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BACKGROUND: Understanding the mechanistic basis of air pollution toxicity is dependent on accurately characterizing both exposure and biological
responses. Untargeted metabolomics, an analysis of small-molecule metabolic phenotypes, may offer improved estimation of exposures and corre-
sponding health responses to complex environmental mixtures such as air pollution. The field remains nascent, however, with questions concerning
the coherence and generalizability of findings across studies, study designs and analytical platforms.

OBJECTIVES: We aimed to review the state of air pollution research from studies using untargeted high-resolution metabolomics (HRM), highlight the
areas of concordance and dissimilarity in methodological approaches and reported findings, and discuss a path forward for future use of this analytical
platform in air pollution research.

METHODS: We conducted a state-of-the-science review to @) summarize recent research of air pollution studies using untargeted metabolomics and b)
identify gaps in the peer-reviewed literature and opportunities for addressing these gaps in future designs. We screened articles published within
Pubmed and Web of Science between 1 January 2005 and 31 March 2022. Two reviewers independently screened 2,065 abstracts, with discrepancies
resolved by a third reviewer.

REsuLTS: We identified 47 articles that applied untargeted metabolomics on serum, plasma, whole blood, urine, saliva, or other biospecimens to
investigate the impact of air pollution exposures on the human metabolome. Eight hundred sixteen unique features confirmed with level-1 or -2 evi-
dence were reported to be associated with at least one or more air pollutants. Hypoxanthine, histidine, serine, aspartate, and glutamate were among
the 35 metabolites consistently exhibiting associations with multiple air pollutants in at least 5 independent studies. Oxidative stress and
inflammation-related pathways—including glycerophospholipid metabolism, pyrimidine metabolism, methionine and cysteine metabolism, tyrosine
metabolism, and tryptophan metabolism—were the most commonly perturbed pathways reported in >70% of studies. More than 80% of the reported
features were not chemically annotated, limiting the interpretability and generalizability of the findings.

CoNcLUSIONS: Numerous investigations have demonstrated the feasibility of using untargeted metabolomics as a platform linking exposure to internal
dose and biological response. Our review of the 47 existing untargeted HRM—air pollution studies points to an underlying coherence and consistency
across a range of sample analytical quantitation methods, extraction algorithms, and statistical modeling approaches. Future directions should focus
on validation of these findings via hypothesis-driven protocols and technical advances in metabolic annotation and quantification. https://doi.org/

10.1289/EHP11851

Introduction

Air pollution constitutes a major environmental threat to human
health globally. More than 90% of the world’s population lives in
places where air pollution levels exceed World Health Organization
guidelines.! Although numerous adverse health effects associated
with both short- and long-term exposures to air pollution have been
well documented,>® detailed molecular mechanisms underlying
how air pollution exposures affect various biological pathways and
systems remain largely unknown. Current findings point to oxida-
tive stress, inflammation, and genotoxicity as central mechanisms
by which air pollution exposures elicit adverse health effects.””
Accordingly, air pollution epidemiology has historically focused on
several targeted biomarkers related to these pathways and processes,
including malondialdehyde, interleukins (IL)-1, IL-6, IL-8, IL-10,
tumor necrosis factor-o, vascular cell adhesion molecule 1, and
exhaled nitric oxide.”-'? However, these biomarkers are not specific
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to air pollution exposure and the effects of air pollution on some of
these biomarkers are still underexamined. Understanding the etio-
logical role these biomarkers play in any observed downstream bio-
logical effects, along with the development of sensitive and specific
biomarkers, is a critical next step.

In the exposome era, the cumulative measure of environmen-
tal influences and associated biological responses are monitored
and evaluated throughout the life span thanks to breakthroughs in
several high-throughput omics technologies.!!~'# The exposome
concept has ushered in a period of improved interrogation of bio-
logical responses to air pollution, affording a better understand-
ing of the underlying molecular mechanisms driving these
responses. The use of untargeted omics analytical platforms, in
particular, has been a key exposomics approach for estimating
exposures to complex environmental mixtures, such as urban
air pollution. High-resolution metabolomics (HRM), a high-
throughput method involving the identification and quantitation
of thousands of metabolic features associated with exogenous ex-
posure and endogenous processes, has emerged as a powerful
tool to improve exposure estimation to complex environmental
mixtures.'>!3-16 Several pioneering studies have demonstrated
the applicability of using untargeted HRM as a central platform
linking exposure to internal dose and biological response where
specific metabolites and metabolic pathways related to air pollu-
tion exposure were identified.!’~%3 However, as noted in a recent
preliminary scoping review examining a limited, initial set of
metabolomic analyses and exposure to air pollution,®* more
large-scaled metabolomic studies with standardized protocols
are needed to investigate the underlying mechanisms accounting
for air pollution toxicity on human health. Indeed, heterogeneity
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among study cohorts, exposure assessment methods, biospeci-
men types, and metabolomics platforms have hindered compari-
son of these initial studies. Moreover, many of the initial air
pollution—related metabolomics analyses have followed largely
targeted or semi-targeted protocols, focusing on a relatively lim-
ited suite of validated and known metabolite features. To our
knowledge, synthesizing findings from untargeted air pollution
metabolomics, specifically, has not been previously conducted.
These current knowledge gaps and the rapidly growing interest
among many research groups in using these platforms to examine
environmental exposures and response necessitated this exten-
sive state-of-the-science review. Here, we present review results
with the goals of comprehensively summarizing and evaluating
recent air pollution research from studies using untargeted HRM,
identifying gaps in the peer-reviewed literature, and outlining
a path forward for future use of this analytical platform. In
this analysis, we highlight various methodological approaches
applied at each step of the air pollution metabolomics workflow
and provide an evaluation of areas of concordance and dissimilar-
ity in the reported findings. Specifically, the key information of
the air pollution metabolomics workflow in each identified study
was scrutinized and summarized, including study design, sample
size, type of biospecimens, air pollution assessment, untargeted
metabolomics assessment, and analysis.

Methods

To summarize recent research of air pollution studies using untar-
geted metabolomics and to identify gaps in the peer-reviewed lit-
erature and opportunities for addressing these gaps in future
designs, we used a systematic method to conduct a state-of-the-
science review, and the method comprised primarily four compo-
nents: a) the a priori specification of inclusion criteria for eligible
studies based on the scope of the review and the research ques-
tion, b) a reproducible process of searching and screening, ¢) an
explicit and unbiased protocol of data extraction, and d) a
straightforward synthesis and presentation of extracted data.

Eligibility Criteria

We developed the following eligibility criteria, a priori, in select-
ing papers included in the state-of-the-science review: a) the study
was conducted in humans; b) the study focused on air pollution
exposures; ¢) the study employed untargeted metabolomics profil-
ing (i.e., global measurements of metabolic features) in human bio-
specimens; d) the study assessed the association between changes
in metabolomic profiles and exposure to air pollution; and e) the
study was either observational or experimental. If more than one
publication was identified for the same study population, each pub-
lication would be retained if different air pollutants were investi-
gated among the different publications. Otherwise, the publication
that provided more comprehensive information on study design
and analytical protocol would be included. Studies that did not
meet the eligibility criteria were excluded. In addition, the follow-
ing exclusion criteria were applied: @) The studies did not contain
original data, such as reviews, editorials, or commentaries; ) the
studies were not peer-reviewed (e.g., conference abstracts, techni-
cal reports, preprints, theses, and dissertations, working papers
from research groups or committees, and white papers); ¢) the stud-
ies involved in vitro molecular analyses of human tissues and cells;
d) the studies employed targeted metabolomic methods, which
involved multiplexed analysis of a limited suite of known metabo-
lites (i.e., specific compounds were hypothesized a priori and
quantified via comparison with established reference ranges)®>-%;
and e) the studies were not available in English.
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Search Strategy

We examined all peer-reviewed manuscripts published between 1
January 2005 and 31 March 2022 for eligible studies. This period
was chosen because metabolomics analyses were rarely used in ep-
idemiological modeling prior to 2005 and the number of articles
reporting air pollution metabolomics use has grown exponentially
during recent years. Articles were identified from the online data-
bases PubMed and Web of Science. In addition, the reference lists
of eligible studies were manually searched to capture articles that
may have been missed in the database search. We conducted the
database search using all combinations of the following two cate-
gories of terms connected with the Boolean operator AND: a) ex-
posure to air pollution resulting from indoor, outdoor, or traffic-
related sources: “air pollution,” “air pollutant,” “traffic-related
pollution,” “traffic-related pollutant,” “traffic pollution,” “traffic
pollutant,” “particulate matter,” “coarse particle,” “fine particle,”
“ultrafine particle,” or “ozone” and b) HRM: “metabolomics,”
“metabolomic,” “metabolome,” “metabolic profile,” or “metabolic
networks and pathways.” All terms were searched using both
controlled vocabulary [Medical Subject Headings (MeSH) in
PubMed], if applicable, and free text words in titles or abstracts.
The detailed search queries were shown in Table S1.

All search results (N=2,065) were then imported into
Covidence (Veritas Health Innovation Ltd),®” a screening and data
extraction tool for Cochrane authors, which we used to complete
the selection process (Figure S1). After the removal of duplicate
studies, we employed a multistage screening process to select stud-
ies for inclusion. In the first stage, two researchers (Z.L. and Z.T.)
conducted title and abstract screening independently and removed
those irrelevant with respect to the eligibility criteria. After the
screening, we combined the screening results, and the conflicts
were resolved via the consensus of two senior researchers (D.L.
and J.S.). Then, the two independent researchers conducted the
full-text review of the screening results of the first stage. The con-
flicts regarding the studies to include were resolved in the same
way as in the first stage. Finally, we manually examined references
of included studies to see if there were additional studies to be
included in the state-of-the-science review (i.e., snowballing).

9 <

99 .

Data Extraction

For each study, we collected the following data: citation (authors
and year of publication), study design, study population, sample
size, exposure assessment, biospecimen type [i.e., whole blood,
plasma, serum, saliva, urine, exhaled breath condensate (EBC),
dried blood spots, and bronchoalveolar lavage fluid (BALF)],
experimental methods for metabolome assessment, laboratory in-
formation, statistical analysis approaches, and study findings.
The information extracted for exposure assessment included type
of air pollutants, exposure time window, and exposure assess-
ment methods. The exposure assessment methods were classified
into seven categories: air quality modeling, fixed-site monitoring,
microenvironment monitoring, personal monitoring using porta-
ble sensors, controlled personal exposure, microenvironment
modeling, and personal biomonitoring.® We defined microenvir-
onmental monitoring as measuring air pollution concentrations in
the small-scale built environment where people spent consider-
able time during the study period, such as a classroom or dormi-
tory, and fixed-site monitoring as air pollution data collected at
ambient ground-based monitoring sites. The information neces-
sary for assessing concordance and dissimilarity in untargeted
metabolomics assessment and analysis across the eligible studies
was extracted and comprised untargeted metabolic profiling, fea-
ture extraction, metabolome-wide association study (MWAS)
statistical method coupled with pathway enrichment analysis and
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Figure 1. The experimental and statistical methods reported in the 47 eligible studies following a general workflow of the metabolome-wide association study.
(A) QA process and QC materials reported. (B) Sample separation methods. (C) Mass spectrometry ionization methods. (D) Software of metabolic feature
extraction. (E) Laboratory/institute conducting the experimental analysis. (F) Highest confidence level of the Metabolomics Standards Initiative metabolite
identity reported. (G) Online databases used in at least three studies for putative annotation. (H) Statistical modeling approaches used to identify significant
metabolic features by study design. (I) Covariates controlled in more than three studies. (J) Algorithms used for network or pathway analysis. The characteris-
tics of experimental and statistical analysis was summarized by the frequency or percentage of each item of interest reported among all eligible studies. The y-
axis of the bar charts denotes the number of studies, and each slice of the pie charts represents the percentage of each item reported among all 47 studies. The
confidence levels refer to a communication confidence level system regarding the identification confidence of unknown molecules with level 1 as the most con-
fident. The data can be found in Table S2 and Table 2. Note: ANOVA, analysis of variance; BMI, body mass index; HMDB, Human Metabolome Database;
KEGG, Kyoto Encyclopedia of Genes and Genomes; NIST, National Institute of Standards and Technology (database); OPLS-DA, orthogonal partial least
squares—discriminant analysis; PCA, principal component analysis; PLS-DA, partial least squares—discriminant analysis; QA, quality assurance; QC, quality
control.
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Figure 1. (Continued.)

chemical annotation. Untargeted metabolic profiling and feature
extraction is detecting and quantifying a relatively comprehen-
sive list of low-molecular-weight metabolites and their intermedi-
ates in biospecimens using high-throughput experimental
platforms, and the information extracted for it included analytical
platform, technical column, ionization mode, feature extraction
algorithm, data preprocessing setting, and quality assurance/qual-
ity control (QA/QC) method. Statistical analysis approaches of
MWAS consisted of three major components: @) approaches iden-
tifying significant metabolic features associated with the exposure,
b) approaches identifying significant biological pathways (i.e.,
pathway enrichment analysis) associated with the exposure, and c)
approaches annotating the significant metabolic features. We also
extracted covariates and effect modifiers that were considered in
each study if applicable. As for the study findings, we extracted the
information on the significant metabolites with known identities
and significant biological pathways.

Metabolite Identification and Validation

The field of untargeted metabolomics, specifically, has led to the
substantial improvement in the detection and identification of
new biomarkers of environmental pollutants. Most untargeted
metabolomics studies include various forms of metabolite valida-
tion as a key component in identifying and annotating HRM fea-
ture output. We categorized confidence in the identification and
validation of the eligible study results into five levels, following
the reporting standard proposed by Schymanski et al.®® Briefly,
level 1 represents that the proposed chemical identity has been
confirmed via comparison with an authentic standard by mass
spectrum and retention time; level 2 represents comparing the
mass spectrum of detected chemical to library spectrum data
where the spectrum—structure match is unambiguous; level 3 rep-
resents tentative candidates that are proposed without sufficient
information for one exact structure only; level 4 represents a sit-
uation where only an unequivocal molecular formula is reported;
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and level 5 reports only exact mass. In addition, for the eligible
studies using hydrogen nuclear magnetic resonance (H-NMR),
we treated the reporting identities of metabolites as level 2 if the
NMR spectra were compared with online databases or as level 1
if compared with a laboratory-authentic standard.

Results Synthesis

The information regarding citation, study design, and major find-
ings of the eligible studies are summarized in Table 1. Given that
the findings from the eligible studies were not amenable to meta-
analysis owing to discrepancies in laboratory protocols and data
analysis approaches, we collected and summarized the primary
results of the studies (i.e., significant metabolites and biological
pathways) in figure/table format to facilitate insight into complex
metabolomics data from multiple studies. To integrate the
reported metabolites and biological pathways that were associ-
ated with various air pollution exposures, we categorized the
exposures of interest into eight groups: total particulate matter
(PM), carbonaceous PM, PM metals/metalloids, ultrafine par-
ticles (UFPs), carbon monoxide (CO), nitrogen oxides (NOy),
ozone (03), and combined exposure. Furthermore, to evaluate the
impact of the use of experimental and statistical approaches on
the pathway enrichment results, we also summarized the biologi-
cal pathways by laboratory/institute, pathway analysis algorithm,
and biospecimen (Figures S3 and S4).

Results

At the first stage of the title and abstract screening, after remov-
ing duplicates, we identified 1,609 unique citations from PubMed
and Web of Science for which 64 met the eligibility criteria. At
the second stage of full-text reviews, 17 articles were further
excluded owing to failure to meet the inclusion/exclusion criteria
(Figure S1). At the final stage of reference review, no additional
studies were identified. A total of 47 studies fulfilled the final
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vR ot ., w |5YEFEE eligibility criteria and were included in this state-of-the-science
2 § 238 E Z 5 s@E %8£ review (Figure S1). Most articles (38/47) were recent publica-
R Zg255 |25REG g tions written during the past 5 y (2018-2022).
;g:gg::m«gé%: mEe588%
T & = Q2 o £ un-c, 2 8@ .
§ 52 % ZEE g - % 2522 gm g Study Design and Sample Type
S|SEESEE 22 2<E 852939 ER . .
E1ER: E % g § _% E g 2 Sgé §§ 3 g Multiple re_sea'rch'study c_lemgns were used to apply untargeted
Slg8T 25688433 yEn HEE 2 metabolomics in air pollution research (Table 1). The largest num-
SIEESSE8EESE |55582228 b tudies (15/47) and panel studies (15/47), fol
R EE- - N 35z E2ZE er Were Crossover stu 1es(. ) and pane suleg( ), fol-
EleezgE3g° S 5 sgi ; ot lowed by cross-sectional studies (12/47), cohort studies (4/47), and
% =2 = - = .. 30 =l .
EEES3 23 E™E f:: g g% g a case—control study (1/47). The crossover studies randomly allo-
S o2 7o E = 0 = .. .
ESEZ5585 L %"%’ SF 3 E ot cated participants to study arms, where each arm consisted of a
SEDErEESE 3|S5 228 .- C
S 2 7252 ; % 2% EgZb.2s sequence of at least two exposure colnfhtlons. or expo§ed partici
8<8sc e o FEE|SEERS A pants to controlled exposure. The participants in 12 eligible studies
= = (5} < - . .
£ 2E5572 ) § were recruited from a general population, whereas another 12 stud-
SopiLE’ ies f d ients with ticul diti f clinical
2825 ies focused on patients with a particular precondition of clinica
= on CZS8EEER 1 i 1 1
Sle =2 885,°23 concern or the susceptible populations included children, older
gl &% S0 g5 : :
Els ¢ 2 S Z22EHEZ adults, or pregnant people (Figure S2A). Most of the studies (35/
Z|1% , & § 853559 ¢ > . . . . .
% 2 gb% 50 _ 2 S ; g £ _gg 47) had a relatively small sample size (i.e., <100 p?rtlclpfints).
= § ORI S 5= 3 o*lé g Blood-based sample was the most commonly used biometric for
Z o =] . . . . . . .
E § g g g g %% b= %Z §>, air pollution metabolomics analysis, with 35 studies measuring
S = 9 2T o 2 .
3 pEAED E»g 8 én';'l;: §i blood-based metabolites (18 serum, 15 plasma, 2 whole blood),
M EREEE éﬂ followed by 9 studies using urine, 3 using saliva, 2 using BALF, 1
z E ;g ;_‘;é 5= o using bronchial wash (BW), 1 using EBC, and 1 using stratum cor-
5|52 % EE- ¢ f}'g neum (i.e., the outermost skin layer). Four studies used more than
= == o . . . .
é 5= é g cE2aESE = one biospecimen for metabolic profiling: 1 study collected BAL
g 2 s Z52%9 E E and BW samples?®; 1 collected plasma, saliva, and EBC?’; and 2
51252 z 2588528 collected plasma and saliva samples.?*>® Most of these studies
= < - ;o= QO .
2le 2 2235 8 so8¥E £F focused on short-term (e.g., exposure windows from 2 h to 3
g . 5w = . . . .
5 s &3 § E (j £ 8 e months) exposure to air pollution (42/47), 3 of which considered
N ~ —_= = .
gE== 2 £2 E gEe 5 short- and long-term exposure concurrently. In these articles, the
7%} ° = S P . . N . .
- 2.2 £ e <8 demographics of the study population varied widely by different
7 ol Ué; gﬁ& i; life stages [(i.e., children, pregnant people, adults, and elderly)
E, SESEEE S and different health status (i.e., healthy participants, participants
2 % 3 E» §E %2 §~§ with underlyi'ng conditions such as asthma, chronic obstructive
E| g S882 53 pulmonary disease (COPD), cardio-cerebrovascular disease, or
alg FEESECE ischemic heart diseases].
g EZ2RE 280
= HEGST RE o
TS ; q g . .
F K %S g2 Air Pollution Assessment
s LE2 - . . .
B SOTEESE More than half of the eligible studies measured multiple air pollu-
B -] . . . . .
2 5 g 2 23 ZE tants with PM, including its species, as the most common pollutant
=} S8 EES AT .
N SE28°28 measured {coarse PM (PM.,5) 11/47, fine PM [PM <2.5 um in
4 S8357” =2 = coat 10-2.5 s < 1
=z E 8 ;% % g f aerodynamic diameter (PM, )] 38/47, ultrafine PM (UFP) 7/47,
215 3 =802 . .
|2 8225 E%8 and carbonaceous species (e.g., organic carbon and elemental car-
2R
gl s L EEfEE z bon) 17/47}. NOy (16/47) and O3 (11/47) were the two most com-
_g % _ g3 5 % g ;:é monly measured gaseous air pollutants among the eligible studies.
w L . . .
Zla & bL2yZZ & As for the assessment methods, fixed-site monitoring (13/47) and
z g Q& E E.g E personal monitoring using portable sensors (10/47) were the most
- = = . . . .
% © 5 2 28 252 widely used methods for collecting ambient, indoor, or traffic-
¢ <= = . . . . .
Z- S EEa ; 2 related air pollution, followed by air quality modeling (9/47) and
= 3 —:-; ET FE X microenvironment monitoring (9/47) (Figure S2B).
L8 s EC
(=5 = L 9~
EE -85S
FEE@E S Metabolic Profiling and Feature Extraction
o = [ISpR-pye) = O =
o S R85 2383 . . . o e
5 SROESR }E Figure 1 shows the details of the experimental and statistical
B tRo5o2E g p
:.;'ﬁ e :afvg % 5 :;,% % methods used in the eligible studies following a general workflow
3 g,i k %g £Eo of the MWAS. Specifically, metabolic profiling and feature
2 23 3 =2 & extraction is the first analytical step of the untargeted metabolo-
B E g E; mics application. Liquid chromatography (LC) was the predomi-
- Q<X . . . . . . .
3 g g 2 o= nant separation method in the eligible publications we reviewed
§ z T = % ;; (Figure 1B) and was used in 89% (42/47) studies. Among those
5 = 4 g8 -chg =) studies, 24 used multiple chromatography columns, with 7 using
—_ s f=5 . .
uj =) é g % £ :g ;g'E both LC and gas chromatography (GC), and 17 using multiple
,:; % 3 EE E 2 ; % § LC columns,' yvh.ere C1$ hy(.iro[.)hobic chromatography columns
= 2|2 5% i; . 2% and hydrophilic interaction liquid chromatography (HILIC) cgl—
= S SEZE L84 umns were the predominant combination. Most of the studies
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(31/47) used both positive and negative electrospray ionization
(ESI) for detection in mass spectrometry (MS). In addition, 3
studies used H-NMR as the platform to conduct untargeted
metabolomics. The majority of eligible studies conducted
some forms of QA/QC on the metabolic profiling, with pooled
samples added into each analytical batch as QC materials (Figure
1A). Laboratories conducting the metabolic profiling included
Metabolon, Inc. (11/47); Emory Clinical Biomarkers Laboratory
(9/47); Key Laboratory of Health Technology Assessment,
Fudan University (5/47); International Agency for Research on
Cancer (3/47); Key Laboratory of Urban Environmental and
Health, Chinese Academy of Sciences (3/47); and others (16/47)
(Figure 1E). The laboratory facilities extracted metabolic fea-
tures differently from each other. A range of R packages, includ-
ing apLCMS, xMSanalyzer, and XCMS, were employed to
extract features from the metabolomic profiles, with different
algorithms applied to conduct feature detection, quantification,
feature alignment, batch effect adjustment, and noise removal
(Figure 1D).

MWAS Statistical Approach

After conducting feature detection and extraction, the next step in
untargeted metabolomics workflow is to conduct MWAS statisti-
cal analyses to identify metabolic features that are associated
with the exposure of interest (e.g., air pollution exposures). Table
2 summarizes detailed information on the MWAS statistical mod-
eling approaches applied in each untargeted metabolomics appli-
cation in air pollution research. Consistent with the diversity of
study designs available, a range of approaches using inferential
statistics were employed. In general, most studies employed both
univariable and multivariable analyses to identify significant met-
abolic features, with adjustment for potential confounders. Some
researchers applied a multistage approach by combining both sta-
tistical modeling approaches and dimension reduction techniques
rather than using one single approach for untargeted MWAS (23/
47). For example, some studies first employed dimension reduc-
tion methods, such as partial least squares—discriminant analysis
(PLS-DA), before conducting MWAS statistical modeling to
identify the significant features associated with air pollution
exposures. In this way, only metabolic features that had a vari-
able importance in projection higher than a prescribed cutoff
point could pass to the next stage of analysis, which was usually
a regression model. Although the choice of inference statistics
depended on study design, PLS-DA/orthogonal PLS-DA (OPLS-
DA) was the most common dimension reduction approach used
in eligible studies (18/47), whereas linear mixed-effect models
and generalized linear models were the most used statistical mod-
eling approaches (22/47) (Figure 1H).

Possibly owing to the nature of high dimensionality within
metabolomics data, multiple correction tests were used in
31 of 47 studies and included such tests as the Bonferroni,’®
Benjamini-Hochberg,”! and Storey-Tibshirani’?> approaches.
However, likely owing to the limited statistical power resulting
from a lack of exposure contrast or the small sample size, the sig-
nificance cutoff for selecting individual features for downstream
pathway enrichment analysis was usually selected based on raw
p-values without adjusting for multiple testing in many studies
(15/32).

Pathway Enrichment Analysis and Chemical Annotation
and Confirmation

In untargeted metabolomics applications, pathway enrichment
analysis is a key step in predicting the potential biological
function and pathways of significant metabolic signals, which
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helps reduce the complexity of metabolomics data, improve
interpretation of biological function, and generate hypothe-
ses.”> Many pathway enrichment methods have been devel-
oped for untargeted metabolomics applications. All of these
methods, except for mummichog, use putatively annotated
compound names or chemical identities as the input for the
pathway enrichment analysis. In our opinion, extra caution
should be taken when interpreting the enrichment results gen-
erated from the tools that only use m/z values or putative anno-
tation as input, given that they do not require a priori
knowledge of true signal identity and may result in an
increased risk of false-positive discoveries. Of these publica-
tions, 34 studies included pathway enrichment analyses (32/
34) or network analysis (2/34). MetaboAnalyst was the most
used bioinformatic tool for pathway enrichment or network
analysis (14/34), followed by mummichog (13/34). Of note,
among these methods, mummichog is the only approach using
m/z values as the input for the pathway analysis (Figure 1J).7#

The last step of the MWAS typically involves chemical anno-
tation and confirmation, where researchers aim to confirm the
chemical identities of the significant features previously identi-
fied in the MWAS model and pathway enrichment analysis.
Although the levels of confidence for reported metabolites vary
between studies, 79% of the eligible studies confirmed metabolic
features by tandem MS (MS/MS) and co-elution with authentic
standards (i.e., level-1 evidence; N=27) or by MS/MS and
matches with online databases or in silico—predicted spectra (i.e.,
level-2 evidence; N =12) based on the Metabolomics Standards
Initiative (MSI) standards.®® The Human Metabolome Database
(HMDB) and METLIN were the two most commonly used pub-
licly available online databases (Figure 1G).

Overview of the Annotated and Confirmed Metabolites
Associated with Air Pollution

Eight hundred sixteen unique metabolites were identified as associ-
ated with air pollution exposures across the 47 included studies
(Excel Table S2). Figure 2 summarizes the 35 unique metabolites
reported repeatedly in >5 independent studies and which were con-
firmed with level-1 or -2 evidence. Of these metabolites, 20 were or-
ganic acids and derivatives, 5 were organoheterocyclic compounds
(hypoxanthine, tryptophan, urate, allantoin, and uracil), 5 were lipids
and lipid-like molecules (glycerol 3-phosphate, azelate, sebacate, li-
noleate, and docosahexaenoate), 2 were organic nitrogen compounds
(carnitine and sphingosine), 1 was an organic oxygen compound
(glycerate), 1 was a nucleotide (adenosine 5'-monophosphate), and 1
was a benzenoid (benzoate). Hypoxanthine was reported by 13 inde-
pendent studies, followed by histidine, serine, and aspartate, which
were reported by 9 independent studies. Ten metabolites—hypoxan-
thine, serine, aspartate, phenylalanine, arginine, azelate, threonine,
glycerate, adenosine 5’-monophosphate, and lysine—were associated
with six combined air pollutant groups.

We observed inconsistencies in the directions of these air
pollutant—-metabolite associations across the included studies
that may be, in part, due to metabolomic differences by biospe-
cimen type (Figure 2; Excel Table S3). Specifically, for the
same associated air pollutant, the directions of the association
of several metabolites were consistent in the same biospecimen
but were inconsistent across different biospecimens. For exam-
ple, lactate was found to be positively associated with total PM
in serum, but in negative relation in plasma.?*#0-3%:63 Creatine
was inversely associated with O3 in serum?® but positively asso-
ciated with Oz in BALF.! High reproducibility was present
between plasma with serum, BALF, and stratum corneum, but
not with urine.
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Figure 2. Annotated metabolites (level 1 or 2) associated with the exposure to air pollution reported in >5 independent studies of 37 studies. The x-axis repre-
sents metabolites ordered by the number of studies that reported the metabolites (from top to bottom). The data can be found in Excel Table S3. Thirty-seven
studies reported metabolites with level-1 or -2 evidence (47 studies were included in this review). The confidence levels refer to the communication of identifi-
cation confidence based on the Metabolomics Standards Initiative (MSI) standards.”® Briefly, these included identified metabolites (level 1), putatively anno-
tated compounds (level 2), putatively characterized compound classes (level 3), and unknown compounds (level 4). The “blood-based” category includes
fasting blood and dried blood spots. The “others” category includes saliva, bronchial wash, bronchoalveolar lavage fluid, and stratum corneum. The size of the
point corresponds to the number of studies that reported the metabolite. “Up” means that the metabolite’s relative concentration is positively associated with
air pollution exposure level. “Down” means that the metabolite’s relative concentration is negatively associated with air pollution exposure level.
“Contradictory” means that the study reported contradictory changes in the metabolite with air pollution exposure level. “Not report” means that the study did

not report how the metabolite changed with air pollution exposure level.

Overview of the Biological Pathways Associated with Air
Pollution

Figure 3 showed biological pathways reported in eligible stud-
ies, and biological pathways with more than five associations
reported were included. There were 32 eligible studies reporting
biological pathways enriched by metabolic features that were asso-
ciated with an air pollutant exposure (Figure 3). The top five bio-
logical pathways consistently associated with the air pollutant
categories and reported in majority of the eligible studies were
glycerophospholipid metabolism, pyrimidine metabolism, methio-
nine and cysteine metabolism, tyrosine metabolism, and trypto-
phan metabolism. To test if a particular laboratory or use of a
certain pathway enrichment algorithm would have a predominant
impact on the pathway analysis results, we further stratified the bi-
ological pathways by laboratory/institute and by pathway analysis
algorithm. As shown in Figure S3A, the rank of the top five bio-
logical pathways remained the same by laboratory/institute.

As expected, because MetaboAnalyst and mummichog were
the most widely used pathway analysis packages, most biological
pathways were detected using these two algorithms (Figure S3B).
Nevertheless, several pathways were consistently detected across
more than two pathway analysis algorithms and included, for
example, glycerophospholipid metabolism, tyrosine metabolism,
and tryptophan metabolism. In addition, we found that metabolic
features detected in different biospecimens were reported to con-
tribute to distinctly different expressed biological pathways
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(Figure S4A-C). The top five biological pathways detected in
plasma, for example, were different from those detected in serum,
with only two overlapping pathways (i.e., the pyrimidine metabo-
lism and the methionine and cysteine metabolism). In addition,
the top five biological pathways detected in saliva were distinct
from those detected in blood and included vitamin E metabolism,
vitamin B9 metabolism, saturated fatty acids beta-oxidation, pol-
yunsaturated fatty acid biosynthesis, and omega-3 fatty acid me-
tabolism. Only two eligible studies used saliva samples and
reported the associated biological pathways.?*>°

Discussion

Over the past decade, considerable progress has been made in
high-throughput omics technologies, including the development of
untargeted metabolomics approaches, using high-resolution ana-
Iytical platforms. With the accompanying technological advance-
ments, untargeted HRM has emerged as a promising tool to
improve internal exposure estimation to complex environmental
mixtures along with their corresponding biological response. As
highlighted in the present state-of-the-science review, although
environmental applications of the field are methodologically
inconsistent, there is growing evidence that exposure to air pollu-
tion is linked to changes in the human metabolome, as reported in a
considerable number of recent studies (Table 1). Despite the con-
tinuing interest in using untargeted HRM in air pollution health
research, we identified gaps, inconsistencies, and uncertainties in
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Figure 3. Biological pathways significantly associated with the exposure to air pollution reported in all eligible studies (V =32). The x-axis represents the num-
ber of associations between the biological pathway and the category of air pollution, and the same pair of pathway and category was counted multiple times
when the association was reported by different studies. Biological pathways with less than five associations reported were excluded. The data can be found in
Excel Table S4. Note: CO, carbon monoxide; NOy, nitrogen oxides; PM, particulate matter; TCA, tricarboxylic acid (cycle); UFP, ultrafine particle.

the existing literature, raising concerns related to the coherence
and generalizability of findings across different air pollution
metabolomics studies. By carefully comparing methodologies and
thoroughly synthesizing findings, our aim was to conduct this first,
to our knowledge, state-of-the-science review on the use of untar-
geted HRM 1in air pollution research, with the goal of providing a
necessary and timely guide into the existing evidence, gaps, and
recommendations for possible future next steps. Compared with
the previous review on applying metabolomics to study polycyclic
aromatic hydrocarbons (PAHs),”> we cover a much more extensive
range of air pollutants. Notably, we specifically limited this review
to air pollution health effects studies employing untargeted metab-
olomic workflows, with a goal of elucidating whether these spe-
cific studies were consistent with or added to the considerable body
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of literature involving the use and identification of a limited suite
of targeted metabolites.

Broadly, we observed some general consistencies in the
results and findings across the 47 reviewed studies and the 14
HRM laboratories. Starting with the pathway enrichment analy-
sis, at least 5 of 14 laboratories reported perturbations in eight
common metabolic pathways, most of which were detected by at
least two different algorithms. Specifically, multiple pathways—
including glycerophospholipid metabolism, pyrimidine metabo-
lism, methionine and cysteine metabolism, tyrosine metabolism,
and tryptophan metabolism—were consistently detected in dif-
ferent studies using various laboratory platforms and bioinfor-
matic tools (Figure S3A,B). A similar degree of consistency was
observed among the reported metabolites associated with air
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pollution exposures, which were all confirmed with level-1 and
-2 evidence. Specifically, 35 metabolites—including, for exam-
ple, hypoxanthine, histidine, serine, aspartate, glutamate, gluta-
mine, glycerol 3-phosohate, phenylalanine, lactate, and azelate
—were repeatedly shown to be associated with air pollution
exposures in >5 independent studies. Furthermore, the coher-
ence of repeatable pathways and metabolites provided additional
confidence that the collective findings were not random.
Specifically, hypoxanthine, adenosine 5’-monophosphate, gly-
cine, and urate were involved in purine metabolism; creatine,
serine, threonine, alanine, aspartate, glycine, glycerate, and tryp-
tophan were involved in glycine, serine, alanine, and threonine
metabolism; serine and glycerol 3-phosphate were involved in glyc-
erophospholipid metabolism (Figures 2 and 3). Interestingly, most of
these reproducible metabolic pathways and metabolites were those
closely linked to acute inflammation and oxidative stress, the com-
monly accepted mechanistic pathway associated with air pollution
exposure.”®7?

Unlike untargeted HRM, few targeted metabolomics analyses
have been conducted in human air pollution health research.
Although a formal comparison of results between these untar-
geted air pollution metabolomics with other targeted analyses is
beyond the scope of this review, it is worth highlighting several
consistent findings with a recent targeted quantitative analysis
examining metabolic response from exposure to air pollution,
which suggested that air pollution exposure leads to acute pertur-
bation in amino acid metabolism profile in plasma.3° Consistent
with summaries in our present state-of-the-science review, a)
increases in short-term Oz exposure were found to be signifi-
cantly associated with increases in taurine and aspartate, b)
increases in PM,s exposure were statistically associated with
decreases in taurine and aspartate, and ¢) increases in NO, expo-
sure were significantly associated with decreases in phenylala-
nine. We also observed some minor inconsistencies between this
targeted study®® and our review on the untargeted HRM applica-
tions. Specifically, in this targeted analysis, short-term O3 expo-
sure but not PM; 5 exposure was found to perturb urea cycle
activity. Conversely, urea cycle/amino acid metabolism was a
significant, repeatable pathway found to be associated with sev-
eral air pollutants, including total PM and O; in our present
review on the untargeted metabolomics studies. Nevertheless, an
important finding from the targeted analysis result was that the
effects of air pollution on amino acid metabolism profile varied
by exposure durations and air pollutant, which also aligns well
with our initial observations from the untargeted metabolomics
analysis. The observed good concordance between the targeted
and untargeted metabolomics analyses also necessitates the need
to combine both the targeted and untargeted metabolomics
approaches in future air pollution health studies. Indeed, as we
see it, bridging both targeted and untargeted approaches can lead
to novel hybrid approaches to enable full characterization of the
metabolome and further expand the great potential of metabolo-
mic studies in environmental risk assessment and health research.

Despite the overall consistencies, which suggest an encourag-
ing potential for air pollution metabolomic applications, we also
identified several major inconsistencies and critical questions in-
herent in the existing findings. Next, we discuss challenges and
offer 10 recommendations for possible future steps.

1. Need to standardize protocols. Generally, most of the
inconsistencies in the findings we reviewed likely
resulted from the vast heterogeneities in analytical plat-
forms, statistical approaches, pathway enrichment analy-
sis, and chemical annotation and confirmation. Indeed,
given that environmental metabolomics is still in its
infancy, there is no established protocol to unify each key
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step in the air pollution-HRM application, which hinders
the comparison, integration, and generalization of find-
ings across different studies. The sources of heterogeneity
remain critical factors to consider when interpreting the
pooled results. For example, according to our previous
work, the metabolic features and biological pathways
associated with air pollution largely varied by the choice
of chromatography columns (i.e., hydrophilic vs. lipo-
philic columns).?*3% As shown in Figure S3B, the detec-
tion of biological pathways was impacted by the
reference database used for the pathway analysis algo-
rithms, which possibly resulted in several biological path-
ways being solely reported by mummichog.

To address these sources of heterogeneity, we recom-
mend the development and implementation of a guideline
that provides key considerations in study design and min-
imum standards in study reporting, which would ulti-
mately improve the quality of research findings and study
reproducibility and facilitate evidence comparing across
environmental epidemiological studies using an untar-
geted metabolomics approach. It is important to note that
using identical procedures across studies also has limita-
tions, given that the specific goals, design, and context of
each study all vary. As such, a particular workflow that
may be suitable for a specific study design/population
may not be appropriate for another. For example, in a
crossover design where participants are randomly exposed
to two or more exposure conditions in a sequential order and
serve as their own control, univariate and dimension reduc-
tion approaches are often used as the main statistical meth-
ods. In observational studies, statistical approaches that can
rigorously adjust for confounders are more desirable. In
general, analytical considerations may differ depending on
study design, exposure assessment strategy, study popula-
tion, and analytical platform, and the challenges are multi-
faceted and include QA/QC approaches, data preprocessing
(software for feature extraction, batch effect correction, fea-
ture filtering criteria, missing imputation, and data normal-
ization), statistical approaches (choices of model types,
choices of dimension reduction techniques, selection of
confounders, and correction for multiple comparison), path-
way and network analysis, metabolite identification and
annotation, and reporting standards. These are all important
aspects to be considered when developing the harmonizing
operational guidelines for metabolomics applications in
environmental epidemiological studies. Currently, efforts
are underway to overcome the complexity and lack of stand-
ard protocols for metabolomics application in the broader
field of epidemiological studies.!-34

. Time window of exposure and effects. Although untar-

geted metabolomics was capable of characterizing both
acute and chronic impact of exposures on metabolic
perturbations,®> short- and long-term changes could
reveal different metabolic patterns associated with air
pollution exposures. For example, metabolites with a
short half-life may only reflect transient changes,
whereas more stable metabolites can reflect a long-
lasting effect. As a result, varying patterns and effect
sizes may be observed on the same metabolite—air pol-
lutant association when comparing studies investigating
long-term impact to those studying short-term effects.
From our perspective, future study using kinetic models
will help better understand the observed metabolic
responses in observational literature and complex dy-
namics underlying these reactions.
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Furthermore, in our opinion several factors need to be

carefully considered when investigating the impact of air
pollution exposures on human metabolome. For studies
that focus on short-term impact, additional exposure fac-
tors might contribute substantially to the short-term vari-
ability of blood metabolome. These factors include fasting
status, dietary intake and nutrition, diurnal pattern of the
metabolic variation, and meteorological factors.®® These
factors may, in turn, act as confounders for the association
between air pollution and metabolic changes. As for long-
term exposure, time-independent factors, such as age, sex,
race, socioeconomic status, and meteorological factors (e.g.,
temperature, relative humidity) might need to be considered,
any of which could impact an individual’s metabolic health
status. Notably, most of previous studies focused on the
effect of individual air pollutant on human metabolome. In
reality, air pollution is a complex entirety,®” and its compo-
sition can be altered by factors such as photochemical reac-
tions.®® Instead of simply teasing out the individual effect,
future research should take the integrity of air pollutants
into account.
. Multipollutant analyses. Because humans are exposed to
the mixture of air pollutants simultaneously, employing a
multipollutant approach in air pollution research has been
encouraged with the goal of characterizing more fully the
complexity of the health impacts of air pollution and identi-
fying the most harmful emission sources.®® However, like
most existing air pollution health research, the majority of
the existing air pollution metabolomics analysis employ
only single-pollutant approaches or consider the air mixture
as a single predictor. Although most studies investigated the
impact of multiple air pollutants on the human metabolome,
only four studies used a multipollutant approach with con-
sideration of the correlated nature of air pollutants, which
included a main exposure of interests and adjusted for expo-
sures to its constituents or secondary pollutants,340-8.63
Currently, the use of a multipollutant statistical framework
remains difficult to apply in high multidimensional data set-
tings, including HRM. From our perspective, future
advancements in statistical algorithms and mixture analysis
methods may facilitate greater use of a multipollutant analy-
ses approach in air pollution metabolomics research.

In addition, heterogeneity existed when characterizing
air pollution exposures as continuous or categorical varia-
bles. Among the eligible studies that used PLS-DA, the ex-
posure was often dichotomized to fit better into analyzing
the high-throughput data. However, this would introduce
several potential problems—including loss of statistical
power, misclassification, and obscuration of nonlinearity—
in the relation between the exposure and outcome,”® given
that air pollution has no health threshold.

. Study population and susceptibility. We found that sev-
eral studies recruited study populations with wide age
ranges and that some eligible studies did not clearly spec-
ify and define the study population. These factors would
make the altered metabolic features and biological path-
ways less generalizable and less comparable across stud-
ies, as demographics and underlying health conditions
can contribute substantially to heterogeneities across
studies. Patel et al. revealed that significant race and sex
differences existed in small-molecule metabolites and
metabolic hormones among overweight/obese adults,”!
and Johnson et al. demonstrated that circulating plasma
metabolomic profiles were associated with the rate of bio-
logical aging.®> Working with participants with and
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without asthma, we also found asthmatic status could mod-
ify the patterns and magnitude of metabolic perturbations
associated with traffic-related air pollution exposures.?* In
sum, key demographic characteristics, including age,
race, and sex, and underlying health conditions all
potentially play critical roles in modifying the meta-
bolic and health responses to air pollution exposure
and thus need to be considered and adjusted in the
metabolomics analysis.

. Sample size and statistical power. Given that the envi-

ronmental metabolomics application only started to
emerge in recent years, many of the existing analyses were
designed as pilot studies or proof of concept research
efforts aimed to demonstrate the feasibility of metabolo-
mics in the field of air pollution health research. As high-
lighted in the present review, most studies had relatively
small sample sizes, ranging from a handful to <100 partici-
pants. Owing to the limited statistical power resulting from
the small sample size, many of the current studies failed to
find significant signals after adjusting for multiple testing
correction.?!?>3  Consequentially, the application of
untargeted metabolomics was inevitably vulnerable to a
high risk of false-negative and false-positive findings,
which limits the potential to discover reliable biomarkers
and remains a major concern in the current field of environ-
mental metabolomics. From our perspective, expanding
the sample size will be the most straightforward and effec-
tive way to obtain sufficient statistical power to identify ro-
bust and meaningful metabolic signals associated with air
pollution, as demonstrated in the field of genomics and epi-
genomics. Budget constraints and limited resources and
infrastructure, however, are still common concerns shared
by many research groups. Future advancement in large-
scale metabolic profiling and standardization in analytical
protocols may solve this bottleneck.

. Metabolic profiling approach. LC/MS remains the most

used analytical platform for metabolic profiling among
the existing studies. The heavy reliance on a single meta-
bolic profiling approach may, however, fail to capture
important metabolic signals during the profiling. For
instance, many air pollutants are hydrophobic and semi-
volatile and do not ionize well with popular LC/MS
methods, whereas GC/MS can sensitively capture these
exogenous signals.”®> Hence, a minimum sufficient set of
multiple chromatography columns may help separate the
complex mixture of biospecimens and enhance the cover-
age of feature detection and extraction in the future. In
addition, three eligible studies used another most com-
mon technique in metabolomics studies, H-NMR 43:46-58
Unlike MS spectrometry, H-NMR requires minimal sam-
ple preparation and tissue extraction and has a higher
degree of reproducibility.®* Although the combined appli-
cation of two techniques can increase the metabolome
coverage, this may not be practical due to the limited
funding and quantity of samples.

. Pathway enrichment analysis. Pathway enrichment anal-

ysis is an important step of air pollution metabolomics,
commonly used for the functional interpretation of metabo-
lomics data sets. As shown in this review, most studies per-
formed pathway enrichment analysis using ad hoc software
tools, which map significant metabolites to known biochem-
ical pathways on the basis of the information contained in
public databases, such as the Kyoto Encyclopedia of
Genes and Genomes (KEGG). Although providing
an insightful view of the biological pathways and
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interactions involved, the pathway enrichment analysis is
inherent to risks of false-positive discoveries, resulting
from the incompleteness of databases and the uncertainty
of metabolite identification (i.e., sole m/z input), espe-
cially for those methods using the m/z value as input with-
out a priori knowledge of feature identity. As such, the
predominant reliance of the existing studies on a single ad
hoc tool (e.g., mummichog or MetaboAnalyst) is prob-
lematic. Moreover, many of the consistent metabolic
pathways found across different air pollution metabolo-
mics studies, whereas biologically plausible, do not
appear to be air pollutant specific, given that they were
also commonly found in other environmental metabolo-
mics applications on non-air pollution exposures.”>%7
Expanding the metabolic pathway database to include list
of air toxicants and metabolites is also critical because
most of the existing pathway enrichment tools use data-
bases that focus only on endogenous physiological proc-
esses, with little information available on endogenous
environmental contaminants.

8. Chemical confirmation and reporting standards. As
the crucial link between untargeted metabolomics data and
meaningful biological interpretation, chemical annotation and
confirmation remain the most prominent bottleneck in the
metabolomics application, as demonstrated by the very lim-
ited number of metabolites validated with high-level annota-
tion confidence (i.e., level-1 or -2 MSI evidence) in each study
included in this review. Specifically, of the tens of thousands
of features detected in metabolomics profiling, only a tiny
fraction of metabolites was annotated and eventually con-
firmed. Slightly more than half of the eligible studies were
able to confirm metabolite with level-1 evidence by using
MS/MS and co-elution with authentic standards (27/47).
Moreover, the number of features that can be validated with
level-1 evidence is limited by the number of chemical stand-
ards available in the internal library, which also varies across
different analytical platforms and laboratories. Furthermore, a
vast majority of chemicals do not have commercial standards
available, and the synthesis of chemical standards is both time
consuming and costly, adding tremendous challenges to the
metabolite confirmation processes. Meanwhile, despite the
advancement in development of bioinformatics tools for
chemical annotation, most of these tools still heavily rely on
searching the experimental MS 1 or MS/MS data through
publicly available databases [e.g., ChemSpider (http://www.
chemspider.com),”®® METLIN (https:/metlin.scripps.edu),”
HMDB (https://hmdb.ca),'®® MassBank (https://massbank.
eu/MassBank),'”" mzCloud (https://www.mzcloud.org)'%?].
These public databases focus mainly on endogenous metabo-
lites, with very few exogenous factors included.'®* These pre-
liminary identifications, built on matching precursor m/z to a
metabolite database (level 4) would inevitably suffer from
increased risks of false positives and false negatives as a result
of low-quality spectra and incomplete databases.'* Finally,
although the untargeted metabolomics is capable of detecting
novel metabolic signals associated with environmental expo-
sures, the majority of the existing chemical annotation and
confirmation approaches are heavily reliant on existing data-
bases, limiting the ability to unravel the chemical identity
of the real “unknown” unknowns.!%*10-19 Hopefully, these
challenges will be overcome with the future development and
refinement of analytical platforms, experimental MS/MS
data, and bioinformatics algorithms. More importantly, stand-
ardizing and leveraging methodologies, and sharing data and
knowledge will all greatly benefit the entire community.
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9. Validation. Validation is a critical step for biomarker dis-
covery, development, and translation in air pollution metab-
olomics. Owing to the hypothesis-generating nature of most
untargeted metabolomics applications, the findings on any
significant metabolite—air pollutant association require rep-
lication and validation in future hypothesis-testing settings.
Specifically, replicating air pollution metabolomics study
findings in a targeted manner in different populations will be
critical for ultimately translating the results into clinical
applications and in understanding in detail the exposure—
response associations.'”” Conducting pooled and meta-
analysis across multiple cohorts can serve as an alternative,
efficient means of external validation. However, such analy-
sis is challenging to conduct given the discrepancies in ana-
Iytical protocols among the existing studies. Based on the
molecular links found in the air pollution metabolomics,
using in vitro and animal-based studies will help validate the
findings and further elucidate the underlying mechanisms of
air pollution toxicity on human metabolome and disease eti-
ology.'®® Future air pollution metabolomics applications
can also consider using a more comprehensive multistage
metabolomics analysis strategy (e.g., using untargeted
metabolomics for discovery phase, followed by a confirma-
tory step using targeted metabolomics) to move from
semiquantitative measurements toward fully quantitative
measurements of identified markers.!?” In addition, given
that most of the existing studies are observational, there is a
need for theoretical and experimental validation approaches,
which will undoubtedly assist in validation and strengthen-
ing causal inference.

10. Quantification. Currently, it remains unfeasible to use
untargeted metabolomics to quantify metabolites owing to
the technical bottleneck, and only targeted metabolomics is
capable of conducting an absolute quantification of endoge-
nous and exogenous metabolites by comparison with calibra-
tion curves for the predetermined compounds.'® Therefore,
untargeted metabolomics is considered a hypothesis-
generating process, in which the detected significant metabo-
lites need validation and absolute quantification in targeted
analysis to be used for interlaboratory comparison and estab-
lishment of diagnostic standards.®>% In the eligible studies,
internal standards and QC samples were employed to per-
form relative quantification of metabolic features, but differ-
ences in experimental design, such as sample extraction and
LC-MS conditions, made the comparison across laboratories
almost impossible, compromising the feasibility of using
untargeted metabolomics for metabolite quantification.>1%

Conclusions

The current studies demonstrate a core feasibility for using untar-
geted HRM as a platform linking air pollution exposure to inter-
nal dose and biological response. Our review of the existing
untargeted HRM-—air pollution findings points to an underlying
coherence and consistency across studies, using a range of sam-
ple analytical quantitation methods, extraction algorithms, and
MWAS modeling approaches. Metabolic perturbations involved
in oxidative stress, acute inflammation, and nucleic acid damage
and repair were associated with both short- and long-term air pol-
lution exposure across multiple studies and included altered glyc-
erophospholipid metabolism, pyrimidine metabolism, methionine
and cysteine metabolism, tyrosine metabolism, and tryptophan
metabolism, as well as changes in hypoxanthine, histidine, gluta-
mate, arginine, and tryptophan. Future directions should focus on
validating these findings via hypothesis-driven protocols and
technical advances in metabolic annotation and quantification.
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