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Health impacts of exposure to synthetic 
chemicals in food
 

Jane Muncke    1 , Mathilde Touvier    2, Leonardo Trasande3,4 & 
Martin Scheringer5

Humans are widely exposed to synthetic chemicals, especially via food. The 
types of chemical contaminants in food (including food contact chemicals) 
are diverse, and many of these are known to be hazardous, with mounting 
evidence that some contribute to noncommunicable diseases. The 
increasing consumption of ultra-processed foods, which contain synthetic 
chemicals, also contributes to adverse health. If the chemical contamination 
of foods were better characterized, then this issue would likely receive more 
attention as an important opportunity for disease prevention. In this Review, 
we discuss types and sources of synthetic food contaminants, focusing on 
food contact chemicals and their presence in ultra-processed foods. We 
outline future research needs and highlight possible responses at different 
food system levels. A sustainable transition of the food system must address 
the health impacts of synthetic chemicals in food; we discuss existing 
solutions that do justice to the complexity of the issue while avoiding 
regrettable substitutions and rebound effects.

Modern synthetic chemistry has, to a large degree, enabled society’s 
transformation, brought convenience and affluence, democratized 
consumption and continues to drive prosperity1,2. Modern chemistry 
also enables the current globalized food system, with artificial ferti-
lizers first introduced in the early 20th century, based on the Nobel 
Prize-winning Haber–Bosch process invented in 1909, which produces 
approximately 150 million tonnes of nitrogen fertilizers annually3. 
Pesticides4, food additives5, plastics6 and food contact materials7 have 
had key roles in the industrialization and globalization of today’s food 
supply by enabling storage of perishable foods and ensuring microbial 
food safety. Today, it is estimated that around 350,000 synthetic chemi-
cals are available for commerce8, with over 16,000 in plastics alone9.

However, there are also many detrimental developments associ-
ated with the presence of chemicals in the food system, including 
chemical pollution of soil, drinking water and food10–16 and the associ-
ated human health impacts from the increasing levels and types of 
synthetic chemicals ingested by humans17–19. This includes pesticides, 
persistent organic pollutants, food additives and food-processing 

contaminants, microplastics and food contact chemicals (FCCs) that 
migrate into foodstuffs from food packaging and other food contact 
articles20. Due to advanced analytical capabilities, synthetic chemicals 
and materials are found with increasing frequency in foodstuffs and 
in human tissue21–25, and some have been linked to the increasing inci-
dence of noncommunicable diseases globally18,26,27.

This chemical contamination of food and beverages may be espe-
cially relevant for highly processed, engineered foodstuffs, often hailed 
(by their manufacturers) as more sustainable because of lowering 
carbon emissions. Examples include the use of non-animal proteins28 
or the application of novel techniques (such as high-pressure process-
ing) that have both nutritional and environmental benefits29,30, but the 
increased chemical contamination associated with them is disregarded.

In this Review, we outline the most prevalent types and sources 
of synthetic chemical contaminants in foodstuffs, with a focus on 
FCCs. We summarize knowledge on the impacts of FCCs on human 
health, including developmental effects on unborn children. We dis-
cuss regulatory shortcomings in chemical risk assessment of FCCs 

Received: 7 February 2025

Accepted: 4 April 2025

Published online: 16 May 2025

 Check for updates

1Food Packaging Forum Foundation, Zurich, Switzerland. 2Nutritional Epidemiology Research Team (EREN), Center of Research in Epidemiology and 
Statistics, CNAM, INRAE, INSERM, Université Sorbonne Paris Nord and Université Paris Cité, Bobigny, France. 3Department of Pediatrics and Department 
of Population Health, New York University School of Medicine, New York City, NY, USA. 4New York Wagner School of Public Service, New York City, NY, 
USA. 5ETH Zürich, Zurich, Switzerland.  e-mail: jane.muncke@fp-forum.org

http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-025-03697-5
http://orcid.org/0000-0002-6942-0594
http://orcid.org/0000-0002-8322-8857
http://crossmark.crossref.org/dialog/?doi=10.1038/s41591-025-03697-5&domain=pdf
mailto:jane.muncke@fp-forum.org


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1432

Review article https://doi.org/10.1038/s41591-025-03697-5

according to the FCCmigex database (https://foodpackagingforum.
org/resources/databases/fccmigex#dashboard). Migration of FCCs 
depends on intrinsic properties of the FCCs (initial concentration in 
the food contact material, molecular weight, water solubility, etc.) and 
extrinsic conditions of the foodstuff (heat, contact time, fat content, 
salinity, pH, etc.), as well as properties of the different food contact 
materials (crystallinity, surface area-to-food volume ratio, inertness, 
etc.)37–40 (Fig. 2).

The sources of synthetic chemicals in foods and beverages reflect 
the different stages of food production and consumption from field to 
fork (Fig. 1). The contamination of raw foods and drinking water with 
environmental pollutants, including residual pesticides, is relevant 
for a wide range of foodstuffs, from plants (fruit, vegetables) to animal 
products (dairy, eggs, meat, seafood) and edible mushrooms41,42. The 
indirect contamination of animal feed may also be a relevant source43. 
Synthetic contaminants measured in these foods include persistent 
organic chemicals, such as polychlorinated dibenzodioxins that are 
generated from (open) burning of plastics44, but also legacy contami-
nants, such as dichlorodiphenyldichloroethylene (a metabolite of 
the pesticide dichlorodiphenyltrichloroethane)45, polychlorinated 
biphenyls46 and polybrominated diphenylethers47,48 and currently used 
pesticides49. Perfluoroalkyl and polyfluoroalkyl substances (PFASs), 
known as ‘forever chemicals’, are both persistent and mobile and are 
therefore found in waters and soils globally, as well as in foodstuffs50. 
Importantly, microplastics and nanoplastics are also persistent and 
consequently have been found in drinking waters51 and foodstuffs, for 
example, in bivalves (clams, mussels and others), which are active filter 
feeders52, and in plants whereby plastic particles are taken up through 
the roots and accumulate in leafy vegetables53.

Synthetic chemicals can also migrate into foodstuffs from stor-
age containers, tubing and transporting equipment. For example, 
BPA diglycidyl ether may migrate from the coatings of coated metal 
food storage containers54, and phthalates can move out of polyvinyl 
chloride tubing, for example, into milk55. Cleaning agents used in the 
disinfection of storage and transport containers may also be found as 
residuals in foods.

During food processing, different types of synthetic chemicals 
may be introduced into or generated directly in foodstuffs, including 
direct food additives and artificial flavors as intentionally included syn-
thetic chemicals56, FCCs (phthalates, oligomers, etc.)57–59, processing 
by-products such as acrylamide60 or industrial trans fats from vegetable 

and highlight ultra-processed foods (UPFs) as an important source 
of exposure to synthetic chemicals. We hypothesize that FCCs are 
contributing and possibly causal factors for UPFs’ observed health 
impacts, a link that remains underappreciated. Finally, we discuss 
future directions based on the current scientific understanding. Our 
goal is to inform medical practitioners to enable disease prevention 
and highlight policy-relevant research needs. As humanity grapples 
with many self-inflicted threats, from climate change to plastic pollu-
tion and biodiversity loss, we aim to boost evidence-based, indepen-
dently informed and collaborative decision-making that contributes 
to humanity’s healthy and sustainable food future.

Types and sources of synthetic chemicals in food
In the past, it has been considered that most health concerns related 
to synthetic chemical contaminants in foodstuffs stem mostly 
from pesticides31, including fungicides and herbicides, such as 
2-phenylphenol, chlordane, prochloraz and chlorpyrifos32–34. Biocides,  
which, like pesticides, aim to control organisms but are not used in 
agriculture, may contaminate food during processing or storage. There 
is also growing awareness of environmental contaminants such as 
polychlorinated dibenzodioxins and dibenzofurans, polychlorinated 
biphenyls, dichlorodiphenyldichloroethylene and microplastics enter-
ing into raw foods from soil, air and (drinking) water. In addition, a 
wide range of synthetic chemicals are intentionally used by the food 
industry as direct food additives35, such as aspartame, erythrosine, 
monoglycerides and diglycerides of fatty acids, carrageenan and car-
boxymethylcellulose. Additional types of synthetic chemicals in pro-
cessed and packaged modern foods include processing contaminants 
generated during food preparation (such as acrylamide) and FCCs that 
migrate from processing equipment and packaging, kitchenware and 
tableware. These include well-known compounds such as bisphenol A 
(BPA), diethylhexyl phthalate (DEHP), perfluorooctanoic acid (PFOA) 
and styrene. In the USA, some FCCs are known and regulated as indirect 
food additives36.

Notably, for synthetic FCCs, four routes of contamination are 
relevant, namely, during transportation, food processing, from pack-
aging and during food preparation (Fig. 1). During each of these stages, 
foodstuffs encounter food contact materials and a chemical transfer 
known as migration can occur, in which chemicals leach (or gas out) 
into the foodstuffs. More than 1,000 peer-reviewed empirical stud-
ies demonstrate this phenomenon for at least 2,160 different FCCs, 
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Fig. 1 | Sources and types of synthetic chemicals in foodstuffs. Food and 
beverages can be contaminated during different stages of the value chain 
and with different types of synthetic chemicals. Most attention is paid toward 
pesticides, while direct food additives and FCCs have received considerably 
less awareness, even though they are likely to contribute to the adverse health 

outcomes associated with the consumption of contaminated foods. The reason 
for this may relate to the intended use of food additives and food contact 
materials, such as tubing and storage containers used during food transport, 
conveyor belts and machinery used during food processing, packaging, 
tableware and kitchenware.
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oil hydrogenation61 and cleaning and processing agents (biocides, 
etc.)62,63. Importantly, food-processing equipment is an underappre-
ciated source of synthetic chemicals, including microplastics and 
nanoplastics, which migrate into foodstuffs.

Food packaging has received the most attention thus far as a 
source of synthetic FCCs37. Migration of FCCs increases at higher tem-
peratures, such as when foodstuffs are pasteurized directly in their 
packaging for longer shelf life. Long storage times can lead to increased 
migration, and this is particularly relevant for small-particle foodstuffs 
with a large total surface area relative to their volume (such as flour, 
rice or polenta). Best-before dates on packaging for pantry foods 
(especially for those packaged in paper and cardboard) may often relate 
to the compliance of the packaging itself and the potential migration 
of FCCs over time, rather than necessarily to microbial spoilage of 
foodstuffs or other food safety issues64. Emerging research shows that 
it is not just the environmental degradation of plastics that leads to 
microplastic and nanoplastic contamination in foodstuffs; rather, the 
normal and intended use of plastic food contact materials also leads to 
the migration of these contaminants into foodstuffs65–71.

The final stage in food preparation, when foodstuffs are prepared 
for consumption, often involves heating. However, higher tempera-
tures lead to increased migration; therefore, food preparation can 

be another key step for the contamination of foodstuffs that has not 
received much attention thus far. For example, when water is boiled in 
an electric kettle, chemicals can migrate if the inside food contact layer 
of the kettle is not inert (for example, if it is made of plastic and not of 
stainless steel). Additional sources can be black plastic products (such 
as spatulas or coffee mugs) that may contain brominated flame retard-
ants from illicitly recycled plastic waste that is not food-contact grade72.

The underappreciated relevance of FCCs
The relevance of synthetic chemicals originating from food contact 
materials has been greatly underappreciated. By comparison, con-
tamination with pesticides is much better characterized and managed 
and far smaller in scope (Table 1). More than 15,000 FCCs are known, 
with around 12,000 intentionally used in the manufacture of food con-
tact materials and articles73. But finished food contact articles can 
also contain non-intentionally added substances (NIASs), which may 
migrate into foodstuffs at even higher levels; most of these substances 
are unknown, which hampers adequate risk assessment. Up to 100,000 
FCCs are estimated to exist74.

Indeed, the safety assessment of all (migrating) FCCs is challenged by 
several shortcomings75. First, not all chemicals that migrate are assessed. 
This is the case for many NIASs. Second, assessments are usually per-
formed only for single substances, while, under normal conditions of 
use and for most materials, mixtures of dozens to thousands of FCCs 
migrate into foodstuffs simultaneously and may cause mixture effects76 
or interact with foods to form toxic substances, such as benzene formed 
from the reaction of benzoic acid, migrating from plastics, with ascorbic 
acid, present in some foods77. And third, assessments to determine the 
safety of FCCs are largely limited to genotoxicity as the only endpoint 
in relation to chronic disease risk. Historically, cancer was perceived as 
the worst possible chronic health outcome linked to synthetic chemical 
exposure, and since then, it has been assumed that there is no threshold 
for genotoxic chemicals78–80. However, it is clear today that cancers are 
only one type of several chronic diseases associated with synthetic chemi-
cal exposures18, and other effects aside from genotoxicity (for example, 
endocrine disruption) can also have very low thresholds.

As a result, there are increasing concerns for human health20. In 
2022, the US Government Accountability Office stated that some FCCs 
‘may pose health risks’81, and in 2016, the European Parliament wrote in 
its own initiative report on the implementation of the European Union’s 
(EU’s) food contact materials (‘FCMs’ in the following) regulation that 
‘the current paradigm for evaluation of safety of FCMs is insufficient, 
as there is a general underestimation of the role of FCMs in food con-
tamination and a lack of information on human exposure’82.

One of the best-characterized FCCs is BPA. Used first as monomer 
in polycarbonate plastics since the 1960s, BPA was found in the 1990s to 
migrate from bottles and coated metal cans, showing estrogenic effects 
in in vitro assays83,84. Thirty years later, BPA has now been banned for use 
in food contact materials in the EU85, due to its very low tolerable daily 
intake (0.2 ng BPA per kg body weight per day) that was most recently 
reduced by a factor of 20,000 (ref. 86), following decades of pushback by 
some industry stakeholders87. As important as this step is, it is sobering 
that the enforcement threshold for the presence of BPA in foodstuffs 
is 1,000 times higher than the newly established tolerable daily intake, 
because contemporary analytical chemistry methods are insufficient for 
measuring BPA in the ng-per-kg foodstuff range that is the assumed safe 
level. This means that, despite the ban, European citizens (like citizens 
worldwide) will continue to be exposed to BPA above the safe threshold 
because currently this limit cannot be enforced or because national 
regulations outside the EU have not adopted lower thresholds for BPA.

Health impacts of synthetic chemicals in foods
There is increasing scientific evidence demonstrating that synthetic 
chemicals present in foodstuffs, such as bisphenols, phthalates and 
PFAS, can damage human health, especially during prenatal and 
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• Specific surface area of food

Fig. 2 | Migration of FCCs into foodstuffs. Migration is influenced by different 
factors, including temperature, storage time and chemical properties of the 
foodstuff. The term FCCs describes all types of chemicals present in food 
contact materials, including NIASs, such as impurities, reaction by-products and 
degradation products. All migrating FCCs are relevant for human exposure as 
they are likely to be ingested with food and beverages. Sources are packaging but 
also (industrial) processing equipment, tableware and kitchenware and storage 
containers. Some FCCs may also have uses other than in food contact materials, 
leading to increased exposure from all sources.
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perinatal development18,19,88,89. For example, DEHP, phthalic acid and 
di-isononyl phthalate are associated with decreased gestational age 
and increased risk of preterm birth, which are known risk factors for 
a range of noncommunicable diseases later in life, including chronic 
kidney disease, type 2 diabetes in women and chronic hypertension 
and cardiovascular morbidities90–92. These observations of adverse 
health outcomes caused by exposure to synthetic chemicals during 
development contribute to the research area of ‘developmental origins 
of health and disease’ (known as DOHAD)93–95, but this knowledge has 
yet to be implemented into regulatory testing requirements for FCCs. 
Effects in adults have been observed for DEHP, exposure to which is 
linked to adult obesity and adult diabetes, with experts estimating a 
probability of causation in the range of 40% to 69% (ref. 96). PFOA has 
been classified as carcinogenic to humans (group 1) by the International 
Agency for Research on Cancer97.

One of the reasons for the occurrence of chemical exposure-related 
chronic diseases in the human population is shortcomings in chemi-
cal risk assessment, management and enforcement. When assessing 
chemical safety in animal experiments, toxicologists have traditionally 
tested high doses (that is, the ‘maximum tolerable dose’) and extrapo-
lated findings to the low-dose exposures relevant to humans, assuming 
a monotonic dose–response relationship. However, non-monotonic 
exposure–response relationships have been widely documented 
for endocrine-disrupting chemicals (EDCs)32,98–102, showing that 
high-to-low-dose extrapolation for setting safe exposure thresholds 
can be faulty. The recent reevaluation of BPA, a known EDC, in which 
the new safe exposure level is too low to enforce (described in the sec-
tion above), highlights this. Developmental exposure to EDCs, even at 
very low doses, can lead to some of the observed detrimental health 
outcomes described in the DOHAD research area, such as obesity and 
diabetes95. This knowledge, too, has yet to be systematically imple-
mented into regulatory chemical risk assessment103.

An additional, concerning shortcoming of current regulatory 
chemical risk assessment practice is the focus on assessing the effects 
of single substances only, while exposures to synthetic chemicals 
occur in mixtures. Epidemiological data show that adverse outcomes, 
such as reduced IQ in boys at age 7 or abdominal obesity in adults, are 
linked to mixtures of EDCs104,105. These findings highlight that establish-
ing safe thresholds for individual chemicals may not be sufficiently 
protective106.

In sum, this knowledge questions today’s reliance on ‘the dose 
makes the poison’ as a tenet of chemical safety assessment, because, in 
addition to the dose, the timing of exposure (that is, developmental or 
other sensitive life stages) and the chemical context (that is, exposure 
to mixtures and the wider exposome) make the ‘poison’, too.

Spotlight on UPFs
Recently, the link between highly processed foods and increased lev-
els of FCCs and microplastics has been established57,58,107. Processed 

foodstuffs have become a vector for ubiquitous, global exposure to 
mixtures of FCCs, but UPFs still receive very little attention with respect 
to their synthetic chemical contaminants (especially those arising from 
the normal and intended use of synthetic food contact materials) and 
associated impacts on health.

The health impacts related to the consumption of UPFs are the 
subject of ongoing research. The concept and definition of UPF were 
developed by Carlos Monteiro and colleagues through the NOVA clas-
sification that defines UPFs as foods made by intense industrial, physi-
cal, chemical or biological processes (for example, hydrogenation, 
molding, extruding, preprocessing by frying) and/or formulated with 
food additives and other industrial ingredients not usually found in 
domestic kitchens (for example, glucose–fructose syrup, hydrogen-
ated oils, flavoring agents)108. Globally, the proportion of daily calories 
ingested from UPF varies from about 15% in Romania to around 58% 
in the USA109–114 (Fig. 3). In the late 2010s, the NutriNet-Santé cohort 
in France (2009 and ongoing), which includes 180,000 people >15 
years of age, was the first epidemiological study to show associations 
between UPF exposure and hard endpoints such as a higher incidence of 
cancer115, cardiovascular diseases116 and type 2 diabetes117. Associations 
have been observed with many other health outcomes globally, such 
as obesity, premature mortality, gastrointestinal disorders, dyslipi-
demia, hypertension and depressive symptoms118–125. Developmental 
and reproductive health outcomes are also being studied with respect 
to UPF consumption, suggesting potential adverse effects on semen 
quality126,127, biomarkers of reproductive diseases128 and delayed devel-
opment in children 1–35 months of age129.

The currently available evidence linking UPF consumption with 
a wide range of adverse health outcomes spans over 90 prospective 
studies, mostly large scale (70% included >10,000 participants), cover-
ing all continents and all ages (including pregnant women)130. A recent 
umbrella review included nearly 10 million participants, comprising 
13 dose–response associations and 32 associations from studies that 
compared only highest exposures to UPF versus lowest exposures to 
UPF (or exposed versus non-exposed), with no indication of dose–
response association (so called non-dose–response associations)131. 
Highly consistent positive relationships have been established between 
UPF consumption and obesity, cardiometabolic diseases, common 
mental disorders and premature mortality131. Short-term randomized 
controlled trials, such as the dietary intervention studies by Hall et al.132 
and Hamano et al.133, also provide complementary information on 
intermediate endpoints showing an impact of UPF on weight gain and 
dyslipidemia (multiple other trials are ongoing). Additional research 
is needed to confirm suggested associations for other outcomes, such 
as cancers and respiratory health.

Mechanisms of adverse effects from UPF: what role do 
synthetic chemicals play?
What remains unclear is how UPFs exert their adverse health impacts57. 
Research currently focuses on the identification of specific compo-
nents, processes and characteristics of UPF that may cause these 
adverse health effects, as well as the underlying (molecular) mecha-
nisms. Some of the effects of UPFs may be related to the on-average 
generally poorer nutritional profile (relatively higher energy density, 
higher quantity of fat, sugar and salt and lower quantity of vitamins, 
minerals and fibers than those of the same weight of non-UPFs), as well 
as the fact that they displace nutritionally healthy, minimally processed 
foods. However, these aspects do not explain all the observed adverse 
health impacts of UPFs57.

Indeed, in many prospective studies, UPF–health associations 
were sometimes weakened but remained statistically significant even 
after adjustment for total energy intake and various nutritional qual-
ity indicators, suggesting that factors other than poor nutritional 
quality also contribute to these associations57,134. Therefore, it is now 
recognized that the nutritional and food-processing–formulation 

Table 1 | Comparison of two types of synthetic food 
contaminants

Pesticides FCCs

Number of substances ~1,500 >15,159 known
>11,550 intentionally used in 
food manufacture
Up to 100,000 estimated to 
exista

Level of food contamination μg/kg (parts 
per billion)

mg/kg (parts per million)

Toxicological evaluation Yes Mostly no

Sources36,186,194: abased on the expert estimate that each intentionally added FCC is associated 
with five to ten non-intentionally added FCCs, originating from batch impurities, reaction 
by-products of polymerization, breakdown products and contaminants from reuse and 
recycling.
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aspects are complementary and that both impact human health. 
Among other theories currently being explored130 are deconstructed 
food matrices that may impact bioavailability, digestibility and eat-
ing rate, as well as contaminants created during food processing, 
such as acrolein, furans, acrylamide, industrial trans fatty acids or 
advanced glycation end products, for which evidence of harmful 
effects is accumulating61,135–138.

Direct food additives, that is, intentionally added synthetic chemi-
cals in foods, are also being investigated for their role in health out-
comes. There are more than 350 food additives listed in the global 
Codex Alimentarius database (https://www.fao.org/gsfaonline/addi-
tives/index.html). Although food additives are subject to safety evalu-
ation by authorities, such assessments generally focus on very specific 
toxic effects, with no human epidemiological data on long-term chronic 
disease risk available in premarket evaluations139,140. In the USA, syn-
thetic food additives may also be legally used as GRAS (generally rec-
ognized as safe), but this can imply that their safety has not sufficiently 
been assessed141,142. Mounting evidence from experimental research 
in animal models and humans143,144 and epidemiological studies145–153 
suggests adverse health effects of some widely used food additives, 
such as some artificial sweeteners and emulsifiers, linking them with 
higher risks of noncommunicable diseases such as hypertension, 
cardiovascular diseases, type 2 diabetes and cancers, as well as micro-
biota dysbiosis. A recently published in vitro study suggests cytotox-
icity and genotoxicity of some food additive mixtures beyond the 
effect of individual substances154. Processed foods can also contain 
endocrine-disrupting food additives155.

UPFs are generally prepackaged and kept for several weeks, 
months or even years in their packaging. Many are even directly heated 
in their packaging (for example, ready-to-eat dishes in plastic trays 
reheated in the microwave), enhancing the migration of FCCs into food. 
In addition, the many processing steps in the manufacture of UPFs cre-
ate a multitude of encounters with different food contact materials. If 
these food contact materials are plastic or other non-inert materials, 
they will be a source of synthetic chemicals leaching into foodstuffs13,57. 
Therefore, an emerging hypothesis relates to the migration of FCCs 
and microplastics from the normal and intended use of food contact 
materials, such as processing equipment, storage containers, tubing 
and packaging13,57. Studies from the USA have shown that greater higher 
consumption of UPFs, as well as dining out, are both associated with 
elevated levels of FCCs measured in people and in food58,156, although 
the causal link still needs to be established. Current research aims to 
unravel more definitively the contribution of FCCs to the observed 
health effects of UPF consumption to identify opportunities for disease 
prevention (Box 1). In sum, these findings point toward an additional, 
emerging hypothesis for how UPFs cause adverse effects, namely 
by means of not only their nutritional content but also the synthetic 
chemicals intentionally added and those that migrate into UPFs during 
processing and preparation and from packaging.

Economic costs of exposure-associated disease burden
Several systematic reviews and meta-analyses estimate the disease 
burden and costs attributable to exposure to synthetic (mainly 
plastic-associated) chemicals96,157. Although these studies looked at 
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Fig. 3 | Proportion of daily energy intake from UPF across countries and 
health impacts of UPFs and FCCs with convincing evidence. Globally, 
there is a large disparity in the percentage of daily energy intake from UPFs. 
Several health outcomes have been studied, including respiratory health, 
gastrointestinal health, metabolic health and cancers, based on data from 
multiple population-based studies worldwide, including >9.8 million people 

in total. The density of evidence is the highest for cardiometabolic diseases, 
obesity, common mental disorders and premature death131. Several FCCs  
are not fully specific to UPFs but have been detected in larger quantities  
in the urine of consumers of larger amounts of UPFs59,137. For the FCCs BPA, 
DEHP, phthalates as group and PFOA, causative health outcomes are shown  
(data sources: refs. 88,89,96,113,114,131,195).
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disease burden and costs related to exposure from all sources, not 
only food contact plastics, a large majority of these costs is likely due 
to the approximately 20% of all globally produced plastics that are used 
in food packaging36. Studies estimate costs of €163 billion per year for 
diseases attributed to EDCs in the EU and $340 billion per year in the 
USA96,158. Also in the USA, a cost burden of $5–62 billion per year was 
estimated for diseases attributed specifically to PFASs (including low 
birth weight and childhood obesity)159; newer data attributing disease 
to phthalates suggest an additional $24 billion per year in cardiovas-
cular mortality160 and $4 billion in preterm birth161. In the USA in 2018, 
the estimated costs to society of diseases attributed to plastic-related 
chemicals totaled $249 billion (uncertainty analysis: $226 billion to 
$289 billion)162. For the same year, the health costs specifically associ-
ated with PFOA and/or perfluorooctanesulfonic acid were anticipated 

to be at least $5.5 billion annually, with possible projections of up to 
$62.6 billion per year159. Another recent study from Cropper and col-
leagues estimated that plastic chemicals were attributed to $1.5 trillion 
purchasing power parity dollars in health costs globally in 2015 and to 
associated instances of ischemic heart disease, stroke and increased 
premature mortality163.

Research needs
The health impacts and economic costs discussed above provide a 
compelling rationale for investment in research to better understand 
the impacts of FCCs on health, with the goal to develop strategies for 
reducing exposures. Below, we outline three priority areas for future 
research.

Identifying hazardous chemicals
In addition to the effects of single, well-known hazardous compounds, 
there is reason for concern regarding a much wider range of chemicals 
and chemical mixtures present in foodstuffs106,164. Mitigation is only 
possible when the most hazardous chemicals in foods are identified165 
and adequately tested for all their impacts on health, using appropriate 
study designs and test systems17,166. This could potentially be achieved 
by analyzing epidemiological data in combination with data on chemi-
cal migration (Box 1) and by improving chemical safety assessments: 
leveraging innovative tools to analyze mechanisms of toxicity at the 
cellular or molecular levels toward elucidating biological relevance 
in whole organisms. In line with this, the Adverse Outcome Pathways 
and the Key Characteristics of Toxicants framework offer promising 
approaches167,168, but high-throughput screening assays need to be 
developed for testing FCCs. As chemical exposure contributes to 
cancers, cardiovascular diseases, metabolic disorders, brain-related 
diseases and immune system-relevant diseases, as well as reproductive 
disorders, reliable and informative safety assessments need to address 
all these six clusters of disease166.

Innovating for safer food contact materials
Human exposure to FCCs can be reduced by a systematic shift away from 
materials that are known to have the highest chemical complexity and to 
release the most synthetic chemicals and microplastics into foodstuffs, 
including paper and board, plastics and coated metal37. Not all appli-
cations of such non-inert materials can be easily replaced; therefore, 
there is a need for research to develop safer, novel and, importantly, 
inert materials. These materials, too, need to be adequately tested for 
safety with regard to migrating FCCs and microplastics, including the 
migrating FCC mixture, using appropriate testing methods166. New 
approaches to testing for microplastic migration from food contact 
materials also need to be developed169.

Research aimed at replacing chemicals (and chemical groups) 
of concern in food contact materials should be approached in a 
holistic manner. It is conceivable that entirely new materials or even 
packaging-free delivery of foodstuffs can be safer and more sustain-
able solutions than modified versions of existing materials if they 
avoid unintended ‘rebound’ effects. Indeed, plastic pollution is such a 
rebound effect, as it was created by a strong push toward lightweight-
ing food packaging to reduce carbon emissions16,170. The development 
of new, safer and more sustainable food contact materials that can be 
metabolized or broken down into benign constituents in the environ-
ment, in line with the principle of ‘biomimicry’, which involves learning 
from processes in nature to drive technological innovation171, should 
be integrated with any efforts aimed at achieving lower migration and 
removing hazardous chemicals, as well as reducing the generation of 
microplastics (Boucher, J. M. et al., unpublished observations)25.

Rethinking food business models for safety and sustainability
Modern food packaging has evolved from its first beginnings in the 19th 
century, when food preservation was the main functional requirement. 

BOX 1

Research to identify the most 
relevant FCCs and their health 
impacts
Given that commercial interests today strongly influence 
the regulatory agenda, it is essential to provide a reliable, 
independently compiled evidence base, demonstrating the adverse 
health outcomes linked to FCC exposure via food. Such data 
can support progressive regulations aimed at better protecting 
human health. Studies from the USA have shown that increased 
consumption of UPFs and dining out are associated with higher 
levels of FCCs57,156; however, it is not clear whether this decreases 
with lower UPF dietary fractions or is linked to processed food 
consumption in general. To advance knowledge in this field, 
we are establishing a research program based on the French 
NutriNet-Santé cohort’s unique dataset that contains barcodes 
as distinctive, product-specific identifiers of consumed industrial 
food consumed and also provides packaging information. In 
addition, we will use French national FCC and food contact material 
surveillance data196,197, in combination with the Food Packaging 
Forum’s systematically compiled datasets of over 15,000 currently 
known FCCs21,37,73, to screen for the potential impacts of FCCs in 
UPFs (and other foodstuffs) on adverse health outcomes identified 
in the NutriNet-Santé cohort. This approach will enable us to 
develop hypotheses regarding the most harmful food-packaging 
materials and associated migrating chemicals and allow us to 
test for hazardous FCCs in human blood and urine samples from 
the NutriNet-Santé cohort. Combined with physiological and 
toxicological experiments, these data and findings will be used to 
inform targeted regulatory action to reduce the most detrimental 
impacts associated with FCCs and food or UPF consumption. 
Importantly, these data can also be integrated into existing tools 
enabling consumers’ informed consumption behavior, such 
as the Open Food Facts (https://world.openfoodfacts.org), an 
open-access, crowd-sourced tool that provides details on nutrition, 
direct food additives, etc. to its users when a product’s barcode is 
scanned. Additional work is needed to establish the evidence base 
for adverse health outcomes that are associated with or causally 
linked to all FCCs, and this work is currently ongoing at the Food 
Packaging Forum. These data can then be used to determine 
weights of evidence, that is, the probabilities of causation for 
the links between certain FCCs or food contact materials and 
specific disease outcomes96, as well as to estimate the health costs 
associated with FCC exposure.

http://www.nature.com/naturemedicine
https://world.openfoodfacts.org


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1437

Review article https://doi.org/10.1038/s41591-025-03697-5

Today, highly engineered materials enable high-throughput filling 
lines, globalized logistics with real-time traceability, worldwide retail 
selling and effective marketing while also conveying information to 
consumers, enabling convenience and stimulating the senses (Fig. 4). 
Such business models certainly are highly profitable, but they fail to 
address many of the other issues related to food production and con-
sumption, ranging from environmental impacts of industrial raw food 
production (including soil erosion, soil fertility loss, freshwater use, 
fertilizer consumption, pesticides, etc.) to (ultra-)processing, over-
consumption and the presence of many synthetic chemicals in modern 
foods. Therefore, rethinking and transforming how foods are produced, 
marketed and consumed could lead to viable responses that not only 
address the issue of hazardous chemicals and unsustainable materi-
als but also avoid rebound effects from false solutions that become 
tomorrow’s problems15, such as the use of single-use plastic pouches 
used for organic baby food.

Achieving this will require research into sustainable business mod-
els that align with human and planetary health and an understanding 
of how to transition from the status quo to a future-proof system. In 
today’s globalized world, the risk of failing supply chains is a reality and 
a threat to food security. Mitigation of this risk implies that regional 
food production and consumption are invigorated, although such 
food sovereignty may (initially) be economically challenging when 
global trade is incentivized and certain unsustainable products, such 
as plastic packaging, are subsidized172. However, more local produc-
tion and consumption can strengthen national sovereignty173. Also, 
regional food economies have less impact on the environment than 
the globalized one that relies on complex supply chains, due to fewer 
food miles (which account for roughly 20% of current food system CO2 

emissions)174. A shift away from the current extractive, destructive and 
short-term, finance-driven food economy to a bioregional economy 
focused on the creation of value and sustainability can help protect 
health, nature and community and is worth exploring in a world sub-
ject to rapid change and uncertainty. Such systems may rely more on 
reusable and inert packaging materials, such as glass or stainless steel, 
as opposed to single-use plastics or paper, and therefore also reduce 
exposure to hazardous FCCs.

Paradoxically, while certain chemicals and materials are known to 
have substantial health costs associated with their use162, these costs 
contribute to an increase in gross domestic product, the universal 
measure for economic success. Clearly, poor health and premature 
death are not the hallmarks of a healthy society even if they might 
contribute to gross domestic product; therefore, there is a need for 
modernized metrics to quantify economic development, as well as 
addressing lock-ins175.

Policy implications
Public health should be a priority for policy makers, and the importance 
of mitigating chemical exposures is still underappreciated. By harness-
ing current knowledge and by funding research and development in 
the key areas outlined above, publicly funded and free from conflicts 
of interests, regulators can support a policy agenda that emphasizes 
disease prevention. Below, we outline four priority areas for policy 
interventions.

Overhauling chemical regulations
The EU, in 2020, published its Chemicals Strategy for Sustainability, 
which lays out evidence-based steps that should be taken in the EU to 
reduce human exposure to synthetic chemicals, including from food 
contact materials176. These science-informed changes to policy entail 
group-based regulation (for example, for PFASs, as now implemented 
in the EU’s Packaging and Packaging Waste Regulation) to prevent 
regrettable substitution, in which one known hazardous chemical of 
concern is replaced by a less-studied compound (that is also hazard-
ous). Furthermore, the concept of essential use is useful for phasing 
out hazardous chemicals (and groups) from unnecessary uses while 
stimulating innovation for those uses that are necessary for health, 
safety and the functioning of society177. Additional advances could be 
made by simplifying and reducing the range of chemicals permitted 
for use in commerce178, namely by reducing the variety of chemicals 
that impart the same functionality (for example, plasticizers). The 
EU’s strategy can also inform other national regulations, as well as 
multinational agreements.

Conscious consumption, for example, by avoiding certain types 
of food packaging or reducing (ultra-)processed food intake alone 
cannot entirely reduce human exposure to FCCs and other synthetic 
food contaminants. This has been demonstrated in several dietary 
intervention studies179–181. Therefore, targeted and effective regulatory 
interventions are needed that ban the most hazardous food additives 
and FCCs from use, as well as chemical groups of concern9,182. Further-
more, it is critical to ensure that these bans can be adequately enforced 
by providing mandates, funding and methods. Recent examples of 
such bans include the 2025 ban of BPA in food contact materials in the 
EU that automatically includes all bisphenols identified as hazardous 
and the US ban of Red Dye No. 3 in 2025.

Finally, the necessary modernization of chemical risk assessment 
can be achieved by testing both chemicals and finished materials for 
their (mixture) toxicity. While industry has an obligation to contrib-
ute to the funding effort required for actual testing of chemicals and 
materials for regulatory assessment, it is crucial that this assessment is 
carried out by independent third-party laboratories to ensure absolute 
independence from financial interests17. Better control of synthetic 
chemicals and materials allowed on the market is essential for prevent-
ing chronic diseases associated with exposure to synthetic chemicals183.

Basic first functions of food 
packaging (19th century)
• Enable long-term storage
• Keep pests out
• Prevent spoilage

Emerging food industry (20th century)
• Keep oxygen out: preserve flavor
• Advertise the product
• Keep light out: preserve vitamins and taste
• Keep moisture out
• Retain CO2 ('fizz')

Globalized business model functions 
(21st century)
• Enable convenience
• Convey information to consumer
• Enable experience
• Enable retail selling
• Enable traceability
• Enable logistics of complex supply chains 
• Enable high-throughput production
• Enable highly profitable UPF industry

Fig. 4 | Functions of food packaging. Food-packaging functions have evolved 
over time, from the basic, first functions (mid-19th century; top left), to more 
advanced requirements and functions emerging with a more industrialized food 
system (early to mid-20th century; middle), to today’s modern, globalized, lean 
production and overconsumption-inducing food system (late 20th century to 
today; bottom right).
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Policy incentives for safe and sustainable food contact 
materials
A key learning from the plastic pollution crisis, amplified by an over-
consumption of single-use plastic food packaging, is that it is critical to 
avoid unintended ‘rebound’ effects when alternative food packaging is 
incentivized by new policies. For example, the push to use more recy-
cled content for plastics and paper means that more hazardous chemi-
cals will migrate into foodstuffs184,185. Tackling plastic pollution requires 
moving away from siloed approaches that tackle single issues such as 
waste management or carbon emissions (for example, from packag-
ing production or during long-distance transport of food products 
along supply chains) and adopting a holistic approach to policymaking 
that integrates considerations of planetary and human health, includ-
ing hazardous FCCs and their impacts on health. The Understanding 
Packaging Scorecard (https://upscorecard.org/) is a science-based, 
peer-reviewed, open-access tool that allows comparisons to be made 
between food-packaging alternatives. The following six impact cat-
egories are included thus far: carbon emissions, freshwater use, plastic 
pollution, recoverability, sourcing (of feedstock), and chemicals of 
concern (Boucher, J. M. et al., unpublished observations)186. Users can 
compare packaging options per category (for example, hot or cold 
beverages, straws, etc.) and are shown both aggregate and separate 
results for each impact category. The tool and its underlying metrics 
may be useful for identifying trade-offs, and policy makers may develop 
policy initiatives aiming to reduce overall impacts from food packag-
ing based on it. It also provides guidance for innovation into safe and 
sustainable materials.

Reducing food-packaging waste
A shift away from a linear economy in which single-use packaging 
becomes waste to circular business models that function profitably 
by employing reusable packaging, made with inert materials, supports 
the reduction of packaging waste while also protecting human health. 
Importantly, selection of the packaging type (single use or reuse) has 
a major impact on the business model and therefore is best integrated 
into business strategy development. To successfully achieve this, alli-
ances and collaboration between different stakeholders and across 
supply chains are essential to build the necessary infrastructure for 
scaling packaging reuse as a viable, cost-effective solution. Such an 
undertaking cannot be implemented by single actors alone but may 
be feasible within regional or super-regional contexts and incentivized 
by appropriate policies that address the top of the waste hierarchy, 
namely, packaging reduction and reuse187,188.

While some national governments (including Germany and 
France) are incentivizing packaging reuse, it is less developed else-
where (such as the USA). Efforts by the Global Alliance to Advance 
Reuse (https://www.resolve.ngo/projects/pr3) are ongoing to sup-
port systemic change in this direction — for example, by standardiza-
tion of containers and by providing other relevant standards, like for 
container washing. Of course, these efforts, too, must be accompa-
nied by holistic, science-based considerations of chemical migra-
tion. For example, considerations on (migrating) chemicals were 
made by the state of New York in its guidance to business operators 
that accompanied its 2020 ban on expanded polystyrene packaging 
(https://dec.ny.gov/environmental-protection/recycling-composting/
go-foam-free)189.

Regulatory interventions to reduce UPF (over-)consumption
Governments worldwide are increasingly aware of the health problems 
associated with consuming a high proportion of daily energy intake 
from UPFs, and some of them have included in their official nutrition 
recommendations a preference for unprocessed or minimally pro-
cessed foods (in Brazil, Ecuador, Peru, Uruguay, Chile, Mexico, France, 
Belgium, Israel, Malaysia, Zambia, Sri Lanka and Canada) or are starting 
to think about measures to be taken in this direction, as illustrated by 

a 2024 UK House of Lords report190. Multidisciplinary research is still 
needed to reliably evaluate the safety of direct and indirect food addi-
tives and industrially processed ingredients, as well as process-related 
contaminants. Nevertheless, existing evidence is sufficient to warrant 
immediate public health actions to enable citizens to identify UPFs191,192 
and to limit UPF consumption by means of fiscal, marketing and labe-
ling regulations, not merely information requirements that aim to 
change consumer behavior182. Research understanding the behavioral, 
economic and systemic drivers of UPF consumption will be useful to 
optimize the efficiency of policies aimed to reduce exposure to these 
products193.

Conclusions
Globalized business models in today’s world are largely focused on 
economic aspects, such as short-term profit maximization through 
cost-efficient production, resulting in a food system that fails to prior-
itize human health as its core value. This has been recently exemplified 
by revelations of lobbying by the chemical industry to delay regulation 
on highly toxic PFASs (https://foreverpollution.eu/), and, as a result, 
PFASs (and other synthetic chemicals with strong commercial interests) 
are allowed to remain in the food supply. A well-known proverb is ‘you 
are what you eat’, attributed to Jean Anthelme Brillat-Savarin (1825), 
and today’s unhealthy food supply is causing avoidable costs to soci-
ety and negative health impacts for individuals, as well as threatening 
planetary health.

Today’s packaged UPFs are convenient and hyperpalatable, but 
they contain a multitude of synthetic chemicals and microplastics from 
various sources. The more (ultra-)processed a foodstuff, the greater 
its burden of synthetic chemicals generally is. The health impacts of 
this type of food contamination are currently underappreciated and 
understudied, but it may explain at least some of the detrimental health 
effects that an increasing, relevant body of scientific evidence associ-
ates with various chronic diseases.

The evidence, research needs and policy recommendations pre-
sented here highlight opportunities for intervention, both in terms of 
dietary recommendations and short-term policymaking (for example, 
bans of certain FCCs and materials), but also in the longer term, toward 
safer food and food contact materials, more local food production 
and consumption and the urgently needed transformation of the food 
system toward sustainability.

References
1. Tickner, J., Geiser, K. & Baima, S. Transitioning the chemical 

industry: the case for addressing the climate, toxics, and plastics 
crises. Environ. Sci. Policy Sustain. Dev. 63, 4–15 (2021).

2. Freinkel, S. Plastic: a Toxic Love Story (Houghton Mifflin Harcourt, 
2011).

3. Smith, C., Hill, A. K. & Torrente-Murciano, L. Current and future 
role of Haber–Bosch ammonia in a carbon-free energy landscape. 
Energy Environ. Sci. 13, 331–344 (2020).

4. Tudi, M. et al. Agriculture development, pesticide application and 
its impact on the environment. Int. J. Environ. Res. Public Health 
18, 1112 (2021).

5. Chazelas, E. et al. Food additives: distribution and co-occurrence 
in 126,000 food products of the French market. Sci. Rep. 10, 3980 
(2020).

6. Yates, J. et al. A systematic scoping review of environmental, food 
security and health impacts of food system plastics. Nat. Food 2, 
80–87 (2021).

7. Marsh, K. & Bugusu, B. Food packaging—roles, materials, and 
environmental issues. J. Food Sci. 72, R39–R55 (2007).

8. Wang, Z. et al. Toward a global understanding of chemical 
pollution: a first comprehensive analysis of national and regional 
chemical inventories. Environ. Sci. Technol. 54, 2575–2584 
(2020).

http://www.nature.com/naturemedicine
https://upscorecard.org/
https://www.resolve.ngo/projects/pr3
https://dec.ny.gov/environmental-protection/recycling-composting/go-foam-free
https://dec.ny.gov/environmental-protection/recycling-composting/go-foam-free
https://foreverpollution.eu/


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1439

Review article https://doi.org/10.1038/s41591-025-03697-5

9. Wagner, M. et al. State of the science on plastic chemicals — 
identifying and addressing chemicals and polymers of concern. 
PlastChem https://plastchem-project.org/ (2024).

10. Altman, R. The myth of historical bio-based plastics. Science 373, 
47–49 (2021).

11. MacLeod, M. et al. Identifying chemicals that are planetary 
boundary threats. Environ. Sci. Technol. 48, 11057–11063 (2014).

12. Diamond, M. L. et al. Exploring the planetary boundary for 
chemical pollution. Environ. Int. 78, 8–15 (2015).

13. Yates, J. et al. A toxic relationship: ultra-processed foods & 
plastics. Glob. Health 20, 74 (2024).

14. Persson, L. et al. Outside the safe operating space of the 
planetary boundary for novel entities. Environ. Sci. Technol. 56, 
1510–1521 (2022).

15. Bălan, S. A. et al. Confronting the interconnection of chemical 
pollution and climate change. Environ. Innov. Soc. Transit. 55, 
100966 (2025).

16. Yates, J. et al. Plastics matter in the food system. Commun. Earth 
Environ. 6, 176 (2025).

17. The Consortium for Children’s Environmental Health. 
Manufactured chemicals and children’s health — the need for 
new law. N. Engl. J. Med. 392, 299–305 (2025).

18. Woodruff, T. J. Health effects of fossil fuel-derived endocrine 
disruptors. N. Engl. J. Med. 390, 922–933 (2024).

19. Landrigan, P. J. et al. The Minderoo–Monaco Commission on 
Plastics and Human Health. Ann. Glob. Health 89, 23 (2023).

20. Muncke, J. et al. Impacts of food contact chemicals on human 
health: a consensus statement. Environ. Health 19, 25 (2020).

21. Geueke, B. et al. Evidence for widespread human exposure to 
food contact chemicals. J. Expo. Sci. Environ. Epidemiol.  
https://doi.org/10.1038/s41370-024-00718-2 (2024).

22. Marfella, R. et al. Microplastics and nanoplastics in atheromas and 
cardiovascular events. N. Engl. J. Med. 390, 900–910 (2024).

23. Gilles, L. et al. HBM4EU combines and harmonises human 
biomonitoring data across the EU, building on existing capacity — 
the HBM4EU survey. Int. J. Hyg. Environ. Health 237, 113809 (2021).

24. Stanfield, Z. et al. Characterizing chemical exposure trends from 
NHANES urinary biomonitoring data. Environ. Health Perspect. 
132, 17009 (2024).

25. Xu, J. L. et al. Are microplastics bad for your health? More rigorous 
science is needed. Nature 639, 300–302 (2025).

26. Heindel, J. J. et al. Obesity II: establishing causal links between 
chemical exposures and obesity. Biochem. Pharmacol. 199, 
115015 (2022).

27. Ali, N. et al. The potential impacts of micro-and-nano plastics 
on various organ systems in humans. eBioMedicine 99, 104901 
(2024).

28. Jafarzadeh, S. et al. Alternative proteins; a path to sustainable 
diets and environment. Curr. Res. Food Sci. 9, 100882 (2024).

29. Muntean, M.-V. et al. High pressure processing in food industry 
— characteristics and applications. Agric. Agric. Sci. Procedia 10, 
377–383 (2016).

30. Cacace, F. et al. Evaluation of the economic and environmental 
sustainability of high pressure processing of foods. Innov. Food 
Sci. Emerg. Technol. 60, 102281 (2020).

31. Roberts, C. Produce without pesticides. CR Consumer Reports 
https://www.consumerreports.org/health/food-contaminants/
produce-without-pesticides-a5260230325/ (2024).

32. Trasande, L., Shaffer, R. M. & Sathyanarayana, S. Food additives 
and child health. Pediatrics 142, e20181410 (2018).

33. Kassotis, C. D. et al. Endocrine-disrupting chemicals: economic, 
regulatory, and policy implications. Lancet Diabetes Endocrinol. 8, 
719–730 (2020).

34. European Food Safety Authority et al. The 2021 European Union 
report on pesticide residues in food. EFSA J. 21, e07939 (2023).

35. Neltner, T. Chemicals in food continue to be a top food safety 
concern among consumers. Environmental Defense Fund  
https://blogs.edf.org/health/2021/09/16/chemicals-in-food- 
continue-to-be-a-top-food-safety-concern-among-consumers/ 
(2021).

36. Muncke, J. et al. Food packaging contaminants. In Encyclopedia 
of Food Safety 2nd edn (ed. Smithers, G. W.) 321–333 (Academic 
Press, 2024).

37. Geueke, B. et al. Systematic evidence on migrating and 
extractable food contact chemicals: most chemicals detected in 
food contact materials are not listed for use. Crit. Rev. Food Sci. 
Nutr. 63, 9425–9435 (2023).

38. Huang, L. et al. A quantitative property–property relationship for 
the internal diffusion coefficients of organic compounds in solid 
materials. Indoor Air 27, 1128–1140 (2017).

39. Sørensen, L. et al. Towards realism in hazard assessment of 
plastic and rubber leachates — methodological considerations.  
J. Hazard. Mater. 480, 136383 (2024).

40. Biryol, D., Nicolas, C. I., Wambaugh, J., Phillips, K. & Isaacs, K. 
High-throughput dietary exposure predictions for chemical 
migrants from food contact substances for use in chemical 
prioritization. Environ. Int. 108, 185–194 (2017).

41. Gałgowska, M. & Pietrzak-Fiećko, R. The level of selected organo-
chlorine compounds residues in popular edible mushrooms from 
north-eastern Poland. Food Chem. 353, 129441 (2021).

42. Guo, W. et al. Persistent organic pollutants in food: contamination 
sources, health effects and detection methods. Int. J. Environ. Res. 
Public Health 16, 4361 (2019).

43. Pajurek, M., Warenik-Bany, M. & Mikolajczyk, S. Feed as a source of 
dioxins and PCBs. Chemosphere 308, 136243 (2022).

44. Pathak, G. et al. The open burning of plastic wastes is an urgent 
global health issue. Ann. Glob. Health 90, 3 (2024).

45. Masci, M. et al. Organochlorines as contaminants in butter and 
other shortenings: occurrence and exposure assessment. Food 
Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 40, 
1333–1344 (2023).

46. Saktrakulkla, P. et al. Polychlorinated biphenyls in food. Environ. 
Sci. Technol. 54, 11443–11452 (2020).

47. Bedi, M., von Goetz, N. & Ng, C. Estimating polybrominated 
diphenyl ether (PBDE) exposure through seafood consumption in 
Switzerland using international food trade data. Environ. Int. 138, 
105652 (2020).

48. Pietron, W. J., Malagocki, P. & Warenik-Bany, M. Feed as a source of 
polybrominated diphenyl ethers (PBDEs). Environ. Res. 231, 116257 
(2023).

49. Baudry, J. et al. Dietary pesticide exposure and non-communicable 
diseases and mortality: a systematic review of prospective studies 
among adults. Environ. Health 22, 76 (2023).

50. Hampson, H. E. et al. Associations of dietary intake and 
longitudinal measures of per- and polyfluoroalkyl substances 
(PFAS) in predominantly Hispanic young adults: a multicohort 
study. Environ. Int. 185, 108454 (2024).

51. Koelmans, A. A. et al. Microplastics in freshwaters and drinking 
water: critical review and assessment of data quality. Water Res. 
155, 410–422 (2019).

52. Ding, J. et al. Microplastics in four bivalve species and basis for 
using bivalves as bioindicators of microplastic pollution. Sci. Total 
Environ. 782, 146830 (2021).

53. Canha, N. et al. Microplastic contamination of lettuces grown in 
urban vegetable gardens in Lisbon (Portugal). Sci. Rep. 13, 14278 
(2023).

54. van Leeuwen, S. P. J. et al. BPA, BADGE and analogues: a new 
multi-analyte LC–ESI–MS/MS method for their determination and 
their in vitro (anti)estrogenic and (anti)androgenic properties. 
Chemosphere 221, 246–253 (2019).

http://www.nature.com/naturemedicine
https://plastchem-project.org/
https://doi.org/10.1038/s41370-024-00718-2
https://doi.org/10.1038/s41370-024-00718-2
https://www.consumerreports.org/health/food-contaminants/produce-without-pesticides-a5260230325/
https://www.consumerreports.org/health/food-contaminants/produce-without-pesticides-a5260230325/
https://blogs.edf.org/health/2021/09/16/chemicals-in-food-continue-to-be-a-top-food-safety-concern-among-consumers/
https://blogs.edf.org/health/2021/09/16/chemicals-in-food-continue-to-be-a-top-food-safety-concern-among-consumers/


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1440

Review article https://doi.org/10.1038/s41591-025-03697-5

55. Fierens, T. et al. Transfer of eight phthalates through the milk 
chain — a case study. Environ. Int. 51, 1–7 (2013).

56. Soni, S. et al. Food additives and contaminants in infant 
foods: a critical review of their health risk, trends and recent 
developments. Food Prod. Process. Nutr. 6, 63 (2024).

57. Martínez Steele, E. et al. Association between dietary contribution 
of ultra-processed foods and urinary concentrations of phthalates 
and bisphenol in a nationally representative sample of the US 
population aged 6 years and older. PLoS ONE 15, e0236738 
(2020).

58. Baker, B. H. et al. Ultra-processed and fast food consumption, 
exposure to phthalates during pregnancy, and socioeconomic 
disparities in phthalate exposures. Environ. Int. 183, 108427 
(2024).

59. Buckley, J. P. et al. Ultra-processed food consumption and 
exposure to phthalates and bisphenols in the US National Health 
and Nutrition Examination Survey, 2013–2014. Environ. Int. 131, 
105057 (2019).

60. Adimas, M. A. et al. Traditional food processing and acrylamide 
formation: a review. Heliyon 10, e30258 (2024).

61. World Health Organization. Trans fat. WHO Newsroom https://
www.who.int/news-room/fact-sheets/detail/trans-fat (2024).

62. Wu, R. A. et al. Overuse of food-grade disinfectants threatens a 
global spread of antimicrobial-resistant bacteria. Crit. Rev. Food 
Sci. Nutr. 64, 6870–6879 (2024).

63. Oniciuc, E.-A. et al. Food processing as a risk factor for 
antimicrobial resistance spread along the food chain. Curr. Opin. 
Food Sci. 30, 21–26 (2019).

64. Lorenzini, R. et al. Migration kinetics of mineral oil hydrocarbons 
from recycled paperboard to dry food: monitoring of two real 
cases. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk 
Assess. 30, 760–770 (2013).

65. Alak, G., Köktürk, M. & Atamanalp, M. Evaluation of different 
packaging methods and storage temperature on MPs abundance 
and fillet quality of rainbow trout. J. Hazard. Mater. 420, 126573 
(2021).

66. Hee, Y. Y., Weston, K. & Suratman, S. The effect of storage 
conditions and washing on microplastic release from food and 
drink containers. Food Packag. Shelf Life 32, 100826 (2022).

67. Lin, P.-Y. et al. Detecting the release of plastic particles in 
packaged drinking water under simulated light irradiation using 
surface-enhanced Raman spectroscopy. Anal. Chim. Acta 1198, 
339516 (2022).

68. Zangmeister, C. D. et al. Common single-use consumer plastic 
products release trillions of sub-100 nm nanoparticles per liter 
into water during normal use. Environ. Sci. Technol. 56,  
5448–5455 (2022).

69. Cella, C. et al. Detecting micro- and nanoplastics released from 
food packaging: challenges and analytical strategies. Polymers 
14, 1238 (2022).

70. Park, I., Yang, W. & Lim, D.-K. Current status of organic matters in 
bottled drinking water in Korea. ACS EST Water 2, 738–748 (2022).

71. Giese, A. et al. A preliminary study of microplastic abrasion 
from the screw cap system of reusable plastic bottles by Raman 
microspectroscopy. ACS EST Water 1, 1363–1368 (2021).

72. Kuang, J., Abdallah, M. A. & Harrad, S. Brominated flame 
retardants in black plastic kitchen utensils: concentrations 
and human exposure implications. Sci. Total Environ. 610–611, 
1138–1146 (2018).

73. Groh, K. J. et al. Overview of intentionally used food contact 
chemicals and their hazards. Environ. Int. 150, 106225 (2021).

74. Grob, K. et al. Food contamination with organic materials 
in perspective: packaging materials as the largest and least 
controlled source? A view focusing on the European situation. 
Crit. Rev. Food Sci. Nutr. 46, 529–535 (2006).

75. Muncke, J. et al. Scientific challenges in the risk assessment of 
food contact materials. Environ. Health Perspect. 125, 095001 
(2017).

76. Stevens, S. et al. Migration of endocrine and metabolism 
disrupting chemicals from plastic food packaging. Environ. Int. 
189, 108791 (2024).

77. Van Poucke, C. et al. Monitoring the benzene contents in 
soft drinks using headspace gas chromatography–mass 
spectrometry: a survey of the situation on the Belgian market. J. 
Agric. Food Chem. 56, 4504–4510 (2008).

78. Nohmi, T. Thresholds of genotoxic and non-genotoxic 
carcinogens. Toxicol. Res. 34, 281–290 (2018).

79. Crump, K. S. et al. Fundamental carcinogenic processes and 
their implications for low dose risk assessment. Cancer Res. 36, 
2973–2979 (1976).

80. Crump, K. S. The linearized multistage model and the future 
of quantitative risk assessment. Hum. Exp. Toxicol. 15, 787–798 
(1996).

81. GAO. Food safety: FDA oversight of substances used in 
manufacturing, packaging, and transporting food could be 
strengthened. In Report to Congressional Requesters (United 
States Government Accountability Office, 2022); https://www.
gao.gov/products/gao-23-104434

82. European Parliament. Implementation of the Food Contact Materials 
Regulation. European Parliament Resolution of 6 October 2016 
on the Implementation of the Food Contact Materials Regulation 
(EC) No 1935/2004 (2015/2259(INI)) https://eur-lex.europa.eu/
legal-content/EN/TXT/PDF/?uri=CELEX:52016IP0384 (2016).

83. Krishnan, A. V. et al. Bisphenol-A: an estrogenic substance 
is released from polycarbonate flasks during autoclaving. 
Endocrinology 132, 2279–2286 (1993).

84. Brotons, J. A. et al. Xenoestrogens released from lacquer coatings 
in food cans. Environ. Health Perspect. 103, 608–612 (1995).

85. European Commission. COMMISSION REGULATION (EU) 
2024/3190 of 19 December 2024 on the Use of Bisphenol A (BPA) 
and Other Bisphenols and Bisphenol Derivatives with Harmonised 
Classification for Specific Hazardous Properties in Certain 
Materials and Articles Intended to Come into Contact with Food, 
Amending Regulation (EU) No 10/2011 and Repealing Regulation 
(EU) 2018/213 https://eur-lex.europa.eu/legal-content/EN/TXT/
PDF/?uri=OJ:L_202403190 (2024).

86. EFSA Panel on Food Contact Materials, Enzymes and Processing 
Aids (CEP) et al. Re-evaluation of the risks to public health related 
to the presence of bisphenol A (BPA) in foodstuffs. EFSA J. 21, 
e06857 (2023).

87. Vom Saal, F. S. et al. The conflict between regulatory agencies 
over the 20,000-fold lowering of the tolerable daily intake (TDI) 
for bisphenol A (BPA) by the European Food Safety Authority 
(EFSA). Environ. Health Perspect. 132, 45001 (2024).

88. Steenland, K. et al. Review: evolution of evidence on PFOA and 
health following the assessments of the C8 Science Panel. 
Environ. Int. 145, 106125 (2020).

89. Symeonides, C. et al. An umbrella review of meta-analyses 
evaluating associations between human health and exposure to 
major classes of plastic-associated chemicals. Ann. Glob. Health 
90, 52 (2024).

90. Bertagnolli, M. et al. Preterm birth and hypertension: is there a 
link? Curr. Hypertens. Rep. 18, 28 (2016).

91. Nishizaki, N. & Shimizu, T. The developmental origins of health 
and chronic kidney disease: current status and practices in Japan. 
Pediatr. Int. 64, e15230 (2022).

92. Holman-Vittone, A. et al. Associations of maternal preterm birth 
with subsequent risk for type 2 diabetes in women from the 
Women’s Health Initiative. J. Dev. Orig. Health Dis. 14, 333–340 
(2023).

http://www.nature.com/naturemedicine
https://www.who.int/news-room/fact-sheets/detail/trans-fat
https://www.who.int/news-room/fact-sheets/detail/trans-fat
https://www.gao.gov/products/gao-23-104434
https://www.gao.gov/products/gao-23-104434
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52016IP0384
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52016IP0384
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202403190
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202403190


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1441

Review article https://doi.org/10.1038/s41591-025-03697-5

93. Hoffman, D. J. et al. Developmental origins of metabolic diseases. 
Physiol. Rev. 101, 739–795 (2020).

94. Heindel, J. J. & Blumberg, B. Environmental obesogens: 
mechanisms and controversies. Annu. Rev. Pharmacol. Toxicol. 
59, 89–106 (2019).

95. Heindel, J. J. & Vandenberg, L. N. Developmental origins of health 
and disease: a paradigm for understanding disease cause and 
prevention. Curr. Opin. Pediatr. 27, 248–253 (2015).

96. Trasande, L. et al. Estimating burden and disease costs of 
exposure to endocrine-disrupting chemicals in the European 
Union. J. Clin. Endocrinol. Metab. 100, 1245–1255 (2015).

97. Zahm, S. et al. Carcinogenicity of perfluorooctanoic acid  
and perfluorooctanesulfonic acid. Lancet Oncol. 25, 16–17  
(2024).

98. Vandenberg, L. N. et al. Hormones and endocrine-disrupting 
chemicals: low-dose effects and nonmonotonic dose responses. 
Endocr. Rev. 33, 378–455 (2012).

99. Duh-Leong, C. et al. The regulation of endocrine-disrupting 
chemicals to minimize their impact on health. Nat. Rev. 
Endocrinol. 19, 600–614 (2023).

100. Gore, A. C. et al. EDC-2: the Endocrine Society’s second Scientific 
Statement on endocrine-disrupting chemicals. Endocr. Rev. 36, 
E1–E150 (2015).

101. Corbett, G. A. et al. Nutritional interventions to ameliorate the 
effect of endocrine disruptors on human reproductive health: a 
semi-structured review from FIGO. Int. J. Gynecol. Obstet. 157, 
489–501 (2022).

102. National Academies of Sciences, Engineering, and Medicine et al. 
The National Academies Collection: reports funded by National 
Institutes of Health. In Guidance on PFAS Exposure, Testing, and 
Clinical Follow-Up (National Academies Press, 2022).

103. Committee, E. S. et al. Opinion on the impact of non-monotonic 
dose responses on EFSA’s human health risk assessments. EFSA J. 
19, e06877 (2021).

104. Tanner, E. M. et al. Early prenatal exposure to suspected 
endocrine disruptor mixtures is associated with lower IQ at age 
seven. Environ. Int. 134, 105185 (2020).

105. Zhang, Y. et al. Association between exposure to a mixture of 
phenols, pesticides, and phthalates and obesity: comparison of 
three statistical models. Environ. Int. 123, 325–336 (2019).

106. Caporale, N. et al. From cohorts to molecules: adverse impacts  
of endocrine disrupting mixtures. Science 375, eabe8244 (2022).

107. Milne, M. H. et al. Exposure of U.S. adults to microplastics from 
commonly-consumed proteins. Environ. Pollut. 343, 123233 
(2024).

108. Martinez-Steele, E. et al. Best practices for applying the Nova food 
classification system. Nat. Food 4, 445–448 (2023).

109. Mertens, E., Colizzi, C. & Peñalvo, J. L. Ultra-processed food 
consumption in adults across Europe. Eur. J. Nutr. 61, 1521–1539 
(2022).

110. Cediel, G. et al. The increasing trend in the consumption of 
ultra-processed food products is associated with a diet related to 
chronic diseases in Colombia—evidence from National Nutrition 
Surveys 2005 and 2015. PLoS Glob. Public Health 4, e0001993 
(2024).

111. Wolfson, J. A. et al. Trends in adults’ intake of un-processed/
minimally processed, and ultra-processed foods at home and 
away from home in the United States from 2003–2018. J. Nutr. 
155, 280–292 (2025).

112. Rauber, F. et al. Ultra-processed foods and excessive free sugar 
intake in the UK: a nationally representative cross-sectional study. 
BMJ Open 9, e027546 (2019).

113. Bertoni Maluf, V. A. et al. Description of ultra-processed food 
intake in a Swiss population-based sample of adults aged 18 to 75 
years. Nutrients 14, 4486 (2022).

114. Martini, D. et al. Ultra-processed foods and nutritional dietary 
profile: a meta-analysis of nationally representative samples. 
Nutrients 13, 3390 (2021).

115. Fiolet, T. et al. Consumption of ultra-processed foods and cancer 
risk: results from NutriNet-Santé prospective cohort. BMJ 360, 
k322 (2018).

116. Srour, B. et al. Ultra-processed food intake and risk 
of cardiovascular disease: prospective cohort study 
(NutriNet-Santé). BMJ 365, l1451 (2019).

117. Srour, B. et al. Ultraprocessed food consumption and risk of type 
2 diabetes among participants of the NutriNet-Santé prospective 
cohort. JAMA Intern. Med. 180, 283–291 (2020).

118. Beslay, M. et al. Ultra-processed food intake in association with 
BMI change and risk of overweight and obesity: a prospective 
analysis of the French NutriNet-Santé cohort. PLoS Med. 17, 
e1003256 (2020).

119. Adjibade, M. et al. Prospective association between 
ultra-processed food consumption and incident depressive 
symptoms in the French NutriNet-Santé cohort. BMC Med. 17, 78 
(2019).

120. Schnabel, L. et al. Association between ultraprocessed food 
consumption and risk of mortality among middle-aged adults in 
France. JAMA Intern. Med. 179, 490–498 (2019).

121. Duquenne, P. et al. The association between ultra-processed food 
consumption and chronic insomnia in the NutriNet-Santé Study.  
J. Acad. Nutr. Diet. 124, 1109–1117 (2024).

122. Penso, L. et al. Ultraprocessed food intake and psoriasis. JAMA 
Dermatol. 161, 105–108 (2024).

123. Mendonça, R. D. et al. Ultra-processed food consumption and 
the incidence of hypertension in a Mediterranean cohort: the 
Seguimiento Universidad de Navarra project. Am. J. Hypertens. 
30, 358–366 (2017).

124. Mendonça, R. D. et al. Ultraprocessed food consumption and  
risk of overweight and obesity: the University of Navarra 
Follow-Up (SUN) cohort study. Am. J. Clin. Nutr. 104, 1433–1440 
(2016).

125. Rauber, F. et al. Consumption of ultra-processed food products 
and its effects on children’s lipid profiles: a longitudinal study. 
Nutr. Metab. Cardiovasc. Dis. 25, 116–122 (2015).

126. Ceretti, E. et al. Consumption of ultra-processed foods and 
semen quality in healthy young men living in Italy. Nutrients 16, 
4129 (2024).

127. Soltani, M. et al. The association between consumption 
of ultra-processed foods and sperm quality parameters: a 
cross-sectional study. BMC Res. Notes 18, 48 (2025).

128. Kityo, A. et al. Association of ultra-processed food-related 
metabolites with selected biochemical markers in the UK 
Biobank. Nutr. J. 24, 21 (2025).

129. Freitas-Costa, N. C. et al. Factors associated with early childhood 
development: results from the Brazilian National Survey on  
Child Nutrition (ENANI-2019). BMJ Public Health 3, e001516 
(2025).

130. Touvier, M. et al. Ultra-processed foods and cardiometabolic 
health: public health policies to reduce consumption cannot wait. 
BMJ 383, e075294 (2023).

131. Lane, M. M. et al. Ultra-processed food exposure and adverse 
health outcomes: umbrella review of epidemiological 
meta-analyses. BMJ 384, e077310 (2024).

132. Hall, K. D. et al. Ultra-processed diets cause excess calorie intake 
and weight gain: an inpatient randomized controlled trial of ad 
libitum food intake. Cell Metab. 30, 67–77 (2019).

133. Hamano, S. et al. Ultra-processed foods cause weight gain 
and increased energy intake associated with reduced chewing 
frequency: a randomized, open-label, crossover study. Diabetes 
Obes. Metab. 26, 5431–5443 (2024).

http://www.nature.com/naturemedicine


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1442

Review article https://doi.org/10.1038/s41591-025-03697-5

134. Dicken, S. J. & Batterham, R. L. The role of diet quality in mediating 
the association between ultra-processed food intake, obesity and 
health-related outcomes: a review of prospective cohort studies. 
Nutrients 14, 23 (2021).

135. Lunn, R. M. et al. Cancer hazard evaluations for contemporary 
needs: highlights from new National Toxicology Program 
evaluations and methodological advancements. J. Natl Cancer 
Inst. 114, 1441–1448 (2022).

136. Reddy, V. P., Aryal, P. & Darkwah, E. K. Advanced glycation end 
products in health and disease. Microorganisms 10, 1848 (2022).

137. Martínez Steele, E., Buckley, J. P. & Monteiro, C. A. Ultra-processed 
food consumption and exposure to acrylamide in a nationally 
representative sample of the US population aged 6 years and 
older. Prev. Med. 174, 107598 (2023).

138. IARC. Some Industrial Chemicals. IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans (World Health 
Organization, 1994).

139. Neltner, T. G. et al. Data gaps in toxicity testing of chemicals 
allowed in food in the United States. Reprod. Toxicol. 42, 85–94 
(2013).

140. Faustman, C. et al. Ten years post-GAO assessment, FDA remains 
uninformed of potentially harmful GRAS substances in foods. 
Crit. Rev. Food Sci. Nutr. 61, 1260–1268 (2021).

141. Neltner, T. G. et al. Conflicts of interest in approvals of additives 
to food determined to be generally recognized as safe: out of 
balance. JAMA Intern. Med. 173, 2032–2036 (2013).

142. Matouskova, K., Neltner, T. G. & Maffini, M. V. Out of balance: 
conflicts of interest persist in food chemicals determined  
to be generally recognized as safe. Environ. Health 22, 59  
(2023).

143. Chassaing, B. et al. Randomized controlled-feeding study 
of dietary emulsifier carboxymethylcellulose reveals 
detrimental impacts on the gut microbiota and metabolome. 
Gastroenterology 162, 743–756 (2022).

144. Suez, J. et al. Personalized microbiome-driven effects of 
non-nutritive sweeteners on human glucose tolerance. Cell 185, 
3307–3328 (2022).

145. Debras, C. et al. Artificial sweeteners and risk of cardiovascular 
diseases: results from the prospective NutriNet-Santé cohort. BMJ 
378, e071204 (2022).

146. Debras, C. et al. Artificial sweeteners and cancer risk: results from 
the NutriNet-Santé population-based cohort study. PLoS Med. 19, 
e1003950 (2022).

147. Debras, C. et al. Artificial sweeteners and risk of type 2 diabetes 
in the prospective NutriNet-Santé cohort. Diabetes Care 46, 
1681–1690 (2023).

148. Chazelas, E. et al. Nitrites and nitrates from food additives and 
natural sources and cancer risk: results from the NutriNet-Santé 
cohort. Int. J. Epidemiol. 51, 1106–1119 (2022).

149. Srour, B. et al. Nitrites, nitrates, and cardiovascular outcomes: are 
we living ‘la vie en rose’ with pink processed meats? J. Am. Heart 
Assoc. 11, e027627 (2022).

150. Srour, B. et al. Dietary exposure to nitrites and nitrates 
in association with type 2 diabetes risk: results from the 
NutriNet-Santé population-based cohort study. PLoS Med. 20, 
e1004149 (2023).

151. Salame, C. et al. Food additive emulsifiers and the risk of type 2 
diabetes: analysis of data from the NutriNet-Santé prospective 
cohort study. Lancet Diabetes Endocrinol. 12, 339–349 (2024).

152. Sellem, L. et al. Food additive emulsifiers and risk of 
cardiovascular disease in the NutriNet-Santé cohort: prospective 
cohort study. BMJ 382, e076058 (2023).

153. Sellem, L. et al. Food additive emulsifiers and cancer risk: results 
from the French prospective NutriNet-Santé cohort. PLoS Med. 21, 
e1004338 (2024).

154. Recoules, C. et al. Evaluation of the toxic effects of food additives, 
alone or in mixture, in four human cell models. Food Chem. 
Toxicol. 196, 115198 (2024).

155. Paramasivam, A. et al. Additives in processed foods as a potential 
source of endocrine-disrupting chemicals: a review. J. Xenobiot. 
14, 1697–1710 (2024).

156. Varshavsky, J. R. et al. Dietary sources of cumulative phthalates 
exposure among the U.S. general population in NHANES 2005–
2014. Environ. Int. 115, 417–429 (2018).

157. Hauser, R. et al. Male reproductive disorders, diseases, and costs 
of exposure to endocrine-disrupting chemicals in the European 
Union. J. Clin. Endocrinol. Metab. 100, 1267–1277 (2015).

158. Attina, T. M. et al. Exposure to endocrine-disrupting chemicals in 
the USA: a population-based disease burden and cost analysis. 
Lancet Diabetes Endocrinol. 4, 996–1003 (2016).

159. Obsekov, V., Kahn, L. G. & Trasande, L. Leveraging systematic 
reviews to explore disease burden and costs of per- and 
polyfluoroalkyl substance exposures in the United States. Expo. 
Health 15, 373–394 (2023).

160. Trasande, L., Liu, B. & Bao, W. Phthalates and attributable 
mortality: a population-based longitudinal cohort study and cost 
analysis. Environ. Pollut. 292, 118021 (2022).

161. Trasande, L. et al. Prenatal phthalate exposure and adverse 
birth outcomes in the USA: a prospective analysis of births and 
estimates of attributable burden and costs. Lancet Planet. Health 
8, e74–e85 (2024).

162. Trasande, L. et al. Chemicals used in plastic materials: an estimate 
of the attributable disease burden and costs in the United States. 
J. Endocr. Soc. 8, bvad163 (2024).

163. Cropper, M. et al. The benefits of removing toxic chemicals from 
plastics. Proc. Natl Acad. Sci. USA 121, e2412714121 (2024).

164. Braun, G. et al. Neurotoxic mixture effects of chemicals  
extracted from blood of pregnant women. Science 386, 301–309 
(2024).

165. Zimmermann, L. et al. Implementing the EU Chemicals Strategy 
for Sustainability: the case of food contact chemicals of concern. 
J. Hazard. Mater. 437, 129167 (2022).

166. Muncke, J. et al. A vision for safer food contact materials: public 
health concerns as drivers for improved testing. Environ. Int. 180, 
108161 (2023).

167. Ankley, G. T. & Edwards, S. W. The adverse outcome pathway: a 
multifaceted framework supporting 21st century toxicology. Curr. 
Opin. Toxicol. 9, 1–7 (2018).

168. Smith, M. T. et al. The key characteristics of carcinogens: 
relationship to the hallmarks of cancer, relevant biomarkers, and 
assays to measure them. Cancer Epidemiol. Biomarkers Prev. 29, 
1887–1903 (2020).

169. Alijagic, A. et al. The triple exposure nexus of microplastic 
particles, plastic-associated chemicals, and environmental 
pollutants from a human health perspective. Environ. Int. 188, 
108736 (2024).

170. Noman, M. A. et al. Time to count plastics in climate action. 
Science 387, 1048 (2025).

171. Benyus, J. M. Biomimicry: Innovation Inspired by Nature (Harper 
Collins, 2009).

172. Steenblik, R. et al. Plastic money: turning off the subsidies tap 
(phase 2). QUNO Quaker United Nations Office https://quno.org/
resource/2024/11/summary-report-plastic-money-turning- 
subsidies-tap-phase-2%E2%80%9D (2024).

173. Altieri, M. A., Funes-Monzote, F. R. & Petersen, P. Agroecologically 
efficient agricultural systems for smallholder farmers: 
contributions to food sovereignty. Agron. Sustain. Dev. 32, 1–13 
(2012).

174. Li, M. et al. Global food-miles account for nearly 20% of total 
food-systems emissions. Nat. Food 3, 445–453 (2022).

http://www.nature.com/naturemedicine
https://quno.org/resource/2024/11/summary-report-plastic-money-turning-subsidies-tap-phase-2%E2%80%9D
https://quno.org/resource/2024/11/summary-report-plastic-money-turning-subsidies-tap-phase-2%E2%80%9D
https://quno.org/resource/2024/11/summary-report-plastic-money-turning-subsidies-tap-phase-2%E2%80%9D


Nature Medicine | Volume 31 | May 2025 | 1431–1443 1443

Review article https://doi.org/10.1038/s41591-025-03697-5

175. Tilsted, J. P. et al. Ending fossil-based growth: confronting the 
political economy of petrochemical plastics. One Earth 6, 
607–619 (2023).

176. European Commission. Chemicals strategy for sustainability. 
Towards a toxic-free environment. circacbc https://circabc.
europa.eu/ui/group/8ee3c69a-bccb-4f22-89ca-277e35de7c63/
library/dd074f3d-0cc9-4df2-b056-dabcacfc99b6/
details?download=true (2020).

177. Cousins, I. T. et al. The concept of essential use for determining 
when uses of PFASs can be phased out. Environ. Sci. Process. 
Impacts 21, 1803–1815 (2019).

178. Fenner, K. & Scheringer, M. The need for chemical simplification 
as a logical consequence of ever-increasing chemical pollution. 
Environ. Sci. Technol. 55, 14470–14472 (2021).

179. Rudel, R. A. et al. Food packaging and bisphenol A and 
bis(2-ethylhexyl) phthalate exposure: findings from a dietary 
intervention. Environ. Health Perspect. 119, 914–920 (2011).

180. Galloway, T. S. et al. An engaged research study to assess the 
effect of a ‘real-world’ dietary intervention on urinary bisphenol A 
(BPA) levels in teenagers. BMJ Open 8, e018742 (2018).

181. Sathyanarayana, S. et al. Unexpected results in a randomized 
dietary trial to reduce phthalate and bisphenol A exposures.  
J. Expo. Sci. Environ. Epidemiol. 23, 378–384 (2013).

182. Northcott, T. et al. Regulatory responses to ultra-processed foods 
are skewed towards behaviour change and not food system 
transformation. Nat. Food 6, 273–282 (2025).

183. Woodruff, T. J. et al. A science-based agenda for health-protective 
chemical assessments and decisions: overview and consensus 
statement. Environ. Health 21, 132 (2023).

184. Geueke, B., Groh, K. & Muncke, J. Food packaging in the circular 
economy: overview of chemical safety aspects for commonly 
used materials. J. Clean. Prod. 193, 491–505 (2018).

185. Geueke, B. et al. Hazardous chemicals in recycled and reusable 
plastic food packaging. Camb. Prisms Plast. https://doi.org/ 
10.1017/plc.2023.7 (2023).

186. Wiesinger, H. et al. Food Contact Chemicals Priority (FCCprio) List 
(0.1). Zenodo https://doi.org/10.5281/zenodo.14881618 (2025).

187. Diprose, G. et al. Reducing single use packaging and moving up 
the waste hierarchy. Kōtuitui 18, 268–289 (2023).

188. Syberg, K. et al. Link circular economy to waste hierarchy in 
treaty. Science 384, 280–281 (2024).

189. New York State Department of Environmental Conservation. 
Alternatives to single-use expanded polystyrene foam food and 
beverage containers and expanded polystyrene foam loose fill 
packaging (‘packing peanuts’). Reference guide. https://extapps.
dec.ny.gov/docs/materials_minerals_pdf/newenglishfoamalt.pdf 
(2022).

190. House of Lords. Food, Diet and Obesity Committee. Recipe for 
health: a plan to fix our broken food system. www.parliament.
uk; https://publications.parliament.uk/pa/ld5901/ldselect/
ldmfdo/19/19.pdf (2024).

191. Srour, B. et al. Effect of a new graphically modified Nutri-Score 
on the objective understanding of foods’ nutrient profile and 
ultraprocessing: a randomised controlled trial. BMJ Nutr. Prev. 
Health 6, 108–118 (2023).

192. Ravandi, B. et al. Prevalence of processed foods in major US 
grocery stores. Nat. Food 6, 296–308 (2025).

193. Chakori, S. et al. Untangling the underlying drivers of the use of 
single-use food packaging. Ecol. Econ. 185, 107063 (2021).

194. McCombie, G. The FCM dilemma: ideas for aligning reality with 
the requirements. in Food Contact Materials – How to Ensure Food 
Safety and Technological Innovation in the Future? https://www.
europarl.europa.eu/RegData/etudes/STUD/2016/578967/IPOL_
STU(2016)578967_EN.pdf (European Parliament, 2016).

195. Symeonides, C. et al. Male autism spectrum disorder is linked 
to brain aromatase disruption by prenatal BPA in multimodal 
investigations and 10HDA ameliorates the related mouse 
phenotype. Nat. Commun. 15, 6367 (2024).

196. Hercberg, S. et al. The Nutrinet-Santé Study: a web-based 
prospective study on the relationship between nutrition and 
health and determinants of dietary patterns and nutritional status. 
BMC Public Health 10, 242 (2010).

197. Chazelas, E. et al. Exposure to food additive mixtures in 106,000 
French adults from the NutriNet-Santé cohort. Sci. Rep. 11, 19680 
(2021).

Acknowledgements
J.M. is a full-time employee of the charitable, independent Food 
Packaging Forum Foundation. M.T. was supported by the Agence 
Nationale de la Recherche under France 2030 ANR-24-RRII-0005, on 
funds administered by Inserm. L.T. is supported by National Institutes 
of Health grants UG3OD023305, P2CES033423, R01ES029779 and 
R01ES032214. This Review does not represent the opinion of the 
National Institutes of Health. M.S. received no funding for working on 
this Review.

Author contributions
J.M.: conceptualization, writing (original draft), writing (review and 
editing). M.T.: writing (review and editing). L.T.: writing (review and 
editing). M.S.: conceptualization, writing (review and editing).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to 
Jane Muncke.

Peer review information Nature Medicine thanks Linda Birnbaum 
and the other, anonymous, reviewer(s) for their contribution to the 
peer review of this work. Primary Handling Editor: Karen O’Leary, in 
collaboration with the Nature Medicine team.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard  
to jurisdictional claims in published maps and institutional  
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)  
holds exclusive rights to this article under a publishing agreement 
with the author(s) or other rightsholder(s); author self-archiving  
of the accepted manuscript version of this article is solely  
governed by the terms of such publishing agreement and  
applicable law.

© Springer Nature America, Inc. 2025

http://www.nature.com/naturemedicine
https://circabc.europa.eu/ui/group/8ee3c69a-bccb-4f22-89ca-277e35de7c63/library/dd074f3d-0cc9-4df2-b056-dabcacfc99b6/details?download=true
https://circabc.europa.eu/ui/group/8ee3c69a-bccb-4f22-89ca-277e35de7c63/library/dd074f3d-0cc9-4df2-b056-dabcacfc99b6/details?download=true
https://circabc.europa.eu/ui/group/8ee3c69a-bccb-4f22-89ca-277e35de7c63/library/dd074f3d-0cc9-4df2-b056-dabcacfc99b6/details?download=true
https://circabc.europa.eu/ui/group/8ee3c69a-bccb-4f22-89ca-277e35de7c63/library/dd074f3d-0cc9-4df2-b056-dabcacfc99b6/details?download=true
https://doi.org/10.1017/plc.2023.7
https://doi.org/10.1017/plc.2023.7
https://doi.org/10.5281/zenodo.14881618
https://extapps.dec.ny.gov/docs/materials_minerals_pdf/newenglishfoamalt.pdf
https://extapps.dec.ny.gov/docs/materials_minerals_pdf/newenglishfoamalt.pdf
http://www.parliament.uk
http://www.parliament.uk
https://publications.parliament.uk/pa/ld5901/ldselect/ldmfdo/19/19.pdf
https://publications.parliament.uk/pa/ld5901/ldselect/ldmfdo/19/19.pdf
https://www.europarl.europa.eu/RegData/etudes/STUD/2016/578967/IPOL_STU(2016)578967_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/STUD/2016/578967/IPOL_STU(2016)578967_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/STUD/2016/578967/IPOL_STU(2016)578967_EN.pdf
http://www.nature.com/reprints

	Health impacts of exposure to synthetic chemicals in food
	Types and sources of synthetic chemicals in food
	The underappreciated relevance of FCCs
	Health impacts of synthetic chemicals in foods
	Spotlight on UPFs
	Mechanisms of adverse effects from UPF: what role do synthetic chemicals play?
	Research to identify the most relevant FCCs and their health impacts
	Economic costs of exposure-associated disease burden

	Research needs
	Identifying hazardous chemicals
	Innovating for safer food contact materials
	Rethinking food business models for safety and sustainability

	Policy implications
	Overhauling chemical regulations
	Policy incentives for safe and sustainable food contact materials
	Reducing food-packaging waste
	Regulatory interventions to reduce UPF (over-)consumption

	Conclusions
	Acknowledgements
	Fig. 1 Sources and types of synthetic chemicals in foodstuffs.
	Fig. 2 Migration of FCCs into foodstuffs.
	Fig. 3 Proportion of daily energy intake from UPF across countries and health impacts of UPFs and FCCs with convincing evidence.
	Fig. 4 Functions of food packaging.
	Table 1 Comparison of two types of synthetic food contaminants.




