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Abstract
Previous studies have explored the relationships of air pollution and metabolic profiles with lung function.
However, the metabolites linking air pollution and lung function and the associated mechanisms have not
been reviewed from a life-course perspective. Here, we provide a narrative review summarising recent
evidence on the associations of metabolic profiles with air pollution exposure and lung function in children
and adults. Twenty-six studies identified through a systematic PubMed search were included with 10
studies analysing air pollution-related metabolic profiles and 16 studies analysing lung function-related
metabolic profiles. A wide range of metabolites were associated with short- and long-term exposure, partly
overlapping with those linked to lung function in the general population and with respiratory diseases such
as asthma and COPD. The existing studies show that metabolomics offers the potential to identify
biomarkers linked to both environmental exposures and respiratory outcomes, but many studies suffer from
small sample sizes, cross-sectional designs, a preponderance on adult lung function, heterogeneity in
exposure assessment, lack of confounding control and omics integration. The ongoing EXposome Powered
tools for healthy living in urbAN Settings (EXPANSE) project aims to address some of these
shortcomings by combining biospecimens from large European cohorts and harmonised air pollution
exposure and exposome data.

Introduction
The exposome concept encompasses measures of both external and internal exposures and is thought to
reflect the sum of all nongenetic influences on health and disease [1–3]. Typically, the external exposome
domains include factors related to ambient environmental exposures, such as air pollution; temperature;
built, social and food environments; and behaviour-related and psychosocial factors, whereas the internal
exposome refers to internalised exogenous exposures that comprise the fraction of dietary and nondietary
environmental molecules that have entered the organism. The internal exposome also includes the gut
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microbiota and the associated metabolites, arising directly from the biotransformation of environmental and
endogenous metabolites and endogenous metabolites reflecting responses to exposures (e.g. lipid
peroxidation products from oxidative stress) [3].

In recent years, it has been widely acknowledged that both environmental exposures and host
characteristics influence respiratory health and disease in both children and adults [4–6]. However, little is
known about the life-course perspective of exposure and disease, the critical windows of exposure, the
early biomarkers of exposure and disease mechanisms, and disease progression and prognosis.
Accordingly, causal inference regarding the health effects of single exposures or mixtures remains limited,
in particular regarding chronic effects.

The life-course perspective is of particular relevance for lung function-related respiratory diseases. Lung
function progresses over the life-course, going through growth, plateau and decline phases [7]. Timing and
duration of the phases, and lung function levels at each phase, differ between individuals, shaping distinct
lung function trajectories [8]. Genetic and environmental factors have been associated with these
trajectories. Today, it is well accepted that lung function attained in the growth phase and maintained in
the plateau phase affects respiratory (and cardiovascular) health in later life [8, 9]. COPD incidence is
attributed not only to accelerated decline in lung function in later life but also to impaired attainment of
lung function in earlier life [10, 11]. Early life exposures (e.g. maternal smoking) and diseases such as
childhood asthma can alter lung development, affecting the trajectories in the growth phase. Factors in later
life, such as personal smoking and adult asthma, may affect lung function decline or aggravate the effects
of early life exposures. The individual effects of environmental exposures on respiratory health may differ
across the life-course, potentially with distinct aetiologies at susceptible time windows [12–14], thereby
complicating the understanding of the causality of effects.

Identifying metabolic profiles in different phases of life may inform us about the distinctive aetiology in
each phase. Untargeted metabolomics analysis has emerged as a potentially powerful approach to
investigate the biological responses of exposure to environmental pollutants. The metabolome reflects the
end products of genetic and endogenous processes in response to environmental exposures and, therefore,
offers the potential to investigate the aetiology of diseases arising from exposome impact, and also reflects
genetic susceptibility to exposures. Metabolites identified as intermediate biomarkers between
environmental exposures and respiratory health in the context of prospective cohort studies with
biomaterials obtained at multiple time points can strengthen causal interpretation, conceptualised as the
meet-in-the-middle (MITM) approach; namely, starting with separate investigations of the metabolites or
metabolic pathways that are associated with exposures and health outcomes, respectively, followed by the
identification of the overlapping pathways [15].

In addition to tobacco smoking, long-term exposure to ambient air pollution is considered to be the
top-ranking environmental risk factor for respiratory diseases; for example, COPD and asthma, cardiovascular
diseases, premature mortality, and other noncommunicable diseases [16–18]. Following the new World Health
Organization (WHO) Air Quality Guidelines 2021, an urgent call for global action has been announced by the
European Respiratory Society (ERS) Environmental Health Committee [19]. A recent comprehensive overview
of studies on air pollution and nontargeted metabolomics suggests that air pollution exposure is associated
with metabolic pathways primarily related to oxidative stress, inflammation and steroid metabolism [20]. This
is in line with findings from earlier air pollution research on candidate biomarkers [21–24] and from
epigenome-wide association studies [25–27]. Yet, in recent years, the links between air pollution, metabolites
as mediators, and respiratory diseases have not been reviewed from a life-course perspective. The present
narrative review summarises current knowledge on the associations of metabolic profiles with air pollution
exposure and respiratory health outcomes, taking different stages of life into consideration.

This work was undertaken within the framework of the EU-funded EXPANSE (EXposome Powered tools
for healthy living in urbAN Settings) project on the urban exposome and cardiometabolic and pulmonary
health across the life-course [28].

Methods
Air pollution-related metabolic profiles
A recently published review on air pollution and metabolomics by JIN et al. [20] included articles
published up until 9 June 2020. As many as 23 out of 315 identified studies were included, of which 13
focused on short-term air pollution exposure, two focused on sub-chronic (i.e. multiple months) and eight
on long-term effects (i.e. ⩾1 year). Two of these 23 studies investigated metabolic profiles in relation to
both air pollution exposure and pulmonary function [29, 30]. As this is a rapidly evolving field, we
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conducted complementary searches of articles published in PubMed (https://pubmed.ncbi.nlm.nih.gov/) up
to 30 September 2021 in the English language using the search terms “metabolomics” OR “metabolic
profiling” AND “air pollution” (which were also included in the search by JIN et al. [20]). This resulted in
an additional 10 articles being included in this review (figure 1). More details on the selected studies are
provided in table S1.

Lung function-related metabolic profiles
We searched for articles in PubMed published in the English language with the search term
“metabolomics” OR “metabolomic profiling”, “lung function” OR “pulmonary function” OR “respiratory
function” restricted to human studies only (performed on 30 September 2021). We first narrowed down the
articles identified by the PubMed search criteria (n=101) by screening the titles and abstracts to assess
eligibility. We supplemented the results of this search with three additional studies related to the topic that
did not arise from the PubMed search but were cited in the articles identified by the search (figure 1). We
did not search separately for metabolic profiles associated with COPD or asthma per se, since these topics
were recently presented in separate reviews [31–34] and our focus of interest for this review was lung
function, and not clinical respiratory disease. Because cystic fibrosis (CF) is a monogenic disease with
very different underlying pathophysiology, compared with other respiratory diseases such as asthma and
COPD, we chose to exclude the CF papers from this review. Articles were excluded if they did not contain
original research (i.e. reviews, n=12), did not report quantitative data on associations of metabolites with
lung function parameters (n=68), or employed targeted metabolomics analysis (n=6), resulting in a total of
16 original articles included in the present review. None of these 16 studies investigated metabolites or
metabolic pathways related to both air pollution exposures and lung function. More details on selected
studies are provided in table S2. Figure 2 is a word cloud of the weighted list of the words extracted from
the abstracts of all articles included.

Life-course perspective in the exposome research of respiratory health
Here, we relied mostly on our experience and judgement, supported by selected references. In addition, we
searched for articles in PubMed with the search term “lung function trajectories” AND (“metabolomics”

Air pollution-related metabolome profiles

33 records identified by PubMed search 

23 excluded 

as irrelevant

10 studies included

Lung function-related metabolome profiles

101 records identified by PubMed search

3 additional studies identified through

citations in the included articles

20 excluded

2 were relevant

12 were not original studies

6 were targeted metabolomics

84 full-text articles 

accessed for eligibility

68 excluded

as no quantitative

data reported

16 studies included

26 studies included in the narrative review

FIGURE 1 Flowchart of the selection of eligible metabolomics studies on air pollution and lung function or COPD related metabolic profiles. The
PubMed literature search was performed following the search strategy by JIN et al. [20], extending the search period up to 30 September 2021.
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OR “metabolomics profiling”), restricted to the English language and human studies (performed on 30
September 2021).

Results
Air pollution exposure and metabolic profiles
Previous review
A recent literature review by JIN et al. [20] reported a wide range of metabolites linked to air pollution
exposure, the majority of which were endogenous (i.e. lipids, amino acids, steroids, nucleotides,
carbohydrates and vitamins). Several of the included studies also found xenobiotics, such as polycyclic
aromatic hydrocarbon metabolites; for example, catechol, 3-(2-hydroxyphenyl) propanoate, naphthylamine,
nicotine metabolites and benzoate. Pathway analyses identified that most detected metabolites were related
to oxidative stress or inflammatory responses. Metabolites with pro-inflammatory effects (e.g. leukotrienes)
generally tended to be upregulated, while anti-inflammatory metabolites (e.g. histidine, linolenic acid)
appeared to be downregulated following air pollution exposure. Furthermore, differential perturbations of
air pollution-related metabolites and pathways by asthma status [35], age [36] and sex [37, 38] have been
detected, providing evidence on mechanisms for susceptible subpopulations. Of note, the vast majority of
studies included in the review by JIN et al. [20] were based on adults aged 18 or older, while only two
studies focused on children.

FIGURE 2 The word cloud of the weighted list of the words extracted from the abstracts of included articles.
This word cloud mainly highlights the clinical outcomes “asthma”, “COPD” and “lung function” and general
exposure terms such as “air pollution”. Apart from the broad term “pathway”, few specific metabolomic
pathways are highlighted, which is likely to be because of the issues with the studies included, such as small
sample size, cross-sectional design, heterogeneity in exposure assessment, lack of confounding control and
omics integration.
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New studies
Studies on short-term air pollution exposure
In a series of newly published studies employing plasma untargeted metabolomics in elderly males from
the US Normative Aging Study (NAS), the authors identified 19 metabolites that were significantly
associated with short-term exposure to nitrogen dioxide (NO2), mainly lipids (e.g.
dihomolinoleoylcarnitine (C20:2), palmitoloelycholine, oleoylcholine, 8-hydroxyoctanoate, linolenate,
phosphoethanolamine and choline phosphate), and hypotaurine, maltotriose and 3-phosphoglycerate [39].
In the pathway analysis, short-term exposure to NO2 was associated with sphingolipid and butanoate
metabolism. In a subsequent study looking at the relative contribution of the different PM2.5 species
(particulate matter with a diameter of 2.5 µm or smaller), the authors revealed 12 metabolic pathways that
were significantly associated with short-term exposure to ultrafine particles and PM2.5 elemental
composition (nickel, vanadium, potassium, silicon and lead), including glycerophospholipid, sphingolipid,
glutathione, β-alanine, pyrimidine, propanoate, purine, arginine and butanoate metabolism [40]. Another
US study of 180 adults from an Emory University-based employee cohort identified several thousands of
metabolic features significantly associated with traffic-related air pollutants. Further, the authors reported
21 biological pathways enriched by metabolic features linked to short-term air pollution exposure,
including nucleic acids damage and repair (pyrimidine and purine metabolism), nutrient metabolism (e.g.
fatty acid β-oxidation, tryptophan and vitamin A metabolism) and acute inflammation (e.g. histidine,
tyrosine, alanine and aspartate metabolism) [41]. Higher levels of exposure to PM2.5, black carbon (BC)
and SO2 in healthy adults living in Beijing, China, were also related to reductions in plasma levels of
alanine, threonine and glutamic acid [42]. The authors also identified several metabolic pathways affected
by high levels of air pollution, most of them involved in amino acid metabolism. In the US prospective
cohort of women undergoing assisted reproduction, the top identified metabolic pathways associated with
short-term exposure to NO2, ozone, PM2.5 and BC, comprised butanoate, β-alanine, tryptophan, linolenic
acid, urea cycle/amino group and vitamin B3 metabolism [43]. Several studies based on personal exposure
measurements reported a number of metabolites found to be significantly associated with traffic-related air
pollution (TRAP) exposure, mainly involved in amino acid, glucose and fatty acid metabolism [44], and
metabolites involved in haem, energy, oxidative stress, phospholipid and tryptophan metabolism related to
PM2.5 exposure levels [45]. In the latter study, sex-specific analysis revealed males to be more susceptible
to PM2.5 exposure than females. DU et al. [44] also reported novel pathways activated in response to air
pollution, including growth hormone signalling, adrenomedullin signalling and arachidonic acid
metabolism. Importantly, there is limited existing evidence on the short-term effects in children and,
therefore, on life-course perspective.

Studies on long-term air pollution exposure
A study based on plasma untargeted metabolomic profiling of the NAS cohort of men revealed several
metabolites perturbed by long-term exposure to PM2.5, belonging to glycerophospholipids, sphingolipids,
glutathione, β-alanine, propanoate, purine, taurine and hypotaurine, and unsaturated fatty acids [46]. In
addition, 18 pathways related to the elemental composition of long-term exposure to PM2.5 (BC, nickel,
vanadium, zinc, iron, copper, selenium), including glycerophospholipid, sphingolipid, purine and
glutathione metabolism, were identified [40]. These pathways are involved in inflammation, oxidative
stress, immunity, and nucleic acid damage and repair. In a Chinese prospective cohort study of college
students, long-term exposure to PM2.5, but not particulate matter with a diameter of less than 10 µm
(PM10), was associated with 25 plasma metabolic markers, most of which were phospholipids [47].
Further, prenatal exposure to PM2.5, particularly during the third trimester of pregnancy, has been shown to
influence the newborn metabolome, contributing to alterations of fatty acid, glycerophospholipid,
methionine and cysteine metabolism [48]. Thus, for long-term exposure, the present studies cover a broad
age range that suggest effects across the whole life-course.

Metabolomics and respiratory health
In the present review, we identified 16 studies of metabolic profiles in relation to lung function measures.
Only two of the included studies were performed in children, while the remaining ones were
predominantly conducted in adults with existing lung diseases such as COPD. Most of the studies
performed metabolic profiling of blood samples (n=11), followed by urine (n=2), bronchoalveolar lavage
fluid (BALF) (n=2) and exhaled breath (n=1). The studies are presented in the following sections stratified
by paediatric, adult and population-based studies. Studies are not further stratified by short- and long-term
associations, given the fact that many studies were cross-sectional case–control studies and given that acute
impacts on physiology are in part thought to be at the heart of subsequent chronic changes (i.e.
disentangling short- and long-term effects is challenging).
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Studies on paediatric patient cohorts (lung function in the presence of asthma)
In a cohort of Costa-Rican children with asthma (6–14 years, n=380), the researchers identified plasma
metabolic profiles that distinguish children with and without asthma by their phenotypic aspects of lung
function, i.e. the ratio of forced expiratory volume in 1 s (FEV1) to forced vital capacity (FVC) (FEV1/
FVC) and airway hyperresponsiveness (AHR) [49]. Pre- and post-bronchodilator FEV1/FVC were
associated with 102 and 155 metabolites, respectively, with a large overlap (97 common metabolites). The
majority of these were amines, a metabolite class consistently linked with asthma [50]. The metabolic
profile for AHR (measured as a 20% decrement in FEV1 after methacholine administration) included
metabolites different from the FEV1/FVC-related ones, largely polar and nonpolar lipids. Further
downstream, metabolite-set enrichment analysis revealed several significantly enriched pathways, namely
glycerophospholipid, linoleic acid and pyrimidine metabolism. Two other pathways, sphingolipid
metabolism and D-glutamine/glutamate metabolism, were exclusive for AHR, while pantothenate and CoA
biosynthesis was enriched only among the FEV1/FVC post-bronchodilator (post-BD) metabolites. In
subsequent integrated omics analyses, this research group interrogated blood transcriptomic and
metabolomic data, and discovered associations of ORMDL3 and dysregulated sphingolipid metabolism
with impaired lung function [51]. ORMDL3 is known to be one of the key genes associated with
childhood asthma along with other genes at the chromosome 17q12–21 locus [52, 53].

Of note, in all the abovementioned studies, biospecimens for metabolomics profiling were collected after
asthma occurrence, thus limiting the opportunities to gain insights into disease aetiology from a clearly
time-resolved longitudinal perspective.

Studies on adult patient cohorts (lung function in the presence of COPD and/or asthma)
In a US cohort of individuals with and without COPD, proton nuclear magnetic resonance (1H NMR)
spectroscopy-based metabolomics revealed three particular urinary metabolites that correlated with lung
function (trigonelline, hippurate and formate), with trigonelline evidencing the strongest correlation with
baseline FEV1 measurements [54]. Hippurate and formate originate from production by the gut
microbiome and dietary sources [55]. Therefore, the differential urine levels of these compounds might be
indicative of the differences in microbiome composition or functionalities between individuals with
different lung function. In the same study, no significant associations with lung function or lung function
decline were observed for plasma metabolites.

By integrating plasma proteomic and metabolomic data from 1008 former and current smokers of the US
COPD Gene study, MASTEJ et al. [56] found a protein–metabolite network consisting of 13 proteins and
seven metabolites that negatively correlated with FEV1 % predicted. Troponin T, phosphocholine and
ergothioneine metabolites demonstrated high connectivity (i.e. number of edges linked to a metabolite
node) and strong edges in the FEV1 network, where edges represent associations between metabolite–
protein pairs relative to FEV1. Further, enrichment analysis found metabolites in the diacylglycerol and
branched-chain amino acids (leucine, isoleucine and valine) sub-pathways to be enriched for associations
with FEV1/FVC [57]. For FEV1 % pred, 79 metabolites, including lipid phosphocholine, ergothioneine
and carbohydrate N6-carboxymethyllysine, were most significantly associated. By combining blood
metabolomics and transcriptomics data within the same cohort, the authors identified
glycerophospholipids, an important component of lung surfactant, along with the lipid classes
lysophosphatidylethanolamine (LysoPE) and phosphatidylglycerol (PG) as highly significant in relation to
FEV1 % pred, and sphingolipids to be associated with FEV1/FVC [58].

Similarly, examination of the serum metabolome in a large UK cohort of women with
lymphangioleiomyomatosis revealed a link between sphingolipid, fatty acid and phospholipid metabolites
and FEV1 [59]. HALPER-STROMBERG et al. [60] showed that the concentrations of lipid metabolites were
negatively correlated with FEV1/FVC in BALF from patients with COPD.

In a US study, metabolic profiling of BALF in patients with COPD demonstrated a significant increase in
peptides compared with healthy controls that was strongly associated with lung function [61]. The detected
associations were strongest for lung function tests associated with airflow obstruction (FEV1 and FEV1/
FVC).

Several studies have examined metabolomics of lung function in the context of asthma-COPD overlap.
They report significant positive correlations between lung function parameters (i.e. FEV1 and FEV1/FVC)
and urinary L-histidine [62], serum valine, citrate and glutamate metabolites [63], serine, threonine,
glucose, cholesterol, D-mannose and succinic acid [64], and fatty acid, propionate, isopropanol, lactate,
acetone, valine, methanol and formate in exhaled breath condensate [65]. Of note, in the abovementioned
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studies, biosamples for metabolomics analysis have mostly been collected at the time of lung function
measurements, whereas studies with prospectively assessed metabolic profiles are scarce.

Population-based studies on metabolic profiles and lung function
Metabolic profiling of fasting blood from 6055 individuals from the population-based UK twins study
identified C-glycosyl tryptophan (C-glyTrp) to be strongly correlated with FEV1 [66]. This finding was
further replicated in the independent German KORA cohort (also cross-sectional). Further, by comparing
metabolite levels of C-glyTrp with genome-wide DNA methylation profiles, the authors found three
differentially methylated CpG sites, annotated to the WDR85, EDN2 and GLB1L3 genes, respectively, that
have previously been implicated in human early development and age-related phenotypes, such as retinal
degeneration, renal inflammation and hypertension.

By combining data from over 4700 individuals across two population-based studies, YU et al. [67]
identified 95 serum metabolites associated with FEV1 and 100 with FVC (73 overlapping), including
inverse associations with branched-chain amino acids and positive associations with glutamine. More
metabolites were found to be associated with FEV1 and FVC than with FEV1/FVC, suggesting better
abilities to detect lung and airway size as opposed to obstructive airflow associations with serum
compounds. Subsequent pathway analysis revealed enriched pathways of amino acid metabolism. Several
of the lung function-related metabolic pathways overlapped with those reported in studies on air
pollution-related metabolic profiles, including the metabolism of glycerophospholipid, pyrimidine,
sphingolipid, purine, glutamate, histidine and tryptophan. More detailed descriptions of study-specific
findings, including identified metabolites and metabolic pathways, are provided in tables S1 and S2.
However, since none of the included studies investigated both sets of metabolites (associated with air
pollution exposure and with lung function) measured in the same population and with the same analytical
platform, inference regarding overlapping findings is limited.

So far, only a limited number of studies investigated correlated metabolites or pathways for the association
between air pollution exposure and respiratory conditions. Most of these studies applied the MITM
concept, starting with separate investigations of the metabolites or pathways that are associated with air
pollution and health outcomes, followed by identification of the overlapping pathways [68]. JIN et al. [20]
found, in their recent review, eight studies examining air pollution-related metabolites that are also
perturbed by health outcomes, such as COPD and lung function, ischaemic heart disease, as well as
biomarkers of oxidative stress, or inflammation, all but one of which collected biological samples after or
at the same time of the assessment of health outcomes. Only two out of these eight studies applied
metabolomic analyses to investigate molecular and biochemical pathways that link environmental
exposures to pulmonary function. In a Dutch experimental study based on a panel of 31 volunteers
exposed to ambient air pollution, a causal mediation analysis of the effects of air pollutants on lung
function parameters through a change in blood metabolic features demonstrated metabolic perturbations
within eight pathways, including tyrosine metabolism, urea cycle/amino group metabolism and N-glycan
degradation [29]. A cross-sectional study conducted within the TwinsUK cohort found eight metabolites,
i.e. asparagine, glycine, N-acetylglycine, serine, glycerate, threonate, α-tocopherol and benzoate, associated
with both long-term particulate matter air pollution exposure and lung function [30]. Some of these (i.e.
tyrosine, guanosine, glycine, α-tocopherol, benzoate, and urea cycle/amino group metabolism) were also
reported in the studies on air pollution-related metabolic profiles included in the present review [41–43, 46].
Also, the studies on lung function-related metabolic profiles included in the present review showed
associations with tyrosine [58, 67], glycine [58, 67], N-acetylglycine [66, 69], serine [58, 66], glycerate [67]
and urea cycle/amino group metabolism [57, 66].

These results highlight the promising role of metabolomics for identification of biomarkers both linked to
environmental exposures and to intermediate respiratory health end-points and of the MITM concept.

Conclusions and recommendations for future research
Metabolomics offers the potential to fill the gap in the exposome research of respiratory health, from
exposure assessment, and the improved causal understanding and identification of individuals at risk. There
is accumulating evidence for distinct variations in circulating metabolites related to both air pollution
exposure and lung function, including compounds of amino acid and lipid metabolism. Identifying subtle
alterations in metabolic profiles related to lung function in the general population holds the potential to
identify biomarkers of the early stages of asthma and COPD pathogenesis that precede diagnostic
reductions in lung function. However, our review of the literature identified several shortcomings that need
to be addressed in future studies (table 1), as listed below.
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1) Most reports were based on a small number of subjects recruited from clinical settings for COPD or
other respiratory pathology. Studies of metabolic profiles and quantitative lung function traits in the
general population (e.g. trajectories) are still limited.

2) Very few studies have investigated the overlap between markers of exposure and predictive markers of
disease outcomes within the same study. Implementation of the MITM and/or other causal mediation
analytical approaches may facilitate identification of intermediate biomarkers involved in health effects
related to air pollution.

3) It is difficult to fully benefit from increasingly available metabolomics findings because of
heterogeneities in the analyses, i.e. the choice of biological matrix analysed, the type of analytical
platform employed and the technical variabilities in how data are processed and annotated. There is a
need for large-scale data acquisition, including replication, from the same analytical platform and with
uniform metabolite annotation protocols (and exposure assessment).

4) Many of the reviewed studies measured metabolic profiles at the same time as health markers were
evaluated (i.e. cross-sectional studies), thus making it challenging to draw conclusions on whether
these overlapping metabolites mediate the impact of air pollution on lung function, or whether
impaired lung function is exacerbated through these shared metabolic features. This temporal
disconnect between sampling and exposure and/or health marker renders it difficult to identify
causality. Therefore, future studies should prospectively assess air pollution exposures, metabolic
profiles and health outcomes to effectively identify such intermediate metabolites in the causal pathway
linking exposure to the outcome.

5) A lack of long-term longitudinal data with information on respiratory health and air pollution exposure,
and the heterogeneity of air pollution metrics and sources across studies poses major challenges in the
interrogation of latency. Also, to which extent the metabolome may aid in characterising exposure
history (including the stability of biomarkers) needs to be explored. The latency may vary widely from
days to decades depending on which respiratory outcome is involved. While some studies of the
short-term effects of air pollution incorporated a priori determined lag periods into their analysis, very
few studies conducted a systematic search for latency of air pollution effects on respiratory health.

6) Many potential confounders and effect modifiers remain unaccounted for; for example, noise, heat,
diet, physical activity, socioeconomic factors and detailed smoking histories. For a complete
understanding of how exposures influence health, a full exposome perspective will be needed.

7) Susceptibility factors are often ignored, such as genetics and other host factors. Given that gene–air
pollution interactions are well described for respiratory outcomes [70], genetics are likely to also
influence associations between exposure, metabolic profiles and respiratory disease. In this context, the
use of polygenic risk scores offers an attractive analytical approach, as exemplified in recent COPD
studies [71].

8) The integration of metabolomics with other types of omics data, such as epigenetics and
transcriptomics [72], will improve the interrogation and understanding of pathophysiological pathways
mediating air pollution effects on lung function across the life-course [9].

TABLE 1 Limitations of current air pollution, metabolomics and respiratory health studies and directions for
future research

Limitations to date Future directions

Most studies are small and based on patient
datasets (e.g. COPD)

Large-scale, population-based studies (including
replication) needed

Limited number of studies on intermediate
biomarkers linking exposure and disease

Implementation of the meet-in-the-middle (MITM) and/or
other causal mediation approaches

Heterogeneities in metabolomics assessment Uniform analytical platform and metabolite annotation
protocols

Cross-sectional data Exposure and metabolomic profiles assessed before
disease occurrence (e.g. in longitudinal studies)

Difficult to evaluate latency and long-term effects Longitudinal studies with long-term follow-up
Lack of confounding control A complete exposome concept taking all relevant

exposures into account
Susceptibility factors ignored Inclusion of genetics (e.g. polygenic risk scores) and other

host factors in the analyses
Lack of integration with other omics data Apply multi-omics models (including e.g. epigenetics,

transcriptomics, proteomics)
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In addition to the above shortcomings, the challenges of the life-course perspective in exposome research
for respiratory health need to be acknowledged, discussed and considered to optimise the use of the
metabolome as a mediator.

Metabolic profiling at different time points can shed light on the biological mechanisms through which
environmental exposures affect respiratory health in different growth phases. Causal mediation analysis
[73] is a widely used epidemiological method to assess the role of intermediate variables (i.e. metabolites)
that lie along causal pathways from exposure (i.e. air pollution) to outcome (i.e. lung function trajectories).
This method has several advantages, including allowing for nonlinearity, interactions, as well as multiple
mediators with path-specific effects [74–76]. Ideally, this approach would require long-term follow-up of
the same subjects, not only with information on their respiratory health, but also with prospectively
collected biological samples and air pollution exposure estimates. Such long-term longitudinal data are
unfortunately scarce and to our best knowledge there has been no study that has investigated metabolic
profiles as mediators across a broad age spectrum. However, many studies of different age groups have
applied the MITM concept (as described in the Population-based studies on metabolic profiles and lung
function section). However, combining findings across studies is challenging because of the heterogeneity
in the biological matrices and in the analytical technologies used. More detailed methodological issues of
adopting the metabolome as the mediator between air pollution exposure and adverse health outcomes
have been reviewed elsewhere [77]. Furthermore, by comparing metabolic profiles related to air pollution
and lung function between different age groups, we ignore the fact that older people have different
childhood air pollution-related metabolic profiles than the current childhood/adolescent group. In the
absence of biosamples collected prospectively decades ago and in the absence of exposures
back-extrapolated many decades back in long-term studies with repeat lung function measures from
childhood to late adulthood, we cannot learn about the long-term health effects of specific metabolic
profiles arising from childhood exposure to air pollution. Yet, if we do find that air pollution affects
overlapping metabolic profiles in all age groups and that these are associated with lung function
irrespective of age, this strengthens our causal and biological understanding of life-long respiratory effects
of air pollution.

In the EXPANSE project, we aim to address several of the abovementioned challenges [28]. We will:
1) bring together large datasets including individual adult and matured birth cohorts with prospectively
obtained biosamples, longitudinal high-quality lung function measurements and incident respiratory
diagnoses covering different age groups towards a life-course perspective; 2) model back-extrapolated air
pollution exposure as well as exposure to potential confounders (e.g. noise, temperature) and the external
exposome in a harmonised manner to participating cohorts; 3) systematically analyse metabolic profiles
using prospectively collected biosamples from several cohorts on a same analytical platform for both
untargeted liquid- and gas-chromatography coupled with high-resolution mass spectrometry; and 4) link
both exposures and metabolomics to respiratory health outcomes using a life-course perspective and gain
insights into mediating biological mechanisms and causality by applying an MITM approach.
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