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Abstract
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Therole of the environment in inflammatory bowel disease (IBD)
isacknowledged as being critical, yet enquiry into the exposome
and IBD is limited. Recognizing the exposome as encompassing

all physical, chemical, biological and psychosocial factors that
influence human health over the lifespanis central to unravelling its
roleinIBD, as well as overlapping immune-mediated diseases. Here,
we summarize the latest in exposome research in IBD, differentiate
between early life and later exposures, highlight the limitations of
traditional epidemiological methods and introduce lesser-explored
exposures (for example, food contact contaminants). We discuss
innovation in exposomics, such as high-resolution mass spectrometry
platforms, integrative statistics and the relevance of microplastics
and nanoplastics, a growing pollutant of concern, in IBD. Next,

we highlight the prevention framework, emphasizing the relevance
of the actionable exposome and differentiating between primary and
primordial prevention. Although the former implies risk stratification
and preventionin at-risk individuals, primordial prevention focuses
onrisk mitigationin the general population. We discuss individual
and community-level mitigation strategies and global considerations
to lower IBD risk. This Perspective provides a path to implement
exposomics inIBD prevention, which might also be relevant towards
other chronic health outcomes.
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Introduction

With advances in molecular epidemiology and multiomics, progress
hasbeenmadeinunderstanding therole of the environmentininflam-
matory bowel disease (IBD) and mapping the preclinical phase of IBD,
aperiod of biological alterations before clinical symptoms'2. Advances
in such platforms and analytical techniques in environmental medi-
cine have led to paradigm shifts in how we can study risk factors for
IBD. We recognize now that complex environmental exposures that
individuals experience over their lifespan — that is, the exposome —
contribute toIBD risk. Most chronicinflammatory diseases, including
immune-mediated diseases, are not solely explained by genetic varia-
tions; rather, these pathophysiological changes can be attributed to the
exposome’ . The actionable or modifiable exposome is particularly
importantto study, as these represent primary and primordial preven-
tion targets. Although primary prevention implies risk stratification
and implementation of prevention strategies among those at risk,
primordial preventionis broader, with focus on mitigation of riskin the
general population. This concept of prevention is gaining momentum
across other chronic diseases’, but it remains a knowledge gap in IBD.
The overlap between IBD and otherimmune-mediated diseases might
be due tocommon exposures, atleast in part, further highlighting the
relevance of the exposome across human health. In this Perspective, we
summarize current evidence on the exposome and IBD risk, innovation
and challengesin this space, and the framework of IBD prevention via
modulation of the exposome.

The exposome and IBD

Defining the exposome

The ‘exposome’ was a term that was coined in 2005 by Christopher
Wild to “encompass life-course environmental exposures (including
lifestyle factors), starting in the prenatal period”®. Over the past two
decades, its definition has undergone many iterations to include all
external influences that interact with the genome over the lifespan®.
Now, as we are making strides into systematic exposome measurement
and quantification, werecognizeitinits broadest formto encompass
all physical, chemical, biological and psychosocial factors that influ-
ence human health, and for our context, IBD" " (Fig.1). The exposome
has an external component and an internal component, the former
measured outside the human body, whereas the latter is measured in
biological samples'.

Many high-quality epidemiological studies have taught us the
importance of the environmentin modulating IBD risk; however, these
studies have linked only one or few specific exposures, including sur-
rogate exposures, to IBD risk'* . The broad working hypothesis for
IBD pathogenesis is that, in a background of genetic susceptibility,
exposures over the lifespan modulate the intestinal microbiome and
immunological function, leading to IBD risk and onset'. However, now,
we must think farther, and expand on these works to investigate the
influence of environmental mixtures and gene-environmental inter-
actions. To integrate the exposome into the prevention framework,
we need systematic, granular and objective analyses of the exposome
over the life course. Here, we summarize available high-quality data
on the exposome and IBD, sorting into physical, chemical, biological
and psychosocial compartments". We note that each of these factors
is not a discrete compartment, but rather a continuum, and multiple
factors might qualify into more than one compartments. We focus
on modifiable factors towards primary and primordial prevention of
IBD and highlight challenges and emerging strategies in the study
ofeach.

The physical exposome and IBD

Land cover land use variables. Land cover land use represents the
physical coverage of the surface of the earth naturally and through
human activities such as green and blue spaces, residential areas,
agricultural land, industrial zones, urban and commercial districts.
Green and blue spaces represent areas of land covered by vegetation
and with accessible presence of water, respectively. Population-based
cohortsinthe UK, Canadaand Denmark have reported on the protec-
tive role of green space, blue space and the natural environment rich
in biodiversity against IBD” ™. Whereas the UK study explored these
variablesin adulthood using UK Biobank data, the Canadian and Dan-
ishstudiesreported onthe early life period and later risk of IBD. In the
Danish study (n=1,438,487), higher exposure to agriculture land use
during early life was associated withanincreasein Crohn’s diseaserisk,
whereas greater biodiversity was associated with lower Crohn’s disease
risk”. Case-control and cohort studies from diverse geographical
regions have also reported on urban versus rural living, with a harm-
ful effect of the former on IBD risk, particularly when this exposure
occurs during the early life period*?. In keeping with these data,
immigration from a low-IBD-incidence to a high-IBD-incidence coun-
try is associated with alteration in IBD risk such that the risk becomes
comparable to that in the host country in subsequent generations of
immigrants?* 2, Although urban versus rural living and immigration
areextremely broad variables and probably represent wide shiftsinthe
entirety of the exposome rather than a specific actionable exposure,
they underscore IBD as a ‘modern, urban disease’ and are consistent
with historical variations in IBD?.

Weather-related and climate-related variables. Inapopulation-based
cohortstudy from Norway (n = 80,522), investigators explored the role
of temperature, precipitation and altitude in ulcerative colitis risk®®.
Theyreported that warmer summer temperatures were associated with
alower odds of ulcerative colitis whereas there were null associations
with other climactic variables such as precipitation and altitude. In a
systematic review and meta-analyses of 28 population-based studies on
incident paediatric Crohn’s disease, latitude and ultraviolet radiation,
higherlatitude and lower levels of ultraviolet radiation were associated
with Crohn’s disease?. Similarly, in an analysis of the Nurses’ Health
Study, residence at lower latitude during young adulthood was associ-
ated with a lower risk of both Crohn’s disease and ulcerative colitis®®.
Given the close correlation across weather and climate-related varia-
bles, itis difficultto disentangle therole of each variable — temperature,
humidity, light, precipitation and fires —on IBD risk based on epidemio-
logical dataalone and warrants collaborative science across disciplines.
In a proof-of-concept study (n = 60), smoke-exposed individuals,
compared with unexposed individuals, had altered methylation at
133 non-specific disease-relevant gene loci, with increased homing
and activation biomarkers on immunophenotyping®. The former
group had higher levels of mercury and cadmium ontissue-level mass
spectrometric analysis. In addition to biological insights, this study
highlights innovation and cross-disciplinary research.

Chemical exposome

Smoking. In studies on cigarette smoking and IBD, cigarette smoking
has been ascertained primarily through survey of study participants.
Meta-analysis of early life data suggested that maternal smoking during
pregnancy is associated withincreased IBD riskin the offspring, whereas
postnatal exposure to passive smoking is associated with less consistent
results®™. Active cigarette smoking has a detrimental effect on Crohn’s
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Fig.1| The exposome and inflammatory bowel
disease risk. Representation of the categorization
of the exposome into physical, chemical, biological
and psychosocial exposome, with variables in

each category implicated ininflammatory bowel
diseaserisk, and the overlap across categories.

We also represent the most commonly utilized
methods to study each category of exposures.
PFAS, perfluoroalkyl and polyfluoroalkyl substances.
Illustration by Jill K. Gregory, adapted with
permission of © Mount Sinai Health System.
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diseaserisk and a variable effect on ulcerative colitis risk'®. There could
be geographical heterogeneity in this relationship®°. Notably, meas-
urement of the smoking variable is limited by recall bias and variable
operationalization of smoking amount, duration and duration since
quitting smoking. In a more quantitative study utilizing a prospective
cohortand Mendelianrandomization with validation through colocali-
zation, Zhang et al. reported an increased Crohn’s disease and ulcera-
tive colitis risk among current and former smokers, relative to never
smokers, via differential alterations in the methylome®. Measurement
of serum cotinine levels toreflect tobacco exposureis another example
of biomarker-based studies to explore relationship with IBD*. These
studies highlight theimportance of applying objective and quantifiable
techniques to measure biomarkers of exposure and downstreamevents
of exposures to substantiate their role in disease outcomes.

Other addictive substances such as electronic cigarettes or vapor-
izers, containing nicotine or cannabis, are also increasingly recognized
as relevant to adverse health outcomes®**. Genetic susceptibility
(computed polygenic risk score) to substance use (that is, cigarette,
cannabis and alcohol) is positively associated with IBD risk™®.

Environmental pollutants. Environmental pollutants, across diverse
cohorts and regions, have been linked with IBD risk®**’. Broadly, these

pollutants include heavy and transition metals (except zinc), pesti-
cides, organic and industrial pollutants such as perfluoroalkyl and
polyfluoroalkyl substances (PFAS), air pollution such as particulate
matter, and anthropogenic particles such as microplastics and nano-
plastics. Many of the earlier studies have ascertained exposure based
on survey and register data, for example, IBD risk among pesticide
applicators or those living in areas of high occupational exposure®*.
Inthe UK Biobank analysis, air pollution has been studied using public
UK Air Information Resources, epigenetic Mendelian randomization
and external validation, including colocalization analyses*’. Others
havereported on one or afew targeted chemicals have been measured
in biological samples**>. In more recent studies, our group has used
untargeted and unbiased approaches to report on chemicals such as
PFAS and pesticides and IBD in serum samples up to 10 years prediag-
nosis™ ™. Using laser-ablated mass spectrometry, Agrawal et al. have
measured metals in deciduous teeth (n = 60) and reported on harm-
ful association of non-essential metals and protective association of
essential metals with IBD*°. Based on mechanistic datainanimal models
andinvitrostudies, it seems that these chemicals converge to disrupt
intestinal mucosal integrity and gut microbiome, leading to local and
systemic inflammation and immunological perturbations®***. Addi-
tional research, with optimal study designs, sample sizes and variable
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population characteristics, will help strengthen causal inference of
these observational association data.

Medications. Exposure to antibiotics during pregnancy and early
childhood, as well as later in life, is associated with increased IBD risk,
with wider coverage of microorganisms and more frequent courses
conferring greater risk'**”*s, Hormone-based contraception and hor-
mone replacement therapy have also been linked with IBD, as have
proton-pump inhibitors'®**°, However, it can be difficult to uncouple
protopathicbiasfromatrue causal association; thisissue is highlighted
by a population-based study implicating diverse medication classes
such asimmunosuppressants, haematinics, analgesics and psycholep-
tics up to10 years before IBD diagnosis withincreased risk™. Also impor-
tant to consider are the effects of inactive ingredients in medications,
such as the solvent, coating, colouring agent and carrier agents™.

Diet and nutrition. Diet and nutrition represent a complex aspect
of the exposome, straddling the chemical and biological exposome
compartments, with a majority of elements belonging to the former.
Being breastfed forlonger duration is associated with favourable health
outcomes for the offspring, including a lower risk of IBD later in life,
across many epidemiological studies®. However, these studies are
case-control in design. By contrast, cohort and nested case-control
studies, which are less prone to recall bias and other limitations of
case-controlstudies, have reported null associations**, Geographical
heterogeneity is also possible, with differential effects of breastfeed-
ing in different regions of the world***°, Another consideration is the
timing of introduction of external foods, inversely associated with
exclusive breastfeeding duration; early introduction of allergenic foods
is associated with a reduced risk of food allergies®"**. In our study of
three prospective birth cohorts from Denmark, Norway and Sweden,
we found a trend towards increased IBD risk, although statistically
nonsignificant, with exclusive breastfeeding duration of >6 months*®.

Early life nutrition following breastfeeding is relevant towards later
IBDrisk; datafrom Scandinavianbirth registers have demonstrated that
offspring diet rich in fish and healthy foods was protective, whereas
a diet with pro-inflammatory components, such as sugar-sweetened
drinks, was associated with increased IBD risk®. High diversity in diet
during pregnancy, based on four food groups, grains, fruits, vegetables
and animal products, is associated with alower risk of ulcerative colitis
in the offspring®*. A high diversity of diet in early childhood has been
associated with lower ulcerative colitis risk in the Norwegian, but not
other Scandinavian birth registers®. Consistent results are reported
from a Korean population-based analysis®.

Foodisa consistent and highly variable lifetime exposure follow-
ing the postnatal period. There are diverse components to food, clas-
sified in many different and often overlapping ways. Ultraprocessed
foods, including industrially processed foods, which contain syn-
thetic additives to modify flavour and enhance shelf-life, are linked
with Crohn’s disease risk consistently across studies from Western
and non-Western regions®. Similarly, processed grains and meats
are pro-inflammatory®. Conversely, consumption of fresh foods rich
in vegetables, fruits, nuts, seeds, soluble fibre and minimally pro-
cessed foodsis linked with a lower risk of Crohn’s disease®. Plant-based
diets are reported to have a protective association with IBD in the UK
Biobank, as is higher intake of antioxidants such as lycopene®®’.

Food contaminants. An important food-related exposure category,
particularly for ultraprocessed foods, is environmental contaminants,

intentional synthetic chemicals and food contact chemicals (FCCs)”.
Environmental contaminantsinclude chemicals such as-cidal agents —
pesticides, herbicides and fungicides — that are used during agriculture
as well as those that enter into raw foods via water, air and soil, such
as microplastics and nanoplastics, PFAS, metals and by-products.
Intentional synthetic chemicals include biocides, emulsifiers, dyes,
artificial sweeteners and preservatives, for example, polysorbate,
red dyes, aspartame and carrageenan, to name a few. These and other
diverse chemicals, thatis, FCC, can enter foodstuffs at various stages
of processing, transport, storage and preparation. As foodstuffs come
into contact with these synthetic chemicals, they canleach or gas out
into foods, a process called migration”. Examples of FCCs during each
of these stages include phthalates that can migrate from polyvinyl
chloride tubing into milk, microplastics and nanoplastics from food
processing equipment, plastics and PFAS from food packaging into
pantry foods, and during food preparation. Migration increases at
higher temperatures; for example, plastics when heating in plastic
containers, PFAS from non-stick cookware, and black plastic products
that could contain brominated flame retardants. Based on the FCC-
migex database, there are >2,100 FCCs that migrate into foodstuffs.
Antibiotic exposure via meat consumption is yet another concern”’.
Lack of dataonfood contact contaminantsand IBD risk represents an
important knowledge gap.

Biological exposome and IBD

Infections. In a systematic review and meta-analysis of all early life
studies untilJuly 2020, Agrawal et al. reported that otitis mediaduring
early life was a risk factor for IBD”. Acute gastroenteritis, particularly
dueto Salmonellaand Campylobacter, are associated with IBD risk’>”>,
Notably, exposure ascertainment in these studies was based on parental
reporting, medical encounter or stool test, indicating severe illnesses
for which medical attention was sought. Furthermore, it can be chal-
lenging to uncouple the effect of the infection versus the antibiotic
used to treat the infection as antibiotics are used almost exclusively
for medically confirmed infections, whereas untreated infections are
typically mild, and therefore unreported. Moreover, severe infections
might have a differential effect relative to mild infections on IBD risk.

Helicobacter pylori, a chronic and generally asymptomatic infec-
tion of the stomach, has been studied extensively in the context of
IBD. In a meta-analysis of 40 case-control studies from east Asia, the
Middle East, Europe and the Americas, H. pylori infection was associ-
ated with alower pooled odds of IBD, especially Crohn’s disease™. This
relationshipisreported inindividuals with H. pyloriinfection who are
cytotoxin-associated gene A (CagA) positive, but not CagA negative”.
By contrast, related microorganisms such as enterohepatic Helico-
bacter species and Campylobacter species demonstrated harmful
associations with IBD’. Based on these data, reverse causality cannot
be excluded, although less likely for H. pylori, considering that it typi-
cally occursinearly childhood. Antibiotic treatment and differencesin
tolerogenicresponses by age atinfection are additional considerations
towards causal inference.

Epstein-Barr virus (EBV) infection is a common childhood
infection with a seroprevalence of anti-EBV antibodies of >80% by
adulthood’”.EBVinearly childhood tends to be mild, whereasin adult-
hoodit canlead toinfectious mononucleosis”. Ina population-based
cohort study (n=20,386), we reported that primary EBV infection in
childhood was associated with alower risk of Crohn’s disease, whereas
inadulthood, it trended towards a harmful association’®. This finding
is consistent with other data on increased IBD risk with infectious
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mononucleosis-related hospitalization and higher prevalence of the
virus in prediagnostic serum from adults with Crohn’s disease, com-
pared with individuals without a diagnosis of IBD”**°, These data are
consistent with those in multiple sclerosis, which represents another
immune-mediated disease, with a protective association between EBV
and childhood infection®".

Last, with respect to parasites, in a population-based Danish
cohort study (n=1,520,290), we have found that eradication of para-
siticinfestations with mebendazole, abroad-spectrum anthelminthic
agent, was associated with increased hazards of later ulcerative colitis®.
However, parasite eradication later in life was not similarly associated
with IBD.

Relevance of comorbid conditions. Various health conditions have
been linked with later IBD risk: appendicitis and appendectomy are
associated with IBD consistently across epidemiological studies®.
Although challenging to uncouple the two exposures, appendectomy
for indications other than appendicitis might not be associated with
IBD®. Of note is the interaction effect with age at surgery; appendec-
tomy atage <20 years confers a protective effect, whereas later appen-
dectomy is associated with an increased risk of ulcerative colitis®>.
Furthermore, ina population-based study (n=7,132,317), first-degree
relatives of those who had appendicitis (treated with appendectomy)
during childhood had a similarly lower hazards of ulcerative colitis,
suggesting that it might not be appendicitis per se, but rather aspecific
ancestor or outcome of appendicitis, such as an environmental risk
variable or microbiome perturbation, that drove this relationship®.
Various metabolic,immune-mediated, gastrointestinal and neuropsy-
chological disorders are reported to occur in the 10 years before IBD
diagnosis®. Consistent with these data, utilization of diverse medica-
tionwasincreasedinthe 10 years preceding IBD diagnosis, compared
with matched controls who did not have IBD*. Such overlaps repre-
sent potential opportunities to characterize exposome variables and
downstream pathways common across health outcomes.

Physical activity. Physical activity has been associated with a lower
odds of IBD across cohort and case-control studies’®. This finding is
consistent with data on a beneficial effect of physical activity across
chronic inflammatory and cardiovascular conditons®®. However,
whether it is physical activity itself, or correlated variables such as
healthier diet, higher socioeconomic status, green space exposure
or improved mental health, that drives this relationship is yet to be
ascertained.

The psychosocial exposome
The ‘non-physical’ aspect of the environment, including psychological
and social variables, is less tangible and, therefore, harder to concep-
tualize and measure. Nevertheless, these are veryimportant determi-
nants of health. In an expansive analysis of 160,000 individuals from
40 countries, psychosocial factors such as socioeconomic and gender
inequality, migration and sociopolitical determinants were associated
withaccelerated ageing, with healthy ageing in countries of Europe and
with faster ageing in countries of the global south®’.

Many psychosocial variables have been studied in the context of
IBD. Data from the Nurses’ Health Study report on this issue: severe
abuse in early childhood was associated with an increased risk of
Crohn’s disease®. By contrast, in a Canadian survey-based study,
childhood physical and sexual abuse was associated with increased
odds of ulcerative colitis, but not Crohn’s disease®. Sleep duration

hasbeenlinked with ulcerative colitis riskinareport from the Nurses’
Health Study®°. Mental health disorders are closely related with IBD
diagnosis. Inastudy from Canada (n = 5,727,655), depression was asso-
ciated withincreased odds of IBD; use of antidepressant medications
modulated this relationship”. A study from the UK (n =30,720) found
that depression with gastrointestinal symptoms, but not depression
without gastrointestinal symptoms, 5 years preceding IBD diagnosis,
was associated with increased odds of IBD. Finally, in a study from
Taiwan (n = 580,820), schizophrenia was associated with IBD, with-
out any effects of treatment with typical or atypical antipsychotic
medications’. A temporal analysis of the Danish population-based
cohort (n=132,618) revealed that anxiety and depression were asso-
ciated with IBD, both preceding and following its diagnosis®*. How-
ever, accurate assessment of psychosocial variables is challenging,
which limits reproducibility across studies, and its application in IBD
prevention.

Timing of exposure: early versus later in life

Early lifeis considered to extend from pregnancy until early childhood,
typically the first ‘1,000 days’ of life. According to the Developmental
Origins of Healthand Disease theory, this period is of particular sensitiv-
ity tothe exposome, leading to imprinting on downstream metabolic,
immunological and microbiome processes and health and disease later
in life”*”. There are now substantial data on the early life exposome
and later risk of IBD, including both Crohn’s disease and ulcerative
colitis™?®, In fact, many of the exposures described above are relevant
to the early life period.

We note interaction effects of the timing of exposure on the rela-
tionship between specific exposures relating to the ‘hygiene hypoth-
esis’ and IBD risk. For example, being born in a country with high IBD
incidence confers similar risk to offspring of immigrants?. Appen-
dectomy in children confers a protective effect against ulcerative
colitis, whereas appendectomy during adulthood is associated with
increased risk®. EBV infection in childhood may be associated with
a protective effect against Crohn’s disease, whereas that later in life
may be associated with harm’®. These data are also consistent with
those described in multiple sclerosis®. Finally, eradication of parasites
during early life, but not later in childhood, has been associated with
increased ulcerative colitis risk during adulthood®. Immunologic and
tolerogenic maturation occurs in early life and may be relevant here.
Conversely, chemical exposures, antibiotics and processed foods,
which have been linked with intestinal inflammation and microbiome
disruption, areall associated with similarly harmful effects during early
life versus later in life.

Challenges and innovation in exposome research
Exposure specificity and data quality

Clinical epidemiological studies have taught us agreat deal about IBD
risk and its potential pathways thus far. By design, population-based
studies are especially valuable in this regard. However, itisimportant
to distinguish ‘conceptual’ exposures, which provide insights into
IBD pathogenesis, from ‘actionable’ exposures, towards prediction
and prevention (Fig. 2). For example, what are the specific actionable
exposures within broad conceptual categories such as urban living,
globalization,immigration, hygiene-related variables and other broad
variables pertaining to modernlife? In other words, which exposure spe-
cifically within each of these categories could we modulate towards IBD
prevention? To answer these questions, we need high-quality granular
data from prospective, long-term cohorts, registers and surveys and,
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when applicable, complemented with innovative methodology such
as mass spectrometry, methylation analyses and biomarkers. With
respect to psychosocial variables, scores such as biobehavioural age
gaps add important context®. Using objective and high-throughput
methods, investigations into chronic stress, severe acute stress, social
deprivation, racism, food insecurity, housing instability and climate
change, all contemporary and relevant exposures, and their influence
onIBDare urgently needed. Finally, longitudinal cohorts with dataand
sample collection across multiple timepoints are needed to map the
dynamics of exposome and downstream molecular biomarkers®. In the
PREDICTS study, pesticide exposure 6-10 years before IBD diagnosis,
but not at timepoints closer, was associated with IBD, suggesting a
biological lag*. Multiple longitudinal studies, for example, the Human
Exposome Project, the European Health Examination Survey in Luxem-
bourg (EHES-LUX) study, the Adolescent Brain cognitive Development
(ABCD) cohort and the Human Early Life Exposome (HELIX) study, are
working towards characterization of the exposome in the context of
human health outcomes and arerelevant to IBD and immune-mediated
diseases overall'®'%*, Specific to IBD, newly established prospective
cohorts such as INTERCEPT to risk stratify at-risk persons towards a
IBD preventive intervention, are likely to provide important insights

in the coming years'®*.

Mapping the chemical exposome

Advancesin exposomics analytics, such as high-resolution mass spec-
trometry, ion mobility spectrometry and ambient ionization tech-
niques, have led to paradigm shifts in the measurement of chemicals
such as PFAS, pesticides and other volatile organic compounds'*>'°®
(Box 1). Simultaneous improvements in computational methods in
artificial intelligence and machine learning have enabled the handling
of vastamounts of data'””. These developments enable acomprehensive
and accurate understanding of environmental exposures by improving
the ability to separate and identify thousands of compoundsin complex
human biological samples'®.

Exposomics studiesinvolve targeted or untargeted analyses using
chromatographic or spectrometric methods'°*"", A targeted analy-
sis looks for specific, predefined chemicals, whereas a non-targeted
analysis screens for a wide range of known and unknown chemicals
simultaneously, often using high-resolution mass spectrometry.
Targeted analysis offers high sensitivity and precision for a known

set of compounds. By contrast, untargeted analysis provides a more
comprehensive view of a biological sample’s chemical composition,
makingitapromising tool for discovering novel pollutants™ "% Untar-
geted analysis also helps identify emerging contaminants, such as
pharmaceuticals and personal care products, as well as PFAS in water
and food™. Comprehensive screening of thousands of environmental
chemicals in biological samples, both known and unknown contami-
nants, withrelatively high accuracy and sensitivity, is a paradigm shift
inmappingthe chemical exposome, providinga more complete picture
of environmental exposures'”’. Coupling this approach with other
methods such as geospatial modelling and personal monitoring can
facilitate expansion into other domains of the exposome.

Emerging risk factors for IBD
Microplastics and nanoplastics (MNPs), which are plastic particles
<5 mminsize, have shifted from being viewed purely as environmen-
tal contaminants to central subjects in exposure and health sciences,
encompassing awide range of toxicants beyond plastics per se™™. Early
integrative work described ingestion and inhalation as the main expo-
sureroutes and proposed that polymeric particles could engage mecha-
nisms similar to other particulate pollutants, such as oxidative stress,
inflammation and epithelial barrier disruption. Since then, research
has expanded substantially, with studies estimating that humans might
ingest orinhale tens of thousands of particles annually™ ™. Experimen-
tal models show consistent biological effects such as oxidative stress,
mitochondrial dysfunctionandimmune activation, yet dose-response
relationships relevant to real-world exposure remain uncertain®®,
Detection of microplasticsinstool, blood, placenta, lung and even
vascular, hepatic and brain tissues highlights their pervasive presence
and the potential for translocation across biological barriers'* >,
These findings, however, depend on complex analytical pathways,
from sample collection to detection, where methodological variabil-
ity and contamination risks can influence reported outcomes. Dur-
ing sampling, human specimens collected in clinical settings require
strict clean-handling procedures, the use of precleaned plastic-free
containers and tools, and blanks to minimize and monitor background
contamination, respectively*”'%, Subsequent sample preparation must
balance efficient removal of the organic matrix with preservation of
polymer integrity. Yet, no single protocol is universally applicable,
asbiological matrices differ markedly in composition and complexity.
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MNP identification and quantification have evolved substan-
tially over the past decade. Vibrational spectroscopy, including
Fourier-transform infrared and Raman microscopy, represents the
cornerstone for polymer identification, and thermoanalytical-gas
chromatographic-mass spectrometric approaches are becoming
increasingly used (Box 1). Despite major methodological progress,
uncertainties persistin MNP detectionin biological matrices andinter-
pretation. For example, residual organic matter, particularly lipids,
can survive rigorous cleaning procedures and lead to false-positive
signals, potentially underpinning some recent findings'>*'**. Further-
more, some findings are difficult to reconcile with realistic exposure,
translocation and physiological clearance dynamics'*. These uncer-
tainties complicate reproducibility and comparability across studies
andunderscore the need for validated, contamination-aware workflows
and transparent uncertainty assessment. The latestadvances are rap-
idly improving the sensitivity, specificity, and standardization of MNP
analysis across diverse matrices” %,

In relation to intestinal inflammation, experimental and obser-
vational data suggest a connection between MNP exposure and gut

homeostasis. Controlled animal studies show mucosal injury and
immune activation after chronic ingestion of nanoplastics, whereas
human observational work links higher faecal microplasticlevels with
IBD"*"!, Mechanistic evidence indicates that MNPs might influence
intestinal health through microbiota disruption, increased epithelial
permeability and altered immune signalling®. Standardization of
analytical workflows and integration of MNP metrics into longitudinal
exposome frameworks will spur progress in this space.

Integrative statistics

Studying simultaneous exposure to multiple chemicals is challeng-
ing due to complex interactions across chemicals and simultaneous
exposure to multiple pollutants, which are often correlated in the real
world™ Most previous studies have been limited to analysis of a sin-
gle or few pollutants. Developments in biostatistical methods, called
exposure mixture models, have paved the way to measure the effects
of simultaneous exposure to multiple chemicals™>'**, These models
account for complex intrachemical and interchemical class correla-
tions and identify exposures with the mostimportant contribution to

Box 1| Innovative exposomic methodologies relevant to inflammatory bowel

disease research

Analysis of the chemical exposome
High-resolution mass spectrometry
e Measures the mass-to-charge ratio of ions, enabling differentiation
of molecules with very similar masses
¢ Distinguishes between compounds with the same nominal mass,
but different elemental composition
e Combining liguid chromatography and gas chromatography
within high-resolution mass spectrometry provides analysis of
both polar and nonpolar molecules in a single study

lon mobility spectrometry
e Separates isomers and provides collision cross-section data,
enabling comprehensive analysis of the external and internal
exposome
¢ Detects low-abundance compounds, and higher throughput

Analysis of microplastics and nanoplastics
Fourier-transform infrared (FTIR) spectroscopy and microscopy
(HFTIR)
¢ |dentifies polymer composition based on characteristic infrared
absorption spectra of molecular bonds
e Single-point uFTIR analyses individual particles; uFTIR imaging
enables spatial mapping and automated detection across larger
sample areas
o Widely used for microplastic particle-based analysis, typically
enabling polymer identification down to ~10-20 um depending
on instrumentation

Raman microscopy
¢ |dentifies polymer composition based on characteristic Raman
scattering signatures of molecular vibrations
e Enables automated chemical analysis of individual particles with
high spatial resolution. Raman microscopy imaging with high
spatial resolution is also possible, but time-consuming

o Widely used for particle-based microplastic analysis, typically
enabling polymer identification in the low-micrometre range
(~1-2pum), depending on settings and instrumentation

Pyrolysis-gas chromatography/mass spectrometry

o Identifies polymers through thermal degradation into
characteristic pyrolysis products

e Enables particle-size-independent analysis of bulk samples,
including nanoplastic fractions

o Widely used for mass-based microplastic and nanoplastic
analysis, providing quantitative information on polymer
composition

Integrative statistics
Weighted quantile sum regression
e Hypothesis-driven
¢ Incorporates random-forest-inspired data-splitting techniques to
efficiently handle high-dimensional exposure signals
e Accounts for exposure correlations
o Assumes directional homogeneity between exposures and
linearity in the exposure-outcome association

Quantile-based g-computation
o Similar to weighted quantile sum regression, but does not assume
the directional homogeneity among exposures
e Less accurate than weighted quantile sum regression when
exposure correlations are high and unable to handle
high-dimensional exposure data

Bayesian kernel machine regression
o Allows the exploration of nonlinear and non-additive relationships
between exposure mixture and outcome
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the mixture. The three major mixture modelsinclude: weighted quan-
tile sum regression; quantile-based g-computation exposure mixture
model; and Bayesian kernel machine regression, each associated with
specific considerations™ > (Box 1). Although mixture models estimate
overalleffects, dueto their computational complexity, they do not natu-
rally capture high-order exposure-exposure interactions, which could
be relevant to health outcomes™*"”. Application of machine learning
tools with mixture models can identify such complex interactions
naturally and address the high dimensionality of chemical exposures™®.
Emerging quantum methodologies, such as quantum machine learning
andwalks, can add biological relevance to omics towards the discovery
of meaningful exposome-biological interactions as well as novel dis-
ease pathways**'*, We have demonstrated the application of mixture
models to unravel the roles of PFAS and pesticides in IBD***, We have
also demonstrated in a proof-of-concept study using machine learning
models that distinct gut microbial features and prenatal metal levels
were associated with faecal calprotectin in children*°. Application
of mixture models and machine learning tools can not only discover
novel environmental signatures, but also identify at-risk individuals,
as discussed below.

Collaboration across disciplines and geography

With advancing specialization and complexity across molecular
epidemiology, exposomics and bioinformatics, team science is the
hallmark of impactful research. We emphasize here the importance
of collaboration with scientists and clinicians across disciplines for
the most innovative research questions and study designs, rigorous
methodology, and astute data management and interpretation. Col-
laboration across clinical medicine and environmental health sciences
is particularly relevant to exposomics and IBD. Whereas the former
brings the ‘clinical bedside’ experience, the latter provides complemen-
tary environmental and toxicological input, each limited without the

other. Similarly, global collaborations, representing diverse cohorts,
expertise and experiences, will only strengthen research. Considering
the rapid rise in IBD globally and geographical heterogeneity, as dis-
cussed later in this Perspective, the study of IBD across cohorts and
countriesis critical.

Applying the prevention framework in IBD
Translating the exposome into actionable prevention and interven-
tion strategies is the next frontier, emphasizing the convergence of
environmental and clinical medicine™. The concept of IBD prevention
hasgained tractionin the past few years, withimportantlessonslearnt
from prevention efforts in the context of other immune-mediated
diseases such as type 1diabetes mellitus and rheumatoid arthritis'*,
Withthe efforts of several consortia across North America, Europe and
globally, substantial progress hasbeen made in mapping out preclini-
cal IBD and identifying opportunities for preventionintervention'****,
The public health framework of prevention is divided into four lev-
els (Fig. 3), wherein tertiary prevention represents early treatment
towards complication prevention and secondary prevention denotes
early diagnosis towards early treatment. Primary prevention addresses
intervention and prevention of exposure to risk factors among those
at risk, whereas primordial prevention is even broader, focusing on
mitigation of risk in the general population'®. These higher levels of
prevention are simultaneously more difficult to implement and with
alargerinfluence.

Aswe make progress towards mapping the molecular epidemiol-
ogy of IBD and unravelling its preclinical stages, particularly for Crohn’s
disease, various omic signals pertaining to proteomic, metabolomic
and antibody perturbances have been identified, leading to oppor-
tunities for prevention targets’. Intervention during this continuum
of preclinical to clinical IBD could arguably be secondary or primary
prevention. Here, we discuss modulation of the exposome to prevent
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disease among those at risk, and in the general population, specifically
highlighting a broader prevention target.

Early life IBD prevention

IBD, similar to other chronic non-communicable diseases, is a life-
course disease, implying cumulative exposures over the course of life
leading to disease onset'*°. We propose here the ‘multiple hits’ theory,
whereby onabackground of risk conferred by various exposuresinearly
lifeleading to aso-called susceptibility phenotype of the microbiome
andimmunological signatures, cumulative injury laterin childhood or
adulthood leads to IBD risk’® (Fig. 4). This theory brings up two ques-
tions in the context of early life: first, can IBD risk be predicted on the
basis of early life risk factors? And second, can IBD be prevented by
modulation of the early life exposome in those at risk, and among all
children more broadly?

With current dentine-based laser ablation techniques, the direct
prenatal and postnatal exposure to metals and organic compounds
can now be quantified'’. Such layer-by-layer reconstruction provides
daily to weekly intensity data starting from second trimester to early
childhood and offer unique opportunities to study critical windows of
exposure.Inapopulation-based birth cohort study of 50,592 offspring,
Agrawal et al.trained and internally validated a prediction model based
ondiverse exposome variables (n = 38) that mothers had provided data
in prospective, structured longitudinal interviews'®. We found that
anearly life prediction model was moderately predictive of ulcerative
colitis risk, but not Crohn’s disease risk, especially when it occurred
at ayounger age. The variables in the model pertained to early life
hygiene and diet. We hypothesize that ulcerative colitis, beingamore
‘brittle’ disease with a more abrupt onset, requires fewer cumulative

hitsrelative to Crohn’s disease. However, we highlighted the challenges
associated with early life exposome measurement and the need for
long follow-up.

Although intervention in early life to prevent IBD is even more
challenging, addressing hazardous exposome variables relating to
diet, medications, chemicals and home environment, based on epi-
demiological data, represents a reasonable approach towards risk
mitigation™'*'* (Box 2). The effectiveness of such prevention meas-
ures in lowering IBD risk cannot be reliably quantified, considering
the challenges described earlier; however, making choices towards
risk mitigation is empowering for parents and caregivers, who are
highly motivated to take action™°. Notably, biomarkers representing
intestinal inflammation, for example, faecal calprotectin and intesti-
nal dysbiosis scores, represent surrogate outcomes. In a birth cohort
study (MECONIUM), offspring of women with IBD had microbial per-
turbations and elevated faecal calprotectin for up to at least 3 years,
relative to offspring of women without IBD (total number of offspring
in eachstudy: 79 and 289, respectively)"*2, Separately, in the GEM and
PIONIR studies, higher faecal calprotectin is associated with increased
hazards of Crohn’s disease on prospective follow-up™>***, Application
of such biomarkers in exposomics and early life research represents
an innovative solution, albeit imperfect, to unravel IBD molecular
epidemiology.

IBDrisk stratification — the exposome risk score

Environmental risk scores (ERS) for diseases are tools that quantify
the combined risk from multiple environmental exposures'. Depend-
ing on the modelling techniques, these scores might also account for
complex multi-pollutant interactions and correlations, and they are

Fig. 4| Timeline of exposures and inflammatory
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Box 2 | Individual-level recommendations to mitigate exposure to chemical pollutants
implicated in inflammatory bowel disease risk®

Food and kitchen-related
Avoid or minimize
e Single-use plastics
e Heating of plastic materials
e Beverages from single-use bottles
¢ Non-compostable food contact materials such as tea bags,
coffee filters, cardboard or plastic storage
e Non-stick cookware
e Ultraprocessed foods
e Red meats
e Unwashed produce
e Handling cash register receipts

Favour

e Reusable materials

o Filtered water

e Compostable materials, glass or steel storage

o Perfluoroalkyl and polyfluoroalkyl substances (PFAS)-free
materials such as cast iron and stainless steel
Breastfeeding as able, early introduction of foods
Natural foods rich in fruits, vegetables, legumes, nuts and seeds
Seafood, plant-based foods
Thoroughly washed produce
Electronic receipts

Home
Avoid or minimize
¢ Flame-retardant-containing furniture, synthetic materials in
clothing, bedding and upholstery
¢ Plastic and foam-filled toys for children

Favour
o Natural materials
e Vacuum with a high-efficiency particulate air filter vacuum while
ensuring ventilation, and mop regularly
o Toys made of natural materials

Personal care items
Avoid or minimize
e Products with parabens, phthalates, bisphenols, titanium dioxide
and PFAS chemicals, based on label information
e Products with microbeads, for example, scrubs and certain
toothpastes
e Tobacco, electronic cigarette smoking and cannabis

Favour
o Natural and fragrance-free products

Lifestyle
Favour
o Walks or exercise through green space
e Regular exercise
e Adequate sleep and stress management
o Judicious use of antibiotics and other medications

*These recommendations are based on current research and expert opinions, and are subject to change as further data become available.

powerful predictors of disease development, sometimes outperform-
ing genetic or social risk scores alone®"*"’, For example, acomposite
socioenvironmental risk score including variables such as smoking,
median household income and health insurance status, has shown
arobust association with major adverse cardiovascular events, with
higher prediction accuracy when combined with common clinical risk
factors such as hypertension, diabetes and dyslipidaemia, suggest-
ing a more holistic approach to cardiovascular risk management™s,
Moving beyond associations, ERS can be used for risk stratification
in the clinical setting and to identify populations disproportionately
affected by environmental exposures, enabling more focused public
health interventions™* ¢,

In the context of IBD, ERS are increasingly being investigated.
Amodifiable score, based on variables such asbody massindex, smok-
ingstatus, non-steroidal anti-inflammatory drug use, physical activity
and consumption of fruits, vegetables, fibre, fats and red meat, as
well as a healthy lifestyle score, was used to categorize Nurses’ Health
Study participants into low versus high risk for IBD'®*. Those in the
low-risk groups had approximately 40-60% lower risk of IBD. These
scores were validated externally in three large European cohorts with
consistent results. Similarly, in the UK Biobank, adherence to a ‘healthy

lifestyle’ was estimated to reduce IBD risk by 50% among those geneti-
cally at risk'®®. Finally, in aFlorida, USA, cohort (n =2,952), comprising
nearly 50% individuals of Hispanic ancestry, ERS were associated with
ayounger age of IBD onset'*.

Although advances highlight the relevance of ERS in risk stratifi-
cation, their adoption and implementationin clinical practice remain
limited. Onereasonfor thisaspectis lack of rigorous external validation
inreal-world clinical settings. Moreover, most current risk prediction
models have historically focused more on genetics, that is, polygenic
riskscore, leaving anotable gap in comprehensive risk assessment'**',
Collection of biological samples before clinical diagnosis is another
challenge. Development of non-invasive sampling and exposome analy-
sis, for example, hair-strand-based biomarkers, may berelevantin this
regard™. Finally, access to resources and local priorities are important
considerations towards equitable and contextualized prediction and
prevention strategies across geographical regions'’.

Interventions over the life course

Based on the summation of epidemiological and other data demon-
strating associations between exposome variables and IBD or intesti-
nal inflammation, as discussed above, we propose interventions that
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individuals can make to potentially modify exposure at the individual
and householdlevel (Box 2). We note that, although these strategies are
likely to mitigate exposure to putative toxicants and, therefore, arerel-
evantacross health outcomes broadly, they are not proven IBD-specific
prevention interventions. Simultaneously, we emphasize that sweeping
changes across lifestyle domains can be burdensome and unsustain-
able, but small changes in behaviour and habits, guided by individual
preferences and beliefs, are pragmatic and empowering. Healthcare
professionals have animportantrolein counselling patients regarding

harmful effects of toxicants and mitigation strategies'*®.

Change in lifestyle behaviours. Changes in lifestyle behaviours to
reduceIBDriskinclude broad behaviouralinterventions such as sleep
between 7 h and 8 h per day, adequate physical activity, and dietary
interventions such as avoidance of ultraprocessed foods, refined
grains, red meats and processed meats, and intake of healthy foods
such as fruits, vegetables, fish, nuts, seeds and whole grains, as well
as smoking avoidance and limiting alcohol intake'*>'*>, Such interven-
tions have been linked with beneficial effects on health outcomes
beyond IBD.

Specific dietary components. Anthocyanins, representing asubclass
of flavonoids, present in many fruits and vegetables with a deep col-
our such as red, blue or purple could lower ulcerative colitis risk, but
not Crohn’s disease risk, according to association data from the UK
Biobank'®’. Certainly, anthocyanins are linked with protective effects
against many chronic and inflammatory conditions, and might be
relevant in mitigating the effects of environmental pollutants, which
warrants further research”%", Lycopene intake, present in red and
pink fruits and vegetables, is associated with lower ulcerative colitis
risk’”2. In data from the National Health and Nutrition Examination
Survey (NHANES), serum folate levels were inversely related to PFAS
concentration'””. The putatively beneficial role of these phytochemicals
supports further consumption of fresh fruits, vegetables and legumes.

Mitigating pollutant exposure. Reducing individual exposure to MNPs
and environmental chemicals begins with individual-level behavioural
adaptations (Box 3). These are accessible and cost-effective, although
their long-term effectiveness ultimately depends on systemic changes
in productionand regulation, as well ascommunity-level interventions
involving circular initiatives and local governance. Simultaneously,
proof-of-concept randomized clinical trials demonstrate the relevance
ofinterventionsinlowering biological levels of toxicants. For example,
oral cholestyramine and plasma or blood donation were each asso-
ciated with lowering serum PFAS levels in a Swedish (n=45) and an
Australian (n =285) randomized clinical trials”*'”>. These approaches
might be potential strategies to study in at-risk persons to lower IBD
incidence.

Global considerations and implications

Global heterogeneity in IBD. IBD is aglobal condition with arising bur-
den*"7, The Gastrointestinal Visualization of Epidemiology Studiesin
the 21st Century (GIVES-21) consortium synthesized findings from more
than 500 population-based studies on IBD incidence and prevalence
spanning a century and over 80 countries”®"°, This analytical frame-
work characterized the evolution of IBD across four epidemiological
stages and modelled changes in prevalence over time*'’5,

Stage 1, Emergence, is typically observed in low-income coun-
tries, such as those in Africa, where rates of IBD remain low>"%, The
second stage, AccelerationinIncidence, is defined by rapidly increas-
ing incidence but low prevalence in newly industrialized countries in
Asia and Latin America®"%. This phase is associated with economic
development, urbanization, industrialization, enhanced healthcare
access, and shifting environmental and lifestyle exposures, includ-
ing shifts towards consumptions of more processed foods'**®!, The
third stage, Compounding Prevalence, is characterized by a stabili-
zation of incidence but a continued rise in prevalence, that is, com-
pounding prevalence, reflecting the chronic nature of IBD and lower
mortality’®>'®*, This stage is most evident in high-income countries of

Box 3 | Summary of evidence for individual-level behavioural adaptations to mitigate
exposure to environmental toxicants implicated in inflammatory bowel disease

Food preparation and storage

e Heating or storing food in plastic containers can promote polymer
degradation and release of microplastics and nanoplastics,
particularly under high temperatures or acidic conditions'"™,

e Cooking with plastic utensils or perfluoroalkyl and polyfluoroalkyl
substances (PFAS)-coated cookware can introduce microplastics
and nanoplastics and PFAS directly into food'®*'®°,

e Based on urinary markers, produce consumption can be
associated with pesticide internalization'.

e Avoidance of pesticide-treated produce and thorough washing of
produce can help to lower exposure'”.

e Minimizing exposure to food-related plastics lowered urinary
plastic-associated chemical levels in a randomized clinical trial'®.

Drinking water
e Bottled water contains higher concentrations of microplastics and
nanoplastics and related chemicals than tap water, largely owing
to polymer shedding from packaging''%%°,

o Filtered tap water, particularly systems using reverse osmosis or
activated-carbon membranes, significantly reduces exposure?'**?,

Indoor air and dust

¢ Indoor environments contain dense airborne microfibres
originating from synthetic clothing and upholstery, and household
dust containing several environmental chemicals®**2°,

o Use of natural-fibre textiles, ventilating rooms and vacuuming
with high-efficiency particulate air-filtered systems may reduce
exposure through inhalation?®-'°.

o Lint filters or external microfibre-capture devices on washing
machines lower fibre release during laundering®"*,

Personal care and household products
e Choosing personal care products labelled as microplastic-free
and avoiding products containing polyethylene or acrylate
copolymers may reduce direct exposure to intentionally added
microplastics®®?".
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North America, Europe and Australasia. The fourth stage, Prevalence
Equilibrium, is a theoretical phase in which prevalence stabilizes as
mortality in an ageing IBD population approximates the rate of new
incident cases®™"”"%, Identifying regions transitioning fromstage 1to
stage 2 over the next decade offers a unique opportunity to study the
underlying determinants driving therise of IBD incidence'®*. In stage 2
regions of Asia and Latin America, while IBD remains predominant in
urban centres, it is now being diagnosed in rural regions, alongside
increasesin pollution and other environmental shifts in these areas'®.
Inaddition to opportunities for exposome studies, these regions rep-
resentintervention opportunities, wherein strategies for primary and
primordial prevention could have the most impact.

Simultaneously, geographical heterogeneity in the exposome-IBD
relationships is to be noted. Exposures such as appendectomy, anti-
biotics, breastfeeding and smoking in Asia are linked with discordant
associations with IBD, relative to countries in the west**'*¢, These differ-
ences highlight theimportance of ascertaining exposome data across
different geographical areas, and application of contextualized and
equitable region-specific prevention strategies'®’.

Addressing global pollution. At the global scale, reducing human
exposure to chemical pollutants requires coordinated action that
transcends national boundaries and sectoral interests. The ubiquity
of plastics and other chemicals production and trade makes itatrans-
boundaryissue, with emissions, atmospheric transportand ocean cir-
culation connecting distant regions and populations'’. Consequently,
effective management depends on shared monitoring frameworks,
international governance and equitable access to cleaner technologies.

Global policy and governance are important. Establishing global
standards across industries would alignincentives and reduce dispari-
ties in regulatory enforcement. For example, negotiations under the
United Nations Environment Assembly towards alegally binding Global
Plastics Treaty represent acritical step towards harmonized action™:.
Global cooperationis also needed to support developing countriesin
waste management infrastructure, where most leakage originates'®.
Dataharmonizationandresearch collaborationare anotherimportant
avenue to address global pollution. Current global assessments are
constrained by analytical heterogeneity and inconsistent exposure
metrics. Internationalinitiatives, such as the Global Partnership on Plas-
tic Pollution and Marine Litter and the emerging Global Plastics Data
Portal, aimto unify methodologies and facilitate open data exchange.
More, equity is necessary for planetary health. Vulnerable populations,
particularlyin coastal and low-income regions, face disproportionate
exposure due to pollutants®. Embedding chemical production and
mitigation within the broader planetary health agenda encourages
circular economy and sustainable innovation.

Related are theissues of climate change, action to mitigate impact,
and environmental justice. Although we do not discuss these aspectsin
detail in the context of IBD, these matters have vast ramifications across
health outcomesand are, therefore, critical tounderstand and address.

Conclusions

Insummary, the exposome, encompassing all aspects of the environ-
mentover thelifespan, playsacritical partin understanding IBD risk and
pathogenesis. Withinnovation across molecular epidemiology, expo-
some measurement and integrative statistics, the field of exposomics
research has undergone paradigm shifts, and at this time, we are well
positioned to unravel how various aspects of the environment par-
ticipate in concert to lead to IBD onset and management. Researchin

this space will informrisk prediction over the life course and position
preventioninterventions. Collaboration across disciplines and globally
is fundamental to advancing the field.

Published online: 18 September 2026
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