
The year is 2050. During routine medi-
cal visits, patients provide blood and 
urine samples, their postal code and a 
description of their lifestyle and hab-
its. The samples are analysed to detect 

nutrients and pharmaceuticals that the person 
has consumed, the bacterial and viral infec-
tions they have had and any chemicals they 
have encountered. Their location reveals key 
details about air pollution, noise and chemical 
exposure. By combining this information with 
the individual’s genome details, clinicians will 

be able to swiftly tally unique disease risks — as 
well as the actions or treatments that can best 
slow, or even quell, disease progression. 

That’s the future that exposome researchers 
are working to create. 

The exposome is the sum of environmental 
exposures and lifestyle factors that, in concert 
with genetics, shape the risk of a person devel-
oping many common conditions, including 
cancer, heart failure, diabetes and dementia. 
The term was coined in 2005 by Christopher 
Wild, a now-retired cancer epidemiologist at the 

International Agency for Research on Cancer in 
Lyon, France. He described a “desperate need to 
develop methods with the same precision for 
an individual’s environmental exposure as we 
have for the individual’s genome”1.

Environmental exposures are responsible 
for between 70% and 90% of the risk of devel-
oping chronic disease2. “Genetics load the 
gun, but the environment pulls the trigger,” 
said Francis Collins, former director of the US 
National Institutes of Health (NIH) in Bethesda, 
Maryland. Exposures can turn certain genes on 
or off, and these epigenetic changes can result 
in disease. For example, tobacco smoke can 
silence tumour-suppressor genes, increasing 
the risk of cancer.

Each individual’s exposure and genetic 
profile shapes their unique disease risks, and 
researchers say it is time to fill in the miss-
ing details. “If one does not address lifestyle 
factors, diet, medications, environmental 
exposures and other factors, care is not per-
sonalized,” says Gary Miller, director of the 
Center for Innovative Exposomics at Columbia 
University in New York City.

Exposomics research, however, is no small 
task. Any rigorous endeavour must offer 
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Researcher Ana Maretti Garcia collects transcriptomics data from clusters of cells exposed to ‘forever chemicals’.
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a comprehensive assessment of as many 
non-genetic disease factors as possible. And 
understanding these will require research-
ers to collect and collate data from various 
sources, including biobanks and long-term 
cohort studies; surveys of diet, medications 
and physical activity; and environmental data 
sets such as geospatial models of air pollution. 

Some exposures can be measured using 
biomarkers including sugars, proteins or 
chemical-breakdown products in the blood or 
urine that link biological changes to environ
mental triggers. “The signatures of past expo-
sures stay in the body,” says Miller. Persistent 
organic pollutants, for example, leave a sig-
nature in fatty compounds called lipids in the 
blood. Smoking adds chemical tags, or epige-
netic markers, to DNA, and these persist even if 
someone has not smoked for 30 years. 

Advances in high-throughput mass spec-
trometry — a technique that allows scientists 
to analyse a large number of samples — have 
made it easier than ever to track proteins and 
metabolites in blood samples. This can be used 
alongside transcriptomics data, which shed 
light on the active genes in cells, to tease out 
and validate biochemical markers of disease 
from the cocktail of exposures. 

Exposomics has its sceptics and misconcep-
tions. Some critics suggest, for example, that 
it is simply a new term for an old discipline, 
environmental epidemiology (a field often 
focused on the impacts of individual expo-
sures). Others say it is impossible to measure 
the totality of human exposures. Regardless, 

enthusiasm for exposomics has surged over 
the past decade. Searching the PubMed liter-
ature database for ‘exposome’ reveals that at 
least 830 papers have already been published 
this year, up from 261 in the whole of 2020. 

Scientists are coordinating efforts to 
develop much-needed standards and proto-
cols, and to create the capacity to continuously 
monitor dynamic exposures. Kyle Walsh, direc-
tor of the US National Institute of Environ
mental Health Sciences in Research Triangle 
Park, North Carolina, says that there is growing 
enthusiasm at the NIH to fund a multi-year, 
multimillion-dollar  Human Exposome Project, 
a comprehensive molecular-level assessment 
of the full suite of exposures to identify the 
most important drivers of disease.

If exposomics succeeds, it promises to 
usher in a new era of precision medicine — and 
precision prevention.

A quantified world
In March, Chirag Patel, an exposomics 
researcher at Harvard Medical School in 
Boston, Massachusetts, and his colleagues 
published one of the largest studies yet to 
match exposures with disease risks3. The 
team compared 619 markers of exposure, 
ranging from blood mercury content to vita-
min B12 levels, with 305 measurable charac-
teristics, including lung function and blood 
sugar level, using data from ten cohorts of the 
55-year-old US National Health and Nutrition 
Examination Survey. Taken individually, envi-
ronmental exposures accounted for less than 

1% of the variation in disease outcomes, but 
that increased to an average of 3.5% when the 
researchers combined the effects of 20 expo-
sures. It might not seem like a huge difference, 
but this figure rivals the predictive power of 
genetic variants that influence disease — and 
affirms the need to study real-life exposures 
to improve disease management, says Patel. 

For example, 43% of participants’ triglyc-
eride levels, a predictor of cardiovascular 
disease, were explained by a unique combi-
nation of 20 exposures — including trans fats 
and polychlorinated biphenyls. Advanced cel-
lular ageing — structural or molecular damage 
to cells — was most strongly associated with 
smoking, minimal physical activity and expo-
sure to heavy metals. 

Patel says the next step is to find ways to nar-
row down which exposures are meaningful — 
the ones that perturb a biological pathway. If 
the link between environmental exposures and 
changes to biological pathways can be found at 
a population level, those results could be used 
to predict outcomes at an individual level, he 
says. A population study linking a cell muta-
tion to an air pollutant could be used to iden-
tify people at risk of lung cancer, for example. 

This is where biobanked samples and cohort 
studies can prove pivotal. Walsh suggests that 
the All of Us programme, an NIH initiative to 
collect health data from more than one mil-
lion US volunteers to accelerate precision 
medicine, is an obvious starting point for a 
Human Exposome Project. All of Us has so 
far enrolled 883,000 participants, making it 
the world’s largest integrated genomic and 
electronic health record database. It houses 
more than 600,000 physical measurements 
and 747,000 responses to surveys about social 
circumstances, behaviour and environment.

The fundamental challenge is to connect all 
the dots to understand how that information 
translates into an individual’s disease risk. “It’s 
a data-analysis problem,” says Walsh. But he 
says it will become much more tractable cour-
tesy of artificial-intelligence tools.  

High-resolution mass spectrometry on 
blood or urine samples typically returns a 
spectrum with 10,000 to 100,000 distinct 
peaks. Identifying — and quantifying — which 
chemical compounds correspond to the peaks 
is one of the biggest bottlenecks in exposom-
ics. However, machine-learning models can 
sift through the data to decode them with ease. 
Furthermore, they can predict adverse biolog-
ical effects from a chemical’s structure, which 
will allow researchers to include as-yet-un-
known chemicals in disease-risk assessments.

As AI tools are adopted, researchers are 
eager to increase the scale and scope of pro-
jects. Miller predicts that in the next three 

Silicone wristbands have been used to monitor the environmental exposures of firefighters.
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years, scientists will conduct a state-of-the-
art exposomics study using data from around 
100,000 people. “If we did that across ten 
major human diseases, we would see which 
exposome profiles are related to different out-
comes in different diseases.” And that could 
help clinicians to determine whose disease 
will progress fastest, or who will see the most 
improvement from taking one drug or another.

Towards prevention
The clinical potential of exposomics is start-
ing to come into focus. The Exposome-Scan 
facility in Leiden, the Netherlands, launched in 
2024 to create exposome profiles for research-
ers and clinicians. At the moment, it can iden-
tify roughly 700 chemicals in exposome scans 
— including pesticides and flame retardants, 
says Roel Vermeulen, an exposome researcher 
at Utrecht University in the Netherlands, who 
co-leads the facility. He estimates that this is 
roughly 10–20% of the few thousand chemicals 
that lead to significant exposures in people 
globally. “I strongly believe that we should not 
wait until we can measure everything,” he says.

In June, Vermeulen and his colleagues 
identified a panel of 14 proteins for which 
presence in a person’s blood predicted lung 
cancer five years before diagnosis4. The pro-
tein signature, validated in eight cohorts, was 
found in current smokers and people exposed 
to air-pollution particles measuring less than 
2.5 micrometres across. 

Exposomics also offers an advantage for 
personalized medicine — it can identify drug-
gable proteins. If any proteins are found to 
be involved in causing a disease, they can be 
targeted by treatments, explains Vermeulen.  

Furthermore, he says, “you can actually 
start thinking about whether to treat before 
the disease occurs”. The public-health benefits 
of exposomics are enormous, he says. “We can-
not treat ourselves out of the chronic-disease 
burden,” he adds. Instead, he says, we need a 
paradigm shift towards prevention. 

“Personalized medicine and precision pre-
vention go hand by hand,” says Lida Chatzi, 
director of a research programme on ‘forever 
chemicals’ at the University of Southern Cal-
ifornia in Los Angeles. For nearly a decade, 
Chatzi has been studying PFAS, or per- and 
polyfluoroalkyl substances: artificial, highly 
persistent chemicals that have long been sus-
pected of causing liver damage, increasing 
cancer risk and disrupting immune function.

In 2025, Chatzi and her team published a 
study that measured PFAS in the plasma of 
136 teens with obesity5. They found that high 
levels of an unregulated PFAS called perfluoro-
heptanoic acid, or PFHpA, were linked with 
a type of liver disease that is becoming more 

prevalent. To confirm that PFApA contributes 
to the disease, the researchers exposed clumps 
of cells that acted like human livers to physio-
logically relevant doses of PFHpA and found 
that this disrupted lipid metabolism, leading 
lipids to accumulate. Once they combined pro-
teomics and metabolomics data, the research-
ers were able to identify biomarkers for the risk 
of liver disease. “That study is an early model 
of precision prevention,” Chatzi says.

When it comes to collecting real-time data 
on exposure to PFAS or other toxic chemicals, 
wearables are rising in prominence. One is a 
silicone wristband developed by research-
ers at Oregon State University in Corvallis 
that passively absorbs hundreds of airborne 
chemicals. In 2014, a team at the university 
described a way to extract 49 chemicals from 
the wristbands6; the list now includes more 
than 1,500 compounds, including pesticides, 
personal-care products and organic contami-
nants in wildfire smoke.

In response to widespread fires in Los 
Angeles last year, Kari Nadeau, an expos-
omics researcher at the Harvard T.H. Chan 
School of Public Health in Boston, and her 
colleagues used these wristbands to help 
monitor the environmental exposures of 
firefighters. Her team also analysed the pro-
teins, RNA, cells and chemicals in firefighters’ 
blood and found that those who had tackled 
urban fires had higher lead and mercury lev-
els than did those who had fought forest fires 
(see go.nature.com/4hhby4g). They are now 
working with the Los Angeles fire department 
on a long-term health-outcomes study to try to 
help prevent, track and treat disease, she adds.

Harmonized protocols
Mounting exposure to wildfires, microplas-
tics, PFAS and other chemicals helps to make 
the case for exposomics, say advocates. 

“We need to consider far more factors than 
we originally thought to develop personal-
ized medicine,” says Jana Klánová, director of 
RECETOX, the EU Centre of Excellence in Envi-
ronmental Health Sciences at Masaryk Univer-
sity in Brno, Czech Republic. She emphasizes 
the need for harmonized research protocols, 
shared data and a focus on reproducibility. 
Researchers must “start building a digital bio-
bank of biomarker data”, says Klánová, who 
coordinates the European Infrastructure for 
Human Exposome Research (EIRENE), a net-
work of laboratories, databases and studies 
to map the human exposome.

To implement EIRENE, Klánová is leading an 
effort to establish a European legal entity pro-
viding access to exposomics data and services 
by 2028. She is currently determining how best 
to harmonize research methods and protocols 

to assure comparability of data, and how to 
develop standards and secure databases to 
safely share sensitive health data. 

“The biggest challenge, really, is to bring all 
these data together, and to encourage people 
to use the same templates to make it happen,” 
says Klánová. A global exposome cohorts reg-
istry, compiled by the International Human 
Exposome Network and hosted by the Genom-
ics Coordination Centre at the University Med-
ical Center Groningen in the Netherlands, 
currently offers basic details about 132 data 
collections, including 118 cohort studies, 
9 clinical trials and 6 biobanks from around 
the world. Scientists can register a cohort and 
describe its size, duration and the types of data 
collected, as well as providing a point of con-
tact and website information. Klánová says the 
next step is to develop systems for analysing 
multiple sets of existing data together with-
out having to move them from their original 
location.

Until practitioners adopt consistent 
approaches, exposomics won’t be the field 
Miller and others hope for. “Exposomics must 
be comprehensive and systematic,” says Miller. 
Anything less risks missing crucial impacts 
of exposures. “Proper management of one’s 
exposome is the key to a healthy life,” he adds. 

Virginia Gewin is a freelance writer in 
Portland, Oregon.
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Jana Klánová wants to expand access to 
exposomics data.
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