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Background: Wheeze and allergic sensitization are the strongest
early-life predictors of childhood asthma development; the
molecular origins of these early-life phenotypes are poorly
understood.
Objectives: We sought to identify metabolites associated with
early-life wheeze, allergic sensitization, and childhood asthma.
Methods: We conducted a nested case-control study using
Environmental influences on Child Health Outcomes Program
cohorts for discovery and independent replication. Wheeze and
allergic sensitization were defined by number of wheeze
episodes and positive specific IgE at age 1 year, respectively.
Asthma was defined as physician diagnosis of asthma at age 5 or
6 years. We used untargeted metabolomics, controlling for
observed and latent confounding factors, to assess associations
between the plasma metabolome and early-life wheeze, allergy,
and childhood asthma.
Results: Eighteen plasma metabolites were associated with first-
year wheeze in the discovery cohort (n 5 338). Z,Z
unconjugated bilirubin (UCB) and its related metabolites
exhibited a dose-response relationship with wheeze frequency;
UCB levels were 13% (b 5 0.87; 95% CI, 0.74-1.02) and 22%
(b 5 0.78; 95% CI, 0.68-0.91) lower in children with 1 to 3 and
41 wheeze episodes compared with those who never wheezed,
respectively. UCB levels were also associated with childhood
asthma (b 5 0.82; 95% CI, 0.68-0.98). Similar trends were
observed in 2 independent cohorts. UCB was significantly
negatively correlated with eicosanoid- and oxidative stress–
related metabolites. There were no significant associations
between metabolites and allergic sensitization.
Conclusions: We identified a novel inverse, dose-dependent
association between UCB and recurrent wheeze and childhood
asthma. Inflammatory lipid mediators and oxidative stress
byproducts inversely correlated with UCB, suggesting that UCB
modulates pathways critical to the development of early-life
recurrent wheeze and childhood asthma. (J Allergy Clin
Immunol 2021;nnn:nnn-nnn.)

Key words: Wheeze, asthma, metabolomics, bilirubin, lipid
mediators

Asthma is among the most common chronic syndromes in
children and results in substantial morbidity and annual health
care expenditure.1,2 The critical window for development of
childhood asthma can be traced back to vulnerable fetal and
early-life periods when the immune system and respiratory or-
gans are still developing.3 Because wheeze and allergic sensitiza-
tion are the strongest early-life predictors of childhood asthma
development,4 understanding the molecular origins of these
early-life and childhood phenotypes is critical for understanding
asthma pathogenesis.

Metabolomics is the analysis of low-molecular-weight com-
pounds present in biological fluids and tissues, representing the
end products of cellular activity.5 Variation in the levels of these
metabolites reflects variation in genetic, epigenetic, microbiota,
and environmental exposures, and can provide insights into the
biochemical processes involved in the development of complex
childhood diseases, such as allergy and asthma.6 Although there
is some evidence that the early-life metabolome is associated
with lung function trajectories and the development of childhood
asthma and allergy,7-9 these studies had limited sample sizes,

lacked replication, and are therefore not generalizable to other
populations. In addition, previous studies have not accounted
for unmeasured confounders, including unmeasured dietary and
environmental exposures, that can induce spurious associations,
erroneously bolster predictive performance, and bias estimates.10

To fill this gap in knowledge, we used untargetedmetabolomics
to comprehensively profile the plasma metabolomes of more than
600 infants from 3 independent cohorts to identify and replicate
associations between infant metabolites and metabolic pathways,
and the phenotypes of wheeze and allergic sensitization at the first
year of life, and diagnosis of childhood asthma. We used an
approach robust to confounding, replicated results in independent
cohorts, and identified the potential mechanisms through which
these metabolites may protect against or potentiate these
phenotypes.

METHODS

Study population and design
This study was conducted using National Institute of Health Environmental

influences on Child Health Outcomes Program–funded Children’s Respira-

tory and Environmental Workgroup (CREW) consortium cohorts. CREW

consists of birth cohorts designed to understand the development of allergic

disease and asthma in children.11 Three CREW cohorts had available bio-

specimens and were included in this study: Infant Susceptibility to Pulmonary

Infections andAsthma followingRSVExposure (INSPIRE),Wisconsin Infant

Study Cohort (WISC), and Childhood Origins of Asthma study (COAST).

These 3 cohorts include a general population cohort (INSPIRE),12 a rural

cohort stratified by residence on a dairy farm (WISC),13 and a high-risk cohort

on the basis of parental history of asthma or allergies (COAST).14

The study was designed as a nested case-control study (see this article’s

Methods section in the Online Repository and Fig E1 in this article’s Online

Repository at www.jacionline.org). Cases were defined as those with wheeze

or allergic sensitization during the first year of life, and controls were defined

as those who never wheezed and were not sensitized to aeroallergens or food

during the first year of life. Cases and controls were matched on sex and age in

months at the time of sampling, with priority given to those who had both

plasma samples available for testing.

Outcome ascertainment
The diagnosis of wheeze at ages 1, 2, and 3 years was determined using

elements from the International Study of Asthma and Allergies in Childhood

questionnaire.15 Children who did not wheeze in the previous 12 months were

considered nonwheezers. Those who wheezed were categorized as follows on

the basis of standard International Study of Asthma and Allergies in Child-

hood categorical responses: 1 to 3 wheezing episodes in the previous 12

Abbreviations used

AA: Arachidonic acid

COAST: Childhood Origins of Asthma study

CREW: Children’s Respiratory and Environmental Workgroup

FDR: False-discovery rate

INSPIRE: Infant Susceptibility to Pulmonary Infections and Asthma

following RSV Exposure

LTB4: Leukotriene B4

sPLA2: Secretory phospholipase 2

UCB: Z,Z unconjugated bilirubin

UGT1A1: Uridine-diphosphoglucuronate glucuronosyltransferase

1A1

WISC: Wisconsin Infant Study Cohort
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months, and 41 wheezing episodes in the previous 12 months.16 Allergic

sensitization (yes/no) to common aeroallergens (cat, dog,moldmix, and house

dust mite mix) and food allergens (egg, milk, peanut) was defined on the basis

of positive specific IgE testing of plasma (>0.1 kUA/L) at age 1 year. Asthma

was defined as physician-diagnosed or parent-reported physician diagnosis of

asthma and/or physician-prescribed asthma medications including systemic

steroids for asthma exacerbations, at age 5 years (discovery cohort most recent

time point available) or 6 years (replication cohorts prespecified outcome time

point).

Untargeted metabolomics
Plasma samples were collected at age 1 year in all 3 cohorts. Additional

plasma samples were collected at age 3 years in the COAST cohort. Plasma

samples from INSPIRE were collected in EDTA anticoagulant, whereas

plasma samples from WISC and COAST were collected in heparin

anticoagulant. In total, we used 4 plasma metabolome data sets for this

study. Plasma metabolome data from the largest cohort at age 1 year,

INSPIRE, were used as the discovery data set, and the 3 data sets from the

WISC (at age 1 year) and COAST (at age 1 and 3 years) cohorts were used

for independent replication. Untargeted metabolic profiling and initial data

processing was performed by Metabolon, Inc, Research Traingle Park, NC.

We performed quality control (see Figs E2 and E3 in this article’s Online

Repository at www.jacionline.org) and used the Metabolomics Standard

Initiative to classify metabolites as annotated (level 1 or 2; identified or pu-

tatively annotated compounds), semi-annotated (level 3; putatively charac-

terized compound classes), and nonannotated (level 4; unknown

compounds).17 We defined a metabolite’s abundance to be its LC-MS–deter-

mined peak area, which is proportional to concentration (see Fig E4 in this

article’s Online Repository at www.jacionline.org).18

Identifying and replicating wheeze- and

sensitization-associated metabolites
We determined the relationship between a phenotype (wheeze, sensitiza-

tion, or asthma) and metabolite levels using the method described in

McKennan et al.10 In brief, we excluded metabolites with more than 50%

missingMS data, estimated latent factors that might confound the relationship

between the phenotype and metabolite levels, and used linear regression to

regress each metabolite’s log-abundance onto the wheeze, sensitization, or

asthma phenotypes, while accounting for age in months, sex (male/female),

daycare attendance (yes/no), breast-feeding status (exclusively breast-fed or

not in the first 6 months), and the latent factors. This uses inverse probability

weighting, with weights estimated using McKennan et al,10 to account for

nonignorable missing MS data. Q values were used to control the false-

discovery rate (FDR) at 20%. We further truncated the list of metabolites by

considering a metabolite for downstream analysis only if it was annotated,

its abundancewas consistent with awheeze-dose response, and if the direction

of the association replicated in WISC, the replication cohort with the largest

sample size. The wheeze-dose response, which is satisfied by metabolites

whose abundance is strictly increasing or decreasing in the ordered wheeze

variable, helped strengthen the biological underpinning of our findings. The

analyses performed in each replication data set were identical to that in the dis-

covery data set.

Determining a metabolite’s correlation neighbors
We estimated the Pearson correlation between the log-abundances of a

selected metabolite and all other metabolites in the discovery data set

conditional on the phenotype of interest (cases and controls of sensiti-

zation or wheeze outcomes as defined in Outcome Ascertainment

section), age, sex, daycare attendance, diet, and other latent confounding

factors.10 The selected metabolite’s correlation neighbors were defined

using a stringent FDR threshold of 10% to mitigate confounding-

induced spurious associations that can arise in metabolomic correlation

networks.19

Cross-phenotype meta-analysis
We used the replication data to pool information across the phenotypes of

wheeze and asthma to explicitly test for replication. In brief, we tested the null

hypothesis that the Z,Z unconjugated bilirubin (UCB) levels were the same in

healthy controls (nonwheezers in previous year, nonwheezers in subsequent

years, or not diagnosed with asthma) and cases (those who wheezed in the

previous year, wheezed in subsequent years, or were diagnosedwith childhood

asthma, respectively). The alternative hypothesis was that the directions of the

differences in UCB levels between healthy controls and any of the other 3

groups matched those directions of differences observed in the discovery data

set. The test statistic, which corrects for correlation between phenotypes and

estimates derived from data sets with overlapping participants, was designed

to be standard normal under the null hypothesis, and reflect the directions of

the aforementioned differences under the alternative hypothesis. Additional

details are provided in this article’s Online Repository at www.jacionline.org.

Leukotriene B4 mediation analysis
Because leukotriene B4 (LTB4) was observed in only 14% of the samples in

the discovery data set, we coded it as binary (present or absent) when assessing

its role in mediating UCB’s association with wheeze to circumvent statistical

issues that arise when treating nonignorable missing MS data as continuous.10

We assessed the effect of UCB on LTB4 levels and of LTB4 levels on wheeze

risk using standard and ordinal logistic regression, respectively. Additional de-

tails are provided in this article’s Online Repository at www.jacionline.org.

RESULTS

Population characteristics and metabolite

identification
Characteristics of the INSPIRE population and the 2 replica-

tion cohorts (WISC and COAST) have been previously pub-
lished.12-14 Characteristics of the nested case-control sample used
in this study are summarized in Table I, and a detailed description
is provided in this article’s Online Repository at www.jacionline.
org. First-year wheeze was not associated with aeroallergen or
food sensitization (P5 .50 and .72) in the discovery data set, indi-
cating insignificant overlap between the 2 phenotypes.

We identified 938 annotated and 265 nonannotated metabolites
in the INSPIRE 1-year plasma discovery data set, and between
1039 and 1321 total metabolites in each of the 4 additional data
sets. There was large (824 of 1512) overlap in metabolites
identified from INSPIRE, WISC, and COAST (first- and third-
year) plasma samples (see Table E1 and Fig E5 in this article’s
Online Repository at www.jacionline.org). The metabolites M-1
(C17H20N2O5), M-2 (C17H20N2O5), and M-3 (C17H18N2O4)
were retrospectively semi-annotated (Metabolon, Inc) to be
bilirubin degradation products. (See Table E2 and Fig E6 in this
article’s Online Repository at www.jacionline.org. Fig E6 was
modified from Jasprova et al.20)

Identifying plasma metabolites associated with

allergic sensitization
No metabolites in the INSPIRE plasma data set were signifi-

cantly correlated with aeroallergen sensitization at a 20% FDR.
However, INSPIRE children with sensitization to at least 1 food in
the first year of life had significantly increased plasma alpha-D-glu-
curonic acid than those without a food sensitization, and the direc-
tion of the association was replicated in the COAST 1-year plasma
data set (P < .05; see Fig E7 in this article’s Online Repository at
www.jacionline.org). Correlation analysis showed that alpha-D-
glucuronic acid had 3 correlation neighbors (see Table E3 in this ar-
ticle’s Online Repository at www.jacionline.org).
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TABLE I. Nested case-control study sample characteristics in discovery and replication cohorts

Characteristic

Discovery cohort

(INSPIRE)

Replication cohort

(WISC)

Replication

cohort (COAST)

EDTA

plasma (1 y)*

Heparin

plasma (1 y)

Heparin

plasma (1 y)

Heparin

plasma (3 y)

Birth weight (g), median (IQR) {P 5 .74} 3433 (596) 3458 (621) 3402 (667) 3572 (702)

Gestational age (wk), median (IQR) {P 5 .15} 39 (1) 39 (2) 39 (3) 40 (2)

Maternal years of education (school), median (IQR) 14 (2) See below See below See below

Maternal education level {P 5 1.4 3 10217}

Did not graduate high school (HS) 31 (9) 0 (0) 0 (0) 3 (2)

Graduated HS, but no college 76 (22) 13 (9) 4 (6) 7 (6)

Attended college, but did not graduate 87 (26) 13 (9) 12 (18) 21 (17)

Graduated college 144 (43) 113 (78) 49 (73) 95 (75)

Missing 0 (0) 6 (4) 2 (3) 1 (1)

Sex {P 5 .60}

Male 186 (55) 74 (51) 37 (55) 72 (57)

Female 152 (45) 71 (49) 30 (45) 55 (43)

Race {P 5 5.3 3 10214}

White 228 (67) 137 (94) 63 (94) 115 (91)

Black 77 (23) 4 (3) 0 (0) 5 (4)

Other 14 (4) 4 (3) 1 (1) 1 (1)

Multirace 19 (6) 0 (0) 3 (4) 6 (5)

Maternal marital status {P 5 8.6 3 10211}

Single 135 (40) 8 (6) NA NA

Married 196 (58) 128 (88) NA NA

Divorced/separated 7 (2) 4 (3) NA NA

Missing 0 (0) 5 (3) NA NA

Child exclusively breast-fed for the first 6 mo {P 5 9.8 3 10213}

Yes 134 (40) 48 (33) 6 (9) 6 (5)

No 204 (60) 97 (67) 61 (81) 121 (95)

First-year daycare attendance {P 5 3.0 3 1024}

Yes 122 (36) 65 (45) 36 (54) 69 (54)

No 216 (64) 80 (55) 31 (46) 58 (46)

Maternal smoking during pregnancy {P 5 .0019}

Yes 46 (14) 6 (4) 2 (3) 9 (7)

No 292 (86) 134 (92) 17 (25) 23 (18)

Missing 0 (0) 5 (3) 48 (72) 95 (75)

Paternal asthma {P 5 6.0 3 1025}

Yes 61 (19) 16 (12) 19 (29) 42 (34)

No 259 (81) 120 (88) 47 (71) 82 (66)

Maternal asthma {P 5 8.1 3 1027}

Yes 75 (22) 32 (22) 21 (31) 59 (46)
No 263 (78) 107 (74) 45 (67) 67 (53)

Unknown 0 (0) 1 (1) 0 (0) 0 (0)

Missing 0 (0) 5 (3) 1 (1) 1 (1)

Maternal allergic rhinitis {P 5 8.8 3 10220}

Yes 86 (25) 23 (16) 29 (43) 74 (58)

No 252 (75) 112 (77) 24 (36) 39 (27)

Unknown 0 (0) 4 (3) 7 (10) 13 (10)

Missing 0 (0) 6 (4) 7 (10) 6 (5)

Maternal eczema {P 5 4.9 3 1028}

Yes 67 (20) 29 (20) 28 (42) 43 (34)

No 271 (80) 110 (76) 23 (34) 62 (49)

Missing 0 (0) 6 (4) 16 (24) 22 (17)

First-year wheeze {P 5 .035}

Never wheeze 226 (67) 112 (77) 52 (78) 94 (74)

1-3 wheezing episodes 46 (14) 32 (22) 11 (16) 30 (24)

41 wheezing episodes 66 (20) 1 (1) 4 (6) 3 (2)

Second-year wheeze {P 5 .49}

Never wheeze 245 (72) 89 (61) 53 (79) 93 (73)

1-3 wheezing episodes 58 (17) 28 (19) 11 (16) 27 (21)

41 wheezing episodes 35 (10) 1 (1) 3 (4) 7 (6)

Missing 0 (0) 27 (19) 0 (0) 0 (0)

Third-year wheeze {P 5 .81}
Never wheeze 269 (80) 78 (54) 52 (78) 100 (79)

(Continued)
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Discovery analyses identifying plasma metabolites

associated with wheeze
The abundances of 18 metabolites were significantly associ-

ated with first-year wheeze, which included 5 nonannotated, 3
semi-annotated, and 10 annotated metabolites (see Fig 1). The
semi-annotated bilirubin degradation products M-1 and M-2
were the metabolites most associated with wheeze (q 5
3.1 3 1024, 8.8 3 1024). M-1 and M-2, along with the third
semi-annotated bilirubin degradation product M-3, were highly
correlated with the significantly annotated metabolite UCB
(correlations5 0.62, 0.57, and 0.87, P < 10216). The abundances
of all 3 of these bilirubin-related metabolites in children with 1 to
3 and 41wheezing episodes were approximately the same as, and
substantially less than, their abundances in children without
wheeze, respectively (see Fig 2). However, because these metab-
olites were only semi-annotated, we used them to support, rather
than make standalone, biological conclusions.

The annotated metabolites that were significantly associated
with first-year wheeze included succinate, iminodiacetate, N-
(2-furoyl) glycine, 3-amino-2-piperidone, 5,6-dihydrouridine,
UCB, linoleoyl-linolenoyl-glycerol (18:2/18:3), pyroglutamine,
transurocanate, and cysteine-s-sulfate. Succinate, the most signif-
icant annotated metabolite, along with the marginally significant
metabolite aconitate (q5 0.248), is involved in the citric acid cy-
cle and has previously been observed in serum, urine, and exhaled
breath condensate metabolomes to predict mild adult and child-
hood asthma.21 Table E4 in this article’s Online Repository at
www.jacionline.org contains a complete list of all 18 metabolites
and their association with first-year wheeze.

Of the above-mentioned 10 annotated wheeze-associated
metabolites, 3 (3-amino-2-piperidone, 5,6-dihydrouridine, and
UCB) exhibited wheeze-dose responses. The abundances of
3-amino-2-piperidone and 5,6-dihydrouridine were higher in
children who wheezed than in those who did not wheeze (see
Table E4). However, the direction of these 2 associations failed to
replicate in the WISC cohort and were therefore excluded from
further analysis.

In contrast, UCB abundance was 13% lower (b1-3 5 0.87;
95% CI, 0.74-1.02) and 22% lower (b41 5 0.78; 95% CI,
0.68-0.91), on average, in children with 1 to 3 wheezing episodes
and 41 wheezing episodes compared with children with no
wheeze, respectively (see Fig 3, A). These results were recapit-
ulated by UCB’s nearly significant photoisomer E,Z/Z,E uncon-
jugated bilirubin (q 5 0.214; see Fig E8 in this article’s Online

Repository at www.jacionline.org); we observed a similar rela-
tionship between plasma UCB abundance and childhood asthma
(basthma5 0.82; 95%CI, 0.68-0.98; Fig 3, B), and the direction of
this association replicated in WISC. Therefore, UCB was the
only wheeze-associated metabolite that we considered for
further analysis.

Replication of the association between UCB and

wheeze
We used the replication data to assess the replicability of the

cross-sectional association between UCB levels and wheeze and,
given the relationship with future asthma in the discovery data,
further evaluate the effect of UCB on childhood asthma. Fig 3, A,
shows that the magnitude and direction of UCB’s cross-sectional
association with 41wheezing episodes, and with the exception of
the data set with the smallest sample size, 1 to 3 wheezing epi-
sodes, were consistent in all replication data sets.

The results in Fig 3, B, show that the dependence of child-
hood asthma on UCB levels observed in the discovery data
replicate. The strong associations with asthma observed in
the year 1 and 3 COAST data sets (1-sided P 5 .00376 and
.0252) suggest that UCB also protects against future asthma.
Furthermore, the relationships between the semi-annotated
bilirubin degradation products M-1, M-2, and M-3 and both
wheeze and asthma mirrored all aforementioned associations
(see Fig 2), suggesting that this UCB-related pathway might
protect against wheeze and future asthma. We remark that
the correlation coefficients between estimates derived from
the year 1 and 3 COAST data sets, which contained overlap-
ping individuals, are negligibly small, meaning it suffices to
treat estimates from all 4 data sets in Figs 2 and 3 as indepen-
dent (for details, see this article’s Methods section in the On-
line Repository and Table E5 in this article’s Online
Repository at www.jacionline.org).

Lastly, we performed a cross-phenotype meta-analysis, which
pools information across replication cohorts and the phenotypes
wheeze and asthma, to explicitly test that the direction of the
associations between UCB levels and respiratory phenotypes
observed in the discovery data set replicate in the replication data
sets. The significant replication P value of .00638 is congruent
with the results in Fig 3, and suggests that the relationship be-
tween UCB levels and respiratory phenotypes is consistent across
populations.

TABLE I. (Continued)

Characteristic

Discovery cohort

(INSPIRE)

Replication cohort

(WISC)

Replication

cohort (COAST)

EDTA

plasma (1 y)*

Heparin

plasma (1 y)

Heparin

plasma (1 y)

Heparin

plasma (3 y)

1-3 wheezing episodes 48 (14) 15 (10) 11 (16) 18 (14)

41 wheezing episodes 21 (6) 1 (1) 4 (6) 9 (7)

Missing 0 (0) 51 (35) 0 (0) 0 (0)

Asthma diagnosis {P 5 .87}

Yes 72 (21) 34 (27) 16 (24)

No 201 (59) 85 (67) 47 (70)

Missing 65 (19) 8 (6) 4 (6)

Values are n (%) unless otherwise indicated. When appropriate, the P value for the feature’s heterogeneity across the 3 cohorts is given in curly parentheses.

*Some columns may add up to 99% or 101% because of rounding.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

TURI ET AL 5

Downloaded for Anonymous User (n/a) at Henry Ford Hospital / Henry Ford Health System (CS North America) from ClinicalKey.com by Elsevier on February 23, 2021.
For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


Metabolites correlated with plasma UCB identify

potential mechanisms of action contributing to

early-life wheeze
To identify potential mechanisms through which UCB protects

against wheezing and asthma, we next sought to determineUCB’s
correlation neighbors. We identified 32 metabolites whose log-
abundanceswere significantly correlatedwith those ofUCB’s (see

Fig 4). Besides the 2 semi-annotated bilirubin degradation prod-
ucts, the metabolites most positively correlated with UCB were
UCB’s photoisomers (E,Z/Z,E unconjugated bilirubin and E,E
unconjugated bilirubin) and biliverdin (an intermediate in the
catabolism of heme to UCB).22 Although UCB’s photoisomers
exhibited a wheeze-dose response, their associations with first-
year wheeze were not significant at a 20% FDR (see Fig E8).
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FIG 2. Estimates and 95% CIs for the expected abundance of the semi-annotated metabolites M-1, M-2, and

M-3 (chemical formulas C17H20N2O5, C17H20N2O5, and C17H18N2O4, respectively) in the plasma of children

who wheezed and have asthma with respect to those who did not wheeze and did not have asthma, respec-

tively. The discovery cohort on the y-axis is in bold font, and the replication cohorts are in regular font; age is

given in years and n is the sample size.
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Critical metabolites in the eicosanoid pathway, including
arachidonic acid (AA), were among the 15 metabolites negatively
correlated with UCB log-abundance. Given AA’s role in the
generation of eicosanoids, we next sought to determine whether
the only leukotriene we identified, LTB4, which was identified in
14% of the INSPIRE plasma samples and was most prevalent in
children who wheezed (P 5 .0180; see Fig 5, A), was related to
UCB abundance. Plasma UCB levels were associated with an in-
crease in the odds of observing LTB4 (P5 6.193 1024; see Fig 5,
B), which indicates that LTB4 may mediate the relationship be-
tween UCB and wheeze (see Fig 5, C). This statistically signifi-
cant inverse relationship persisted even when we accounted for
differences in AA abundance. The only other eicosanoid we iden-
tified was 12-hydroxyeicosatetraenoic acid, which was observed
in 24% of the INSPIRE children. Although not statistically signif-
icant, there was an inverse relationship between UCB abundance
and the presence of 12-hydroxyeicosatetraenoic acid (see Fig E9
in this article’s Online Repository at www.jacionline.org).

The levels of plasma oxidative stress byproducts, such as
glycerophosphorylcholine and glycerophosphoethanolamine
(products of hypochlorous acid–induced plasmalogen degrada-
tion),23 as well as 5-oxoproline (a glutamic acid derivative),24

were inversely proportional to UCB abundance (see Table E6 in
this article’s Online Repository at www.jacionline.org).

DISCUSSION
To address the significant gaps in our understanding of the

molecular mechanisms underlying asthma development, we

studied the plasma metabolome profile of wheeze and allergic
sensitization, the 2 most significant early-life risk phenotypes for
asthma development, and childhood asthma. We applied a novel
and rigorous statistical approach that corrects for nonrandom
missing data and unobserved confounder factors,10 and using in-
dependent replication cohorts, replicated the direction andmagni-
tude of the effects estimated in the discovery cohort.

We identified 18 plasma metabolites that were significantly
associated with first-year wheeze in discovery analysis. Among
the 10 annotated wheeze-associated metabolites, only UCB, a
byproduct of the normal catabolism of heme (see Fig E10 in this
article’s Online Repository at www.jacionline.org), exhibited a
replicable dose-response relationship with first-year wheeze, in
which higher plasma UCB levels were associated with fewer
wheezing episodes. The magnitude and direction of the associa-
tion, as well as the dose response, were consistent across both
high-risk and non–high-risk cohorts. In addition, UCB levels
were protectively associated with childhood asthma, suggesting
that reduced UCB levels precede wheeze and asthma develop-
ment. Lastly, and quite remarkably, the relationship between
wheeze and the 3 semi-annotated putative bilirubin degradation
products mirrored all of the aforementioned wheeze- and
asthma-UCB associations in all 4 data sets, indicating that deriv-
atives of UCB may also aid in protecting against infant wheeze.

Our finding of a strong protective association of UCB and its
related metabolites with early-life wheeze and childhood asthma
is consistent with recent findings demonstrating that mildly
elevated bilirubin levels have a protective effect in respiratory
conditions.25,26 However, these observational studies were
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FIG 3. Estimates and 95% CIs for the expected abundance of UCB in the plasma of children who wheezed

(A), and whowere diagnosedwith asthma (B). The discovery cohort on the y-axis is in bold font, age is given

in years, and n is the sample size. Children in the WISC cohort were not yet old enough to define asthma.
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conducted in adult populations and only considered total bili-
rubin, the sum of conjugated and unconjugated bilirubin concen-
tration. Furthermore, no previous study had the resolution to
assess the relative impact of bilirubin’s isomers. Finally, this is
the first prospectively followed case-control study to find an asso-
ciation between bilirubin and risk of wheeze, and childhood
asthma, as well as the first to identify possible protective path-
ways throughwhich bilirubin exerts its potential protective effect.

Contrary to our study, previous studies have demonstrated that
hyperbilirubinemia is associated with an increased risk for
developing asthma.27-31 However, these studies did not measure
bilirubin, and instead relied on a diagnosis of jaundice or a history
of phototherapy. Moreover, a recent study in infants measured to-
tal serum bilirubin (TSB) and found that there was no difference
between children with low to modest levels of TSB (<_5.9 mg/dL)
and the highest levels of TSB (>18 mg/dL).32 Kuzniewicz et al33

was also only able to show that infants with TSB concentrations 2
to 3 times higher than thosewithin the normal physiological range
are at an increased risk of developing asthma. In contrast, our
study measured unconjugated bilirubin and demonstrated that
higher concentrations, within the normal physiological range,
are associated with protection from asthma. This suggests that
if bilirubin is causal for asthma development, our and those results
from studies using upper extreme values suggest that the relation-
ship between bilirubin levels and asthma risk follows a parabolic
relationship, where moderately low and extremely high levels
of bilirubin confer a greater risk for wheeze and asthma
development.

Murine models of asthma indicate that UCB has many anti-
inflammatory properties.34 However, the mechanisms by which
UCB is associated with reduced early-life wheeze and childhood
asthma in humans are unknown. We therefore used a correlation
analysis, along with a literature review, to posit pathways through
which UCB protects infants against wheeze and asthma (see
Fig 6). Notably, UCB levels were inversely proportional to those
of AA and LTB4, which is consistent with experimental results
that show that UCB inhibits manymembers of the secretory phos-
pholipase A2 (sPLA2) family of enzymes (including sPLA2IIA)
in a dose-dependent manner at physiologically relevant concen-
trations.35,36 UCB’s inhibition of sPLA2IIA in vitro is even
irreversible and independent of substrate concentrations.35 The
observation that the significant inverse relationship between
UCB abundance and LTB4 presence persisted even after adjust-
ing for AA abundance is congruent with UCB’s role as a
5-lipoxygenase inhibitor.36 The dependence of UCB’s inhibition
of sPLA2IIA and 5-lipoxygenase on UCB’s lipophilicity36 may
help explain why E,E unconjugated bilirubin levels are not as
closely associated with wheeze, because Z to E isomerization
of bilirubin reduces the intramolecular hydrogen bonding and
makes the molecule less lipophilic.37 These results suggest that
UCB may curb LTB4 production during respiratory infections,
which would decrease monocyte and leukocyte migration and
chemotaxis, as well as the production of neutrophil-generated su-
peroxide in the airways.38,39

We also observed a significant negative correlation between
plasma UCB and lysophosphatidylcholine 18:2 and

_

FIG 4. Histogram of the estimates for the conditional correlation between the log-abundances of UCB and

all other annotated metabolites with less than or equal to 50% missing data in the discovery data set. The

red and blue dashed lines are drawn at the correlation coefficients for metabolites corresponding to the 10%

FDR threshold, where metabolites to the left and right of those lines are defined as UCB’s correlation

neighbors. Abbreviated metabolites are glycerophosphorylcholine (GPC), glycerophosphoethanolamine

(GPE), lysophosphatidic acid 18:2* (LPA 18:2*), AA, and lysophos-phatidylcholine 18:2 (LPC 18:2).

Metabolites with an appended ‘‘*’’ are annotated metabolites with a Metabolomics Standard Initiative

level 2 (as opposed to level 1) identification.
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lysophosphatidic acid 18:2 levels. sPLA2s cleave membrane
phospholipids to produce lysophosphatidylcholine 18:2, which is
then hydrolyzed by autotaxin to produce lysophosphatidic acid
18:2.40,41 This suggests that UCB may protect against early-life
wheeze and childhood asthma in part by inhibiting the synthesis
of lysophosphatidic acids, which are upregulated in human bron-
chial lavage fluid during allergic inflammation42 and contribute to
airway injury, fibrosis, and vascular permeability.43

In addition, UCB acts as a potent source antioxidant by
inhibiting nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase,22 which is the source of many reactive oxygen
species. In addition to alleviating airway inflammation and hyper-
responsiveness,44,45 this activity could account for the negative
correlations between plasma UCB levels and the hypochlorous
acid–induced plasmalogen degradation products glycerophos-
phorylcholine and glycerophosphoethanolamine, as well as the
oxidative stress indicator 5-oxoproline.

Given UCB’s possible role in protecting against early-life
wheeze and childhood asthma, it is therefore important to
understand the underlying sources of variation in blood UCB
levels, because this could be important for future therapeutic
interventions. UCB is excreted by the liver, where the first and
rate-limiting step is conjugation with glucuronic acid catalyzed
by uridine-diphosphoglucuronate glucuronosyltransferase 1A1
(UGT1A1).46,47 Individuals with slightly impaired UGT1A1

activity typically have elevated blood UCB levels, which is
commonly observed in individuals with a genetic variant in the
UGT1A1 gene (Gilbert’s syndrome).22 The enzyme UGT1A1
can also be inhibited by other metabolites. For example, retinol
(vitamin A) competitively inhibits UGT1A1 at physiologically
relevant intensities in vitro.48 The observation that plasma retinol
and UCB levels were significantly positively correlated in the
INSPIRE cohort may therefore be due to inhibition of the conju-
gation of UCB by retinol. Future studies addressing sources of
UCB variation in healthy children, including genetic, epigenetic,
and microbiome contributions, as well as diet and exposure his-
tories, may aid in asthma prevention strategies.

Our study benefits from a large discovery cohort, as well as 2
independent replication cohorts. We were able to take advantage
of the infrastructure created by Environmental influences on
Child Health Outcomes and CREW birth cohorts, using harmo-
nized data sets from birth cohorts that were specifically designed
to study wheeze and asthma. Another important strength is that
our analysis pipeline accounts for both latent confounding factors
and nonrandom missing mass spectrometry data, which helps
ensure our results are accurate and replicable.10 Limitations of
this observational study include uncertain causality in the associ-
ation betweenmetabolite levels andwheeze. However, the finding
of an inverse dose-response relationship of UCB levels and num-
ber of wheeze episodes and the fact that UCB levels are inversely
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associated with future wheeze and childhood asthma support the
hypothesis that UCB may, in fact, protect against wheeze and
asthma development. Second, the plasma samples collected
from the discovery and replication data sets were collected using
different anticoagulants, the former with EDTA and the latter with
heparin. Although this could cause differences in metabolome re-
sults, we were encouraged by the degree of metabolite overlap
across cohorts and the robustness of the association between
UCB and wheeze despite differences in anticoagulant.

Conclusions
We identified a novel inverse association of unconjugated

bilirubin and its related metabolites with wheeze and childhood
asthma and mapped its likely mechanisms of action in silico.
These observations set the stage for mechanistic studies in other
experimental systems to confirm these relationships, and may
provide new therapeutic approaches to attenuate wheezing ill-
nesses in infants, and potentially reduce the subsequent risk for
childhood asthma.

We acknowledge the Environmental influences on Child Health Outcomes

(ECHO) program and the Children’s Respiratory and Environmental Work-

group (CREW) cohort members. Please see list of members in this article’s

Online Repository at www.jacionline.org. We also thank all the families who

participated in this study.

Key messages

d Protective association of unconjugated bilirubin and its
related metabolites on early-life wheeze and asthma.

d Several inflammatory lipid mediators and oxidative stress
byproducts were inversely correlated with unconjugated
bilirubin, suggesting that unconjugated bilirubin modu-
lates pathways critical to the development of early-life
wheeze phenotypes and asthma.

d Results indicate that higher levels of bilirubin within the
normal physiological range are associated with salutary
effects on infant wheeze and asthma.

REFERENCES

1. Zahran HS, Bailey CM, Damon SA, Garbe PL, Breysse PN. Vital signs: asthma in

children—United States, 2001-2016. MMWR Morb Mortal Wkly Rep 2018;67:

149-55.

2. Perry R, Braileanu G, Palmer T, Stevens P. The economic burden of pediatric

asthma in the United States: literature review of current evidence. Pharmacoeco-

nomics 2019;37:155-67.

POPC (a phosphatidylcholine) and
other membrane-bound phospholipids

Lysophosphatidyl-
choline (LPC) 18:2

Lysophosphatidic
acid (LPA) 18:2*

Vascular permeability
& inflammation

Arachidonic
acid (AA)

Reactive oxygen
species (ROS)
O−

2 , ·OH, H 2O2

Cl −

NADPH + O2

5-oxoproline

5-HPETE

LTA4

HOCl Plasmalogens

Leukotriene B4
(LTB4)

GPC ,
GPE

Leukocyte recruitment,
inflammation & wheezing

Inflammation,
airway hyper-
responsiveness

& airway remodeling

sP
LA

2II
A

sPLA
2 IIA

N
A

D
PH

oxidase

5-LO
X

M
PO

: Plasma metabolite quantified by
LC-MS in the discovery data set

: Not quantified by LC-MS
in the discovery data set

: Disease state

Node legend

Molecule,
Molecule
−−−−−−→ : Substantial evidence in the literature

that UCB inhibits molecule

Quantified metabolite : Significantly (+) correlated with
UCB in the discovery data set

Quantified metabolite : Significantly (_) correlated with
UCB in the discovery data set

Color legend

FIG 6. A proposed mechanistic diagram by which UCB present in blood is associated with reduced risk of

infant wheezing. Abbreviated compounds are POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine),

5-LOX (5-lipoxygenase), LTA4 (leukotriene A4), MPO (myeloperoxidase), HOCl (hypochlorous acid), GPC

(glycerophosphorylcholine), GPE (glycerophosphoethanolamine), and NADPH (nicotinamide adenine

dinucleotide phosphate). All directed edges have been identified in previous literature. POPC intensity

was positively associated with 41 wheeze risk, and with the exception of GPE, the abundances of all

metabolites depicted in red were negatively associated with 41 wheeze risk in the discovery data set.

Metabolites with an appended ‘‘*’’ are annotated metabolites with a Metabolomics Standard Initiative level

2 (as opposed to level 1) identification.

J ALLERGY CLIN IMMUNOL

nnn 2021

10 TURI ET AL

Downloaded for Anonymous User (n/a) at Henry Ford Hospital / Henry Ford Health System (CS North America) from ClinicalKey.com by Elsevier on February 23, 2021.
For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://www.jacionline.org
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref1
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref1
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref1
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref2
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref2
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref2


3. Tang HH, Teo SM, Belgrave DC, Evans MD, Jackson DJ, Brozynska M, et al. Tra-

jectories of childhood immune development and respiratory health relevant to

asthma and allergy. Elife 2018;7:e35856.

4. Rubner FJ, Jackson DJ, Evans MD, Gangnon RE, Tisler CJ, Pappas TE, et al. Early

life rhinovirus wheezing, allergic sensitization, and asthma risk at adolescence.

J Allergy Clin Immunol 2017;139:501-7.

5. Zamboni N, Saghatelian A, Patti GJ. Defining the metabolome: size, flux, and

regulation. Mol Cell 2015;58:699-706.

6. Turi KN, Romick-Rosendale L, Ryckman KK, Hartert TV. A review of metabolo-

mics approaches and their application in identifying causal pathways of childhood

asthma. J Allergy Clin Immunol 2018;141:1191-201.

7. Turi KN, Romick-Rosendale L, Gebretsadik T, Watanabe M, Brunwasser S, An-

derson LJ, et al. Using urine metabolomics to understand the pathogenesis of infant

respiratory syncytial virus (RSV) infection and its role in childhood wheezing. Me-

tabolomics 2018;14:135.

8. Barlotta A, Pirillo P, Stocchero M, Donato F, Giordano G, Bont L, et al. Metabo-

lomic profiling of infants with recurrent wheezing after bronchiolitis. J Infect Dis

2019;219:1216-23.

9. Esther CR Jr, Turkovic L, Rosenow T, Muhlebach MS, Boucher RC, Ranganathan

S, et al. Metabolomic biomarkers predictive of early structural lung disease in

cystic fibrosis. Eur Respir J 2016;48:1612-21.

10. McKennan C, Ober C, Nicolae D. Estimation and inference in metabolomics with

non-random missing data and latent factors. Ann Appl Stat 2020;14:789-808.

11. Gern JE, Jackson DJ, Lemanske RF Jr, Seroogy CM, Tachinardi U, Craven M, et al.

The Children’s Respiratory and Environmental Workgroup (CREW) birth cohort

consortium: design, methods, and study population. Respir Res 2019;20:115.

12. Larkin EK, Gebretsadik T, Moore ML, Anderson LJ, Dupont WD, Chappell JD,

et al. Objectives, design and enrollment results from the Infant Susceptibility to

Pulmonary Infections and Asthma Following RSV Exposure Study (INSPIRE).

BMC Pulm Med 2015;15:45.

13. Seroogy CM, VanWormer JJ, Olson BF, Evans MD, Johnson T, Cole D, et al. Res-

piratory health, allergies, and the farm environment: design, methods and enroll-

ment in the observational Wisconsin Infant Study Cohort (WISC): a research

proposal. BMC Res Notes 2019;12:423.

14. Lemanske RF Jr. The childhood origins of asthma (COAST) study. Pediatr Allergy

Immunol 2002;13:38-43.

15. Asher MI, Keil U, Anderson HR, Beasley R, Crane J, Martinez F, et al. Interna-

tional Study of Asthma and Allergies in Childhood (ISAAC): rationale and

methods. Eur Respir J 1995;8:483-91.

16. Castro-Rodriguez JA. The Asthma Predictive Index: a very useful tool for predict-

ing asthma in young children. J Allergy Clin Immunol 2010;126:212-6.

17. Sumner LW, Amberg A, Barrett D, Beale MH, Beger R, Daykin CA, et al. Pro-

posed minimum reporting standards for chemical analysis Chemical Analysis

Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metabolomics

2007;3:211-21.

18. Kenar E, Franken H, Forcisi S, Wormann K, Haring HU, Lehmann R, et al. Auto-

mated label-free quantification of metabolites from liquid chromatography-mass

spectrometry data. Mol Cell Proteomics 2014;13:348-59.

19. Bartel J, Krumsiek J, Theis FJ. Statistical methods for the analysis of high-

throughput metabolomics data. Comput Struct Biotechnol J 2013;4:

e201301009.

20. Jasprova J, Dal Ben M, Vianello E, Goncharova I, Urbanova M, Vyroubalova K,

et al. The biological effects of bilirubin photoisomers. PLoS One 2016;11:

e0148126.

21. Kelly RS, Dahlin A, McGeachie MJ, Qiu W, Sordillo J, Wan ES, et al. Asthma me-

tabolomics and the potential for integrative omics in research and the clinic. Chest

2017;151:262-77.

22. DiNicolantonio JJ, McCarty MF, O’Keefe JH. Antioxidant bilirubin works in mul-

tiple ways to reduce risk for obesity and its health complications. Open Heart 2018;

5:e000914.

23. Lessig J, Fuchs B. HOCl-mediated glycerophosphocholine and glycerophosphoe-

thanolamine generation from plasmalogens in phospholipid mixtures. Lipids

2010;45:37-51.

24. Meister A, Anderson ME. Glutathione. Ann Rev Biochem 1983;52:711-60.

25. Horsfall LJ, Rait G, Walters K, Swallow DM, Pereira SP, Nazareth I, et al. Serum

bilirubin and risk of respiratory disease and death. JAMA 2011;305:691-7.

26. Leem AY, Kim HY, Kim YS, Park MS, Chang J, Jung JY. Association of serum

bilirubin level with lung function decline: a Korean community-based cohort study.

Respir Res 2018;19:99.

27. Aspberg S, Dahlquist G, Kahan T, Kallen B. Is neonatal phototherapy associated

with an increased risk for hospitalized childhood bronchial asthma? Pediatr Allergy

Immunol 2007;18:313-9.

28. Aspberg S, Dahlquist G, Kahan T, Kallen B. Confirmed association between

neonatal phototherapy or neonatal icterus and risk of childhood asthma. Pediatr Al-

lergy Immunol 2010;21:E733-9.

29. Huang LS, Bao YX, Xu ZL, Lei XP, Chen Y, Zhang YJ, et al. Neonatal bilirubin

levels and childhood asthma in the US Collaborative Perinatal Project, 1959-1965.

Am J Epidemiol 2013;178:1691-7.

30. Sun HL, Lue KH, Ku MS. Neonatal jaundice is a risk factor for childhood allergic

rhinitis: a retrospective cohort study. Am J Rhinol Allergy 2013;27:192-6.

31. Wei CC, Lin CL, Shen TC, Kao CH. Neonatal jaundice and risks of childhood

allergic diseases: a population-based cohort study. Pediatr Res 2015;78:223-30.

32. Taylor JA, Burgos AE, Flaherman V, Chung EK, Simpson EA, Goyal NK, et al.

Discrepancies between transcutaneous and serum bilirubin measurements. Pediat-

rics 2015;135:224-31.

33. Kuzniewicz MW, Niki H, Walsh EM, McCulloch CE, Newman TB. Hyperbilirubi-

nemia, phototherapy, and childhood asthma. Pediatrics 2018;142:e20180662.

34. Kim DE, Lee Y, Kim M, Lee S, Jon S, Lee SH. Bilirubin nanoparticles ameliorate

allergic lung inflammation in a mouse model of asthma. Biomaterials 2017;140:

37-44.

35. Jameel NM, Frey BM, Frey FJ, Gowda TV, Vishwanath BS. Inhibition of secretory

phospholipase A(2) enzyme by bilirubin: a new role as endogenous anti-

inflammatory molecule. Mol Cell Biochem 2005;276:219-25.

36. Joshi V, Umashankara M, Ramakrishnan C, Nanjaraj Urs AN, Suvilesh KN, Vel-

murugan D, et al. Dimethyl ester of bilirubin exhibits anti-inflammatory activity

through inhibition of secretory phospholipase A2, lipoxygenase and cyclooxyge-

nase. Arch Biochem Biophys 2016;598:28-39.

37. McDonagh AF, Palma LA, Lightner DA. Blue light and bilirubin excretion. Sci-

ence 1980;208:145-51.

38. Afonso PV, Janka-Junttila M, Lee YJ, McCann CP, Oliver CM, Aamer KA, et al.

LTB4 is a signal-relay molecule during neutrophil chemotaxis. Dev Cell 2012;22:

1079-91.

39. Migliorisi G, Folkes E, Pawlowski N, Cramer EB. In vitro studies of human mono-

cyte migration across endothelium in response to leukotriene B4 and f-Met-Leu-

Phe. Am J Pathol 1987;127:157-67.

40. Shea BS, Tager AM. Role of the lysophospholipid mediators lysophosphatidic

acid and sphingosine 1-phosphate in lung fibrosis. Proc Am Thorac Soc 2012;

9:102-10.

41. Aoki J, Inoue A, Okudaira S. Two pathways for lysophosphatidic acid production.

Biochim Biophys Acta 2008;1781:513-8.

42. Georas SN, Berdyshev E, Hubbard W, Gorshkova IA, Usatyuk PV, Saatian B, et al.

Lysophosphatidic acid is detectable in human bronchoalveolar lavage fluids at

baseline and increased after segmental allergen challenge. Clin Exp Allergy

2007;37:311-22.

43. Tager AM, LaCamera P, Shea BS, Campanella GS, Selman M, Zhao Z, et al. The

lysophosphatidic acid receptor LPA1 links pulmonary fibrosis to lung injury by

mediating fibroblast recruitment and vascular leak. Nat Med 2008;14:45-54.

44. Abdala-Valencia H, Earwood J, Bansal S, Jansen M, Babcock G, Garvy B, et al.

Nonhematopoietic NADPH oxidase regulation of lung eosinophilia and airway hy-

perresponsiveness in experimentally induced asthma. Am J Physiol Lung Cell Mol

Physiol 2007;292:L1111-25.

45. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species in

inflammation and tissue injury. Antioxid Redox Signal 2014;20:1126-67.

46. Itoh S, Kondo M, Imai T, Kusaka T, Isobe K, Onishi S. Relationships between

serum (ZZ)-bilirubin, its subfractions and biliverdin concentrations in infants at

1-month check-ups. Ann Clin Biochem 2001;38:323-8.

47. Bosma PJ, Seppen J, Goldhoorn B, Bakker C, Elferink RPJO, Chowdhury JR, et al.

Bilirubin Udp-glucuronosyltransferase-1 is the only relevant bilirubin glucuroni-

dating isoform in man. J Biol Chem 1994;269:17960-4.

48. Thunberg T, Ahlborg UG, Hakansson H, Krantz C, Monier M. Effect of 2,3,7,8-

tetrachlorodibenzo-p-dioxin on the hepatic storage of retinol in rats with different

dietary supplies of vitamin A (retinol). Arch Toxicol 1980;45:273-85.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

TURI ET AL 11

Downloaded for Anonymous User (n/a) at Henry Ford Hospital / Henry Ford Health System (CS North America) from ClinicalKey.com by Elsevier on February 23, 2021.
For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0091-6749(21)00002-6/sref3
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref3
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref3
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref4
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref4
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref4
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref5
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref5
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref6
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref6
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref6
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref7
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref7
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref7
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref7
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref8
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref8
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref8
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref9
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref9
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref9
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref10
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref10
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref11
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref11
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref11
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref12
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref12
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref12
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref12
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref13
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref13
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref13
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref13
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref14
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref14
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref15
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref15
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref15
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref16
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref16
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref17
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref17
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref17
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref17
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref18
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref18
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref18
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref19
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref19
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref19
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref20
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref20
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref20
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref21
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref21
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref21
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref22
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref22
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref22
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref23
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref23
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref23
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref24
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref25
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref25
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref26
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref26
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref26
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref27
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref27
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref27
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref28
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref28
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref28
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref29
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref29
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref29
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref30
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref30
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref31
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref31
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref32
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref32
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref32
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref33
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref33
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref34
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref34
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref34
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref35
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref35
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref35
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref36
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref36
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref36
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref36
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref37
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref37
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref38
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref38
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref38
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref39
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref39
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref39
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref40
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref40
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref40
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref41
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref41
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref42
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref42
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref42
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref42
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref43
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref43
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref43
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref44
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref44
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref44
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref44
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref45
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref45
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref46
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref46
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref46
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref47
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref47
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref47
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref48
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref48
http://refhub.elsevier.com/S0091-6749(21)00002-6/sref48

	Unconjugated bilirubin is associated with protection from early-life wheeze and childhood asthma
	Recommended Citation
	Authors

	Unconjugated bilirubin is associated with protection from early-life wheeze and childhood asthma
	Methods
	Study population and design
	Outcome ascertainment
	Untargeted metabolomics
	Identifying and replicating wheeze- and sensitization-associated metabolites
	Determining a metabolite’s correlation neighbors
	Cross-phenotype meta-analysis
	Leukotriene B4 mediation analysis

	Results
	Population characteristics and metabolite identification
	Identifying plasma metabolites associated with allergic sensitization
	Discovery analyses identifying plasma metabolites associated with wheeze
	Replication of the association between UCB and wheeze
	Metabolites correlated with plasma UCB identify potential mechanisms of action contributing to early-life wheeze

	Discussion
	Conclusions

	References


