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Metabolomics and Genomics in Extremely 
Premature Infants: Insights into Metabolic 

Dysregulation and Ancestry-Linked Genetic 
Variation 

Thaybeth I. Malavé-Méndez 

Abstract 

Extremely premature infants exhibit substantial biological heterogeneity that contributes 

to differences in neonatal outcomes, including bronchopulmonary dysplasia (BPD), one of the 

most common complications among this population. However, the biological processes 

underlying this heterogeneity remain incompletely understood. While omics approaches provide 

powerful tools for investigating these processes, their application in extremely premature infants 

remains limited. This dissertation used metabolomic and genomic approaches to investigate the 

urinary metabolome of extremely premature infants at high risk of developing BPD by identifying 

metabolic pathways associated with BPD and determining how genetic variation captured by 

genomic ancestry contributes to variation in metabolite levels. Metabolome-wide association 

analyses during the second and fourth weeks of life identified suggestive metabolite associations 

with BPD that were enriched for metabolic pathways involved primarily in amino acid and fatty 

acid metabolism. These patterns of metabolic dysregulation varied across time points and feeding 

modality (parenteral vs enteral nutrition), with most BPD-differential metabolites being at lower 

urinary levels during the fourth week of life in infants who develop BPD, particularly among those 

receiving parenteral nutrition. Beyond BPD-associated metabolic dysregulation, genomic 

analyses demonstrated that ancestry-linked genetic variation contributes to variation in the urinary 

metabolome of extremely premature infants. African genomic ancestry proportions were 
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associated with histidine metabolites and enrichment of the nucleotide metabolism pathway. 

Several metabolites showed nominal associations in both the BPD and genomic ancestry 

analyses, highlighting the potential contribution of ancestry-linked genetic variation to variability 

in clinically relevant metabolites. This dissertation demonstrates that the urinary metabolome of 

extremely premature infants is shaped by both BPD-associated metabolic dysregulation and 

ancestry-linked genetic variation, highlighting the value of integrating metabolomics and 

genomics to understand biological heterogeneity in this vulnerable population.  
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Chapter 1: Introduction 

Definition of Bronchopulmonary Dysplasia 

Bronchopulmonary dysplasia (BPD) is the most common consequence of preterm birth, 

with its incidence and severity increasing as gestational age and birth weight decrease, 

particularly among extremely premature infants (<29 weeks gestational age).1,2 Its definition has 

been revised over time, reflecting the heterogeneity of clinical manifestations and the limited 

understanding of its pathogenesis and pathophysiology. Although this complex respiratory 

disease of prematurity was first described in the late 1960s as a form of chronic lung disease in 

survivors of severe respiratory distress syndrome, now referred to as the “old BPD,” it has since 

been redefined, with the newer form called the “new BPD”.3,4 While the “old BPD” was described 

as a ventilator- and oxygen-induced lung injury, the “new BPD” is characterized by disruption to 

alveolarization, leading to persistent abnormalities in gas exchange, airway function, respiratory 

mechanics, and lung volumes.4,5 Although multiple definitions for diagnosis have been proposed 

for this most recent characterization of the disease, they mostly rely on the physiological need for 

respiratory support or oxygen supplementation during the first weeks of life, with the assessment 

of any source of respiratory support or oxygen supplementation beyond 36 weeks post-menstrual 

age (PMA, typically 8-13 weeks after birth) being the most common approach to define the 

disease.6–8 To date, there is no universal consensus on a BPD definition, yet one thing remains 

consistent across all: BPD is a complex chronic lung disease of prematurity, resulting from lung 

immaturity, with lasting implications for respiratory health throughout life. 

Epidemiology of Bronchopulmonary Dysplasia 

BPD is the most common and consequential complication among extremely premature 

infants. Despite advancements in life-support technologies and neonatal care, the global 

incidence of BPD has remained largely unchanged over recent decades, with reports that BPD 
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develops in 10% to 89% of extremely premature infants (10-73% in Europe, 18-89% in North 

America, 18-82% in Asia, and 30-62% in Oceania) based on studies published through 2017.9 

Differences in disease incidence are likely due to population differences, and/or differences in 

clinical practice, diagnostic criteria, and/or disease definition. More recent country-specific studies 

confirm that this trend has persisted over the last decade. In the United States, mortality among 

infants born at 24 to 28 weeks of gestation decreased from 18.1% to 12.4% between 1997 and 

2021, while chronic lung disease increased from 33.4% to 43.3%.10 In Spain, among infants born 

before 32 weeks of gestation across three epochs from 2008 to 2022, moderate-to-severe BPD 

incidence increased from 15.9% to 28.5% while mortality decreased from 13.9% to 8.2%.11 

Similarly, in Australia, mortality among infants born at 24 to 28 weeks of gestation decreased from 

17% to 6% between 2010 and 2020, while chronic lung disease incidence increased.12 In Korea, 

among infants born at 23 to 27 weeks of gestation between 2014 and 2021, BPD incidence 

increased from 51.2% to 62.7% as mortality decreased from 28.3% to 19.5%.13 These trends 

likely reflect improved survival of extremely premature infants who remain at high risk for 

developing BPD.  

This survival has been largely driven by advances in perinatal and neonatal intensive care, 

including antenatal corticosteroids, surfactant therapy, improved respiratory support (e.g., use of 

continuous positive airway pressure), and optimized nutritional management, which have 

substantially increased the survival of these vulnerable infants.14–17 Although these advances 

have improved overall survival in this population, BPD remains a major complication of extreme 

prematurity, as preventive strategies remain limited to the aforementioned interventions aimed at 

promoting lung maturation and facilitating discontinuation of respiratory support, and no disease-

modifying treatments exist once BPD develops. 
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Clinical and Biological Risk Factors 

The development of BPD is influenced by a continuum of risk factors that begin before 

conception and continue within the first few weeks of life. Although there is a range of antenatal 

and postnatal exposures that increase disease risk, prematurity is a prerequisite to BPD 

development, with extreme prematurity heightening risk, because of the structural and functional 

immaturity of the developing lung. However, not all premature infants will develop BPD, since 

factors beyond prematurity contribute to disease susceptibility. 

Inherently, conditions that lead to premature birth increase the risk of infants developing 

BPD, yet specific antenatal factors have been linked to an increased risk of BPD development.18 

Clinical chorioamnionitis, premature rupture of membranes, fetal growth restriction, and 

hypertensive disorder of pregnancy have all been associated with increased risk of BPD 

development.18,19 Meanwhile, intrapartum characteristics such as gestational age, birth weight, 

and male sex also contribute to disease susceptibility.18,19 Among these, birth weight and 

gestational age are the strongest predictors of BPD risk, with decreasing gestational age and birth 

weight associated with increasing disease incidence. Several postnatal clinical factors have also 

been identified with increased risk of BPD, such as patent ductus arteriosus, respiratory distress 

syndrome, sepsis, blood transfusion, and extended duration of mechanical ventilation or oxygen 

supplementation.19,20 However, the causal contribution of some of these factors remains debated, 

as they may also reflect the severity of underlying illness, population differences, and/or 

differences in clinical care. Hence, BPD risk is shaped, in part, by a combination of antenatal 

exposures, perinatal characteristics, and postnatal clinical factors, as well as genetic factors, 

highlighting the multifactorial nature of disease development. 
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Social and Environmental Exposures 

Apart from the clinical and biological risk factors that place extremely premature infants at 

high risk of developing BPD, social and environmental exposures that may correlate with 

race/ethnicity have also been associated with increased disease susceptibility and severity. 

Although Black/African American (B/AA) infants have a significantly lower incidence of BPD 

compared to non-Hispanic White (NHW) infants, the higher rate of preterm birth among B/AA 

women results in a disproportionately larger burden of BPD within this population.21–23 

Furthermore, among infants who develop BPD, B/AA infants have worse long-term respiratory 

outcomes, as evidenced by the higher rates of rehospitalizations, greater use of respiratory 

medications, and more severe respiratory morbidity later.21 These differences in disease burden 

are proposed to be driven, at least in part, by socio-environmental factors, including inequalities 

in access to and quality of neonatal intensive care units.24,25 Importantly, the consequences of 

BPD extend beyond early childhood, with an elevated risk of developing wheezing, decreased 

lung function, asthma, and other respiratory complications throughout life, besides other extensive 

comorbidities, which include neurocognitive problems and developmental delays.5 

BPD Pathology and Pathophysiology 

BPD is a complex and multifactorial disease with poorly understood pathology and 

pathophysiology. The hallmark of BPD is the interruption of lung development caused by 

premature birth, leading to impaired gas exchange and subsequent neonatal lung injury. Normal 

lung development in utero occurs in five stages: embryonic (gestational weeks 5-7), 

pseudoglandular (gestational weeks 7-17), canalicular (gestational weeks 17-26), saccular 

(gestational weeks 26-36), and alveolar (36 gestational weeks-3 years after birth).26,27 Extremely 

premature infants are born during the late canalicular or early saccular stages of lung 

development, prior to the completion of alveolar development and the maturation of pulmonary 
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vasculature. Consequently, these infants are born with structurally and functionally immature 

lungs, requiring respiratory support (i.e., positive airway pressure ventilatory support or 

supplemental oxygen) immediately after birth.28 Some infants undergo continued lung 

development after birth, improving pulmonary function and allowing weaning from respiratory 

support; yet a subset of infants remain dependent on respiratory support beyond the expected 

period of pulmonary adaptation and thus meet the clinical criteria for a BPD diagnosis.  

BPD is highly heterogeneous in clinical presentation and later outcomes, suggesting that 

it represents a spectrum of related disease processes rather than a single pathological entity.26,29 

In fact, infants with the same disease severity may exhibit different predominant pathological 

features.29 Although several attempts have been made to characterize BPD endotypes and 

multiple classifications have been proposed based on underlying pathophysiology and pathology, 

the lack of consensus to date highlights the need for further research.29–33 Nonetheless, several 

recurring pathological features affecting the alveolar, vascular, airway, and interstitial 

compartments of the lung have emerged across studies.26 Among the most frequently reported 

are decreased alveolarization, reduced vascular growth, abnormal arterial remodeling, small 

airway bronchoconstriction and hyperreactivity, central airway malacia and stenosis, and 

interstitial and lymphatic dysfunction.26,28,29,31 Infants may present a combination of these features, 

yet no universal features are observed in all infants who develop BPD.  

These pathological features are associated with a cascade of pathophysiological 

processes, primarily characterized by oxidative stress and inflammation.28,34 These have been 

identified as key pathophysiological drivers of BPD, triggered by forced gas exchange in 

underdeveloped lungs during mechanical ventilation, oxygen therapy, and infection, as well as by 

other prenatal and postnatal exposures. Normal atmospheric oxygen exposure entails a hyperoxic 

environment for premature infants, as they are used to a hypoxic environment in utero.28,34 The 

transition to the relatively hyperoxic extrauterine environment, combined with exposure to 
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respiratory support in extremely preterm infants, which is essential for survival, promotes oxidative 

stress due to increased oxygen exposure and an immature antioxidant defense system.28 As a 

consequence, there is an increased inflammatory response that, jointly with the increased 

oxidation of a range of cellular components (i.e., lipids, structural proteins, enzymes, and nucleic 

acids), leads to endothelial cell injury and death, epithelial cell damage, and disruption of the 

alveolar-capillary membrane, causing alveolar edema and impairment of gas exchange.28 These 

interconnected processes alter reparative processes in the developing lung, thereby leading to 

BPD. Beyond the hyperoxic environment experienced by all premature infants, there are 

additional common pre- and postnatal exposures that can significantly contribute to these 

pathophysiological features, particularly inflammation, such as sepsis, patent ductus arteriosus, 

and chorioamnionitis, all of which have been associated with BPD.26,28 Despite decades of clinical 

and basic research, significant gaps remain in our understanding of BPD pathogenesis compared 

to other major respiratory diseases. 

Omics Approaches to Understanding Bronchopulmonary Dysplasia 

Omics technologies have emerged as a powerful approach to understand the biological 

mechanisms underlying complex diseases and to identify potential disease biomarkers. These 

technologies enable the comprehensive systems-level characterization of biological molecules 

and processes that cannot be captured through traditional molecular approaches alone, while 

complementing them. The omics era has transformed biomedical research and, in part, reframed 

the fundamental way we ask and answer scientific questions. By providing a global 

characterization of distinct layers of the biological system in an unbiased way, scientists have 

been able to generate hypotheses beyond the constraints of previous scientific discoveries. 

Since the early 2000s, with the expansion of genomics and the emergence of other omics 

fields, such as metabolomics, transcriptomics, and proteomics, significant scientific discoveries 
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have been made in biomedical research. Although most studies have focused on adult 

populations, omics approaches have also been used to study neonatal populations and diseases, 

including BPD. 

Genomics 

Genomics is the most established omics discipline and focuses on the study of the entire 

genome, rather than individual genes. This approach has been widely used to identify genetic 

variants associated with disease susceptibility, drug response, and prognosis.36 For complex 

diseases, such as BPD, an important question often addressed prior to conducting genetic 

association analyses is whether disease risk is influenced, at least in part, by genetic factors.  

Heritability of BPD 

The genetic contribution to BPD development remains under debate. Multiple twin studies 

have suggested that the disease is heritable: Lavoie et al. and Bhandari et al. reported a heritable 

basis for BPD, with heritability estimates of 53% (16%-89%) and 82% (70%-97%), 

respectively.37,38 Meanwhile, Parad et al. in 2018 reported no evidence of heritability (0%) for BPD 

using a similar broad-sense heritability approach.39 These conflicting findings have opened 

debate within the field about whether genetics contributes to the development of BPD and, if so, 

to what extent. Importantly, all heritability estimates reported to date have been derived using 

broad-sense heritability approaches based on twin data. More recently, Guardado et al. 

(unpublished) applied a narrow-sense heritability approach using genetic data from unrelated 

extremely premature infants at high risk of developing BPD and identified a non-zero heritable 

component of 43% (18%-68%) for BPD. Collectively, these findings suggest that although the 

magnitude of the genetic contribution remains uncertain, genetic factors likely play at least some 

role in BPD development. 
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Genetic Association Studies of BPD 

Genetic association studies have been conducted to identify variants, genes, and gene 

pathways involved in BPD development.40–42 These studies have used a variety of statistical 

approaches and genetic data types to better understand the genetic architecture of this complex 

disease, typically evaluating extremely premature infants with and without BPD in case-control 

comparisons.41 One of the main caveats of genomic studies, and most omics fields, is the need 

for large sample sizes to be able to identify statistically significant results. As one can imagine, 

recruiting extremely premature infants for clinical trials and birth cohorts is extremely challenging 

due to their vulnerability, heterogeneity, and early mortality. This has limited the power of discovery 

in BPD genetic studies but has provided valuable insights to inform functional studies and future 

population-based studies.43 Overall, the results of these studies have been highly informative, yet 

replication has been limited. 

Candidate gene studies are a common approach used by researchers to validate variants 

and genes that might be implicated in BPD, given the challenges posed by small sample sizes 

available in BPD cohorts. The framework for these studies consists of analyzing a set of genes or 

variants selected based on prior literature and/or functional studies and testing their association 

with disease in a population. In the context of BPD, these typically involve genes implicated in 

lung development, inflammation, oxidative stress, and/or tissue injury and repair.41 Thus, these 

genomic studies are hypothesis-driven, as they select a set of genes or variants a priori and test 

their association with BPD while sacrificing the broader discovery potential of other statistical 

genetic approaches (e.g., genome-wide association studies [GWAS]). However, this approach 

increases statistical power in small samples by reducing the number of statistical tests, thereby 

reducing the multiple testing burden. Still, for a disease like BPD, challenges remain in identifying 

candidate genes and variants to evaluate, as much about lung development and the 

heterogeneous pathology and pathophysiology of BPD remains unknown.41 Several candidate 
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gene studies have been conducted for BPD, evaluating surfactant-, toll-like receptor-, antioxidant 

enzyme-, and interleukin receptor-coding genes and variants.40,41,44 Although some of these have 

shown positive associations, they have not been replicated in independent cohorts.40,44 Table 1.1 

shows important genes, genetic variants, and biological pathways that have been implicated in 

BPD from candidate gene studies or identified as potential candidates through genome-wide 

association, copy number variation, and whole-exome sequencing studies.  

Data-driven, hypothesis-free approaches (i.e., GWAS and exome sequencing studies) 

have also been used to identify variants and genes that contribute to BPD development. While 

these provide an unbiased approach to identify novel associations with variants and genes, they 

come with the high burden of multiple testing correction. GWAS and exome sequencing studies 

require large sample sizes, yet researchers in neonatology usually work with small cohorts 

(N<1000). This limitation is particularly relevant given that most variants identified through these 

approaches exhibit small effect sizes, a pattern commonly observed in complex diseases with 

modest heritability estimates.45 As a result, the identification of variants with small effect sizes 

requires substantially larger sample sizes.45 Consequently, reaching genome-wide significance in 

BPD studies has remained a challenge.40–42 While only a single GWAS has reached statistical 

significance,46 these results have not been replicated in subsequent GWAS with larger sample 

sizes and distinct populations, nor have these studies identified novel significant variants or 

genes.43,47 Nonetheless, these studies have identified multiple candidates that have further 

advanced BPD research by informing future population-based and functional studies (Table 

1.1).40–42 Given the limited power of single-variant tests with the small sample sizes available for 

BPD studies, researchers commonly aggregate variants and genes into pathways, enabling the 

identification of biologically relevant processes associated with BPD. This approach has identified 

multiple pathways implicated in BPD development, including known pathways of lung 

development, repair, and immune/inflammatory processes, as well as novel pathways further 
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confirmed in functional studies using in vitro and animal models.41,47 However, the absence of 

significant GWAS findings led to the hypothesis that the genetic contribution to this disease could 

be mainly driven by rare variants, which motivated the pursuit of exome sequencing studies. 

In contrast to GWAS, which primarily evaluates common non-coding genetic variation 

across the genome (minor allele frequency (MAF) > 0.05 for typical BPD studies), exome 

sequencing focuses on protein coding regions. These regions constitute only about 2% of the 

human genome and are subject to increased purifying selection, which removes most deleterious 

coding variants from the population. The few that persist usually remain at low frequencies 

(MAF < 0.01) because purifying selection acts to remove deleterious coding variants from the 

population. As a result, the rare variants that do exist in exons are disproportionately likely to have 

functional consequences. This made exome sequencing an attractive approach for studying rare 

variants with potential functional consequences that could be associated with BPD among a 

subset of neonatal researchers.40–42 While highly informative, most of these exome sequencing 

studies have relied on variant prioritization, biological interpretation of rare variants in candidate 

genes or pathways, and rare variant quantification in cases versus controls, rather than agnostic 

exome-wide statistical models. Among the studies, three used statistical models, such as burden 

tests or sequence kernel association tests, to identify gene associations, yet none identified 

significant genes after multiple testing correction or replicated any associations.48–50 Similar to 

GWAS approaches, the use of pathway enrichment analyses to increase statistical power has 

also led to the identification of novel pathways implicated in BPD pathophysiology, with genes 

enriched in pathways involved in lung function and structure, including lung development and 

repair, immune and inflammatory responses, angiogenesis, cell adhesion, and Wnt signaling 

(Table 1.1).40 Results from several of these exome sequencing studies have provided findings 

that complement those from GWAS, identified novel candidates for further study, and left open 

the question of the extent to which rare variants contribute to BPD development.  
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Some factors that might be contributing to inconsistencies in single variant and gene-

specific results across population-based studies include differences in the BPD definition, clinical 

and demographic characteristics, populations sampled, clinical care, and sequencing or 

genotyping array platforms.42 The absence of statistically significant findings across genetic 

studies, and the lack of positive replication, has only fueled the need to further unpack the 

heterogeneity of BPD, as this is one of the key hypotheses for the lack of significance and 

replication, alongside small sample sizes. This has motivated the integration of additional omics 

approaches, such as metabolomics, to evaluate downstream molecular phenotypes that may 

provide insight into BPD heterogeneity, biological mechanisms, and pathophysiology.  
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Metabolomics 

Metabolomics involves the quantification of hundreds of low molecular mass biochemicals 

(metabolites; <2000 Da) present in a biological sample (e.g., urine, plasma, cells). Collectively, 

these metabolites constitute the metabolome, and their comprehensive characterization has 

emerged as a powerful approach for studying complex diseases. This more recent omics field 

can simultaneously capture the combined effects of environmental and genetic factors that may 

impact human physiology, and thereby increase our overall comprehension of the underlying 

biological mechanisms and pathogenesis of disease.51 Metabolomics has been increasingly 

applied in neonatology for disease diagnosis, prognosis, biomarker discovery, and research on 

complex neonatal diseases.52 BPD is no exception.53 

Metabolic Dysregulation in BPD 

Metabolic profiles differ between preterm and term infants.54–56 More recently, evidence 

has emerged suggesting that preterm infants can also be stratified into distinct metabolic 

subtypes.55 This metabolic heterogeneity may contribute to variability in neonatal outcomes and 

susceptibility to disease, although its relationship with BPD remains incompletely understood. In 

vivo and in vitro models have suggested that metabolic dysregulation plays a key role in BPD 

pathophysiology.57 Alterations in major metabolic pathways have been evaluated in these models, 

and results implicate dysregulation of glucose, lipids, and amino acids.57 Additionally, infants who 

develop BPD have been reported to have growth failure and elevated metabolic expenditure, 

suggesting alterations in metabolic processes.58 Collectively, these findings suggest that 

metabolic dysregulation is likely implicated in BPD development and progression. 
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Metabolomic Studies of BPD 

Metabolomic studies of BPD have been conducted to characterize metabolic differences 

between infants with and without BPD using population-based data.53 This approach enables the 

identification of metabolites and metabolic pathways associated with disease development, 

providing insight into the biological mechanisms underlying BPD while also supporting biomarker 

discovery. Similar to genetic association studies, metabolomic studies within the neonatal 

population also struggle with statistical power to detect associations due to the small sample sizes 

of cohorts with biofluids available for metabolomics profiling. However, approaches analogous to 

those used in genomics have been implemented to maximize statistical power and identification 

of biological mechanisms that play a key role in BPD development. 

BPD metabolomic studies can be broadly categorized into targeted and untargeted 

approaches, each providing distinct biological insights (Table 1.2 and Table 1.3). Targeted 

metabolomics is hypothesis-driven and focuses on the quantification of predefined metabolites 

selected based on prior evidence of biological role, a framework comparable to candidate gene 

analyses. Building upon evidence from experimental models, BPD targeted metabolomic 

approaches have primarily focused on the evaluation of a range of amino acids, carnitines, and 

lipids. These metabolite classes have been prioritized due to their biological relevance to lung 

development and injury. Acylcarnitines play a central role in mitochondrial fatty acid β-oxidation 

by transporting long-chain fatty acids into mitochondria for energy production, whereas lipids are 

key constituents of pulmonary surfactant and contribute to the maintenance of normal respiratory 

function.59 Consistent with findings from in vivo and in vitro models, most of these studies report 

that certain amino acids (e.g., alanine), carnitines (e.g., medium-chain acylcarnitines), and lipids 

differ between infants who develop BPD and those who do not.59–63 Two of these were longitudinal 

studies that suggest that amino acid and carnitine metabolomic profiles differ by postnatal age59 

and vary with nutritional stages60 (e.g., maximum amino acid intake during parenteral nutrition 



 19 

and full enteral nutrition), highlighting the temporal dependence of metabolomics sampling (Table 

1.2). However, specific metabolites reported to differ between infants with and without BPD have 

differed across studies, and replication of individual findings has been limited.59–64 

Untargeted metabolomics is data-driven and aims to comprehensively characterize the 

metabolome, enabling the unbiased evaluation of metabolites associated with BPD. Although this 

approach provides broad coverage of the metabolome, the metabolites identified and quantified 

may differ depending on the metabolomic platform and processing methods. Untargeted 

metabolomic studies of BPD have used multiple statistical approaches with the aim to maximize 

discovery. The majority of these studies have used supervised multivariate classification methods 

(e.g., PLS-DA and OPLS-DA) to evaluate differences in metabolic profiles between infants with 

and without BPD, followed by secondary analyses to identify metabolites contributing to 

differences between groups.65–70 Despite the exploratory nature of this approach, the number of 

metabolites characterized across studies that reported this metric ranged from approximately 15 

to 300, highlighting substantial heterogeneity in analytical depth and limiting overlap in the 

metabolites identified across studies. Thus, there has been limited replication of individual results. 

However, consistent with findings from targeted metabolomic studies of BPD, amino acids and 

carnitines were among the metabolite classes most frequently reported to differ between infants 

with and without BPD (Table 1.3).63,65–67,69–72  

This heterogeneity likely reflects, in part, methodological differences in biofluids analyzed 

(e.g., dried blood spots versus tracheal aspirates), metabolite panels, and platforms (e.g., 1H-

NMR and various MS methods), which limit direct comparisons and replication of findings across 

studies. Because metabolite profiles are highly dependent on the biological specimen analyzed, 

biofluid selection represents an important consideration in metabolomic studies. Different biofluids 

reflect distinct biological processes and therefore contain unique metabolite compositions. 

Additional factors, such as the timing of sample collection, gestational age, birth weight, nutrition 
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source, clinical care, and BPD definition, may further contribute to variability in metabolomic 

profiles and study findings. These factors, along with the small sample sizes of the available 

cohorts, are among the primary limitations of current BPD metabolomic studies, reducing the 

generalizability of the findings to the broader neonatal population. Nevertheless, despite 

substantial methodological and sampling heterogeneity, the overall pattern of findings supports 

the role of metabolic dysregulation in BPD and demonstrates the value of metabolomics to 

elucidate disease mechanisms, identify biologically relevant pathways, and inform future 

biomarker discovery efforts in this population.53,57,73  
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Metabolomics and Genomics Integration 

Metabolomics represents a downstream molecular layer that integrates information from 

other omics technologies, particularly the genome, as well as environmental exposures, providing 

a direct readout of ongoing physiological processes. Several studies have demonstrated that 

genetic variation contributes to inter-individual differences in metabolite levels, supporting a 

heritable component to human metabolic individuality.74,75 In fact, heritability has been estimated 

for several metabolite classes, demonstrating that the genetic contribution to metabolite variation 

differs across metabolite classes.76 As a result, considerable efforts have been made to identify 

genetically regulated metabolites that may serve as intermediate phenotypes linking genetic 

variation to disease.74  

In respiratory diseases, such as asthma, studies integrating metabolomics and genomics 

have been performed to identify metabolite quantitative trait loci (mQTL). These have successfully 

identified several genetically regulated metabolites that also associate with disease status.77,78 

However, to date, integrative metabolomic and genomic studies have not been performed in BPD. 

From a statistical standpoint, these studies are essentially GWAS where the phenotypes are the 

metabolite levels. Additional studies using other statistical approaches (e.g., mendelian 

randomization) have been performed to determine whether these genetically regulated 

metabolites linked to disease are a cause or a consequence of disease, providing unique insights 

into disease pathology.79,80 The integration of these complementary omics provides an 

unprecedented opportunity to dissect the complex pathophysiological mechanisms underlying 

disease, as each omics layer contributes distinct yet interconnected information that cannot be 

captured by a single-omics approach alone. These integrative approaches have expanded 

beyond metabolomics and genomics to incorporate multiple molecular layers (e.g., 

transcriptomics and proteomics), giving rise to what is now referred to as multi-omics.36 
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Population Diversity in Omics Research 

Increasing evidence demonstrates the importance of diverse sampling in omics research 

to increase the generalizability of findings and clinical utility across populations.81–83 However, to 

date, most omics studies, particularly genomics, have been conducted in individuals of European 

descent.84 This imbalance has limited our understanding of biological variation across populations 

and contributed to disparities in the clinical implementation of precision medicine. This disparity 

has been most evident in genomics, largely because it was the first omics field to emerge and 

continues to be the most established. Around 96% of the GWAS Catalog participants are of 

European descent, and this imbalance extends beyond GWAS studies into other omics: 93.15% 

of participants in published proteome-wide association studies are of European descent.85 This 

has also directly impacted BPD research, where the majority of the individuals included in 

genomics studies of this disease have been of European descent (Table 1.1).  

Overall, this imbalance has directly affected precision medicine tools such as polygenic 

risk scores, which, although not yet developed for BPD, are typically developed in predominantly 

European populations and often exhibit reduced accuracy and transferability when applied to 

individuals from other ancestral backgrounds.83 The gap has been further amplified by the 

emergence of large biobanks (e.g., UK Biobank), in which the vast majority of participants (94%) 

are of European ancestry.85 As these resources are increasingly used for genetic and multi-omic 

analyses, they continue to reinforce the underrepresentation of diverse, historically excluded 

populations in biomedical research. However, several large-scale initiatives (e.g., All of Us and 

the Trans-Omics for Precision Medicine program) have been established in an effort to improve 

representation in biomedical research and increase opportunities for discovery across diverse 

populations.86,87 A crucial concept underlying these initiatives is genetic ancestry, which has 

important implications in the architecture of complex traits and the transferability of omics-based 

findings across populations.  
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Population Descriptors 

The use of population descriptors, including genetic ancestry and race/ethnicity, has 

received increasing attention in human genetics and genomics research, given that these terms 

represent distinct concepts yet have sometimes been used inconsistently or interchangeably.88–92 

In response, the National Academies of Sciences, Engineering, and Medicine published a 

consensus report providing a framework and recommendations for the appropriate and 

transparent use of population descriptors in genetics and genomics research.91 

Genetic ancestry may correlate with race/ethnicity, yet these are distinct, non-

interchangeable concepts. While genetic ancestry reflects inherited genetic relationships shaped 

by shared population history, race/ethnicity are sociopolitical constructs commonly based on self-

identification and influenced by social, cultural, environmental, and historical factors, as well as 

perceived physical characteristics.91 Genetic ancestry, however, can be inferred from patterns of 

genome-wide genetic similarity,91 including variation in allele frequencies and linkage 

disequilibrium. These genome-wide patterns form the basis of several methods developed to 

estimate an individual’s genomic ancestry proportions and locus specific genomic ancestry.93  

Although human genetic variation is complex and continuous, patterns of genetic variation 

and inferred genetic ancestry have commonly been summarized using broad continental 

population descriptors, such as African, European, and Amerindigenous.91,92 However, the use of 

broad continental categories has been increasingly questioned because they may inadequately 

represent the continuous and multidimensional nature of human genetic variation and are 

sensitive to the reference populations and sampling strategies used.92 More recent statistical 

approaches, born of evolutionary theory, are working to move away from these modalities and 

reconceptualize the patterns of genetic similarity used to infer genetic ancestry as what they are: 

a continuum that reflects human evolutionary history.94,95 Nonetheless, genetic ancestry inferred 
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from patterns of genetic similarity has been well established as a tool for capturing population-

level genetic structure and is used both as a methodological tool to account for population 

structure96,97 and as a variable for understanding differences in traits.98,99 However, it is important 

to note that patterns of human genetic variation evolve with ongoing admixture, migration, and 

demographic changes, which continue to shape the composition of human populations over time; 

populations are not static. 

Ancestry-linked Traits 

These patterns of genetic variation have been linked to differences in a broad range of 

clinical and molecular phenotypes across populations.100,101 Several studies have reported 

associations between ancestry-linked genetic variation and disease susceptibility,102 and in some 

contexts, recent genetic shifts have directly impacted the association of these patterns of variation 

and biomedical traits.98 Within the context of BPD, there is a GWAS that identified an association 

of increased African genomic ancestry proportions in infants of maternal Hispanic white 

race/ethnicity with increased survival without BPD.103 However, this protective effect was not 

significant among infants of maternal B/AA race, and these findings have not been replicated in 

an independent study.  

Metabolites can be considered molecular phenotypes. Increasing evidence has 

demonstrated the contribution of genetic variation to the metabolome,104 yet the contribution of 

ancestry-linked genetic variation to metabolite levels remains poorly understood. Nevertheless, a 

recent study reported that ancestry-linked genetic variation contributes to differences in 

metabolite levels in admixed individuals, particularly for lipids and amino acids, both of which are 

frequently implicated in disease.99 These findings suggest that ancestry-linked genetic variation 

may contribute to population-level differences in the metabolome and potentially influence 

molecular pathways relevant to disease. However, the extent to which ancestry-linked genetic 
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variation contributes to metabolite variation, and whether ancestry-associated metabolite 

variation contributes to disease susceptibility and progression, remains largely unknown, 

particularly within the context of BPD. 

Justification for the Use of Population Descriptors 

Throughout this dissertation, both race/ethnicity and genetic ancestry are used as 

population descriptors, recognizing that while they may often correlate, they represent distinct 

concepts.91 Their use allows for the evaluation of population-level differences relevant to both the 

epidemiology of BPD and the metabolomic and genomic analyses performed. Race/ethnicity is 

used to capture socially defined population differences that may be associated with 

environmental, social, clinical, and structural factors. For the purposes of this dissertation, genetic 

ancestry refers to ancestry inferred from patterns of genetic similarity between an individual and 

contemporary reference populations, reflecting aspects of shared population history shaped by 

processes such as migration and admixture. Genetic ancestry is used to characterize ancestry-

linked patterns of genetic variation relevant to the genomic and metabolomic analyses performed 

in this dissertation. Although broad continental descriptors simplify the continuous and 

multidimensional nature of human genetic variation, this approach provides an interpretable 

framework for characterizing broad patterns of genetic variation and evaluating ancestry-

associated variation.91,92 It also allows population diversity to be explicitly evaluated and reported, 

increasing the visibility of populations that have been historically excluded from biomedical and 

genomic research. More continuous and multidimensional approaches may better represent 

human genetic variation.94,95 As these methods continue to develop, future studies should 

consider approaches that more fully capture continuous patterns of genetic similarity while 

maintaining interpretability and analytical feasibility. Race/ethnicity was not used as a proxy for 

genetic ancestry, nor was genetic ancestry considered a substitute for race/ethnicity for any of the 

analyses in this dissertation. 
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Dissertation Overview and Objectives 

BPD remains one of the primary complications of extreme prematurity and continues to 

represent a substantial burden on affected infants and their families despite advances in neonatal 

care. Although progress has been made in understanding the pathology and pathophysiology of 

BPD, important gaps remain in our understanding of the biological mechanisms underlying its 

heterogeneous pathology and long-term outcomes. Part of this limited understanding comes from 

the challenges of studying extremely premature infants, including small sample sizes, limited 

sample availability, and the historical lack of genetic diversity in population-based studies. 

Evidence from experimental models and population-based metabolomic studies suggests 

that metabolic dysregulation contributes to BPD development and progression. However, 

comprehensive studies in larger cohorts with repeated measurements are still needed to further 

characterize the metabolic pathways associated with disease susceptibility and progression, 

thereby providing information on biological mechanisms implicated in this disease. Furthermore, 

while genetic variation has been shown to contribute to metabolite variation, the extent to which 

ancestry-linked genetic variation contributes to metabolite differences remains poorly understood. 

This knowledge gap is particularly relevant for metabolites and metabolic pathways associated 

with disease processes, including BPD. 

Thus, by leveraging metabolomics and genomics data from two cohorts of extremely 

premature infants, this dissertation aims:  

1. To identify metabolites and metabolic pathways associated with BPD within the first 

month of life, prior to disease diagnosis. 

2. To determine the contribution of ancestry-linked genetic variation to the differences in 

metabolite levels in extremely premature infants. 
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3. To evaluate if ancestry-linked genetic variation contributes to differences in the levels 

of BPD-differential metabolites.  
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Chapter 2: Metabolome-wide Association Study 
of Bronchopulmonary Dysplasia in Extremely 

Premature Infants 

Abstract 

Rationale: Untargeted metabolomics may identify novel pathways involved in 

bronchopulmonary dysplasia (BPD), a poorly understood lung disease in extremely premature 

infants. 

Objective: To identify metabolites and pathways altered in infants who develop BPD 

through a metabolome-wide association study. 

Methods: We performed untargeted metabolomics on urine from 314 infants (<29 weeks 

gestational age) collected at two time points between postnatal days 5-15 and 23-32 with detailed 

time-series for 28 infants. We compared metabolite levels between infants with and without BPD 

at 36 weeks gestational age using logistic regression and performed a pathway enrichment 

analysis. A stratified analysis by nutrition type was performed at 23-32 days.  

Measurements and Main Results: Among the 913 analyzed urinary metabolites, 23 and 

68 were associated with BPD between postnatal days 5-15 and 23-32, respectively (p<0.05). We 

found enrichment in the lactoyl amino acid sub-pathway (5-15 days; p=0.005, FDR=0.39) and 

xanthine metabolism and fatty acid metabolism (23-32 days; p<0.002, FDR=0.04). Most BPD-

differential metabolites were lower in infants with BPD at days 23-32 (OR=7.1, p=2x10-6), 

including infants receiving parenteral (OR=9.2, p=7x10-7) and full enteral nutrition (OR=6.1, 

p=0.003). Twenty-four metabolites, including vitamins C, B1, and B6, were lower in infants on 

parenteral nutrition with BPD at postnatal days 23-32. 
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Conclusion: BPD in extremely premature infants was associated with vitamin deficiencies 

and dysregulation of lactoyl amino acids, xanthine, and fatty acid metabolism. BPD-differential 

metabolites are lower in infants with BPD during the fourth week of life, potentially related to higher 

energy demand, metabolic dysregulation, nutritional deficiency, and/or impaired intestinal 

absorption. 
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Introduction 

Bronchopulmonary dysplasia (BPD) is a developmental lung disease and major 

contributor to neurodevelopmental and growth abnormalities, long-term respiratory morbidity, and 

mortality among extremely low gestational age newborns.1,2 Heterogeneity of BPD and advances 

in neonatal healthcare have led to evolving definitions.3 The recently described “new BPD” in 

extremely premature infants is characterized by impaired alveolar development and dysregulated 

pulmonary vasculature, leading to persistent abnormalities in gas exchange, airway function, 

respiratory mechanics, and lung volumes.4 Risk factors associated with BPD include low 

gestational age and birthweight, male sex, and social and environmental factors that sometimes 

correlate with race/ethnicity.5,6 Despite advances in neonatal healthcare, there has been minimal 

change in the incidence of BPD during the last 20 years.7 The limited understanding of BPD 

pathophysiology has hindered the development of effective diagnostics, preventative therapies, 

and treatments that may help lower the incidence of BPD.7, 8 Novel approaches are needed to 

identify the biological mechanisms involved in BPD. 

Metabolomics involves the quantification of many hundreds of biochemicals (metabolites) 

that are present in a biological sample and has emerged as a powerful approach for studies of 

complex disease. It can simultaneously capture the combined effects of environmental and 

genetic factors that may impact human physiology, and increase our overall comprehension of 

disease pathogenesis.9 Previous studies have implicated metabolic dysregulation in amino acid, 

lipid, and/or carnitine pathways in BPD; however, there is a limited consensus across studies.10--19 

This may be due to varying infant demographics, small sample sizes of individual studies (<100 

preterm infants), differences in the type of biofluid sampled, and reliance on single time point 

sampling during the clinical course of premature infants in the neonatal intensive care unit (NICU). 

Furthermore, the majority of studies have used a targeted approach to characterize metabolites 



 49 

of interest, whereas untargeted metabolomics can query a greater number of metabolites to test 

for associations with disease and provide a broader view of the pathways involved.   

In this study, we characterized the urinary metabolome of 314 extremely premature infants 

at high risk of developing BPD (including 178 infants diagnosed with BPD at 36 weeks) using an 

untargeted approach to identify a broad array of metabolites present in urine. We performed a 

metabolome-wide association study (MWAS) for BPD at 36 weeks gestational age to identify 

metabolites and metabolic pathways associated with BPD, including multiple time point 

assessments in the first 30 days of life. Our results provide insight into the metabolic pathways 

involved in BPD development and offer information to support early diagnosis and the 

development of more effective therapies and interventions. Some of the results of this study have 

been previously reported in abstract form.20 

Methods 

Study Description  

A total of 171 infants from the Trial of Late Surfactant for Prevention of Bronchopulmonary 

Dysplasia (TOLSURF, NCT01022580) and 143 infants from the Prematurity and Respiratory 

Outcomes Program (PROP, NCT01435187) were included in our study (details in the extended 

methods of the supplementary material). Clinical data were obtained for both cohorts and 

summarized in Table 2.1. BPD was assessed at 36 weeks post-menstrual age by physiological 

testing.21 Research protocols were approved by the institutional review boards of the participating 

institutions, and a parent of each infant provided written informed consent.  
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Table 2.1. Characteristics of infants from TOLSURF and PROP included in metabolomic 
studies by BPD status at 36 weeks postmenstrual age.  
  TOLSURF (n = 171) PROP (n = 143) 
  BPD No BPD p BPD No BPD p 
Number of Infants 106 65 - 72 71 - 
Number of Infants by Maternal 
Race†   0.011   1 

Black or African American 30 (28) 31 (48)  30 (42) 30 (42)  
Hispanic/Latine 14 (13) 11 (17)  12 (16) 11 (16)  
Non-Hispanic White 62 (59) 23 (35)  30 (42) 30 (42)  

Gestational Age in weeks† 25.3 (1.3) 25.4 (1.1) 0.58 25.9 (1.1) 25.8 (1.3) 0.42 
Sex (male)† 64 (60.4) 36 (55.4) 0.53 41 (56.9) 34 (47.9) 0.32 
Birthweight (g)† 706 (172) 757 (177) 0.064 766 (135) 805 (163) 0.12 
Average RSS days 7-14 4.5 (2.1) 3.5 (1.3) 1.2x10-4 2.8 (1.7) 2.4 (1.6) 0.077 
Average RSS days 21-28 4.4 (2.3) 3.7 (2.1) 1.8x10-15 4.1 (3.0) 1.7 (1.3) 2.8x10-15 
Age days sample 1 9.4 (2.4) 9.8 (2.3) 0.35 6.6 (1.1) 6.8 (1.0) 0.40 
Age days sample 2 27.5 (2.1) 27.7 (2.3) 0.68 28.0 (1.0) 28.3 (0.86) 0.13 
BPD at 40 weeks 67 (65.1) 65 (0) - 61.8 71 (0) - 
On PN sample 1 106 (100) 65 (100) 1 72 (100) 71 (100) 1 
On PN sample 2* 67 (63.2) 42 (64.6) 0.87 44 (61.1) 51 (71.8) 0.22 
On corticosteroids sample 1† 8 (7.5) 6 (9.2) 0.78 3 (4.2) 1 (1.4) 0.62 
On corticosteroids sample 2  22 (20.8) 14 (21.5) 1 20 (27.8) 21 (29.6) 0.85 
On caffeine sample 1 83 (78.3) 55 (84.6) 0.42 51 (70.8) 53 (74.6) 0.71 
On caffeine sample 2 90 (84.9) 60 (92.3) 0.22 60 (83.3) 65 (91.5) 0.21 
TOLSURF Trial of Late Surfactant for Prevention of Bronchopulmonary Dysplasia; PROP Prematurity and Respiratory Outcomes 
Program; BPD Bronchopulmonary Dysplasia; p p-value; RSS Respiratory Severity Score; PN Parenteral Nutrition 

Values are represented by the mean (standard error) for continuous variables and the count (percent) for categorical variables. 
Quantitative measurements were compared using a t-test, and categorical data were compared using a Fisher’s Exact test. 

†Covariates included in the MWAS. 
*Additional covariate included in the MWAS at time point 2. 

Sample Selection 

Urine samples were collected from each infant and stored at -80°C until processing. 

Infants were selected based on survival at 40 weeks gestational age and availability of urine 

samples. Two samples were selected for each infant, one collected between postnatal days 5-15 

(time point 1, mean/SD 8±2 days) and another between postnatal days 23-32 (time point 2, 

mean/SD 28±2 days).  
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Metabolomics Profiling 

Untargeted metabolomic assays were performed using Ultra High-Performance Liquid 

Chromatography-Tandem Mass Spectrometry (UHPLC/MS-MS) by Metabolon Inc. as previously 

described.22, 23 Metabolic profiling was conducted separately for each cohort, with anchor samples 

included to facilitate the comparison of metabolite abundance between cohorts. Metabolite levels 

were normalized to osmolality and median scaled. Metabolites with >30% of values below the 

limit of detection within each cohort were removed from further analysis. A detailed description of 

metabolomic profiling is provided in the extended methods in the supplementary material. 

Statistical Analyses 

Principal component analysis (PCA) was performed across all metabolites to evaluate 

global differences in the urinary metabolome. A Mann-Whitney U test was performed to assess 

differences in the first two principal components (PCs) for infants with and without BPD, including 

sub-analyses at time point 2 for infants receiving parenteral vs. full enteral nutrition to investigate 

potential confounding.  

A metabolome-wide association study (MWAS) was performed using logistic regression 

to test for associations between BPD and quantitative levels of individual metabolites at each time 

point and the fold-change in levels at time point 2 vs. time point 1. Covariates included clinical 

and demographic characteristics (Table 2.1). Analyses were done within each cohort and 

combined using a fixed-effects meta-analysis. Sub-analyses were performed by nutrition type at 

time point 2 to further evaluate nutrition source as a potential confounder in associations with 

BPD. Details on infant feeding status categorization, statistical models, and covariates are 

included in the extended methods of the supplementary material. 



 52 

Metabolites were defined as “differential” when associated with BPD at a threshold of 

p<0.05. Metabolites of known identity were annotated to 88 and 91 sub-pathways at time points 

1 and 2, respectively (Metabolon Inc, April 2025). Pathway enrichment analysis was performed 

for each super-pathway and sub-pathway using a Fisher’s Exact Test for each MWAS comparison 

(additional details in extended methods of the supplementary material).  

Longitudinal data for selected differential metabolites from a prior study23 were aligned to 

days relative to discontinuation of parenteral nutrition and visualized using time course plots with 

locally weighted scatterplot smoothing by BPD status. Data included untargeted metabolomics of 

302 urine samples from 28 infants (17 with BPD and 11 without BPD) in TOLSURF (additional 

details in extended methods of the supplementary material), of which 25 were also included in 

the current two-time point study. 

Analyses were performed using Python 3.11.424 and R 4.5.1.25 

Results 

Clinical and demographic characteristics were similar between infants with and without 

BPD at 36 weeks gestational age, apart from infants with BPD having higher respiratory severity 

scores (RSS) at both time points (Table 2.1). Mean values across groups for gestational age 

ranged between 25-26 weeks, and birth weight between 720-790 g. Untargeted urinary 

metabolomic profiling identified 1441 unique metabolites across both cohorts at time points 1 and 

2, of which 874 and 913 passed quality control thresholds, respectively (851 overlapping between 

time points). The first two principal components across all metabolites showed no separation of 

infants by BPD status (p>0.05; Figure 2.1A-D; Figure S2.1A-B, S2.1D), apart from infants on 

parenteral nutrition at time point 2 (PC1; p=0.042; Figure S2.1C).  
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Figure 2.1. Principal component analyses (PCA) of urinary metabolite levels of infants from 
both cohorts at two sampling time points. 
Scatter plots of the first two principal components (PC1 and PC2). (A) PCA of 874 biochemicals 
detected in urine samples collected between postnatal days 5-15 (time point 1) across all infants. 
(B) PCA of 913 biochemicals detected in urine samples collected between postnatal days 23-32 
(time point 2) across all infants. (C) PCA of the same 913 biochemicals at time point 2 among 
infants on parenteral nutrition, and (D) among infants on full enteral nutrition. Percent values on 
each axis indicate the variance explained.  
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Metabolome-Wide Association Study (MWAS) 

We tested for an association between BPD and levels of urinary metabolites for 1) each 

time point separately, 2) fold-change across time points, and 3) sub-analyses at time point 2 with 

infants separated by feeding modality (parenteral vs. full enteral). 

Levels of 23 and 68 individual metabolites were associated with BPD at p<0.05 at time 

points 1 and 2, respectively (Figure 2.2A-B and Supplemental Table S2.1-S2.2), and 28 

metabolites were associated with fold-change (Table S2.3). Odds ratios for top metabolites 

associated with BPD are shown in Figure 2.3, with cohort-specific effects in the same direction. 

Across BPD-differential metabolites (p<0.05), 13 and 44 were of known identity at time points 1 

and 2, respectively, and belonged to a variety of sub-pathways (Table 2.2, Table 2.3). Five 

metabolites were associated with BPD at p<0.05 at both time points, including 

3-hydroxykynurenine (tryptophan metabolism), pipecolate (lysine metabolism), beta-

hydroxyisovaleroylcarnitine (leucine/isoleucine/valine metabolism), and two unnamed 

metabolites. One of these, 3-hydroxykynurenine, showed an opposite direction of association with 

BPD across time points, with higher levels in infants with BPD at time point 1 and lower levels at 

time point 2. A similar trend was observed in longitudinal data following discontinuation of 

parenteral nutrition (Figure 2.4A). Pipecolate was higher in infants with BPD at both time points, 

and beta-hydroxyisovaleroylcarnitine and two unnamed metabolites were lower in infants with 

BPD at both time points. Fold-changes over time in the levels of 19 metabolites of known identity 

were associated with BPD at p<0.05 among all infants, including hexanoylcarnitine (C6) and four 

unnamed metabolites that were also associated with BPD at p<0.05 at time point 2.  
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Figure 2.2. Volcano plot identifying differential metabolites that vary by BPD status at two 
sampling time points.  
Metabolite odds ratios (OR) are presented as log2(OR), and the significance level of difference as 
-log10(p-value). The dashed red line represents p<0.05, and the dashed black line divides 
metabolites higher in infants who developed BPD (log2(OR)>0) from those higher in infants who 
did not (log2(OR)<0). Each metabolite is represented by a dot colored according to its super 
pathway. (A) Days 5-15 postnatal (time point 1) across all infants, (B) Days 23-32 postnatal (time 
point 2) across all infants, (C) Time point 2 among infants on parenteral nutrition, (D) Time point 
2 among infants on full enteral nutrition. 

Sub-analyses among infants separated by mode of nutrition at time point 2 identified 60 

BPD-differential metabolites in those receiving parenteral nutrition and 30 in those receiving 

enteral nutrition (Figure 2.2C-D; Supplemental Tables S2.4-S2.5), of which three overlapped in 

the same direction of effect [androstenediol (3beta,17beta) disulfate (2), 5-(galactosylhydroxy)-

lysine, and an unnamed metabolite]. A total of 28 were unique to infants receiving parenteral 

nutrition (Table 2.4), and 13 were unique to infants on full enteral nutrition (Table 2.5). Of the 68 
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metabolites implicated in BPD at time point 2 across all infants, 29 were BPD-differential in sub-

analyses of infants on parenteral nutrition, and 14 in infants on enteral nutrition (Figure 2.5).  

  

Table 2.2. Differential metabolites (p<0.05) of known identity during postnatal days 5-15 
(time point 1). 
Metabolite Name Sub-pathway TOLSURF  PROP  Meta 

    
Beta 
(SE) p 

 
Beta 
(SE) p 

 
Beta 
(SE) p 

sucrose 
Disaccharides 
and 
Oligosaccharides 

0.074 
(0.156) 0.638  -0.081 

(0.030) 0.007  -0.076 
(0.029) 0.010 

4-methylnonanoylcarnitine 

Fatty Acid 
Metabolism (Acyl 
Carnitine, 
Medium Chain) 

0.021 
(0.104) 0.838  -0.244 

(0.087) 0.005  -0.136 
(0.067) 0.042 

 methyl vanillate sulfate Food 
Component/Plant 

0.137 
(0.074) 0.064  0.067 

(0.048) 0.155  0.088 
(0.040) 0.028 

menthol glucuronide -0.079 
(0.191) 0.680  -0.175 

(0.081) 0.031  -0.160 
(0.075) 0.032 

5-aminolevulinate 
Hemoglobin and 
Porphyrin 
Metabolism 

0.526 
(0.326) 0.106  0.756 

(0.422) 0.073  0.612 
(0.258) 0.018 

N-lactoyl isoleucine Lactoyl Amino 
Acid 

0.389 
(0.265) 0.143  0.546 

(0.398) 0.171  0.437 
(0.221) 0.048 

N-lactoyl leucine 0.469 
(0.290) 0.106  0.458 

(0.398) 0.250  0.465 
(0.234) 0.047 

beta-
hydroxyisovaleroylcarnitine 

Leucine, 
Isoleucine and 
Valine 
Metabolism 

-0.093 
(0.248) 0.707  -0.512 

(0.214) 0.017  -0.332 
(0.162) 0.040 

pipecolate Lysine 
Metabolism 

0.405 
(0.247) 0.100  0.599 

(0.377) 0.112  0.463 
(0.206) 0.025 

guanine 

Purine 
Metabolism, 
Guanine 
containing 

0.144 
(0.161) 0.371  0.904 

(0.295) 0.002  0.318 
(0.141) 0.024 

3-hydroxykynurenine Tryptophan 
Metabolism 

0.349 
(0.175) 0.045  0.388 

(0.312) 0.214  0.359 
(0.152) 0.019 

tyrosine Tyrosine 
Metabolism 

0.163 
(0.133) 0.222  1.253 

(0.421) 0.003  0.262 
(0.127) 0.039 

caffeine Xanthine 
Metabolism 

-0.385 
(0.205) 0.060  -0.226 

(0.237) 0.342  -0.317 
(0.155) 0.041 

Meta meta-analysis; Beta beta-coefficient; SE standard error; p p-value 

Analysis used logistic regression for the TOLSURF and PROP cohorts separately, adjusting for birth weight, sex, self-reported 
maternal race/ethnicity, and corticosteroids (>1 day), followed by a meta-analysis. A negative effect size/unit change (beta) indicates 
metabolites of lower abundance in BPD infants. Metabolites are grouped by sub-pathway. Sub-pathways and metabolites are listed 
alphabetically. Complete results are provided in the supplementary material. 
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Table 2.3. Differential metabolites (p<0.05) of known identity during postnatal days 23-32 
(time point 2). 
Metabolite Name Sub-pathway TOLSURF  PROP  Meta 

    
Beta 
(SE) p  Beta 

(SE) p  Beta 
(SE) p 

N-
acetylglucosaminylasparagine 

Aminosugar 
Metabolism 

-0.470 
(0.271) 0.084  -0.385 

(0.335) 0.251  -0.436 
(0.211) 0.039 

androstenediol (3beta,17beta) 
disulfate (1) Androgenic 

Steroids 

-0.161 
(0.134) 0.227  -0.231 

(0.141) 0.102  -0.194 
(0.097) 0.045 

androstenediol (3beta,17beta) 
disulfate (2) 

-0.557 
(0.239) 0.02  -0.391 

(0.231) 0.091  -0.471 
(0.166) 0.005 

ascorbate (vitamin C) 
Ascorbate and 
Aldarate 
Metabolism 

-0.025 
(0.010) 0.013  -0.032 

(0.056) 0.571  -0.025 
(0.010) 0.011 

diaminopimelate Bacterial/Fungal -0.194 
(0.130) 0.134  -0.159 

(0.120) 0.186  -0.175 
(0.088) 0.047 

sulfate* 
Chemical 

-0.533 
(0.301) 0.077  -0.354 

(0.321) 0.271  -0.449 
(0.220) 0.041 

3-hydroxypyridine sulfate -0.113 
(0.071) 0.113  -0.168 

(0.115) 0.143  -0.128 
(0.061) 0.034 

phenylalanylhydroxyproline* Dipeptide -0.286 
(0.111) 0.01  -0.079 

(0.111) 0.479  -0.183 
(0.078) 0.02 

leucylhydroxyproline* Dipeptide 
Derivative 

-0.205 
(0.092) 0.026  -0.089 

(0.116) 0.443  -0.160 
(0.072) 0.026 

pimeloylcarnitine/3-
methyladipoylcarnitine (C7-
DC) 

Fatty Acid 
Metabolism (Acyl 
Carnitine, 
Dicarboxylate) 

-0.206 
(0.120) 0.086  -0.197 

(0.117) 0.093  -0.201 
(0.084) 0.016 

3-hydroxyoctanoylcarnitine (1) 

Fatty Acid 
Metabolism (Acyl 
Carnitine, 
Hydroxy) 

-0.053 
(0.101) 0.604  -0.440 

(0.143) 0.002  -0.182 
(0.083) 0.027 

hexanoylcarnitine (C6) 
Fatty Acid 
Metabolism (Acyl 
Carnitine, 
Medium Chain) 

-0.079 
(0.058) 0.173  -0.236 

(0.094) 0.012  -0.122 
(0.049) 0.013 

octanoylcarnitine (C8) -0.054 
(0.037) 0.143  -0.861 

(0.226) 1x10-4  -0.075 
(0.037) 0.039 

2-methylhexanoylcarnitine -0.056 
(0.061) 0.362  -0.428 

(0.147) 0.004  -0.111 
(0.056) 0.049 

2-methylmalonylcarnitine (C4-
DC) 

Fatty Acid 
Metabolism (also 
BCAA 
Metabolism) 

-0.280 
(0.242) 0.247  -0.902 

(0.369) 0.014  -0.467 
(0.202) 0.021 

2-hydroxyadipate Fatty Acid, 
Dicarboxylate 

-0.447 
(0.277) 0.107  -0.653 

(0.359) 0.069  -0.524 
(0.219) 0.017 

erythritol 
Food 
Component/ 
Plant 

-0.595 
(0.301) 0.048  -0.442 

(0.295) 0.134  -0.517 
(0.211) 0.014 

1-methylguanidine 
Guanidino and 
Acetamido 
Metabolism 

-0.128 
(0.120) 0.285  -0.439 

(0.174) 0.012  -0.228 
(0.099) 0.021 
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Metabolite Name Sub-pathway TOLSURF 
 

PROP 
 

Meta 
    Beta 

(SE) 
p 

 
Beta 
(SE) 

p 
 

Beta 
(SE) 

p 

4-imidazoleacetate 

Histidine 
Metabolism 

0.426 
(0.265) 0.108  0.289 

(0.224) 0.197  0.346 
(0.171) 0.043 

1-ribosyl-imidazoleacetate* 0.374 
(0.192) 0.052  0.251 

(0.162) 0.122  0.302 
(0.124) 0.015 

N-acetyl-1-methylhistidine* -0.351 
(0.182) 0.053  -0.369 

(0.271) 0.174  -0.357 
(0.151) 0.018 

beta-
hydroxyisovaleroylcarnitine 

Leucine, 
Isoleucine and 
Valine 
Metabolism 

-0.267 
(0.225) 0.236  -1.053 

(0.322) 0.001  -0.525 
(0.185) 0.004 

tiglylcarnitine (C5:1-DC) -0.135 
(0.184) 0.463  -0.980 

(0.310) 0.002  -0.356 
(0.158) 0.025 

3-methylglutarylcarnitine (2) -0.078 
(0.123) 0.523  -0.389 

(0.140) 0.006  -0.213 
(0.092) 0.021 

methylsuccinoylcarnitine -0.095 
(0.082) 0.246  -0.147 

(0.073) 0.045  -0.124 
(0.055) 0.024 

pipecolate 

Lysine 
Metabolism 

0.395 
(0.193) 0.041  0.198 

(0.188) 0.293  0.294 
(0.135) 0.029 

5-(galactosylhydroxy)-lysine -0.619 
(0.243) 0.011  -0.442 

(0.286) 0.123  -0.545 
(0.185) 0.003 

hydroxy-N6,N6,N6-
trimethyllysine* 

-0.593 
(0.285) 0.038  -0.555 

(0.356) 0.119  -0.578 
(0.223) 0.009 

taurine 
Methionine, 
Cysteine, SAM 
and Taurine 
Metabolism 

-0.097 
(0.114) 0.396  -0.209 

(0.109) 0.054  -0.155 
(0.079) 0.048 

mevalonate Mevalonate 
Metabolism 

-0.385 
(0.157) 0.014  -0.328 

(0.165) 0.046  -0.358 
(0.114) 0.002 

N,N-dimethyl-pro-pro Modified 
Peptides 

-0.648 
(0.374) 0.083  -0.511 

(0.406) 0.208  -0.585 
(0.275) 0.033 

isoputreanine Polyamine 
Metabolism 

-0.308 
(0.239) 0.197  -0.639 

(0.362) 0.078  -0.408 
(0.199) 0.041 

21-hydroxypregnenolone 
disulfate 

Pregnenolone 
Steroids 

-0.326 
(0.180) 0.07  -0.263 

(0.164) 0.109  -0.292 
(0.121) 0.016 

uridine 
Pyrimidine 
Metabolism, 
Uracil containing 

0.101 
(0.106) 0.34  0.182 

(0.094) 0.053  0.146 
(0.070) 0.037 

riboflavin (vitamin B2) Riboflavin 
Metabolism 

-0.494 
(0.194) 0.011  -0.227 

(0.183) 0.216  -0.353 
(0.133) 0.008 

5-hydroxyindoleacetate 
Tryptophan 
Metabolism 

-0.544 
(0.233) 0.02  -0.129 

(0.243) 0.595  -0.345 
(0.168) 0.040 

3-hydroxykynurenine -0.447 
(0.198) 0.024  -0.116 

(0.091) 0.202  -0.174 
(0.083) 0.035 

4-
hydroxyphenylacetoylcarnitine 

Tyrosine 
Metabolism 

-0.024 
(0.014) 0.081  -0.032 

(0.020) 0.112  -0.026 
(0.011) 0.019 

pro-hydroxy-pro 

Urea cycle; 
Arginine and 
Proline 
Metabolism 

-0.660 
(0.269) 0.014  -0.190 

(0.194) 0.328  -0.351 
(0.157) 0.026 
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Metabolite Name Sub-pathway TOLSURF  PROP  Meta 

    
Beta 
(SE) p  Beta 

(SE) p  Beta 
(SE) p 

3-methylxanthine 

Xanthine 
Metabolism 

-0.050 
(0.043) 0.24  -0.063 

(0.035) 0.071  -0.058 
(0.027) 0.032 

7-methylxanthine -0.061 
(0.057) 0.281  -0.145 

(0.077) 0.061  -0.090 
(0.046) 0.048 

1,7-dimethylurate -0.158 
(0.090) 0.079  -0.124 

(0.076) 0.102  -0.138 
(0.058) 0.017 

1-methylurate -0.496 
(0.241) 0.04  -0.173 

(0.186) 0.354  -0.294 
(0.147) 0.046 

7-methylurate -0.058 
(0.052) 0.267  -0.129 

(0.063) 0.039  -0.087 
(0.040) 0.030 

Meta meta-analysis; Beta beta-coefficient; SE standard error; p p-value  

Vitamins are in boldface. 

Analysis used logistic regression for the TOLSURF and PROP cohorts separately, adjusting for birth weight, sex, self-reported 
maternal race/ethnicity, nutrition source (parenteral vs enteral nutrition), and corticosteroids (>1 day), followed by a meta-analysis. 
A negative effect size/unit change (beta) indicates metabolites of lower abundance in BPD infants. Metabolites are grouped by sub-
pathway. Sub-pathways and metabolites are listed alphabetically. Complete results are provided in the supplementary material. 

Levels of metabolites at time point 2 were asymmetric in the direction of effect in BPD, 

including sub-analyses by mode of nutrition (Figure 2.2B, 2.2C, and 2.2D). Among all infants, 94% 

of differential metabolites (64 of 68) were lower in infants with BPD at time point 2 (OR=7.1, 

p=2.2x10-6; Supplemental Table S2.2), with increased odds for sub-analyses of infants on 

parenteral nutrition (57 of 60 [95%], OR=9.2, p=7.2x10-7; Supplemental Table S2.4) as compared 

to infants on full enteral nutrition (28 of 30 [93%], OR=6.1, p=0.003; Supplemental Table S2.5). 

This asymmetry was not observed at time point 1, where only 8 of 23 differential metabolites were 

at lower levels in infants with BPD (35%, OR=0.81, p=0.83).  Longitudinal trends for select 

metabolites implicated through MWAS using a time-course design in a smaller number of infants 

demonstrate the trajectory of reduced metabolite levels after stopping parenteral nutrition for 

infants who develop BPD (Figure 2.4). 
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Figure 2.3. Odds ratios of the top 10 differential metabolites of known identity associated 
with BPD.  
Metabolites are in ascending p-value order from top to bottom. Horizontal error bars denote 95% 
confidence intervals. The solid vertical black line divides metabolites higher in infants who 
developed BPD (log2(OR)>0) from those higher in infants who did not (log2(OR)<0). (Figure 
caption continued on the next page.)  
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(Figure caption continued from the previous page.) Odds ratio estimates for metabolites in the 
analysis in infants from the PROP cohort are colored in yellow, from the TOLSURF cohort in red, 
and for the meta-analysis in blue for the top 10 differential metabolites at (A) time point 1 and (B) 
time point 2. Time point 2 also includes odds ratios from the feeding sub-analyses, represented 
by dark blue for infants on parenteral nutrition and light blue for those on full enteral nutrition. 
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Figure 2.4. Longitudinal trajectories of selected individual metabolites relative to 
parenteral nutrition discontinuation by BPD status. 
(Figure caption appears on the next page) 
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(Figure caption from previous page) Local estimated scatterplot smoothing (LOESS) plots are 
shown for (A) 3-hydroxykynurenine, (B) 2-methylmalonylcarnitine (C4-DC), (C) 
pimeloylcarnitine/3-methyladipoylcarnitine (C7-DC), (D) adipoylcarnitine (C6-DC), (E) vitamin C 
(ascorbic acid 3-sulfate*), and (F) vitamin B2 (riboflavin). Points represent individual observations, 
with connected points indicating measurements from the same infant. Shaded bands represent 
95% confidence intervals around the LOESS fit. The dashed vertical line indicates the day 
parenteral nutrition was discontinued (day 0). For all metabolites shown, increasing levels are 
generally observed after stopping parenteral nutrition, with a slower increase in infants who 
develop BPD. 

Table 2.4. Differential metabolites (p<0.05) of known identity unique to infants on parenteral 
nutrition during postnatal days 23-32 (time point 2). 

Metabolite Name 
  

Sub-pathway 
  All Infants  Parenteral 

Nutrition 
 Enteral 

Nutrition 
Beta 
(SE) p  Beta 

(SE) p  Beta 
(SE) p 

ascorbic acid 3-
sulfate* Ascorbate and 

Aldarate 
Metabolism 

-0.085 
(0.046) 0.064  -0.268 

(0.102) 0.007  -0.027 
(0.043) 0.465 

dehydroascorbate -0.245 
(0.165) 0.106  -0.608 

(0.294) 0.018  -0.013 
(0.255) 0.386 

lactose 
Disaccharides 
and 
Oligosaccharides 

-0.053 
(0.040) 0.093  -0.253 

(0.123) 0.012  -0.020 
(0.044) 0.858 

adipoylcarnitine (C6-
DC) 

Fatty Acid 
Metabolism (Acyl 
Carnitine, 
Dicarboxylate) 

0.113 
(0.075) 0.865  0.323 

(0.150) 0.030  0.030 
(0.063) 0.784 

suberoylcarnitine (C8-
DC) 

-0.180 
(0.145) 0.492  -0.610 

(0.264) 0.048  0.051 
(0.190) 0.914 

(S)-3-
hydroxybutyrylcarnitine Fatty Acid 

Metabolism (Acyl 
Carnitine, 
Hydroxy) 

-0.003 
(0.017) 0.065  -0.192 

(0.089) 0.009  0.006 
(0.021) 0.531 

3-
hydroxyhexanoylcarniti
ne (1) 

-0.134 
(0.072) 0.179  -0.397 

(0.148) 0.039  -0.065 
(0.089) 0.645 

hexanoylglycine 
Fatty Acid 
Metabolism (Acyl 
Glycine) 

-0.053 
(0.033) 0.082  -0.181 

(0.076) 0.039  -0.029 
(0.034) 0.859 

malonylcarnitine Fatty Acid 
Synthesis 

-0.234 
(0.214) 0.067  -0.616 

(0.313) 0.011  0.177 
(0.336) 0.947 

dimethylmalonic acid Fatty Acid, 
Dicarboxylate 

-0.065 
(0.040) 0.275  -0.205 

(0.102) 0.049  -0.025 
(0.048) 0.599 

furaneol sulfate 
Food 
Component/Plant 

-0.085 
(0.049) 0.102  -0.211 

(0.102) 0.044  0.012 
(0.065) 0.607 

piperidine -0.115 
(0.069) 0.564  -0.259 

(0.104) 0.040  0.020 
(0.111) 0.612 

6-oxopiperidine-2-
carboxylate Lysine 

Metabolism 

-0.281 
(0.153) 0.216  -0.543 

(0.215) 0.021  0.018 
(0.267) 0.788 

N6-carboxyethyllysine -0.081 
(0.060) 0.567  -0.316 

(0.161) 0.013  -0.056 
(0.070) 0.717 

1-methylhypoxanthine Purine 
Metabolism, 
(Hypo)Xanthine/I
nosine containing 

0.132 
(0.107) 0.137  0.327 

(0.154) 0.039  -0.158 
(0.164) 0.958 

uric acid 
ribonucleoside* 

-0.456 
(0.240) 0.114  -0.619 

(0.310) 0.039  -0.336 
(0.415) 0.886 
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Metabolite Name 
  

Sub-pathway 
  All Infants  Parenteral 

Nutrition 
 Enteral 

Nutrition 
Beta 
(SE) p  Beta 

(SE) p  Beta 
(SE) p 

5-methyluridine 
(ribothymidine) 

Pyrimidine 
Metabolism, 
Uracil containing 

-0.025 
(0.044) 0.131  -0.378 

(0.152) 0.032  0.019 
(0.053) 0.636 

succinylcarnitine (C4-
DC) TCA Cycle -0.004 

(0.006) 0.081  -0.037 
(0.018) 0.024  0.004 

(0.008) 0.714 

thiamin (vitamin B1) Thiamine 
Metabolism 

-0.251 
(0.221) 0.065  -0.910 

(0.351) 0.022  0.211 
(0.331) 0.918 

methylurea 
Urea cycle; 
Arginine and 
Proline 
Metabolism 

-0.107 
(0.064) 0.178  -0.312 

(0.158) 0.050  -0.031 
(0.089) 0.424 

N-monomethylarginine -0.008 
(0.012) 0.214  -0.100 

(0.051) 0.034  -0.001 
(0.014) 0.336 

N,N,N-trimethyl-
alanylproline betaine 
(TMAP) 

-0.312 
(0.179) 0.058  -0.568 

(0.251) 0.046  -0.114 
(0.310) 0.418 

pyridoxate Vitamin B6 
Metabolism 

-0.335 
(0.181) 0.256  -0.528 

(0.230) 0.010  -0.036 
(0.348) 0.524 

pyridoxine (vitamin 
B6) 

-0.284 
(0.180) 0.097  -0.453 

(0.219) 0.049  0.053 
(0.369) 0.730 

Beta beta-coefficient; SE standard error; p p-value 

Vitamins are in boldface. 

Analysis used logistic regression for the TOLSURF and PROP cohorts separately, stratified by nutrition source (parenteral vs 
enteral nutrition), adjusting for birth weight, sex, self-reported maternal race/ethnicity, and corticosteroids (>1 day), followed by a 
meta-analysis. A negative effect size/unit change (beta) indicates metabolites of lower abundance in BPD infants. Metabolites are 
grouped by sub-pathway. Sub-pathways and metabolites are listed alphabetically. Complete results are provided in the 
supplementary material. 

Table 2.5. Differential metabolites (p<0.05) of known identity unique to infants on enteral 
nutrition during postnatal days 23-32 (time point 2). 

Metabolite Name Sub-pathway All Infants 
 

Parenteral 
Nutrition 

 
Enteral Nutrition 

    Beta 
(SE) 

p 
 

Beta 
(SE) 

p 
 

Beta 
(SE) 

p 

diisopropanolamine Chemical 0.009 
(0.090) 0.921  -0.105 

(0.119) 0.376  0.438 
(0.189) 0.021 

cysteinylglycine 
disulfide* 

Glutathione 
Metabolism 

-0.008 
(0.090) 0.931  0.040 

(0.130) 0.760  -0.643 
(0.291) 0.027 

2,3-dihydroxy-3-
methylvalerate 

Leucine, 
Isoleucine and 
Valine 
Metabolism 

-0.006 
(0.027) 0.831  0.039 

(0.038) 0.304  -0.120 
(0.057) 0.035 

S-methylcysteine 
sulfoxide 

Methionine, 
Cysteine, SAM 
and Taurine 
Metabolism 

-0.087 
(0.056) 0.119  -0.016 

(0.078) 0.841  -0.192 
(0.083) 0.020 

4-
hydroxyphenylacetate 

Phenylalanine 
Metabolism 

-0.036 
(0.019) 0.062  -0.010 

(0.037) 0.789  -0.053 
(0.027) 0.047 

5-
methylthioadenosine 
(MTA) 

Polyamine 
Metabolism 

0.241 
(0.125) 0.053  0.085 

(0.167) 0.611  0.502 
(0.241) 0.037 
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Metabolite Name Sub-pathway All Infants 
 

Parenteral 
Nutrition 

 
Enteral Nutrition 

    Beta 
(SE) 

p 
 

Beta 
(SE) 

p 
 

Beta 
(SE) 

p 

sphingosine Sphingosines -0.028 
(0.019) 0.146  0.015 

(0.020) 0.444  -0.189 
(0.096) 0.049 

homocitrate TCA Cycle -0.054 
(0.088) 0.539  0.057 

(0.115) 0.621  -0.360 
(0.167) 0.031 

kynurenine 
Tryptophan 
Metabolism 

-0.093 
(0.088) 0.293  0.064 

(0.115) 0.578  -0.405 
(0.161) 0.012 

tryptophan -0.197 
(0.126) 0.118  0.079 

(0.160) 0.622  -0.499 
(0.230) 0.030 

Beta beta-coefficient; SE standard error; p p-value 

Analysis used logistic regression for the TOLSURF and PROP cohorts separately, stratified by nutrition source (parenteral vs 
enteral nutrition), adjusting for birth weight, sex, self-reported maternal race/ethnicity, and corticosteroids (>1 day), followed by a 
meta-analysis. A negative effect size/unit change (beta) indicates metabolites of lower abundance in BPD infants. Metabolites are 
grouped by sub-pathway. Sub-pathways and metabolites are listed alphabetically. Complete results are provided in the 
supplementary material. 
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Figure 2.5. Differential metabolites at time point 2 across all infants and by nutrition source.  
Bars indicate the number of differential metabolites identified in each analysis (set size). 
Intersection bars show the number of metabolites shared across analyses. Differential 
metabolites of known identity in more than one analysis are listed below their corresponding 
intersections. Each metabolite is accompanied by a colored dot corresponding to its super 
pathway. The majority of differential metabolites within all infants at time point 2 are also 
differential within sub-analyses of infants by nutrition modality, including amino acids and lipids. 

Pathway Enrichment Analysis 

 We performed pathway enrichment analyses for each MWAS using annotations provided 

by Metabolon. A total of 71 and 73 sub-pathways with ≥2 metabolites were evaluated for 

enrichment at time points 1 and 2, respectively, which belonged to 8 super pathways. At time point 
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1, differential metabolites were enriched for the Lactoyl Amino Acid sub-pathway (p=0.005, Table 

2.6) within the Amino Acid super pathway. At time point 2, differential metabolites were 

significantly enriched in Fatty Acid Metabolism: Acyl Carnitine, Medium Chain (p=0.002), and 

Xanthine Metabolism (p=0.0006) (Table 2.6). For infants on parenteral nutrition at time point 2, 

differential metabolites were enriched in two lipid sub-pathways involved in fatty acid metabolism 

(Acyl Carnitine/Dicarboxylate [p=0.0002], and Acyl Carnitine/Hydroxy [p=0.0002]), and Vitamin 

B6 Metabolism (p=0.02) (Table 2.6). The Cofactors and Vitamins super-pathway was enriched for 

infants on parenteral nutrition at time point 2 (p=0.02). No other analyses showed enrichment of 

super-pathways. For infants on full enteral nutrition at time point 2, differential metabolites were 

enriched for Tryptophan Metabolism (p=0.03) and Androgenic Steroids (p=0.04) (Table 2.6). 

Differential metabolites identified in the fold-change comparison were enriched in Secondary Bile 

Acid Metabolism (p=0.008). 

Table 2.6. Metabolomic sub-pathway enrichment analyses for biochemicals whose 
levels associate with BPD at p<0.05. 

Time Point Sub-Pathway Enrichment Ratio p FDR 

Time Point 1 Lactoyl Amino Acid 16.4 0.005 0.4 

Time Point 2 
Xanthine Metabolism 6.3 0.0006 0.04 
Fatty acid metabolism (Acyl Carnitine, 
Medium Chain) 9.1 0.002 0.09 

Parenteral Nutrition,   
Time Point 2 

Fatty Acid Metabolism (Acyl Carnitine, 
Dicarboxylate) 16.6 0.0002 0.007 
Fatty Acid Metabolism (Acyl Carnitine, 
Hydroxy) 16.6 0.0002 0.007 

Vitamin B6 Metabolism 8.3 0.02 0.5 
Full Enteral 
Nutrition,  
Time Point 2 

Tryptophan Metabolism 4.1 0.03 1 

Androgenic Steroids 5.8 0.04 1 
p p-value; FDR false discovery rate within each group comparison. 

Enrichment ratio was calculated as the proportion of metabolites at p<0.05 as compared to the total number of metabolites within 
the sub-pathway, divided by the proportion of total metabolites at p<0.05 over all metabolites evaluated across sub-pathways. An 
enrichment ratio >1 indicates that within the sub-pathway more metabolites than what would have been expected by chance have 
a p<0.05. 
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Discussion 

In this study, we characterized the urinary metabolome of 314 extremely premature infants 

from two cohorts within the first four weeks of life, including infants with and without a later 

diagnosis of BPD at 36 weeks postmenstrual age. We detected over a thousand unique 

metabolites representing more than 50 metabolic pathways, highlighting the breadth of 

physiological processes captured through performing untargeted metabolomics in a relatively 

non-invasive biofluid. Cluster analyses across all metabolites revealed little to no separation 

between infants with and without BPD, suggesting a high degree of infant variability in the urinary 

metabolome in this large, population-based study. Levels of 89 unique individual metabolites were 

found to be associated with BPD across time points, for which the false discovery rate should be 

considered when weighing their individual relevance to BPD pathophysiology. However, taken 

together, “BPD differential” metabolites were significantly more likely to be at lower levels in the 

urine of infants with BPD as compared to infants without BPD, particularly during the fourth week 

of life and during the transition to enteral feeding. This was an unexpected finding and supports 

our hypothesis that infants who develop BPD are experiencing metabolic dysregulation early in 

life. 

BPD differential metabolites were enriched in specific metabolic pathways, including 

lactoyl amino acids in the second week of life, and xanthine and fatty acid metabolism in the fourth 

week of life. At the earlier time point, we observed higher levels of two lactoyl amino acid 

metabolites in infants who developed BPD (N-lactoyl isoleucine and N-lactoyl leucine), leading to 

modest enrichment of the Lactoyl Amino Acid sub-pathway. N-lactoyl-amino acids are involved in 

a number of processes, including energy metabolism and sleep patterns,26 and higher levels have 

been associated with a variety of other diseases, such as gestational diabetes27 and retinopathy 

of prematurity.28 Elevated levels in infants who develop BPD could indicate greater early postnatal 
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acidosis and a shift toward anaerobic metabolism, leading to increased lung injury and poor 

respiratory outcomes. Previous studies have also found an association between BPD and levels 

of urinary lactate, which is a precursor of lactoyl-amino acids, including the two we identified to 

be at higher levels in infants with BPD. In one study, lactate was found to be higher in infants with 

BPD,15 whereas in another it was found to be lower in infants with BPD.16 While we find no 

association between urinary lactate levels and BPD, we note that prior studies involving a smaller 

number of infants used a method that has lower sensitivity and is prone to degradation of lactoyl 

amino acids into lactate (hydrogen nuclear magnetic resonance, or H-NMR),15,16 which may in 

part explain these discrepancies. 

During the fourth week of life, levels of several caffeine metabolites (methylxanthines, 

methylurates) and acylcarnitines were lower in infants with BPD, with enrichment of the respective 

sub-pathways. Caffeine, an adenosine receptor antagonist commonly prescribed in the NICU to 

prevent apnea of prematurity, stimulates breathing, the central nervous system, and the 

cardiovascular system29 and has been suggested to reduce the incidence of BPD.30 Caffeine 

metabolism in preterm infants is limited by immature hepatic enzymes, while clearance is 

constrained by immature renal function, both of which are influenced by gestational age, post-

conception age, and feeding modality.29 Thus, lower levels of caffeine metabolites in infants who 

develop BPD may be attributed to these developmental limitations that reduce caffeine 

metabolism and renal excretion, as well as differences in dosing regimens based on body weight, 

caffeine blood levels, and apneic frequency. The use of caffeine was similar between infants with 

and without BPD, but data on dosing were not collected.  

The enrichment in fatty acid metabolism was more pronounced in infants receiving 

parenteral nutrition as compared to infants receiving full enteral nutrition; however, longitudinal 

trajectories suggest the role of nutrition is complex and requires further study. Acylcarnitines and 
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carnitine are essential for energy production due to their crucial role in fatty acid oxidation, and 

thus they support metabolism and growth of the premature infant that could improve respiratory 

outcomes. Hydroxylated fatty acids, produced by tissues and some gut microbes, may also have 

anti-inflammatory effects and protect against lung damage caused by inflammation, which is also 

a hallmark of BPD. The involvement of carnitines in BPD has similarly been observed in prior 

studies that used different statistical approaches, metabolomics platforms, most commonly 

targeted metabolomics, and that included smaller cohorts varying by gestational age, postnatal 

age, modes of nutrition, and biofluid,12,14,17–19 with conflicting directions of effect reported. Studies 

that collected samples during the first week of life or at 6 months corrected age found 

acylcarnitines to be higher in BPD infants.12,14,19 Similarly, a study evaluating metabolic 

differences across nutritional stages reported that the direction of carnitine dysregulation changes 

during these transitional periods, with higher levels predominantly in infants who developed 

BPD.18 In contrast, a cross-sectional study analyzing four time points found that most 

acylcarnitines, particularly short- and medium-chain carnitines, were lower in infants who 

developed BPD at postnatal day 28, but not at postnatal days 1, 7, or 42.17 Our findings are 

consistent with those of the cross-sectional study in infants of similar postnatal age, including the 

replication of lower hexanoylcarnitine (C6) levels in infants who develop BPD and no differences 

at earlier time points. Collectively, our study, along with others, suggests that the relationship 

between fatty acid metabolism and BPD varies over time and by mode of nutrition (parenteral vs. 

enteral), a longitudinal pattern also observed for several carnitines, and that reduced fatty acid 

availability during the fourth week of life is either a marker or a contributor to BPD development. 

We also observed lower levels of C and B-complex vitamins during the fourth week of life 

in infants who developed BPD, including vitamins B1, B6, and C among infants receiving parenteral 

nutrition with effects diminished among infants that transitioned to full enteral feeding. These 

findings are consistent with prior literature linking vitamin deficiencies to BPD.31–33 Vitamin C is a 
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cofactor in reactions regulating hypoxia-induced transcription factors and enhancing immune and 

anti-inflammatory responses, and a deficiency has also been attributed to cases of pulmonary 

hypertension,34 a common complication of BPD. B-complex vitamins support mitochondrial 

function35 (vitamin B2), the metabolism of carbohydrates36 (vitamins B1 and B6), amino acids36 

(vitamin B6), and lipids36 (vitamin B6); and gut health and development.37–39 Thus, deficiencies in 

B vitamins may limit energy availability in the lung, which relies on the catabolism of glucose, 

proteins, and lipids.  

Essential vitamins are obtained through nutrition and may have varying degrees of 

bioavailability and concentration in parenteral vs. enteral nutrition, prompting our sub-analyses 

comparing infants receiving parenteral nutrition (either exclusively, transitioning to enteral feeding, 

or full enteral feeds for <4 days) at time point 2 vs. those receiving full enteral nutrition for at least 

4 days. It is important to note that during the feeding transition, infants routinely receive both 

parenteral and increasing amounts of enteral nutrition, and data on daily amounts were not 

available. Thus, lower circulating vitamin levels in infants who developed BPD could be due to 

impaired enteral absorption, immature gut, insufficient vitamin supplementation, and/or higher 

physiological demand in sicker preterm infants. Future interventions may include targeted 

nutritional supplementation for infants receiving parenteral nutrition, in particular vitamin C, B1, 

B2, and B6 for infants with later or delayed transition to enteral feeds. 

Vitamin deficiencies along with aberrant fatty acid metabolism could lead to suboptimal 

weight gain, reduced growth, and impaired lung repair, and warrant future investigations as to 

their role in BPD and their relationship with source of nutrition. The lung and gut of infants who 

develop BPD are less mature developmentally for their gestational age, resulting in an increased 

need for respiratory, nutritional, and metabolic support. Over the first few postnatal weeks, sicker 

infants may have increased work of breathing and resting energy expenditure, leading to slower 



 72 

weight gain, less linear growth, and lower energy reserves. In addition, delays in maturational 

development and repair of lung structure and function could result in higher oxygen levels, 

increased ventilatory pressure requirements, and transient hypoxemia with associated oxidative 

stress and inflammation. 

Strengths of our study include the multi-cohort design, including hundreds of infants from 

multiple centers at two time points, thereby capturing a greater degree of individual-level variation 

in the urinary metabolome of extremely premature infants. A potential weakness is the use of urine 

samples stored at -80°C for up to 10 years prior, which may have led to oxidation or degradation 

of certain important metabolites. In addition, our study lacked detailed information on the volume 

of enteral nutrition received, infant growth parameters, and caloric intake. Therefore, additional 

studies are needed to replicate our findings in a more contemporary cohort and to incorporate 

more detailed information on nutrition type. 

In summary, we performed a metabolome-wide association study in extremely premature 

infants during the first few weeks of life and implicated specific metabolites and metabolic 

pathways in the development of BPD. Our results can inform future clinical trials to test 

interventions involving nutritional supplementation spanning lipids, essential amino acids, and 

vitamins B and C. Future studies are also needed to establish a causal relationship between 

metabolic dysregulation and the development of BPD, including the role of nutrition and nutrient 

absorption.  
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Supplementary Material 

Extended Methods 

Study Description 

Infants included in our study were from the Trial of Late Surfactant for Prevention of 

Bronchopulmonary Dysplasia (TOLSURF, ClinicalTrials.gov, NCT01022580) and the Prematurity 

and Respiratory Outcomes Program (PROP, NCT01435187). Clinical data were obtained for both 

cohorts, including gestational age, birthweight, maternal race/ethnicity, use of corticosteroids, 

mode of feeding (parenteral vs. enteral), and respiratory parameters, including Respiratory 

Severity Scores (RSS = FiO2 × Mean Airway Pressure). The research protocol for both studies 

was approved by the institutional review boards of the participating institutions, and a parent of 

each infant provided written informed consent. 

A total of 171 infants from TOLSURF were included in the current study, and 143 infants 

from PROP. Infants were selected from available samples and attempts were made to balance by 

bronchopulmonary dysplasia (BPD) at 36 weeks gestational age, and by maternal Black, 

Hispanic, and non-Hispanic White race/ethnicity. TOLSURF was a double-blinded, randomized, 

sham-controlled trial to evaluate the effect of late surfactant on BPD and included 511 infants 

across 25 US centers enrolled between 2010 and 2013.1 Enrollment criteria included intubation 

and mechanical ventilation between 7 and 14 days of age and gestational age between 23-28 

weeks. Infants received iNO according to the protocol followed in the Nitric Oxide (to Prevent) 

Chronic Lung Disease (NO CLD) trial, and BPD was assessed at 36 weeks post-menstrual age 

by physiological testing.2 There was no significant difference in BPD incidence between placebo 

and surfactant-treated groups at 36 weeks. PROP was an observational study of 835 infants <29 

weeks of gestational age from 8 US centers enrolled between 2010 and 2013.3 BPD was 
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assessed at 36 weeks post-menstrual age by physiological testing using the same definition as 

for TOLSURF.  

Sample Collection 

Urine samples were collected from infants by placing cotton balls into the diaper for 4-8 

hours and then transferred to a tube and frozen at −70 °C. Samples were selected from two time 

points for each infant: between postnatal days 5-15 (time point 1; mean/sd 8±2) and 23-32 (time 

point 2; mean/sd 28±2), for a total of 628 urine samples. The total number of infants in our study 

was 314, including 178 with BPD and 136 without BPD (TOLSURF: N=106 with BPD and 65 

without BPD; PROP: N=72 with BPD and 71 without BPD). Infants were selected based on 

survival at 40 weeks gestational age and availability of urine samples. In TOLSURF, infants were 

categorized as being on parenteral nutrition at time point 2 if they were receiving or had received 

parenteral nutrition within four days prior to urine sample collection, or as being on full enteral 

nutrition if they had not received parenteral nutrition for at least 4 days prior. In PROP, infants 

were categorized as being on parenteral nutrition if they had received either no or partial enteral 

feeds within 4 days prior to sample collection, and on enteral nutrition if they had received full 

enteral feeds within the same timeframe. 

Metabolomics Profiling 

Untargeted metabolomic assays were performed using Ultra High-Performance Liquid 

Chromatography-Tandem Mass Spectrometry (UHPLC/MS-MS) by Metabolon Inc. as previously 

described.4–6 Metabolic profiling was conducted separately for each cohort, with anchor samples 

included to facilitate the comparison of metabolite abundance between cohorts. Each analytic 

batch included a set of internal standards to adjust values for instrument variability as needed. 

Urine samples were normalized to osmolality, and metabolites with >30% missing values (below 

the limit of detection) within TOLSURF or PROP were removed from further analysis. Levels of 
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missing individual metabolites were imputed to the minimum detectable level, and data were 

normalized to the median value.  

Statistical Analyses 

Principal component analysis (PCA) was performed to evaluate global differences 

between the urinary metabolome of infants with and without BPD at each time point and by 

nutrition source. A Mann-Whitney U-test was performed within each analysis to assess differences 

in the distributions of the first two principal components by BPD status. These analyses were 

performed using R version 4.5.1 (R Foundation for Statistical Computing). 

A metabolome-wide association study (MWAS) was performed using multivariate logistic 

regression to test the association between BPD and levels of individual metabolites using the 

statsmodels package7 in Python 3.11.4. Covariates in the model included birth weight, sex, self-

identified maternal race/ethnicity, and whether an infant was receiving corticosteroids for more 

than 1 day prior to urine collection. Nutrition source was included as a covariate only for time point 

2. Analyses were also performed on the fold-change, calculated using the ratio of metabolite 

levels at time point 2 to those at time point 1. To account for study-specific and experimental batch 

effects, analyses were done within each cohort separately and combined using a fixed-effects 

meta-analysis with the metafor package in R 4.5.1.8 Sub-analyses were performed, separating 

infants by nutrition source at time point 2 to evaluate its role as a potential confounder and effect 

modifier. Metabolites were defined as “differential metabolites” when associated with BPD at a 

threshold of p<0.05, given the high degree of correlation within our dataset. 

Longitudinal data for differential metabolites from a prior study5 were aligned to days 

relative to discontinuation of parenteral nutrition and visualized using time course plots with locally 

weighted scatterplot smoothing by BPD status. Data included untargeted metabolomics of 302 

urine samples from 28 infants in TOLSURF with ≥5 time points (mean/sd 11±4) over ≥19 days 
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(mean/sd 35±8). In this cohort, 17 (60.7%) of the infants developed BPD, and 11 (39.3%) did not 

develop BPD; 25 of the 28 infants were also included in the two time point study. 

Pathway enrichment analysis was performed on differential metabolites that were 

associated with BPD at p<0.05 for each of the MWAS comparisons performed. Metabolites of 

known identity from Metabolon (as of April 2025) were annotated to 8 super-pathways, including 

88 sub-pathways at time point 1, and 90 sub-pathways at time point 2. Sub-pathways with less 

than 2 annotated metabolites were removed from the analysis. MSEA was performed for each 

super-pathway and sub-pathway using a Fisher’s exact test, adjusting for multiple comparisons 

by inferring the FDR using qvalue.  The enrichment ratio was calculated as the proportion of 

metabolites at p<0.05, compared to the total number of metabolites within the sub-pathway, 

divided by the proportion of total metabolites at p<0.05 over all metabolites evaluated across sub-

pathways and super-pathways. Multiple comparisons were accounted for by inferring the false 

discovery rate (FDR) using the qvalue package from Bioconductor in R 4.5.1.9 
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Supplementary Figure 

Figure S2.1. Violin plots of principal component 1 (PC1) and principal component 2 (PC2) 
distributions by BPD status.  
Comparisons are shown for: (A) all infants at time point 1 (postnatal days 5-15), (B) all infants at 
time point 2 (postnatal days 23-32), (C) infants on parenteral nutrition at time point 2, and (D) 
infants on enteral nutrition at time point 2. 
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Chapter 3: Associations Between Genomic 
Ancestry Proportions and the Urinary 

Metabolites of Extremely Premature Infants 

Abstract 

The human biofluid metabolome is shaped by both environmental and genetic factors, 

which may include genetic variation that is linked to continental genetic ancestry. Genetic ancestry 

refers to patterns of genetic variation that differ across haplotypes of historical continental origin, 

and represents a statistically powerful way to investigate the role of genetics on the metabolome 

of extremely premature infants. Furthermore, it provides a summation of genetic variation that 

differs across global populations, genetically admixed populations, and across groups of 

individuals defined by the social categories of race and ethnicity.  We aimed to identify metabolites 

and metabolic pathways associated with continental genetic ancestry in the urine of extremely 

premature infants, and to investigate whether the association of genetic ancestry varies between 

the second and fourth weeks of life. Untargeted metabolomics was performed on 524 urine 

samples from 262 premature infants (<27 weeks gestational age), collected at two postnatal time 

points (days 5-15 and 23-32). Genomic ancestry proportions (African, European, 

Amerindigenous) were inferred via ADMIXTURE using a three-population model across different 

genetic platforms. Associations between African genomic ancestry proportions and metabolite 

levels were tested using a linear mixed model followed by metabolite set enrichment analyses. 

Among 851 urinary metabolites quantified, two involved in histidine metabolism were significantly 

associated with African genomic ancestry (trans-urocanate, p = 7.6x10-6, q = 6.5x10-3; 

cis-urocanate, p = 1.1x10-4, q = 0.04). In addition, 106 metabolites were associated with African 

genomic ancestry at p<0.05 and were significantly enriched for the Nucleotide super-pathway 

(p = 1.7x10-7, q = 1.4x10-6) and depleted in the Lipid super-pathway (p = 4.3x10-4, q = 1.7x10-3). 
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Top metabolites associated with African ancestry among infants of maternal Black/African 

American race/ethnicity were significantly enriched for Histidine metabolism (p = 1.5x10-5, 

q = 0.001), and corroborated our findings in the full cohort. Collectively, our results demonstrate 

that genetic variation linked to African ancestry contributes to variation in the urinary metabolome 

of extremely premature infants, notably metabolites involved in histidine, nucleotide, and lipid 

metabolism. In addition, genetic ancestry is an important consideration in metabolomic and 

potentially clinical studies of extremely premature infants.  



 101 

Introduction 

Differences in metabolite profiles have been reported between term and premature 

infants, with variation observed even among premature infants.1,2 This heterogeneity in metabolite 

levels among premature infants reflects, in part, the rapid physiological changes during postnatal 

adaptation, developmental immaturity, clinical status, and environmental factors such as feeding 

modality and clinical care.3–7 However, one factor that remains largely unexplored is the extent to 

which genetic variation contributes to this heterogeneity in metabolite levels. 

Although extensive evidence supports the contribution of genetic variation to 

interindividual differences in metabolite profiles in adults,8–10 evidence in neonates remains 

limited. Nevertheless, studies in term infants suggest that genetic factors play an important role 

in shaping neonatal metabolite profiles. A twin study in term neonates estimated high heritability 

for several metabolites, particularly short-chain acylcarnitines, with heritability estimates ranging 

from 61-83%.11 More recently, a genome-wide association study of neonatal metabolites extended 

these findings by estimating metabolite heritability in unrelated individuals, reporting a mean 

heritability of 76.2%.12 While these studies provide a strong foundation for understanding the 

genetic architecture of metabolites included in newborn metabolic screening, they are limited to 

single-time-point assessments in term infants and a targeted metabolite panel, leaving 

unanswered whether these findings extend to extremely premature infants, apply across the 

metabolome, or change during early postnatal development. 

Genomic ancestry, as used throughout this manuscript, refers to ancestry inferred from 

patterns of genome-wide genetic similarity to reference populations, reflecting aspects of shared 

population history.13 These patterns of genetic variation, including differences in allele frequency 

and linkage disequilibrium, have provided valuable insights into the genetic architecture of 

complex traits.14,15 Whether genomic ancestry contributes to downstream molecular phenotypes, 
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such as metabolites, remains understudied. Nonetheless, a study among admixed adults 

performed admixture mapping to evaluate the contribution of genomic ancestry to variation in 

metabolite levels and identified several metabolites associated with genomic ancestry, including 

lipid polyunsaturated fatty acids and N-acetylated amino acids.16 However, whether genomic 

ancestry contributes to metabolite variation in extremely premature infants during this critical 

developmental period remains unknown. 

In this study, we performed metabolome-wide association analyses between metabolite 

levels and genomic ancestry proportions in 262 extremely premature infants (gestational age <27 

weeks) from two clinical cohorts. We performed sub-analyses stratifying infants by maternal 

race/ethnicity to assess whether associations between genomic ancestry and metabolite levels 

extended beyond potential social and environmental factors that may correlate with race/ethnicity. 

We evaluated whether genomic ancestry contributed disproportionately to variation in metabolites 

from specific metabolic pathways. Additionally, we evaluated whether the contribution of genomic 

ancestry to variation in metabolite levels differed between the second and fourth weeks of life. 

Methods 

Study cohorts 

A total of 166 infants from the Trial of Late Surfactant for Prevention of Bronchopulmonary 

Dysplasia (TOLSURF, ClinicalTrials.gov, NCT01022580) and 96 from the Prematurity and 

Respiratory Outcomes Program (PROP, NCT01435187) with both genomics and urinary 

metabolomics data were included in our study. Clinical and demographic data collected for both 

cohorts included gestational age, birthweight, maternal race/ethnicity, administration of 

corticosteroids and caffeine, feeding modality (parenteral vs enteral nutrition), and respiratory 

parameters, including respiratory severity score (RSS; FiO2 × mean airway pressure) and 

bronchopulmonary dysplasia (BPD) status. Maternal race and ethnicity were self-identified and 
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collected at the time of infant enrollment as part of the case report form; paternal race/ethnicity 

was not collected. Maternal race and ethnicity were subsequently combined into a single 

race/ethnicity variable for analysis, resulting in the categories Non-Hispanic White, Non-Hispanic 

Black/African American, and Hispanic/Latine White. For analyses and reporting, the Non-Hispanic 

Black/African American and Hispanic/Latine White categories are referred to as Black/African 

American and Hispanic/Latine, respectively, throughout this manuscript. Complete clinical and 

demographic data were available for all included infants. Research protocols for both studies were 

approved by the institutional review boards of the participating institutions, and a parent of each 

infant provided written informed consent. The requirement for supplemental oxygen or mechanical 

ventilation at 36 weeks postmenstrual age was used across both cohorts to diagnose BPD.17 

TOLSURF was a multicenter, randomized, double-blind, sham-controlled clinical trial that 

evaluated whether late surfactant administration improved respiratory outcomes in extremely 

premature infants. Between 2010 and 2013, the trial enrolled 511 infants across 25 centers in the 

United States. Eligibility criteria included gestational age between 23 and 28 weeks and the 

requirement for intubation and mechanical ventilation between 7 and 14 days of life. Additional 

details regarding the study design, enrollment criteria, participant characteristics, and primary 

outcomes have been reported previously.17  

PROP was a multicenter prospective observational cohort study designed to evaluate 

respiratory morbidity and long-term respiratory outcomes in extremely premature infants. 

Between 2010 and 2013, 835 infants born at <29 weeks of gestational age were enrolled across 

8 centers in the United States. Additional information regarding the study design, enrollment 

criteria, participant characteristics, and study outcomes can be found elsewhere.18 
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Metabolomics profiling 

Urine samples were collected from infants at two time points as previously described.7,19 

The first collection was between postnatal days 5-15 (time point 1; mean/SD: 8±2 days) and the 

second between postnatal days 23-32 (time point 2; mean/SD: 28±2 days). A total of 628 urine 

samples were obtained from 314 infants who survived to 40 weeks gestational age and had urine 

samples available at both time points. At time point 2, infants from TOLSURF were categorized 

as receiving enteral nutrition if they had been off parenteral nutrition for at least four days prior to 

urine collection, and as receiving parenteral nutrition if they had received it within four days of 

urine collection. In PROP, at time point 2, infants were categorized as receiving enteral nutrition 

if they had received full enteral feeds within four days prior to urine collection, and as receiving 

parenteral nutrition if they had received partial or no enteral feeds within the same period. 

Untargeted metabolomics profiling was performed in two batches for TOLSURF and 

PROP, with anchor samples included to align cross-cohort measurements. Metabolomic assays 

were performed using Ultra-High-Performance Liquid Chromatography with Tandem Mass 

Spectrometry (UHPLC-MS/MS) by Metabolon Inc.; additional details are reported elsewhere.7,19 

Briefly, 1,441 metabolites were profiled across the two time points, including 377 (26.2%) and 

1,064 (73.8%) metabolites of unknown and known identity, respectively. Metabolites of known 

identity included amino acids, lipids, carbohydrates, nucleotides, peptides, cofactors and 

vitamins, and xenobiotics. Each analytical batch included internal standards to adjust for 

instrument variability. Urine samples were normalized to osmolality. Metabolomics data were 

preprocessed by Metabolon. Metabolomics data from each cohort at both time points were 

combined into a single matrix. Metabolites with more than 30% missing values within either cohort 

were excluded from analysis. For the remaining metabolites, missing values were imputed to the 

minimum detectable level and data were median scaled. Only metabolites detected at both time 

points were included in the analyses. 
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Genomics data 

Genotyping in TOLSURF was performed on DNA extracted from tracheal aspirate cells 

from 454 infants using the Affymetrix Axiom LAT 1 Array (World Array 4), which contained 

>800,000 variants prior to quality control. Standard quality control was performed as previously 

described,20 retaining 409 infants and 795,465 variants. Data were in hg19 coordinates and were 

lifted over to GRCh38 using the UCSC liftOver tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver); 

770,775 of 795,465 variants (96.9%) lifted over successfully. 

In PROP, genetic data were available from two platforms. Exome sequencing was 

performed in two batches at the University of Washington Genome Sciences using the Roche 

NimbleGen SeqCap EZ Exome Solution v2 capture kit on an Illumina sequencing platform, from 

saliva samples from 382 infants.21 Harmonization and standard quality control were performed. 

Briefly, reads were aligned to hg19 and variant calling was performed jointly across both batches. 

Following joint variant calling, quality control included recoding of variant calls with sequencing 

depth (DP) <5 or genotype quality (GQ) ≤25 as missing, prior to standard quality control filters. A 

separate subset of 240 infants was genotyped using the Illumina Infinium Multi-Ethnic Genotyping 

Array with custom content (Custom MEGA v2.0) developed by the CARGO lab at the Colorado 

Center for Personalized Medicine (University of Colorado Anschutz Medical Campus), which 

contained >1,700,000 variants prior to quality control. Of these, 73 infants had data available from 

both platforms and were used to assess cross-platform concordance of ancestry estimates 

(described below). 

For the genotyping array data, variant calling and initial quality control were performed 

using GenomeStudio and PLINK v.1.9. Variants and samples were removed based on 95% call 

rate, retaining 173 infants and 1,625,562 autosomal variants. Further quality control was 

performed using PLINK v1.9, with additional variants removed based on Hardy-Weinberg 

https://genome.ucsc.edu/cgi-bin/hgLiftOver
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equilibrium p-value >10-6. Principal component analysis (PCA) was performed on linkage 

disequilibrium (LD) pruned single nucleotide polymorphisms (SNPs) (R2 > 0.5 in a 50-SNP window 

with a shift size of 5 SNPs) to evaluate population structure and identify potential outliers. Subjects 

with sex discordance and PCA outliers were removed from further analyses. Familial relatedness 

was assessed using KING to confirm known familial relatedness. A total of 147 infants and 

1,439,814 autosomal SNPs were retained. Genetic data from both platforms were lifted over from 

hg19 to GRCh38 using the UCSC liftOver tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). 

Liftover was successful for 264,428 of 264,644 exome SNPs (99.9%) and 1,332,504 of 1,439,814 

genotyping array SNPs (92.5%). 

Genomic ancestry proportion estimates 

Genomic data were merged separately for each cohort and platform, and with select 

individuals from the 1000 Genomes Project and Mexican Biobank using BCFtools,22 restricting to 

autosomal SNP markers that overlapped within each analysis. SNPs in the merged datasets were 

filtered based on minor allele frequency (MAF < 0.05), and LD pruning was performed (R2 > 0.2 

in a 50-SNP window with a shift size of 5 SNPs). The number of SNPs retained per cohort and 

platform for genomic ancestry proportion inference is summarized in Figure 3.1. Genomic 

ancestry proportions for each individual were estimated using ADMIXTURE23 in a supervised 

analysis assuming three ancestral continental populations of origin (K=3; African, European, and 

Amerindigenous). These genomic ancestry proportions represent ancestry inferred from patterns 

of genetic similarity to the predefined reference populations. Unrelated, non-admixed individuals 

from the 1000 Genomes Project24 and Mexican Biobank25 were included as reference 

populations, representative of African ancestry [Yoruba in Ibadan, Nigeria (YRI), n = 103], 

European ancestry [Utah residents with Northern and Western European ancestry (CEU), n = 93], 

and Amerindigenous ancestry [Mexican residents with Amerindigenous ancestry, n = 50]. 

https://genome.ucsc.edu/cgi-bin/hgLiftOver
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Concordance between ancestry estimates inferred from exome sequencing vs. 

genotyping array data was evaluated for each genomic ancestry proportion for infants in PROP 

using Lin's concordance correlation coefficient (CCC).26 Overall concordance between exome 

sequencing and genotyping data was high with negligible systematic bias (CCC = 0.978; 

Cb = 0.999). Ancestry-specific concordance was consistently high for African and European 

ancestries, with lower concordance for Amerindigenous genomic ancestry (CCC = 0.838, 

Cb = 0.818; Supplemental Table S3.1). Ancestry proportions from the exome sequencing platform 

were used in subsequent analyses for infants with data from both platforms, with genotyping array 

estimates used only for infants without exome data, given that this subset was smaller. Final 

ancestry estimates across all infants, cohorts, and platforms were combined into a single matrix 

for downstream analyses. 
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Figure 3.1. Flowchart of infant selection and genomic ancestry estimation workflow. 
Overview of infant selection, genetic data processing, genomic ancestry estimation under a three-
population ancestry model, concordance analyses, and assembly of the final analytic cohort from 
the PROP and TOLSURF studies. The final analytic cohort included 262 infants with both genomic 
ancestry estimates and metabolomics data. *Reference populations included Yoruba in Ibadan, 
Nigeria (YRI) and Utah residents with Northern and Western (CEU), representative of African and 
European ancestry, respectively, from the 1000 Genomes Project, and Mexican residents 
representative of Amerindigenous Ancestry (MEX) from the Mexican Biobank. 

Statistical Analyses 

Analyses were restricted to infants with both genomics and metabolomics data at both 

time points (n = 262). A primary linear mixed model was used to evaluate associations between 

metabolite levels and untransformed proportions of African genomic ancestry, as compared to 
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European and Amerindigenous proportions combined (non-African genomic ancestry). European 

and Amerindigenous ancestry components were combined for two reasons. First, as genomic 

ancestry proportions sum to one, including all ancestry components simultaneously would 

introduce perfect multicollinearity. Additionally, the Amerindigenous ancestry component showed 

a sparse distribution (210 [80.2%] of infants have proportions below 5%), with insufficient variation 

to evaluate it as an independent exposure. Fixed effects included sex, gestational age, 

birthweight, maternal race/ethnicity, corticosteroid administration, bronchopulmonary dysplasia 

status, parenteral nutrition status (parenteral vs. enteral nutrition), time point, and cohort. A 

random intercept for infant ID was included to account for repeated metabolite measures across 

time points. A secondary linear mixed model was fit among metabolites nominally (p<0.05) 

associated with African genomic ancestry proportions in the primary model, adding an ancestry-

by-time interaction term to evaluate whether these associations varied across time points.  

Sub-analyses were performed by stratifying infants by maternal race/ethnicity to further 

delineate the contribution of African genomic ancestry proportions independent of potential 

shared environmental effects that may correlate with race/ethnicity. These sub-analyses were 

restricted to infants of Black or African American and Hispanic/Latine maternal race/ethnicity, as 

infants of Non-Hispanic White maternal race had uniformly low African genomic ancestry 

proportions, which did not allow for evaluation of the effect of African genomic ancestry 

proportions within this group. The primary model without the interaction term was fit separately 

for each maternal race/ethnicity group, using the same specification as in the primary analysis. 

Metabolite set enrichment analysis (MSEA) was performed on metabolites that were 

associated with untransformed African genomic ancestry proportions at a nominal p<0.05. 

Analyses were restricted to metabolites of known identity (Metabolon library, as of April 2025), 

which were annotated to 8 super-pathways and 118 sub-pathways; sub-pathways with fewer than 

2 annotated metabolites were excluded. MSEA was performed for each super- and sub-pathway 
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using Fisher’s exact test, with the enrichment ratio calculated as the proportion of nominally 

significant metabolites relative to the number of insignificant metabolites within a pathway, divided 

by the proportion of nominally significant metabolites among all metabolites of known identity. 

MSEA was performed separately for the primary analysis and stratified sub-analyses. 

Linear mixed models were fit using the lmerTest package, and contrast coefficients and p-

values were obtained using the emmeans package in R (4.4.3). MSEA was performed using a 

custom Python (3.11.4) script. Multiple comparisons across analyses were accounted for by 

adjusting p-values using the Benjamini-Hochberg method,27 with q-values < 0.05 considered 

statistically significant. 

Table 3.1. Clinical and demographic characteristics of infants from TOLSURF and PROP 
  TOLSURF 

(n = 166) 
PROP 
(n = 96) p 

Gestational Age (weeks) 25.3 (1.2) 25.8 (1.2) 0.006 
Birth weight (g) 722 (172) 790 (144) 0.001 
Sex (male) 98 (59.0) 51 (53.1) 0.367 
Number of Infants by Maternal Race   <0.0001 

Black/African American 58 (35) 43 (45)  
Hispanic/Latine 23 (14) 14 (15)  
Non-Hispanic White 85 (51) 39 (41)  

Average RSS days 7-14 4.2 (1.9) 2.5 (1.4) <0.0001 
Age days sample 1 9.6 (2.3) 6.8 (1.0) <0.0001 
Age days sample 2 27.6 (2.2) 28.1 (1.0) 0.019 
BPD at 36 weeks 106 (63.9) 47 (49.0) 0.020 
On PN sample 1 166 (100) 96 (100) 1.0 
On PN sample 2 105 (63.3) 60 (62.5) 1.0 
On corticosteroids sample 1 14 (8.4) 2 (2.1) 0.058 
On corticosteroids sample 2  35 (21.2) 26 (27.1) 0.290 
p p-value; RSS Respiratory severity score; BPD bronchopulmonary dysplasia; PN parenteral nutrition  

Values are represented by the mean (standard error) for continuous variables and the count (percent) for categorical variables. 
Quantitative measurements were compared using a t-test, and categorical data were compared using a Fisher's exact test. 
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Results 

Study Cohorts 

Characteristics of the 166 extremely premature infants from TOLSURF and 96 from PROP 

included in the analyses are summarized in Table 3.1. Mean gestational age was 25.3 weeks in 

TOLSURF and 25.8 weeks in PROP, and mean birthweight was 722g and 790g, respectively, with 

PROP infants having higher gestational age and birthweight on average (p = 0.006, 0.001, 

respectively). The distribution of maternal race/ethnicity also differed significantly between cohorts 

(p<0.0001). The majority of TOLSURF infants had mothers who identified as Non-Hispanic White 

(51%), while the plurality of PROP infants had mothers who identified as Black/African American 

(45%). Both cohorts included approximately 15% Hispanic/Latine mothers. 

Metabolomics and genomics data 

Of the 1441 unique metabolites characterized across TOLSURF and PROP through an 

untargeted metabolomics approach, 851 passed quality control thresholds within each cohort and 

were detected at both time points. Genomic ancestry proportions are summarized in Figure 3.2. 

African genomic ancestry proportions varied widely across infants (Figure 3.2A), with clustering 

patterns reflecting maternal race/ethnicity (Figure 3.2B). The distribution was bimodal, with 95 

infants (36.3%) having proportions below 0.5%. As expected, African ancestry proportions varied 

by maternal race/ethnicity, with all 101 infants of Black/African American maternal race/ethnicity 

having proportions above 30% (Figure 3.2D). Infants of maternal Non-Hispanic White 

race/ethnicity (n = 124) had uniformly low African ancestry proportions [117 (94.4%) infants below 

5%], while infants of maternal Hispanic/Latine race/ethnicity showed greater variability, with 

proportions ranging from 0% to 46.4% [24 (64.9%) infants above 5%, Figure 3.2E]. 
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Figure 3.2. Genomic ancestry estimates and composition of the study cohorts.  
ADMIXTURE analysis (K = 3) was performed using African (represented by YRI), European 
(represented by CEU), and Amerindigenous (represented by MEX) reference populations 
together with TOLSURF and PROP participants. Each vertical bar represents one individual, and 
colors indicate the estimated proportion of African (green), European (light blue), and 
Amerindigenous (dark blue) genomic ancestry. Individuals within each population are ordered by 
decreasing African genomic ancestry. (A) Individual ancestry estimates for reference populations 
and study participants. (B) Individual ancestry estimates for infants of self-reported Black/African 
American maternal race/ethnicity. (C) Individual ancestry estimates for infants of self-reported 
Hispanic/Latine maternal race/ethnicity. (D) Ternary plot of individual genomic ancestry 
proportions, with points colored according to African genomic ancestry. (E) Ternary plot of 
individual genomic ancestry proportions, with points colored according to self-reported maternal 
race/ethnicity. 

Metabolome-Wide Associations with African Genomic Ancestry 

Associations between African genomic ancestry proportions and urinary metabolite levels 

were evaluated across all infants and time points, with sub-analyses stratified by maternal 

race/ethnicity. Of the 851 metabolites evaluated, 106 were associated with African genomic 
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ancestry proportions at a nominal p<0.05 (top metabolites), representing a 2.5-fold enrichment 

over what would be expected by chance (43 expected at p<0.05) (Figure 3.3, Supplemental Table 

S3.2). Of these top metabolites, 79 were of known identity. Three of the 106 metabolites were 

statistically significant at q < 0.05, two of known identity within the histidine metabolism pathway, 

and one of unknown identity (Table 3.2). Higher levels of trans-urocanate and cis-urocanate 

(histidine metabolism) were associated with lower proportions of African genomic ancestry, while 

higher levels of the metabolite of unknown identity (X-12729) were associated with higher 

proportions. Notably, 96 of the 106 top associated metabolites (91%) were positively associated 

with African genomic ancestry proportions (odds ratio = 0.34, p = 0.0006), a directional pattern 

also observed among infants of Hispanic/Latine (odds ratio = 0.09, p = 5.9x10-8) but not 

Black/African American (odds ratio = 0.71, p = 0.43) maternal race/ethnicity. 

Figure 3.3. Metabolome-wide association analysis of African genomic ancestry.  
Volcano plot summarizing linear mixed-effects model results for the association of African 
genomic ancestry with individual metabolite levels. Each point represents one metabolite, with 
the x-axis indicating the estimated regression coefficient (β) for African genomic ancestry and the 
y-axis showing the corresponding −log10(p-value). The red dashed horizontal line denotes the 
nominal significance threshold (p = 0.05), and the vertical dashed line indicates β = 0. Metabolites 
are colored by super pathway. Metabolites meeting the false discovery rate threshold (q-value < 
0.05) are labeled. 
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Table 3.2. Metabolites significantly associated with African genomic ancestry 
proportions 
Metabolite Sub-pathway Super-pathway Beta SE p q 

cis-urocanate Histidine Metabolism Amino Acid -4.853 1.235 0.00011 0.038 

trans-urocanate Histidine Metabolism Amino Acid -10.416 2.278 0.00001 0.006 

X-12729 Uncharacterized Uncharacterized 4.002 1.031 0.00013 0.038 
Beta beta-coefficient; SE standard error; p p-value; q q-value 

Ancestry-by-time point interactions were evaluated among the 106 top metabolites 

associated with African genomic ancestry proportions, with 4 metabolites reaching nominal 

significance for the interaction term (p<0.05), none of which were significant after multiple testing 

correction (Supplemental Table S3.3). Of the 4 nominally associated metabolites, three were of 

known identity, including one amino acid (dimethylguanidino valeric acid (DMGV)*) and two 

xenobiotic (monobutyl phthalate acyl-beta-glucuronide and 4-hydroxymandelate) metabolites. 

The nominal interaction reflected time point-specific differences in the strength of ancestry 

associations, with stronger associations at time point 1 for monobutyl phthalate acyl-beta-

glucuronide and at time point 2 for 4-hydroxymandelate, dimethylguanidino valeric acid (DMGV)*, 

and the metabolite of unknown identity (X-24411) (Figure 3.4). 

Figure 3.4. Metabolites associated at p<0.05 with the ancestry-by-time point interaction  
Bubble plot summarizing results from linear mixed-effects models evaluating the interaction 
between African genomic ancestry and time point on metabolite levels. (Figure caption continued 
on the next page.)  
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(Figure caption continued from the previous page.) Bubble color represents the estimated 
regression coefficient (β), with blue indicating positive coefficients and red indicating negative 
coefficients. Bubble size is proportional to the statistical significance −log10(p-value). Rows 
correspond to the estimated effects of African genomic ancestry at Time Point 1, African genomic 
ancestry at Time Point 2, and the ancestry-by-time point interaction. Only metabolites with a 
nominally significant ancestry-by-time point interaction (p-value < 0.05) are shown. No 
interactions remained significant after false discovery rate correction (q-value < 0.05).   
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Sub-analyses stratified by maternal race/ethnicity were performed among infants of 

Black/African American or Hispanic/Latine maternal race/ethnicity to further examine potential 

confounding given the high correlation between genetic ancestry and race/ethnicity. Of the 106 

top metabolites associated with African genomic ancestry proportions across all infants, 45 were 

also nominally significant in the sub-analysis of infants of Black/African American maternal 

race/ethnicity, with consistent directions of effect across analyses (Supplemental Table S3.4). 

These included the 3 statistically significant metabolites (trans-urocanate, cis-urocanate, and 

X-12729) identified in the primary analysis. A similar trend was observed among infants of 

Hispanic/Latine maternal race/ethnicity, where 22 of the 106 top ancestry-associated metabolites 

were nominally significant in the sub-analysis, with a consistent directions of effect across 

analyses, including X-12729 (Supplemental Table S3.5). Notably, six metabolites reached 

nominal significance across both maternal racial/ethnic groups and the primary analysis, with 

consistent directions of effects across all three analyses (Table 3.3); of these, only X-12729 was 

statistically significant in the primary analysis. None of the 59 and 60 nominally significant 

metabolites identified in the sub-analyses of infants of Black/African American and 

Hispanic/Latine maternal race/ethnicity, respectively, reached the threshold for statistical 

significance (Supplemental Table S3.6-S3.7). 

Metabolite Set Enrichment Analyses 

Metabolite set enrichment analyses were performed on metabolites associated with 

ancestry at p <0.05 (top metabolites) using the super- and sub-pathway annotations provided by 

Metabolon. Enrichment analysis included 8 super-pathways and 71 sub-pathways with ≥2 

metabolites. The Nucleotides super-pathway (enrichment ratio = 3.2, p = 1.7x10-7, q <0.0001) was 

enriched among top metabolites associated with African genomic ancestry proportions (Figure 

3.5), a finding consistent with the stratified analysis among infants of Black/African American 

maternal race/ethnicity (enrichment ratio = 3.5, p = 6.2x10-6, q < 0.0001). The Lipids super 
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pathway was depleted among top metabolites associated with proportions of African genomic 

ancestry (enrichment ratio = 0.34, p = 4.3x10-4, q = 0.0017), but was not significant in sub-

analyses of infants stratified by maternal race/ethnicity. Among sub-pathways, metabolites 

involved in pyrimidine metabolism, uracil containing were significantly enriched among top 

ancestry-associated metabolites in the primary analysis (enrichment ratio = 3.9, p = 6.6x10-4, 

q = 0.047), while metabolites involved in histidine metabolism were significantly enriched in the 

sub-analysis of infants of Black/African American maternal race/ethnicity (enrichment ratio = 5.1, 

p = 1.5x10-5, q = 0.0010). There was no significant enrichment of top metabolites in any super- or 

sub-pathway in the sub-analysis of infants of Hispanic/Latine maternal race/ethnicity.  
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Discussion 

In this study, we evaluated the association of continental genomic ancestry with variation 

in metabolite levels in the urine of extremely premature infants within the first month of life in the 

Neonatal Intensive Care Unit (NICU). Comparisons of continental ancestry across genetically 

diverse admixed populations of individuals are a statistically powerful approach to quantify the 

role of genetic variation that differs in frequency across continental populations on complex 

traits.15,28 However, this approach has yet to be applied to the urinary metabolome of infants 

exposed to extreme prematurity and early life clinical interventions. Overall, we found that African 

as compared to non-African genomic ancestry proportions were associated with variation in a 

number of individual metabolites, and top associated metabolites were enriched for specific 

metabolic pathways as discussed in more detail below. These metabolites and metabolic 

pathways, therefore, represent those more likely influenced by genetic variation that varies in 

frequency across infant populations, as compared to variation in environmental, social, and 

clinical interventions alone. Lastly, we found that the association of African ancestry with the infant 

metabolome was consistent across two time points within the first month of life, suggesting the 

contribution of ancestry-linked genetic variation may be relatively stable during early interventions 

received during the NICU stay.  

In our examination of individual metabolites, trans- and cis-urocanate isomers of urocanic 

acid, key histidine catabolites, showed highly significant associations with African genomic 

ancestry proportions, with higher levels observed in infants with lower African genomic ancestry 

proportions. We also observed an enrichment of top metabolites with functions in histidine 

metabolism among infants of Black/African American maternal race/ethnicity, suggesting our 

findings are unlikely due to residual confounding from non-genetic factors that correlate with race. 

The role of genetics in histidine metabolism, including the levels of urocanic acid isomers in the 

premature infant, remains poorly understood; however, functional investigations suggest a role in 
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immune function and inflammatory signaling in the skin.29,30 More specifically, histidine 

metabolites are involved in immune regulation, oxidative stress responses, inflammatory 

signaling, and neurotransmitter signaling,31 all of which have been implicated in adverse 

outcomes of prematurity.32,33 Moreover, lower histidine levels in dried blood spots and exhaled 

breath condensates have been reported among infants who develop bronchopulmonary 

dysplasia, a common developmental lung disease in premature infants, while higher levels have 

been observed in tracheal aspirates in the same population.34–36 

Previous studies in adult populations have reported that levels of several histidine 

metabolites are influenced by genetic variation, specifically variants in the HAL gene, which 

encodes histidine ammonia-lyase, the enzyme that catalyzes the conversion of histidine to trans-

urocanate.37–40 Notably, a study of European adults found that rare variants in HAL were 

associated with variation in trans-urocanate levels in urine.39 Similarly, levels of trans-urocanate 

have been associated with an intronic HAL variant across multiple racial/ethnic groups, with the 

strongest associations reported in African Americans and Hispanic individuals,40 which suggests 

a potential relevance of HAL genetic variation beyond factors that may correlate with 

race/ethnicity. Thus, taken together, our findings provide further support that genetic variation 

contributes to variation in histidine metabolism, in particular variation that is linked to African 

genomic ancestry. Future studies aimed at identifying ancestry-related differences in histidine 

metabolism should therefore consider genetic variation that differs across continental haplotypes, 

including investigations into the specific role of genetic variation at individual loci in regulating 

metabolites in this pathway. 

We also observed an enrichment of top ancestry-associated metabolites within the 

Nucleotide super-pathway, and the pyrimidine metabolic sub-pathway (uracil containing) across 

all infants. Nucleotide metabolism comprises metabolites involved in the synthesis, 

interconversion, salvage, and degradation of nucleotides, the building blocks of RNA and DNA, 
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which are essential for cellular functions and energy transfer.41 In extremely premature infants, 

variation in the Nucleotide super-pathway has been previously reported in the context of feeding 

modality (parenteral vs enteral nutrition) associations,7 and between premature as compared to 

term infants.42 A genetic contribution to levels of nucleotide metabolites has been previously 

reported in a multi-ethnic population of adults, with small effect sizes,40 consistent with the 

pathway-level enrichment in our analyses. Notably, the same study reports that variants across 

several genes contribute to some nucleotide metabolite variation, with consistently small effect 

sizes, though not all variants were significant across all racial/ethnic groups evaluated, and 

differences were reported in pediatric populations.36 Therefore, while a pleiotropic genetic 

contribution to several nucleotide metabolites has been reported, our observed association with 

African genomic ancestry may capture, in part, a collection of causal genetic variation summed 

across the genome. Further studies, including admixture mapping, should be performed to 

disentangle the genetic contributions to these associations. 

In our study, we identified a depletion of top metabolites in the Lipid super-pathway. 

Although fewer lipid metabolites were among top ancestry-associated metabolites with African 

genomic ancestry proportions than expected by chance, multiple lipid metabolites have previously 

been associated with genetic variation in adult populations,16,40,43–45 representing the super-

pathway with the most metabolite-variant associations in a previous study.40 Of particular 

relevance to our analyses, a previous study that performed admixture mapping in a population of 

Hispanic individuals with varying proportions of African genomic ancestry identified an association 

between lipid polyunsaturated fatty acids and several loci mapped to Amerindigenous ancestry, 

while associations with African locus-specific ancestry were sparse.16 Lipid metabolism has been 

extensively studied in premature infants, having been identified as dysregulated in this population 

and in mothers who give preterm birth.46–49 Lipid metabolites play a unique role in energy 

metabolism, cell structure, and surfactant production, biological processes particularly relevant to 
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premature infants.50 These metabolites have also been associated with several diseases 

particular to this population, such as bronchopulmonary dysplasia51 and necrotizing 

enterocolitis.52 Collectively, this highlights the importance of lipid metabolism in extremely 

premature infants and the heterogeneous nature of its dysregulation in this population. Taken 

together, the observed depletion may reflect several possibilities: heterogeneity in lipid 

dysregulation primarily driven by non-genetic factors such as clinical status and feeding modality, 

limiting power to detect small ancestry-linked genetic effects; a stronger genetic effect 

concentrated at a smaller number of loci or genes; genetic variation at similar frequencies across 

continental ancestries represented in our analyses; or a true lack of contribution to metabolite 

variation. 

We further evaluated whether the association between metabolites and African ancestry 

proportions varied within the first month of life in extremely premature infants, to assess whether 

the effects of ancestry-linked genetic variation differed between the 1st and 4th weeks of life. This 

represents a critical time point in the clinical course of an infant born extremely premature, and 

thus, we hypothesized that the role of genetic variation may change in magnitude or direction 

under increasing variability in clinical interventions such as the transition to enteral feeding. 

Previous studies in adults have highlighted the interplay between genetics and the environment 

in shaping the metabolome, suggesting that while genetically regulated metabolite levels are 

temporally stable, factors such as age, diet, and body weight could contribute to inter-individual 

variation in metabolite levels, changing the relative contribution of genetics to metabolite 

variation.53,54 However, we found no significant interaction between African genomic ancestry 

proportions and metabolite levels across time points for any of the metabolites examined after 

multiple testing correction. This may indicate a consistent genetic effect on ancestry-associated 

metabolite levels over time, or a lack of statistical power. Regardless, interactions for several 
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metabolites were at a nominal level of significance and warrant further investigation, particularly 

in the context of heterogeneity in clinical trajectories among extremely premature infants. 

Our study has several strengths. First, we evaluated the contribution of African genomic 

ancestry to variation in urinary metabolites using a multi-cohort dataset of diverse extremely 

premature infants, increasing the generalizability of these findings. Second, the use of an 

untargeted metabolomics approach enabled agnostic discovery across the urinary metabolome, 

without prior assumptions about which metabolites or pathways may be influenced by African 

genomic ancestry proportions. Third, we characterized over 800 individual metabolites at two time 

points during the first month of life, allowing us to comprehensively profile the urinary metabolome 

and assess whether ancestry-metabolite associations vary during a critical developmental 

window. Fourth, we performed stratified analyses by maternal race/ethnicity to provide further 

assurance that our findings are not confounded by the correlation between genetic ancestry and 

race/ethnicity. Fifth, by reporting associations with metabolites of unknown identity, our findings 

may extend beyond the current study as these metabolites become fully characterized, potentially 

uncovering additional ancestry-metabolite associations of biological relevance. Lastly, while 

differences in clinical features across cohorts could introduce heterogeneity into our analyses, the 

associations identified in the cross-cohort analyses are potentially less likely to reflect clinical 

features specific to either cohort. 

There are also important limitations to our study that must be acknowledged. First, 

combining ancestry estimates from different genetic platforms may have introduced systematic 

biases that our concordance analyses may not have fully captured. Nonetheless, cross-platform 

differences were mainly observed in Amerindigenous ancestry estimates, with discordance 

primarily driven by European ancestry estimates that we combined into a single category of non-

African genomic ancestry. Second, our sample size may have limited our statistical power to 

detect ancestry-metabolite associations and ancestry-by-time point interactions of smaller effect. 
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This limitation also extends to sub-analyses, particularly among infants of Hispanic/Latine 

maternal race/ethnicity, where the small sample size and narrow distribution of African genomic 

ancestry proportions further constrained our analyses. Third, maternal race/ethnicity was 

categorized using broad, self-reported racial/ethnic groups. These categories may not fully 

capture the social, environmental, and cultural heterogeneity within groups, potentially limiting our 

ability to more fully distinguish the independent effect of African genomic ancestry from social and 

environmental factors that may correlate with race/ethnicity. Additionally, paternal race/ethnicity 

was not collected, preventing evaluation of parental race/ethnicity from both parents. Fourth, while 

genomic ancestry proportions are highly informative, they represent the summation of genetic 

variation across the genome rather than locus-specific effects, and thus, the associations 

identified reflect cumulative effects across loci. Finally, the urine samples used for metabolomics 

were stored for up to 10 years prior to characterization, potentially causing oxidation or 

degradation of key metabolites. Therefore, future investigations in larger independent cohorts of 

extremely premature infants are required to ensure the generalizability of our findings. 

In conclusion, African genomic ancestry was associated with variation in the levels of 

individual urinary metabolites among extremely premature infants. These associations extended 

beyond individual metabolites to broader metabolic pathways, suggesting that genetic ancestry 

contributes to metabolic variation early after birth. Future research is needed to evaluate the role 

of ancestry-linked genetic variation in the metabolome of extremely premature infants, including 

locus-specific admixture mapping to identify the specific causal variation involved, and to evaluate 

the potential clinical implications. 
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Supplementary Material 

Supplementary Tables 

Table S3.1. Concordance between exome sequencing– and genotyping array–derived 
ancestry estimates across ancestry components 
Ancestry Component Pearson's r* Bias Correction Factor (Cb) Lin's CCC (95% CI) 
African 0.997 0.986 0.983 (0.976-0.988) 
European 0.981 0.976 0.957 (0.938-0.971) 
Amerindigenous 0.917 0.971 0.890 (0.838-0.926) 
CCC concordance correlation coefficient; CI confidence interval; Cb bias correction factor  

*Pearson's r derived as CCC/Cb 

Table S3.2 Summary statistics for metabolites nominally (p<0.05) associated with African 
genomic ancestry proportions 
Available online as a separate file. 

Table S3.3 Summary statistics for metabolites evaluated in ancestry-by-time point 
interaction analyses  
Available online as a separate file. 
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Table S3.4. Summary statistics for metabolites associated with African genomic ancestry 
proportions (p<0.05) in infants of Black/African American maternal race/ethnicity, 
restricted to those also nominally significant in the primary analysis 

Metabolite Sub-pathway Super-pathway Beta (SE) p q 

1-methyl-4-imidazoleacetate Histidine Metabolism Amino Acid 0.626 
(0.291) 0.034 0.662 

1-methylhistidine Histidine Metabolism Amino Acid 0.685 
(0.311) 0.030 0.658 

5-(galactosylhydroxy)-lysine Lysine Metabolism Amino Acid 0.869 
(0.393) 0.030 0.658 

5-hydroxyindoleacetate Tryptophan 
Metabolism Amino Acid 0.946 

(0.432) 0.031 0.662 

carnosine Histidine Metabolism Amino Acid 2.946 
(1.008) 0.004 0.529 

cis-urocanate Histidine Metabolism Amino Acid -6.720 
(1.967) 0.001 0.402 

diacetylspermidine* Polyamine Metabolism Amino Acid 0.967 
(0.427) 0.026 0.658 

fructosyllysine Lysine Metabolism Amino Acid -3.358 
(1.454) 0.023 0.658 

homovanillate (HVA) Tyrosine Metabolism Amino Acid -5.761 
(1.966) 0.004 0.529 

N-acetyl-1-methylhistidine* Histidine Metabolism Amino Acid 2.302 
(0.980) 0.021 0.650 

N-acetylcarnosine Histidine Metabolism Amino Acid 1.147 
(0.476) 0.018 0.637 

N-acetyltryptophan Tryptophan 
Metabolism Amino Acid -23.570 

(7.197) 0.001 0.424 

N,N,N-trimethyl-alanylproline betaine 
(TMAP) 

Urea cycle; Arginine 
and Proline 
Metabolism 

Amino Acid 0.749 
(0.333) 0.027 0.658 

N1,N12-diacetylspermine Polyamine Metabolism Amino Acid 1.607 
(0.782) 0.043 0.665 

pro-hydroxy-pro 
Urea cycle; Arginine 
and Proline 
Metabolism 

Amino Acid 1.041 
(0.377) 0.007 0.570 

trans-urocanate Histidine Metabolism Amino Acid -14.323 
(3.917) 

0.000
4 0.359 

arabinose Pentose Metabolism Carbohydrate 1.293 
(0.496) 0.011 0.570 

2-methylcitrate TCA Cycle Energy 1.174 
(0.448) 0.010 0.570 

trans-aconitate TCA Cycle Energy 1.593 
(0.661) 0.018 0.637 
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Metabolite Sub-pathway Super-pathway Beta (SE) p q 

glycerophosphoethanolamine Phospholipid 
Metabolism Lipid 1.450 

(0.675) 0.034 0.662 

glycerophosphoserine* Phospholipid 
Metabolism Lipid 0.729 

(0.352) 0.041 0.665 

2'-O-methyluridine Pyrimidine Metabolism, 
Uracil containing Nucleotide 1.359 

(0.657) 0.041 0.665 

3-(3-amino-3-carboxypropyl)uridine* Pyrimidine Metabolism, 
Uracil containing Nucleotide 0.640 

(0.288) 0.029 0.658 

3-ureidoisobutyrate Pyrimidine Metabolism, 
Uracil containing Nucleotide 4.110 

(1.614) 0.013 0.570 

3-ureidopropionate Pyrimidine Metabolism, 
Uracil containing Nucleotide 4.504 

(1.890) 0.019 0.650 

5,6-dihydrothymine Pyrimidine Metabolism, 
Thymine containing Nucleotide 1.570 

(0.634) 0.015 0.625 

5,6-dihydrouracil Pyrimidine Metabolism, 
Uracil containing Nucleotide 1.499 

(0.497) 0.003 0.529 

guanosine Purine Metabolism, 
Guanine containing Nucleotide 3.642 

(1.434) 0.013 0.570 

guanosine-3',5'-cyclic 
monophosphate (cGMP) 

Purine Metabolism, 
Guanine containing Nucleotide 1.492 

(0.574) 0.011 0.570 

hypoxanthine 
Purine Metabolism, 
(Hypo)Xanthine/Inosin
e containing 

Nucleotide 1.106 
(0.431) 0.012 0.570 

N4-acetylcytidine Pyrimidine Metabolism, 
Cytidine containing Nucleotide 0.599 

(0.276) 0.033 0.662 

uric acid ribonucleoside* 
Purine Metabolism, 
(Hypo)Xanthine/Inosin
e containing 

Nucleotide 0.949 
(0.476) 0.049 0.665 

xanthosine 
Purine Metabolism, 
(Hypo)Xanthine/Inosin
e containing 

Nucleotide 0.832 
(0.353) 0.020 0.650 

3-(4-hydroxyphenyl)propionate Benzoate Metabolism Xenobiotics 0.616 
(0.277) 0.029 0.658 

3-methoxycatechol sulfate (2) Benzoate Metabolism Xenobiotics -5.785 
(2.217) 0.011 0.570 

erythritol Food Component/Plant Xenobiotics 0.731 
(0.362) 0.046 0.665 

salicylate Drug - Topical Agents Xenobiotics 2.738 
(1.137) 0.018 0.637 

X-12729 Uncharacterized Uncharacterized 3.864 
(1.736) 0.028 0.658 

X-12822 Uncharacterized Uncharacterized 0.780 
(0.386) 0.046 0.665 
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Metabolite Sub-pathway Super-pathway Beta (SE) p q 

X-18887 Uncharacterized Uncharacterized 1.226 
(0.414) 0.004 0.529 

X-23459 Uncharacterized Uncharacterized 2.005 
(0.960) 0.040 0.665 

X-23593 Uncharacterized Uncharacterized 0.808 
(0.394) 0.043 0.665 

X-23666 Uncharacterized Uncharacterized 1.308 
(0.515) 0.013 0.570 

X-24411 Uncharacterized Uncharacterized -1.599 
(0.587) 0.008 0.570 

X-25983 Uncharacterized Uncharacterized -3.634 
(1.606) 0.026 0.658 

Beta beta-coefficient; SE standard error; p p-value; q q-value 

Table S3.5. Summary statistics for metabolites associated with African genomic ancestry 
proportions (p<0.05) in infants of Hispanic/Latine maternal race/ethnicity, restricted to 
those also nominally significant in the primary analysis 

Metabolite Sub-pathway Super-pathway Beta (SE) p q 

5-hydroxymethyl-2-furoic acid Tyrosine Metabolism Amino Acid 2.156 
(0.847) 0.016 0.497 

C-glycosyltryptophan Tryptophan Metabolism Amino Acid 1.327 
(0.590) 0.032 0.616 

dimethylguanidino valeric acid 
(DMGV)* 

Urea cycle; Arginine and 
Proline Metabolism Amino Acid 6.266 

(1.921) 0.003 0.242 

N-acetylcysteine Methionine, Cysteine, SAM 
and Taurine Metabolism Amino Acid 6.850 

(1.871) 0.001 0.242 

N-acetylglutamate Glutamate Metabolism Amino Acid 2.258 
(0.850) 0.010 0.419 

N-acetylmethionine Methionine, Cysteine, SAM 
and Taurine Metabolism Amino Acid 3.147 

(1.461) 0.039 0.628 

N-acetyltaurine Methionine, Cysteine, SAM 
and Taurine Metabolism Amino Acid 1.435 

(0.564) 0.016 0.497 

N-acetylvaline Leucine, Isoleucine and 
Valine Metabolism Amino Acid 1.443 

(0.557) 0.014 0.497 

arabinose Pentose Metabolism Carbohydrate 3.435 
(1.007) 0.002 0.242 

fructose Fructose, Mannose and 
Galactose Metabolism Carbohydrate 2.926 

(1.221) 0.023 0.510 

sucrose Disaccharides and 
Oligosaccharides Carbohydrate 35.627 

(7.845) 8x10-5 0.071 
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Metabolite Sub-pathway Super-pathway Beta (SE) p q 

glycerophosphoethanolamine Phospholipid Metabolism Lipid 3.189 
(1.002) 0.003 0.252 

glycerophosphoserine* Phospholipid Metabolism Lipid 1.692 
(0.629) 0.011 0.447 

dihydroorotate Pyrimidine Metabolism, 
Orotate containing Nucleotide 4.581 

(1.451) 0.002 0.242 

guanosine-3',5'-cyclic 
monophosphate (cGMP) 

Purine Metabolism, 
Guanine containing Nucleotide 4.927 

(1.490) 0.002 0.242 

N-carbamoylaspartate Pyrimidine Metabolism, 
Orotate containing Nucleotide 10.986 

(5.214) 0.043 0.638 

uric acid ribonucleoside* 
Purine Metabolism, 
(Hypo)Xanthine/Inosine 
containing 

Nucleotide 1.892 
(0.772) 0.020 0.509 

X-12729 Uncharacterized Uncharacterized 6.335 
(2.635) 0.022 0.510 

X-18779 Uncharacterized Uncharacterized 9.655 
(3.933) 0.020 0.509 

X-24228 Uncharacterized Uncharacterized 2.143 
(0.608) 0.001 0.242 

X-24339 Uncharacterized Uncharacterized 2.215 
(0.757) 0.006 0.330 

X-24403  Uncharacterized Uncharacterized 6.217 
(2.471) 0.017 0.497 

Beta beta-coefficient; SE standard error; p p-value; q q-value 

Table S3.6 Summary statistics for metabolites associated with proportions of African 
genomic ancestry at p<0.05 within infants of Black/African American maternal 
race/ethnicity 
Available online as a separate file. 

Table S3.7 Summary statistics for metabolites associated with proportions of African 
genomic ancestry at p<0.05 within infants of Hispanic/Latine maternal race/ethnicity 
Available online as a separate file. 
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Chapter 4: Conclusions 
This dissertation contributes to our understanding of metabolic dysregulation in extremely 

premature infants at high risk of developing bronchopulmonary dysplasia (BPD), and examines 

how ancestry-linked genetic variation shapes the urinary metabolome in this population. By 

integrating genomic and untargeted metabolomic data from two clinical cohorts of extremely 

premature infants, this work identified metabolomic patterns associated with BPD risk across the 

first month of life and investigated the contribution of genetic ancestry to metabolic heterogeneity. 

Collectively, these findings highlight the potential of multi-omic approaches to provide new insights 

into the biological processes underlying disease susceptibility and the factors contributing to inter-

individual variability in the metabolome of this vulnerable population. 

The findings presented in Chapter 2 demonstrate that metabolic dysregulation associated 

with BPD is dynamic, varying according to both postnatal age and feeding modality, with the most 

pronounced dysregulations observed during the fourth week of life. Although no individual 

metabolites remained significantly associated with BPD after correction for multiple testing, 

several biologically plausible candidate metabolites were identified, some of which have 

previously been suggested to be implicated in population-based, in vivo, and/or in vitro studies. 

Beyond individual metabolites, pathway-level analyses revealed distinct time- and feeding-

modality-specific metabolic perturbations, including xanthine metabolism and enrichment of 

several acylcarnitine pathways, particularly among infants receiving parenteral nutrition during the 

fourth week of life. These results are consistent with observations reported in other studies of 

infant biofluids and support a broader role for altered energy metabolism in the development of 

BPD, highlighting this area as a candidate for future mechanistic and population-based studies. 

Of particular interest, a nominal, previously unreported pattern of vitamin dysregulation was also 

observed in infants who develop BPD. This highlights the need for further studies focused on 

nutritional supplementation, specifically among larger, more contemporary cohorts of extremely 
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premature infants, to characterize disease-specific metabolic dysregulation and to potentially 

identify candidate biomarkers for future clinical validation. 

In Chapter 3, this dissertation transitioned from BPD-specific metabolic dysregulation to 

the broader question of how genetic variation captured by genomic ancestry proportions 

contributes to heterogeneity in the urinary metabolome of extremely premature infants. The work 

in this chapter demonstrates that African genomic ancestry contributes to variability in specific 

urinary metabolites throughout early life in infants born extremely premature. At the individual 

metabolite level, we identified urocanic acid isomers involved in histidine metabolism that were 

significantly associated with African genomic ancestry. At the pathway level, ancestry-associated 

metabolites at nominal levels were significantly enriched for functions in nucleotide metabolism, 

and depleted for functions in lipid metabolism. These findings serve as proof-of-concept that 

ancestry-linked genetic variation may contribute to variation in the metabolome of extremely 

premature infants, including metabolites of potential clinical relevance. Importantly, these genetic 

contributions are likely to differ across populations with varying genomic ancestry proportions, 

highlighting the importance of considering genomic ancestry in metabolomic studies to better 

understand sources of metabolic heterogeneity. Leveraging ancestry-linked genetic variation 

provides a powerful approach to identifying genetically regulated metabolites, particularly in 

smaller populations such as extremely premature infants, and may help identify metabolites for 

which the frequencies of regulatory alleles differ across continental populations. Future 

investigations are warranted, including admixture mapping in larger cohorts to identify the specific 

loci involved and to ultimately identify the specific ancestry-linked causal variation behind these 

associations.  

The last objective of this dissertation aimed to determine if genetic ancestry-linked 

variation contributed to BPD-differential metabolites or metabolic pathways. While no formal 

statistical analyses were performed to evaluate this objective, we conducted a descriptive 
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evaluation of nominally associated metabolites within each study. Overall, we identified fourteen 

urinary metabolites that were nominally associated with BPD and that also varied by infant genetic 

ancestry (Table 4.1), including five metabolites involved in amino acid metabolism. However, the 

overlap between the two analyses was not statistically significant (Fisher's exact test, p = 0.15), 

suggesting no evidence of enrichment beyond what would be expected by chance. Although these 

qualitative observations do not provide evidence of enrichment beyond what would be expected 

by chance, they highlight the importance of considering both the causal and confounding roles of 

genetic and environmental contributions to the urinary metabolome when studying disease 

susceptibility in diverse populations of extremely premature infants. Future analyses using multi-

omic approaches offer a promising path to unravel the complexity of BPD susceptibility among 

extremely premature infants, a vulnerable pediatric population that is commonly overlooked in 

scientific studies. 
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