/s41370-021-00305-9.

So, S.C.A., Tsoi, M.F., Cheung, A.J., Cheung, T.T., Cheung, B.M.Y., 2021. Blood and Urine
Inorganic and Organic Mercury Levels in the United States from 1999 to 2016. Am.
J. Med 134, e20–e30. https://doi.org/10.1016/j.amjmed.2020.06.023.

Song, X., Chen, T., Chen, Z., Du, L., Qiu, X., Zhang, Y., Li, Y., Zhu, Y., Tan, Z., Mo, Y.,
Feng, X., 2024. Micro(nano)plastics in human urine: A surprising contrast between
Chongqing’s urban and rural regions. Sci. Total Environ. 917, 170455. https://doi.
org/10.1016/j.scitotenv.2024.170455.

Song, Z., Song, R., Liu, Y., Wu, Z., Zhang, X., 2023. Effects of ultra-processed foods on the
microbiota-gut-brain axis: The bread-and-butter issue. Food Res Int 167, 112730.
https://doi.org/10.1016/j.foodres.2023.112730.

Souza, R.C., Portella, R.B., Almeida, P.V.N.B., Pinto, C.O., Gubert, P., Santos da Silva, J.
D., Nakamura, T.C., do Rego, E.L., 2020. Human milk contamination by nine
organochlorine pesticide residues (OCPs). J. Environ. Sci. Health B 55, 530–538.
https://doi.org/10.1080/03601234.2020.1729630.

Squitti, R., Rongioletti, M., Fostinelli, S., Severino, A., Bonvicini, C., Geviti, A.,
Martinelli, A., Tura, G.B., Ghidoni, R., 2024. Copper excess in psychiatric disorders:
a focus on mood spectrum disorders and sex. J. Trace Elem. Med. Biol. 86, 127532.
https://doi.org/10.1016/j.jtemb.2024.127532.

J.J. Newson et al.

https://doi.org/10.1016/j.chemosphere.2023.138790
https://doi.org/10.1016/j.chemosphere.2023.138790
https://doi.org/10.1016/j.envres.2022.115068
https://doi.org/10.1152/ajpendo.00443.2017
https://doi.org/10.1152/ajpendo.00443.2017
https://doi.org/10.1016/j.ecoenv.2024.116208
https://doi.org/10.1016/j.ecoenv.2024.116208
https://doi.org/10.1016/j.jtemb.2024.127494
https://doi.org/10.1016/j.neuro.2019.08.006
https://doi.org/10.1016/j.neuro.2019.08.006
https://doi.org/10.1038/s41598-021-91554-z
https://doi.org/10.1038/s41598-021-91554-z
https://doi.org/10.1111/jcpp.13505
https://doi.org/10.1111/jcpp.13505
https://doi.org/10.1186/s12940-021-00822-y
https://doi.org/10.1186/s12940-021-00822-y
https://doi.org/10.1289/EHP11380
https://doi.org/10.1289/EHP11380
https://doi.org/10.1016/j.envres.2023.117756
https://doi.org/10.1016/j.envres.2022.113412
https://doi.org/10.1016/j.envres.2022.113412
https://doi.org/10.1515/JPM.2002.061
https://doi.org/10.1016/j.foodcont.2019.05.034
https://doi.org/10.1016/j.foodcont.2019.05.034
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref289
http://refhub.elsevier.com/S0149-7634(25)00291-X/sbref289
https://doi.org/10.3390/ijerph20010778
https://doi.org/10.1073/pnas.1913749117
https://doi.org/10.3390/jcm13144029
https://doi.org/10.1289/EHP6391
https://doi.org/10.1017/S0033291714001883
https://doi.org/10.1017/S0033291714001883
https://doi.org/10.3390/foods12183340
https://doi.org/10.3390/foods12183340
https://doi.org/10.2196/33450
https://doi.org/10.1016/j.envint.2015.05.016
https://doi.org/10.1016/j.envint.2015.05.016
https://doi.org/10.1038/s41598-023-33919-0
https://doi.org/10.1038/s41598-023-33919-0
https://doi.org/10.1007/s13197-019-04053-5
https://doi.org/10.1007/s13197-019-04053-5
https://doi.org/10.1016/j.envint.2018.12.016
https://doi.org/10.1186/s13006-023-00574-0
https://doi.org/10.1016/j.toxrep.2024.101840
https://doi.org/10.1016/j.toxrep.2024.101840
https://doi.org/10.1038/s41390-024-03729-9
https://doi.org/10.3109/08037051.2014.925228
https://doi.org/10.1016/j.envres.2018.12.053
https://doi.org/10.1016/j.envres.2023.116493
https://doi.org/10.1016/j.envres.2023.116493
https://doi.org/10.1007/s00128-004-0374-4
https://doi.org/10.3390/ijerph17010034
https://doi.org/10.3390/ijerph17010034
https://doi.org/10.3390/ijerph17010034
https://doi.org/10.3390/ijerph17010034
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1016/j.foodres.2011.09.028
https://doi.org/10.1038/s41370-021-00305-9
https://doi.org/10.1016/j.amjmed.2020.06.023
https://doi.org/10.1016/j.scitotenv.2024.170455
https://doi.org/10.1016/j.scitotenv.2024.170455
https://doi.org/10.1016/j.foodres.2023.112730
https://doi.org/10.1080/03601234.2020.1729630
https://doi.org/10.1016/j.jtemb.2024.127532


Neuroscience and Biobehavioral Reviews 176 (2025) 106290

18

Stein, C.R., Wu, H., Bellinger, D.C., Smith, D.R., Wolff, M.S., Savitz, D.A., 2022. Exposure
to metal mixtures and neuropsychological functioning in middle childhood.
NeuroToxicology 93, 84–91. https://doi.org/10.1016/j.neuro.2022.09.003.

Stein, T.P., Schluter, M.D., Steer, R.A., Guo, L., Ming, X., 2015. Bisphenol A Exposure in
Children With Autism Spectrum Disorders. Autism Res 8, 272–283. https://doi.org/
10.1002/aur.1444.

Steptoe, A., Deaton, A., Stone, A.A., 2015. Subjective wellbeing, health, and ageing.
Lancet 385, 640–648. https://doi.org/10.1016/S0140-6736(13)61489-0.

Stone, A.A., Schwartz, J.E., Broderick, J.E., Deaton, A., 2010. A snapshot of the age
distribution of psychological well-being in the United States. Proc. Natl. Acad. Sci. U.
S. A. 107, 9985–9990. https://doi.org/10.1073/pnas.1003744107.

Sun, H., Su, X., Mao, J., Liu, Y., Li, G., Du, Q., 2024. Microplastics in maternal blood, fetal
appendages, and umbilical vein blood. Ecotoxicol. Environ. Saf. 287, 117300.
https://doi.org/10.1016/j.ecoenv.2024.117300.

Sun, Y., Irie, M., Kishikawa, N., Wada, M., Kuroda, N., Nakashima, K., 2004.
Determination of bisphenol A in human breast milk by HPLC with column-switching
and fluorescence detection. Biomed. Chromatogr. 18, 501–507. https://doi.org/
10.1002/bmc.345.

Sun, Y., Liu, B., Rong, S., Zhang, J., Du, Y., Xu, G., Snetselaar, L.G., Wallace, R.B.,
Lehmler, H.-J., Bao, W., 2021. Association of Seafood Consumption and Mercury
Exposure With Cardiovascular and All-Cause Mortality Among US Adults. JAMA
Netw. Open 4, e2136367. https://doi.org/10.1001/jamanetworkopen.2021.36367.

Suwannarin, N., Isobe, T., Nishihama, Y., Ito, Y., Kamijima, M., Ebara, T., Sugiura-
Ogasawara, M., Nishikawa, N., Nakai, K., Minamikawa, Y., Nakayama, S.F., 2023.
Concentrations of Neonicotinoid insecticides and their metabolites in multiple urine
samples collected from pregnant women in Japan. Environ. Res, 117506. https://
doi.org/10.1016/j.envres.2023.117506.

Tang, W., Wang, D., Wang, J., Wu, Z., Li, L., Huang, M., Xu, S., Yan, D., 2018. Pyrethroid
pesticide residues in the global environment: An overview. Chemosphere 191,
990–1007. https://doi.org/10.1016/j.chemosphere.2017.10.115.

Tang, Z., Su, Z., Jia, C., Wei, X., Zhu, Z., Qi, Y., Zhang, Z., Yao, L., Tu, H., Huang, X.,
Niu, Q., Sun, W., Wu, H., Yin, R., Li, A.J., Wu, F., 2024. Neonicotinoid insecticides
and metabolites levels in neonatal first urine from southern China: Exploring links to
preterm birth. J. Hazard. Mater. 469, 133910. https://doi.org/10.1016/j.
jhazmat.2024.133910.

Technavio, 2025. Ultra Processed Food Market Analysis Europe, APAC, North America,
South America, Middle East and Africa - US, UK, Germany, Canada, China, France,
Italy, Spain, Japan, The Netherlands - Size and Forecast 2025-2029. URL〈h
ttps://www.technavio.com/report/ultra-processed-food-market-industry-analysis〉.

The Consortium for Children’s Environmental Health, 2025. Manufactured Chemicals
and Children’s Health — The Need for New Law. N Engl J Med NEJMms2409092.
https://doi.org/10.1056/NEJMms2409092.

Tian, J., Liang, L., Li, Q., Li, N., Zhu, X., Zhang, L., 2025. Association between
microplastics in human amniotic fluid and pregnancy outcomes: Detection and
characterization using Raman spectroscopy and pyrolysis GC/MS. J. Hazard Mater.
482, 136637. https://doi.org/10.1016/j.jhazmat.2024.136637.

Tolins, M., Ruchirawat, M., Landrigan, P., 2014. The Developmental Neurotoxicity of
Arsenic: Cognitive and Behavioral Consequences of Early Life Exposure. Ann. Glob.
Health 80, 303–314. https://doi.org/10.1016/j.aogh.2014.09.005.
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