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ABSTRACT

Background: Identifyingmetabolomigorofilesof children with asthméas the potential to
increaseunderstanding oasthmapathophysiology.

Objective:To identify differences iplasma metabolitdsetweerchildren withand without
currentasthmaat mid-childhood.

Methods: Weused untargeted mass spentetry tomeasurglasmametabolies in237 children
(46 currentasthmeasesand 191 controlgh Project Viva, airth cohort fromeastern
Massachusetts, USACurrentasthma was assessedradl-childhood (mean age 8.0 year3he
ability of a broad spectrum metabolic profitedistinguish between cases and costnas
assessed using partial least squares discriminant ansliisissed logisticegression models to
identify individualmetaboliteghat were differentially abundant by casmatrolstatus We tested

significant metabolitedor replication in 411 children from the VDAART clinical trial.

This article is protected by copyright. All rights reserved
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Results: There was no evidence of a systematic difference in the metabolome of children
reporting current asthmes. healthy controls according tanial least squares discriminant
analysis.However, several metabolites were associated with odds of current astama
nominally significant threshold (p<0.05), including a metabolite of nicotinathdeMethyl-2-
pyridone=5=carboxamid@dds Ratio (OR¥2.8 (95% CI 1.1 to 8.0)a pyrimidine metabolite
(5,6-dihydrothymine (OR=0.4 (95% CI 0.2 to 0.9iJe constituents (biliverdifOR=0.4

(95%CI 0.1 to 0.9), taurocholate (OR=2.0 (95% CI 1.2 to) 3w peptides likely derived fra
fibrinopeptide A (ORs from 1.6 to 1.7), and a gut microbionatabolite(p-cresol sulfate
OR=0.5 (95%"Cl 0.2 to 0.9)T.heassociatioafor N1-Methyl-2-pyridone-5-carboxamide and p-
cresol sulfate'replicatad the independent VDAART populatiGmnesidedp values=0.03-0.04).

Conclusionsand Clinical Relevance: Current athma isnominallyassociated witlaltered
levels ofseveraimetabolites, includingnetabolitesn the nicotinamide pathwaygnd abacterial

metabolitederived from the gut microbiome.

Key words: asthma, children, metabolomics, nicotinamide synthesisggnl sulfateBile
ConstituentsPyrimidine Metabolism, Endogenous steroids, Fibrinopeptides,

Glycerophesphelipid metabolism

Abbreviations:

BMI: body mass index

MS: massspectrometry

PLSDA: partial least square discriminant analysis

INTRODUCTION

Asthma is the most common chronic illnesdJis. children, and results in substantial morbidity
as well as health care coststh over $50 billion dollars spent annuall§] Asthma
exacerbations are the most common heathted cause of lost school daykrendering asthma
a considerable public health burden. Asthma is a heritable disease with botinmevital and
genetic components.[2,3] A number of molecular determinants have been idéntified
asthmg4] yet much remains unknown about how thesaecularvariants impact the disease.
Metabolomics, the systematic analysis of all metabalitesbiological systegincluding

carbohydrates, peptides, amino acids, organic acids, nucleotides and lipesehgsd as a
This article is protected by copyright. All rights reserved
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107  powerful toolto identify new biomarkers for several diseasesl may help identify novel

108  pathways associated witlomplexdisease Metabolitefluctuationsmay be more accurate

109 disease markers thamanscriptional, translational or pesanslational changeas they represent
110  an integratecpbathophysiologic profiléhat capturegenetic and environmental interactions

111  Changes'in"metabolite profiles associated with chronic diseaseistepidemiological studies
112 may highlight important metabolites or metabolic pathways to interrogate in bothoind in

113 vivo studies of underlying pathophysiological mechanisms.

114  Investigators havsuccessfully identified metaboliomarkerdor Type 2 Dabetes,

115  Alzheimer’s disease, and cardiovascular dis¢as leading to theliscovery of novel disease
116  pathwaydor these conditionsExisting asthma metabolomic stud®24] have reported

117  promising findings, identifying biologically plaible metabolites related to tricarboxylic acid
118  (TCA) metabolism, hypermethylation, phospholipid regulation, hypoxic and oxidatBeEs,

119 immune reaction and inflammatidinat have been associated with astlamad asthma severity
120  Neverthelessthe studies to date are limited by diagnostic heterogeneity, sample size, and
121 number of metabolites, amdost findirgs are yet to be replicated in independent populatAss.
122 such the use of metabolomics in asthma studies remiaitie early stagesith much

123 knowledge te:be gained.

124  Thegoal of this studys to identify differences in metabolomic profilies children with and
125  without a eurrent diagnosis of asthma, using an untargeted metabgplaifiling approachWe
126  sought to determine whethehildren with current asthma have altered metabolic profiles as
127  compared to controls without current asthma. Our goals tod€lg determine the abtly of a

128  broad spectrum metabolic profiledescriminate between current asthozses vs. controlR)
129 identify'specificindividual metabolites associated witinrentasthmaand (3) validatéhese

130 findings using an independent population.
131 METHODSAND MATERIALS
132 Study Population

133 Discovery Population
134  Project Vivais an ongoing longitudinal prieirth cohort study of children recruited froftrius
135 Harvard Vanguard Medical Associates, a multispecialty group practice in eastern Massachusetts

136  The purpose of Project Viva is to study #feectof environmental exposures amaternal and

This article is protected by copyright. All rights reserved
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child health Details of the study design and recruitment have been previously reportéthg25]
Institutional Review Board of Harvard Pilgrim Health Care approved the study pistoall
mothers participating in the study provided written informed coresahthe children provided
verbal assen total of 1,116 mother-child pairs (with children aged®yearspattended an in-
person mid=childhood studysit and 648 assenting children provided fasting blood samples.
Metabolomic assays were originalperformed for a study of childhood obesity and
metabolomics in Project Vivi@6] Given funding limitations, we selected 300 childfen
analysis, deliberately oversampling for maternal @mttl for obesity. Subjects were

oversampled for obesity as the original analysis was focused on studying obesity.[27]

After further exclusion of 38 children with inadequate plasma volume for tladohanic
assays, 262 children had metabolomic data. Of 262, we excluded from this analydidrea chi
with past asthma diagnosis, and 4 with inadequate information on current asthma. Timas the f

analytic sample included 237.

We assessed current asthma during theahildihood visit (mean age 8.0 years). We defined
current asthma in midhildhood agnaternal report oéver diagnosed with asthma by a
healthcaresproefessional (assessed on thectiidhood questionnaire) plus ledr taking asthma
medications in‘the past 12 months or wheezing symptoms the past 12 mohiksnalysis
included46°cases with current asthma, andct®drols who hadever reported a past asthma
diagnosis andwho did not report wheezing use of athma medications the past 12 months.
We alsocollected informatiorirom in-personinterviews and questionnaires maternaage at
enrollimentmaternal educatiofa marker of soci@conomic statusymoking during pregnagic
and child ages.sex, amdce/ethnicity. Information on asthma medication use and asthma
severity.was.also collected fromperson interviews and questionnairddeight and weight
datacollected at the midhildhood visit were used to compute BMéeeres based on CDC
2000 ageand sexspecific reference dafd8] Allergen sensitization was defined as any specific
IgE level of 0.35 IU/mL or greater to common indoor allerg®e ifiatophagoides farinae, cat,
dog, and.cockroach), mold allergeAs$térnaria or Aspergillus species), food allergens (egg
white, milk, and soy bean), outdoor allergens (rye grass and ragweed).

Plasma ratabolomic profiling for Project Viva was performed at MetabBYoior 262
children based on availability of archived biospecimena fegparate study afetabolomics and
obesity statuf27] Untargeted metabolomic profiling was performed using nplétiformmass

spectrometry (MS)detailed desptions of sample preparation antetabolite identification
This article is protected by copyright. All rights reserved
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procedures have been previously publisfseg Supportingnformation for additional details).

[29]. Samples were prepared using the automated MicroLab STAR® system from Hamilton
Company for both Project Viva and VDAARSeveral recovery standards were added prior to
the first step in the extraction process for QC purpo$és. resulting extract wadivided into

four fractigns:one for analysis by UPLC/MS/MS (positive mode), one for UPLBAAS

(negative iImode), one for GC/MS, and one for backup. Samples were placed briefly on a
TurboVap® (Zymark) to remove the organic solvent. Each sample was then frozen and dried
under vacuum. Samples were then prepared for the appropriate instrument, asddesiovbe

Briefly, the analysis was performed using three platforms: UPLC/MS/MS (positive
mode), URPLC/MS/MS (negative mode), and GC/MS, with pooled samples included throughout
the analytical run for quality control purposes. Raw data was extractedideasked and
guality-control processed using Metabolon Inc.® hardware and software gBantitative
concentrations (expressed in arbitrary units) of 345 known biochemicals were @btaine
Metabolites were identified by comparison to library entries of purifiettiaras or recurrent
unknown entities. We included both endogenous and exogenous metabolites in our analyses.
Missing values‘were imputed with half of the minimum value for that compound. Mégaboli
intensities'weréog transformed to normalize them guai eto-scaled to reduce the variation in
fold-change differences between the featuBe® supplement foulf details of the metabolomic

profiling procedures.
Replication Population

For replicatien‘of our findings in Project Viva, we used plasma samples of childreroborn t
mothers enrolled in théitamin D Antenatal Asthma Reduction TriMDAART) clinical trial; a
two arm, double-blind, placebo controlled, randomized, clinicaldfigitamin D, to determine
whether higher.vitamin D intake and levels in the pregnant mother will prevent aamtldma
allergy in childhood. [30] Pregnant women (who had or whose partner had allergies/asthma)
were randemize(h=881) during the first trimester of pregnancy {18 weeks) to one d#o
treatment arms of @inical trial: 4000 1U Vitamin D + prenatal vitamins or 400 IU Vitamin D +
preratal vitamins. Of th&10 live births, 41Dbf had nonfastingplasma samples available at age
three years for metabolomics analydi8§asthma case803controls). Metabolomic profiling

for VDAART was performed at Metabol8% , using a platform similar to the onélized for

Project Viva (see supplement for detailgye usedphysician’s diagnosis of asthma to define

This article is protected by copyright. All rights reserved
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cases in VDAARTat age three follovup.[31] Parental report of physician's diagnosis of asthma
was taken directly from the offspring questionnaires.
Statistical Analysis

Analyses were conducted in R.[R2ifferencesn maternal and child demographic
characteristiebetween cases and controls were assassadg the t-test for continuowsriables
and thechi-square for categorical variables.

Partial Least Squares Discriminant analysis

Metabolite features were analyzed as measuretMB(peak areas, which are proportional to
feature concentratioand can be compared for any given metabolite (relative quantitation).
Partial least’'squares discriminant analysis (14 was conducted using MetaboAnalyst v.2.5

(http://www.metaboanalyst.g@33] to determine the combined ability of the 345 identified

metabolites to discriminate asthma cases from controls.DA Rlentifies latent factors, or
components, that best describe the relationships between the metabolleebesipredicting
asthma status:A sewold internal crossvalidation procedure was implemented to guard
against modelover-fitting, antlé overdlsignificance of the model’s discriminatory ability was
evaluatedwusing permutation testing; specifying ‘prediction accuracy duringntyaamd 2000

permutations.
Individual Metabolite Analysis

We also conducteldgistic regression on individual metabolites, to determine their relationship
to asthma'case status. Models were adjusted for maternal age, maternal education, smoking
during pregnancy, child’s sex, adgll z-scoreand race/ethnicity. Associations were expressed

as odds ratios (95%Cipr current asthma per unit increase in metaholite
Replication of significant findings

For replicatiopmetabolies ggnificantly associated with asthnmaProject Vivawere tested in
an independent cohort ohildrenfrom theVDAART clinical trial. We performed logistic
regression analysis to determine if these metabolites were associated with dstgnosist
age 3years Analyses weradjusted for child’s age, seBRMI, maternal education levahd

race/ethnicity.We report one-sided p values for the replication analysis.

RESULTS
This article is protected by copyright. All rights reserved
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Discovery Population

Characteristicef the discovery population are presentedable | Of the 7 childrenin

Project Viva 52.3%6 were female and314% hada mother-reported a diagnosis of current
asthmaThis populationalsoincluded 84 obese (32.1%), 28 overweight (10.7%), and 150 normal
weight (57:3%) childrenThe mean(+/- SD) age was & (+/- 0.9)years The majority of

children with current asthma were also sensitized to allergg@egenty two percent had a

positive specific IgE test(0.35 TU/ml) to at least one of the specific indoor, outdoor or food

allergens tested. In contrag% of control subjects were sensitized to allergdiere were
alsonotable'differences between children with withoutcurrentasthma with respect to

maternal age"(30.3 vs. 32.5 years, p=0.02) and education (37.8% vs. 63.9% college graduates,
p=0.003 andchild age (8.4 vs. 7.9 years, p=0.0@céethnicity (261% vs. 64.4% white,
p=<0.000L)-and BMI z-scores (1.45 v. 0.66, p<0.000hgre were no differences between
children withwsiwithout currentasthma with respect to chiklsexor maternalpregnancy

smoking status.

We alsoreollected information on asthma medication use and asthma severity in children with
current asthmaThe vast majority (80%) of current asthmatics were taking inhaled
corticostereids. In general, most current asthmati€soject Viva showed mild to moderate
disease.severity. None of the current asthmatics were hospitalized in the past year for asthma
Most children with current asthma did not require emergency treatment for astimptoms in
the past year (72%), although 17% reported one emergency room visit for asthma, 9% reported
visiting thesemergency room2times in the past year, with 2% reporting 3 or more visis
little over half-of the hildren (57%)with current asthma occasionally missed school because of
asthma symptoms; 20% report one missed school day, 26% report 2-3 missed school days, and

11% report more than 3 missed school days over a one year time period.

In VDAART, cases of current dsha were generally mild. Only 38% of children received any
medication for wheezing, wheezy bronchitr asthma since their last follayp. Seventeen
percent'of current asthmatics report seeing a doctor because of wheezing, asthma, wheezing or
asthmatidororchitis since their last followp.

Replication Population
Of the411 childrenwith availablemetabolomics date theVDAART population, 219 (53%)
were male, and08 (2P6) developed asthma by atieee VDAART participants were of

This article is protected by copyright. All rights reserved
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260 diverse race/ethnioackgrounds, and were ¥8African American33% white and 1% other

261 race. Of the children with current asthma in VDAART, 58% were sensitized to at least one of
262  the indoor, outdoor or food allergens tested, while approximately4&6) of the control

263  subjects were sensitized to allergens.

264  Partial Least"Squares Discriminant analysis

265 There was no evidence in these analylsasa specific profile signature derived from 845

266 identified metabolitediffered between asthma cases and conind®oject Viva(Supplemental
267  Figure 1) After severfold internal cross-validation accuracy was 0.8, but thari G were

268  only 0.25 and"0.05 respectively for the first component, indicating that the model was not robust
269  This was confirmed by the permutation testing (permuted p=0.134).

270  Individual Metabolite Analysis

271 Of all of thesmetabolites testéa Project Vivafor associations with current asthma case status
272 none weresstatistically significant after adjustment for multiple comparisons. Howaver,

273  metabolites were nominally significant at the p<0.05 |¢Vable I11). A one unit increase iN1-
274  Methyl-2-pyridone-5-carboxamig@ metabolite in the nicotinéde pathwaywas associated

275  with an increased odd of asthma (OR=2.79, 95% CIl 1.10 to 7.97). The relationship between
276  N1-Methyl-2-pyridone-5earboxamide and asthma case status was repliCedabte 1) in the

277  VDAART cohort(OR=1.27, p=0.04 (onsided p valug) The pyrimidine metabolite 5,6-

278  dihydrothyminewas associated with reduced odds of astf@=0.44, 95% CI 0.21 to 0.86n

279  Project Viva (Table II), but showed the opposite direction of effect in VDAARADle 111).

280  Metabolomicrofiling also uncovered two peptidd3SGEGDFXAEGGGVRard

281 ADSGEGDFXAEGGGVR associated with current asthmaProject Viva An NCBI protein

282  Dblast searchsrevealed fibrinopeptide A as the top hit (highest maximum afigsoore and

283 lowest Ewvaluejor these peptidesBile constituentsaurocholate and biliverdiwerealso

284  related to"asthma case status. Taurochadtéde salt involved in fat emulsificatipwas

285  associated witleurrentasthma (OR2.03, 95% CI 1.22 to 3.42), while biliverdin, a bile pigment
286  and product of heme catabolism was associated with decreased odd®fasthma (OR=0.35
287 95% CI'0.14 to 0.87) P-cresol sulfate, a bacterial metabolite originating from the gut

288  microbiome, was linked to decreased odds ofecuasthma (OR6.47, 95% CI 0.23 to 0.94).

289  This association was replicated in the VDAART study (Table I@ther metabolites

290 demonstrating lower levels amongst asthmatic casemoject Vivawere cortisonéa naturally

291  occurring glucocorticoid), tryptophan betaifiom dietary intake ofegumes)and 1-

292  docosapentaenoylglycepitosphocholine (22:5a lysophosphospholipid formed by hydrolysis
This article is protected by copyright. All rights reserved



293
294
295

296
297
298
299
300

301
302
303
304
305
306
307
308
309
310

311
312
313
314
315
316
317
318
319
320
321
322

Kelly RS, Sordillo JE et al, page 11

of phosphatidylcholine by phospholipase AZpectra for the two metabolites associated with
current asthmin both the discovery and replication coh@ti-Methyl-2-pyridone-5-

carboxamide and p-cresol sulfate) are shown in supplemental figures E2 and E3.

Based on prior reports, we looked to sg#aéma cortisone was lower in current asthmatics
on ICSas cempared to untreated current asthmati€soject Viva. We did not see an
association,between ICS use and lower cortisone levels in current asthma cases (p*€s9 for t
comparisons). However, the very high ICS treatmessriat current asthmas (8®6) meant

that a comparison with untreated current asthmatics was likely underpowered.

DISCUSSION

We identifiedmetabolitesassociated with asthnigy profiling the plasma metabolome in
childrenfrem:we longitudinal birth cohort studietn Project Viva,current athma was
associated-with alterations imetabolites fronthe nicotinamide pathway, pyrimidine
metabolism, fibrinogemssociated peptiddsile metabolitesandp-cresolsulfate a microbial
metabolite derived from the gut microbiom@ortisone, a metaboliiaversely associatedith
ICS usd44] was decreased in current asthmatitee asociatiorbetween asthma case status
andtwoefithetepmetabolitegthe bacterial metabolitp-cresol sulfatdrom the gut
microbiome and a nicotinoamide pathway metabglikerereplicated ina second cohort, the
VDAART clinical trial.

Our study shows a new potential link between higghesls of plasma-gresol sulfate and
decreased«odds of asthma. This association was replicated in an independent eolest! P
sulfate is a'microbial metabolite that may reflect gut microbiome compofBddpnGut
microbes have long been hypothesized to interact with the immune system in ways/taléma
risk of allergies,and asthma, and a number of publications now show compositional differences
in the gut microbiome when allergic disease risk factors or allergic disease phenotypes are
present[31-34]/1t has been hypothesized thatrpsol sulfate may indicate a gut microbiome
enterotype.dominated [Bacteroides,[34] a genera containing multgtaxa includings.

Fragilis, a species with strong experimental evidence for restoring Th1/Th2 imbalance.[35]
While our observed association betweetr@sol sulfate and asthma statusisguing, further
research is required to uncover the conoeadbetween the gut microbiome, the circulating

metabolome, antheir combined relationship to asthma.

This article is protected by copyright. All rights reserved
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323 We observed higher levels of the nicotinamide pathway metabidhtdethyl-2-pyridone-5-
324 carboxamide in asthmatic subjects vs. controls in Project Viva, and our findings in RRDAA
325 were showed a similar relationshifphe nicotinate andicotinamide metabolipathwayhas

326  been linked to asthnmzhenotypes ibothin vitro and populationbasedstudies. One in vitro

327  study of*human airway smooth muscle demonstrated that cells from asthmatic danors ha
328 increased expression BADPH (Nicotinamide Adenine Diphosphat@xidase, which promoted
329 oxidative stress and smooth musoéd contractility.[36] Other in vitro findings show

330 increasedNADPH oxidase expressionn neutrophilic asthma, with a concomitant decrease in
331 ciliary funetion“ef thebronchial epitheliunjf37] These in vitro moels provide a biological basis
332 for our observed association between plasma nicotinamédabolites and current asthma

333  While oneotherprevious epidemiological study reported alterations in nicotinamide pathway
334 metabolitestficotinamidewas increaseth asthmatic subjects vs. contrplthe sample size was

335 small (30 subjects total) and there were no attempts at replicafi2s.

336 Metabolomic profileof asthmaticsn our study alsot®wed increased levels of two similar

337 peptides likelyderived from fibrinopeptide PEGEGDFXAEGGGVR and

338 ADSGEGDFXAEGGGVR. Fibrinopeptide As ashort amino acid sequence located within the
339 alpha chain.of soluble fibrinogen. Fibrinogen may play a role in asthma pathogenesis by
340 enhancingrinflammatory responskluang and colleagues reported a correlation between

341 increased plasma fibrinogen andueed lung function. These investigators also found that
342  obese subjects, including those with asthma, tend to have higher circulating fibrienaglen |

343 [39] Fibrinogencleavage products act &sR4 ligands, enhancing innate immune response.
344  [40] For instancCe, fibrinogedeavage productsanbind Toll like receptor 4 TLR4), priming

345 innate immune and auay epithelial cell responge IL-13, with downstreartriggeringof

346  airway inflammatior{41]

347 Two of themetabolites with altered levels in current asthmatics, taurocholate and biliverdin,
348 are bile constituents. Taurocholate, a conjugate of taurine and cholic aciénsiksifier of

349 fats. Camhair and investigators previously reported increased plasroaholate in asthatics,

350 and we replicate that finding here in a much larger cohort.[38] Yu and colleaguespsig

351 altered levels of taocholate in a mouse model of OVA-induced asthma[42]; however, in this
352  experimental study mice with the asthma phenotype had lower, as opposed tdénrglseof

353 circulating taurocholate.Other experimental data suggest that activity of hemoxygenase-1, the

354  enzyme that producdsliverdin from heme may reduce mucous secretion in the airways. In an
This article is protected by copyright. All rights reserved
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in vitro study of normal human bronchial epithelial cells, over-expression of hemenasgije
was associated with reduced 1B induced goblet cell hypaasia and decreas&tiJCA5
secretiorf43] Thelower levels of circulating biliverdim asthma cases may reflect reduced
activity of heme oxygenasewhich could potentially contribute to increased wug production

in the airmays*(a common feature of asthma)

Consistent with the findings of Reinke et al[A4¢ also observed decreased plasma cortisone
levels in'subjects wh current asthma. This finding is consistent with well-known effects of ICS
(inhaled corticosteroid) use, whichusesuppressionf the hypothalamigituitary axis, leading
to lower production of endogenous steroids like cortisone.[#b¢ decreased plasma cortisone
levels in asthmatics vs. controls is most likely a simple reflection of ICS use, and not an indicator
of asthma pathophysiologysince the majority of asthmas were treated with ICS, we could
not disentangle the effects of ICS use from those associated with current asthma status in our
analysis.

Lastly, our.observation that pyrimidine metabolism may be altered in dsthre controls
may havegrelevare for asthma pathophysiology. A large metabolomics study in a cohort of
childhood asthmaticdemonstrated associations betwpgrimidine metabolites and e
phenotypiesaspects of asthma (methacholine responsiveness, pre bronchodilafé\EERtio
and postsbronchodilator FEV1/FVC ratio).[46lowever the mechanistic connection between
pyrimidine metabolism and physiological processes influencing asthma remaerunc
Findings for.our discovery population and replication cohort demonstrated opposite direttions
effectfor the 5;6dihydorthymine metabolitean inconsistency that makes the associations
difficult to interpret.

It is interesting to note that o®LS DA analysisdid not identify any global metabolite
profile differences byasthma statusyhereas analysis ofidividual metabolites did yield a
number of.bielegically plausible association®ne interpretation of this finding is thasthma
case status.is.associateith perturbations of few individual metabolites, rather than latent
variables.describing global pathway alterations (shifts in multiple correlated metabdites).
alternate explanation is that, even with hundreds of named metabolites in our analgsls
didn’t havea broad enough coverage of underlying correlated metabolitéb@indssociat
pathways to detegflobal metabolome shifesssociated with asthma case status. Instead, we
may have identified individual, surrogate metabolite markers of more global yathwa
perturbationsthrough our logistic regression analys@s metabolite identifications continue to
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387 expand, PLS-DA may be a more effective tool in identifying global shifts in thebwleime of

388 complex diseases.

389 Our sty has several strengths. Finsis one of thdargest plasma metabolomic studies

390 comparingasthma cases to control subjeictslate. Secondye limited potential sources of bias
391 by controlling*for confounders, includingce,BMI and maternal educational levédlhird, we

392  were able(to replicatiwvo of our top metabolites in an independent cohDespite the strengths
393  of our studya few caveats deserve menti®irst,utilizing maternal report of doctor diagnosis
394  of asthma, rather than dirgatysician report of asthma diagnosis may have been potential

395 source of pias‘in health outcome assessm®atond, while our study is large compared to other
396 metabolomies’studies, our sample size may have been too sidelhtify associations that were
397  atistically significant afteaccounting for multiple comparisons. An additional limitation was
398 that he phenotypes available for our discovery and replication cohertsdifferen. For

399  Project Vivaseurrentasthma status was assessed inchittthood whereas VDAART subjects

400 were assessat age 3, when a definitiasthmadiagnosis is oftedifficult. Also, the

401 racial/ethnicand.socioeconomic status distributions (while accounted for in our analyses) and
402  different geographic locatiorier the primary and replication populations, may have given rise to
403  very different-exposure profiles (including diet) that could not be adjusted for imalkyses.

404  Plasma samples in Project Viva were fasting, whereas in the replication population plasma
405 samples'were nefasting. (The use of nofasting samples in VDAARTay have had a

406  particular influence on our ability to detect an association betageant asthma status atik

407  dietary metabolite tryptophan betajiferecent food intake increased teriability of this

408 metabolite.) The study designs for Project Viva and VDAART were also different; Project Viva
409 is an observational epidemiology study based on an unselected population, while VDAART is a
410 clinical trahoefjprenatal vitamin D supplementatiand asthma outcomes in children with a

411  parental*history of allergies or asthnmEhese discrepanci@sthe two cohorts may have

412  decreasedur potential for replication; however, our ability to replicate two metabolites in spite
413  of these differences suggests that our replicated associations are héiagiolite identification
414  in the two populations was not identical, which meant that we did not have the opporttesty to
415  for replication of the phospholipid 1-docosapentaenoylglycero-phosphocholine (22:5) and
416  fibrinogen peptide findingss these were not among the named metabolitas ireplication

417  study. It should also be noted that while mahthe metabolites associated with asthma in our
418  primary cohort are biologically plausible and supedrby experimental data in the literature,

419  none were statistically significant after adjustment for multiple comparisons.
‘T'his article is protected by copyright. All rights reserved
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In summaryour findings suggest that current asthma is assoquetedrbations in pathways
including metabolism of nicotinamide and pyrimidines, produabidnile salts heme catabolism
andmetabolites generated via the gut microbiorAsthmaticsn our cohortencedto have
lower levels of endogenous cortisone, which is likely an effect of inhaled coeticiastise.
Identifying @*metabolomiprofile characteristic of children with asthma has the potential to
uncover novel candidate pathways in asthma pathophysiology. In the long term, asthma
metabolomics research maentify biomarkers thatprove the efficacyf therapeutic
regimendor children with asthman turn decreasing the severity of asthma suffering and
healthcare'costs in the U.S. and globally.
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Table I. Demographics of Discovery Population, Project Viva (N = 237)

Total Current asthma at michildhood
Yes No
N=237 N=46 (19.4%) N=191 (80.6%) P-value

N (%) or mean (SD)

Mother

Age at enrollment, years 32.1(5.8) 30.3(5.8) 32.5(5.8) 0.02
Smoking status, % 0.15

. Never 151 (63.7) 30 (65.2) 121 (63.4)

. Former smoker (hefore pregnanc 51 (21.5) 6 (13.0) 45 (23.6)

. Current smoker.(during pregnanc 35 (14.8) 10 (21.7) 25 (13.1)

Education status, % 0.002

. Not collegergraduate 97 (41.1) 28 (62.2) 69 (36.1)

. College graduate 139 (58.9) 17 (37.8) 122 (63.9)

Child

Sex: Female, % 124 (52.3) 28 (60.9) 96 (50.3) 0.25
Age at midchildheed visit, years 8.0 (0.9) 8.4 (1.2) 7.9 (0.7) 0.02
Child race/ethnicity, % <0.0001
. Black 56 (23.6) 23 (50.0) 33 (17.3)

. White 135 (57.0) 12 (26.1) 123 (64.4)

. Other 46 (19.4) 11 (23.9) 35 (18.3)

BMI z-score at miechildhood 0.81(1.15) 1.45(1.14) 0.66 (1.10) <0.0001
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Allergen Sensitization

114 (53) 28 (72) 86 (49)

Kelly RS, Sordillo JE et al, page 17

0.009

*Allergen sensitization numbers reflect some missing;d2taé subjects out of 237 had allergen sensitization testing

Table 1. Metabglites associated wi@urrent Asthman Project Viva

Pathway/Grouping

Metabolite

OddsRatio (95% CI) for
Current Asthma*

Nicotinate and Nicotinamide
Metabolism
Bile Constituents

Pyrimidine Metabelism
Microbial Metabolite
(Putative) Fibrinopeptide A

N1-Methyl-2-pyridone-5-carboxamide

Taurocholate
Biliverdin
5,6-dihydrothymine
P-cresol sulfate

DSGEGDFXAEGGGVR*
ADSGEGDFXAEGGGVR*

This article is protected by copyright. All rights reserved

2.79 (1.10t0 7.97)

2.03 (1.22 t0 3.42)
0.35 (0.14 to 0.87)

0.44 (0.21 to 0.86)
0.47 (0.23 t0 0.94)
1.57 (1.02 to 2.42)

1.68 (1.04 t0 2.73)
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Dietary Metabolites Tryptophan Betaine 0.47 (0.28t0 0.77)
Endogenous steroids Cortisone 0.20 (0.06 to 0.59)
Glycerophospholipidimetabolism 1-docosapentaenoylglycerophosphochol

ycerophospholtp 025 P YIgyCerophosp 0.44 (0.22 t0 0.88)

*Odds ratios arora 1 unit increase in metabolite level; all odds ratiosdjested fomaternal age, maternal education,

smoking in pregnancyhild’s BMI z-score race/ethnicityageandsex Odds ratios with p <0.05 in bold

Table Ill. Replication of SignificanMetabolites associated with Current Asthma in VDAARGpulation.

Pathway/Gr ouping Metabolite OddsRatio (95% CI) P value (one sided) for Replicatiol
for Asthma*
Nicotinate and Nicotinamide
ey N1-Methyl-2-pyridone-5-carboxamide 1.27 (0.97 to 1.66) 0.04
Bile Constituents Taurocholate 1.03 (0.89 to 1.20) 0.35
Biliverdin 1.08 (0.90 to 1.31) 0.20
Microbial Metabolite P-cresol sulfate 0.83 (0.69 to 1.00) 0.03
Pyrimidine Metabelism 5,6-dihydrothymine 1.56 (1.00 to 2.40) 0.02
Dietary Metabélite Tryptophan Betaine 1.01 (0.92 to 1.12) 0.38
Endogenous steroids Cortisone 1.30 (0.97 to 1.75) 0.04

This article is protected by copyright. All rights reserved



Kelly RS, Sordillo JE et al, page 19

*Models adjusted for maternal age, maternal education, clididls race/ethnicityage and sex
Odds ratiahat replicates in the same direction of effect ywii®.05is in bold
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