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Summary 25 

Background 26 

Excessive daytime sleepiness (EDS) is a complex sleep problem that affects approximately 33% 27 

of the United States population. Although EDS usually occurs in conjunction with insufficient 28 

sleep, and other sleep and circadian disorders, recent studies have shown unique genetic markers 29 

and metabolic pathways underlying EDS. Here, we aimed to further elucidate the biological profile 30 

of EDS using large scale single- and pathway-level metabolomics analyses. 31 

 32 

Methods 33 

Metabolomics data were available for 877 metabolites in 6,071 individuals from the Hispanic 34 

Community Health Study/Study of Latinos (HCHS/SOL) and EDS was assessed using the 35 
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Epworth Sleepiness Scale (ESS) questionnaire. We performed linear regression for each 36 

metabolite on continuous ESS, adjusting for demographic, lifestyle, and physiological 37 

confounders, and in sex specific groups. Subsequently, gaussian graphical modelling was 38 

performed coupled with pathway and enrichment analyses to generate a holistic interactive 39 

network of the metabolomic profile of EDS associations. 40 

 41 

Findings 42 

We identified seven metabolites belonging to steroids, sphingomyelin, and long chain fatty acids 43 

sub-pathways in the primary model associated with EDS, and an additional three metabolites in 44 

the male-specific analysis. The identified metabolites particularly played a role in steroid hormone 45 

biosynthesis.  46 

 47 

Interpretation 48 

Our findings indicate that an EDS metabolomic profile is characterized by endogenous and dietary 49 

metabolites within the steroid hormone biosynthesis pathway, with some pathways that differ by 50 

sex. Our findings identify potential pathways to target for addressing the causes or consequences 51 

of EDS and related sleep disorders. 52 

 53 
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Research in context 58 

Evidence before this study 59 

There is a growing recognition of the paramount importance of sleep on health and cardiometabolic 60 

disease. Excessive daytime sleepiness (EDS), one of the key common sleep treatment targets, has 61 

been linked to increased risk of mortality, hypertension, cardiovascular disease, car accidents as 62 

well as decrease in life quality, and productivity. Despite its impact on health, much remains 63 

unknown about the biological mechanisms of EDS and if those mechanisms are independent from 64 

other sleep disorders. Recent genetic evidence that shows that EDS is associated with specific 65 

genetic biomarkers supports the need to further study the underlying biology of EDS.   66 

 67 

Added value of this study 68 

Here, we used measurements of metabolites, the products and by-products of metabolism to 69 

identify the metabolomic profile of EDS. Metabolites are produced by the biological reactions 70 

within the body via proteins—themselves products of genes—and by the breakdown of external 71 

sources such as nutritional intake and breathing air pollutants. Therefore, metabolomics enables 72 

study of the effects of nutrition, environmental exposures, and genetics. In this study we aimed to 73 

identify the metabolites that were associated with excessive daytime sleepiness. Additionally, we 74 

mapped these metabolites into a publicly available online biological network of human metabolism 75 

pathways to obtain an understanding of our findings on a larger scale. 76 

 77 

Implications of all the available evidence 78 

Identifying the metabolites and pathways related to daytime sleepiness provides insights into the 79 

biological mechanisms of EDS and suggests future research opportunities to identify targets for 80 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 

 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 13, 2024. ; https://doi.org/10.1101/2024.09.12.24313561doi: medRxiv preprint 

https://doi.org/10.1101/2024.09.12.24313561
http://creativecommons.org/licenses/by-nc-nd/4.0/


prevention, prediction, and treatments for EDS and potentially other sleep disorders coupled with 81 

sleepiness. In this study we found 7 such metabolites—some endogenously synthesised and some 82 

obtained from dietary sources—associated with EDS. The network analysis implicated the steroid 83 

hormone biosynthesis pathway as a shared pathway underlying those metabolites, and identified 84 

linkages to key metabolites related to sleep: melatonin and cortisol metabolism.  85 

Introduction  86 
Excessive daytime sleepiness (EDS) is a prevalent symptom that affects up to 33% of the 87 

population of the United States (1,2). The aetiology of EDS is heterogeneous and multi-factorial 88 

(1–5), reflecting variable contributions of insufficient sleep, some occurring secondary to sleep 89 

disorders such as sleep apnoea and circadian rhythm disorders, and others reflecting abnormalities 90 

of sleep-wake control systems such as narcolepsy and idiopathic hypersomnia (3,6). EDS 91 

frequently co-occurs with (and is often associated with increased incidence of) multiple clinical 92 

outcomes, cardiometabolic disorders such as obesity, type 2 diabetes (1), hypertension (5,7), and 93 

cardiovascular disease (2,4), impaired cognition (1,3), depression, psychiatric disorders (1–3), 94 

mortality (1–3), and reduced life quality (1–3). Notably, patients with sleep apnoea with concurrent 95 

EDS have been reported to have higher risk of cardiovascular disease outcomes than patients with 96 

sleep apnoea without EDS (4). EDS also has strong implications for public health given its 97 

contributions to work-related accidents (6), car crashes (8), and loss of productivity (2,6,9). 98 

Despite the health and social and economic impact of EDS, its aetiology and biological 99 

mechanisms are incompletely understood (2–5).  100 

 101 

There are several challenges in evaluating the biological underpinnings of EDS. For one, although 102 

EDS is strongly linked to sleep disorders, patients may exhibit EDS even after the appropriate 103 
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treatment of their respective sleep disorder (4). This indicates a potentially unique aetiology for 104 

EDS outside of those that overlap with other sleep disorders (4). Another challenge is the large 105 

inter-individual differences in EDS with overtly similar sleep disorders (3). Moreover, there are 106 

differences in prevalence of EDS across population groups and socio-economic strata that are 107 

poorly understood (9–11).  108 

 109 

Our research approach for addressing EDS was guided by the following: First, there are genetic 110 

factors associated with EDS as shown by a recent study in the UK Biobank which identified 42 111 

EDS related loci (3). This finding supports previous research that hypothesized that EDS is driven 112 

by biological and metabolic influences (3,6,9). Second, EDS and sleep traits are associated with 113 

cardiometabolic outcomes (4). Since cardiometabolic disorders are characterized by metabolic 114 

alterations, EDS may also be linked with metabolic alterations. The causal effects of these 115 

associations can either be directional or bi-directional and can involve shared risk factors, such as 116 

obesity (6). Accordingly, using metabolomics to quantify the association of a large number of 117 

diverse metabolites with EDS—in turn capturing the effects of genetic, metabolomic, nutritional, 118 

and environmental influences on an individual’s metabolic profile—holds considerable potential 119 

for revealing etiological insights and advancing our understanding of EDS in multi-ethic 120 

populations. Consequently, this can provide potential biological targets for intervention in order 121 

to alleviate EDS and reduce cardiometabolic risks. To our knowledge, there are a limited number 122 

of metabolomics studies on EDS and all with very small sample sizes (12). 123 

 124 

In this study we aimed to elucidate the underlying metabolomic profile of EDS using untargeted 125 

metabolomic measurements in two large well-characterized cohorts: the Hispanic Community 126 
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Health Study/Study of Latinos (HCHS/SOL) followed by replication analysis in the Multi-Ethnic 127 

Study of Atherosclerosis (MESA). In addition, we aimed to examine the links between previously 128 

identified genetic loci and metabolites implicated with EDS in order to identify the directionality 129 

of the potentially causal associations between EDS and metabolite measurements.  130 

Methods 131 

Study Designs 132 

The HCHS/SOL is a community based prospective cohort study of 16,415 self-identified 133 

Hispanic/Latino individuals recruited from randomly selected households from geographic areas 134 

around four field centres across the United States (Chicago IL, Miami FL, Bronx NY, and San 135 

Diego CA). Baseline examination took place between 2008 to 2011. Full details regarding the 136 

sampling and study design were described previously (13,14). The baseline clinical examination 137 

provided anthropometric, biological, behavioural, and sociodemographic assessments of study 138 

participants. These included dietary intake questionnaires (two 24-hour recalls and food propensity 139 

questionnaire(15))  to derive the Alternate Healthy Eating Index 2010 (AHEI-2010)(16), physical 140 

activity assessment based on a modified version of the Global Physical Activity Questionnaire to 141 

derive total physical activity in a week (MET-min/day)(17), the Center of Epidemiologic Studies 142 

Depression Scale (18) to assess depression (CESD10), the State-Trait Anxiety Inventory (STAI10) 143 

(19) to assess anxiety, self-report medication usage, smoking (never, former or current), alcohol 144 

use (never, former or current), hypertension status (based on medication use, self-report, and if 145 

systolic or diastolic blood pressure was greater than or equal to 140/90), and diabetes status as 146 

defined by the American Diabetes Association (20). In addition, several sleep traits were collected 147 

using self-report sleep questionnaires (Women’s Health Initiative Insomnia Rating Scale 148 

(WHIIRS)(21), and the Epworth Sleepiness Scale (ESS)(22). Participants also reported bedtime 149 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 

 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 13, 2024. ; https://doi.org/10.1101/2024.09.12.24313561doi: medRxiv preprint 

https://sciwheel.com/work/citation?ids=1986277,3604289&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=2890177&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2603738&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=16616216&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=672923&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12837592&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3049657&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5572870&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1778446&pre=&suf=&sa=0&dbf=0
https://doi.org/10.1101/2024.09.12.24313561
http://creativecommons.org/licenses/by-nc-nd/4.0/


and wake time during weekday and weekend days, from which weighted average sleep duration 150 

was computed ((5×average weekday sleep duration + 2×average weekend sleep duration) / 7). 151 

Sleep apnoea severity was assessed using respiratory event index (REI, 3% desaturation) scored 152 

from in-home sleep apnoea test using the Apnea Risk Evaluation System (ARES Unicorder, 153 

Advanced Brain Imaging, Carlsbad CA) (23). 7-day actigraphy derived sleep metrices were 154 

collected and scored in the Sueño ancillary study (N= 2,252) between 2010 and 2013 using 155 

Actiwatch Spectrum (Philips Respironics) (24). Using this data, sleep efficiency and sleep mid-156 

point were evaluated in this subsample. 157 

 158 

Excessive daytime sleepiness was defined based on the ESS questionnaire (22). Briefly, ESS 159 

includes 8 items regarding the likelihood of dozing off in different scenarios during the day on a 160 

scale from 0 to 3. An overall ESS was derived from the individual item score and ranges from 0 161 

to 24, with higher scores corresponding to higher sleepiness, wherein a score of 11 and above is 162 

commonly use to define EDS (6,22). The ESS was available in 13,820 individuals in the 163 

HCHS/SOL study. Details regarding the MESA study design and measurements, including 164 

metabolomics methods, are provided in the supplementary materials.  165 

Metabolomic Measurements 166 

In HCHS/SOL, serum blood samples were collected at baseline (between June 2008–July 2011) 167 

for all 16,415 individuals. Of these samples, 6,372 were sent to Metabolon for the quantification 168 

of metabolomic measurements. Metabolomic quantification was performed in two batches, in 2017 169 

and 2021 respectively, by Metabolon Inc. (Durham, NC) using their Discovery HD4 Ultra-High-170 

Performance Liquid Chromatography tandem mass spectrometry platform (25). Samples were 171 

stored in -70°C freezers after collection until assayed (26). Overall, 4004 samples were measured 172 
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in the first batch and 2,368 were measured in the second batch. The samples of 152 individuals 173 

were used for quantification in both batches. For these repeated measurements we only included 174 

the measurements in batch 2. In addition, we excluded samples of two individuals that were 175 

quantified twice within the first batch and 37 individual samples quantified twice within the second 176 

batch. After these exclusions, 3,850 samples were available in the first batch and 2,330 samples 177 

were available from the second batch. Therefore, after including only one sample per individual, 178 

the total number of samples included was 6,071. After the metabolomics quantification was 179 

performed, a total of 879 metabolites were quantified in the first batch and 1264 metabolites were 180 

measured in the second batch. However, two metabolites were excluded in the first batch as they 181 

were not detected in the included individuals with ESS data. Finally, we selected the overlapping 182 

metabolites between the two batches—877 metabolites—for statistical analysis.  183 

Metabolomics Data Processing in the HCHS/SOL study 184 

To mitigate the effect of outlier metabolite measurements we winsorized metabolite levels that 185 

were 5 standard deviations from the mean.  186 

Multiple imputation using chained equations was used to impute missing values in all metabolites 187 

to produce 5 imputed datasets for batch 1 and batch 2 separately. The methodology applied was 188 

described in detail in previously published work (27). The two batches were then merged into 5 189 

imputed datasets. Finally, all metabolites were log transformed and centred and scaled to have a 190 

mean of 0 and a standard deviation of 1. 191 

Multivariable linear regression analysis 192 

We conducted a series of sequential covariate-adjusted models to assess the metabolite 193 

associations with EDS. Summary of all model designs and a directed acyclic graph are provided 194 
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in Supplementary Table 1 and Supplementary Figure 1. Multivariable linear regression or logistic 195 

regression was performed with continuous and dichotomized ESS (above vs below a score of 10) 196 

for each metabolite separately. For the minimally adjusted model (Model 1) we adjusted for age, 197 

BMI, gender, and 7-level classification of self-reported Hispanic background (Dominican, Central 198 

American, Cuban, Mexican, Puerto Rican, South American, or “More than one/Other” heritage). 199 

Sample weighting of the study design was accounted for as described (13). For the primary model 200 

(Model 2) we additionally adjusted for self-reported alcohol, cigarette use and weekly physical 201 

activity. A third model (Sleep Traits Model) was conducted to examine if the associations were 202 

specific for EDS or reflected other measured sleep traits. This model adjusted for short and long 203 

sleep duration (<7 and >=9 hours) (28), insomnia (continuous), and sleep apnoea (continuous), in 204 

conjunction and individually in addition to the previously listed primary confounders. All analyses 205 

were repeated stratified by sex. To adjust for multiple testing, we used the method described by Li 206 

and Ji et al (29) to calculate the independent number of metabolites. Accordingly, there we 207 

calculated 390 independent metabolites and set the significance cutoff to 0.05/390 = 0.00013. 208 

 209 

Several additional sensitivity analyses were performed. First, we accounted for the effect of dietary 210 

effects by adjusting for the AHEI-2010 score in the diet model. Second, we accounted for potential 211 

confounding due to hypertension, statin usage, and diabetes in the comorbidities model. We 212 

performed sensitivity analyses independently adjusting for anxiety (STAI10) and depression 213 

(CESD10), as well time of blood draw in addition to the minimally adjusted model confounders. 214 

An additional analysis was performed adjusting for the available sleep medications usage and shift 215 

work status data in the Sueño ancillary.  216 

 217 
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In line with the prior EDS GWAS (3), a crude analysis was performed to examine the association 218 

between the statistically significant metabolites with actigraphy derived sleep data in the Sueño 219 

ancillary subset to understand their effects on subtypes of EDS (sleep insufficiency vs sleep 220 

propensity). Specifically, metabolites linear associations with mean bedtime and wakeup times in 221 

the weekday and weekend, mean daily sleep duration, and average daily sleep efficiency 222 

(proportion of sleep duration in the total rest period) in individuals with at least 4 validated 223 

actigraphy days (N= 1,852) were analysed without adjustment for other variables  224 

Network Analysis and Pathway analyses 225 

To provide context to the relationship between the metabolite associations with EDS across 226 

biological pathways, we used a three-way approach to produce an interactive network. This 227 

included (i) a method to capture statistically significant correlations between the measured 228 

metabolites, , (ii) a pathway enrichment analysis and (iii) explication of a biologically driven 229 

network between the metabolites and known reactions and pathways. First, gaussian graphical 230 

modelling (GGM) using sparse inverse covariance estimation with the graphical lasso (30,31) was 231 

used to calculate the correlations between the metabolites measured in the HCHS/SOL study. To 232 

reduce the number of irrelevant metabolites in relation to EDS, we selected metabolites that were 233 

associated with the outcome in each of the linear regression models (from either Model 1-2 for 234 

either pooled and sex stratified analyses) and had a P value < 0.005. This step helps reduce the 235 

number of irrelevant metabolites to the outcome and in turn unclutters the network and reduces 236 

overfitting of metabolite connections. Results of the GGM analysis were then imported into 237 

Cytoscape(32) to visualize the metabolites correlations. Second, the selected metabolites and a 238 

selection of genes previously found to be associated with EDS (3) were supplied to the 239 

MetaboAnalyst 6.0 online metabolomics analysis suite (33,34) to perform a pathway analysis 240 
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based on global testing (35)  and “Metabolite Set Enrichment Analysis”. Specifically, we 241 

performed pathway analysis using the metabolites only, followed by a joint pathway analysis using 242 

both EDS associated genes (3) and  metabolites. Pathway enrichment analysis was performed to 243 

identify the most enriched pathways. Results of the joint pathway analysis and the pathway 244 

enrichment analysis were then combined with the GMM network developed in the first step. Third, 245 

additional annotations were added to the network within Cytoscape using the Metscape plug-in 246 

(36). Metscape provided annotations for the metabolites and added nodes for relevant biological 247 

reactions and genes involving pathways of the metabolites based on the data from the Kyoto 248 

Encyclopaedia of Genes and Genomes (KEGG) and The Edinburgh Human Metabolic Network 249 

(37) to our network. Moreover, biologically relevant intermediate metabolites involved in these 250 

reactions and pathways, but not measured in our dataset, were added to the network and given a 251 

unique labelling to distinguish them from the measured metabolites.  252 

These steps resulted in a fully interactive webpage (Cytoscape JS) of networks that combined the 253 

GGM approach as well as biologically driven pathway and enrichment analyses.  254 

Mendelian randomization analysis  255 

Mendelian randomization (MR) analysis was performed using the TwoSampleMR R package (Version 256 

0.6.0) (38). We used the metabolite quantitative trait locus (metabQTL) data from the Trans-Omics in 257 

Precision Medicine (TOPMed) program Phase 1 TOPMed metabQTL produced as part of TOPMed 258 

Metabolomics standard operating procedure work. This work included 16,359 individuals across 8 259 

TOPMed studies using the Broad Institute and Beth Israel Metabolomics Platform or Metabolon platform. 260 

Full details are provided in the Supplementary materials. Summary statistics for EDS were obtained from 261 

the GWAS of the UK Biobank (N= 452,071) (3).  262 

MR analysis was performed using the MR Egger, weighted median, inverse variance weighted, simple 263 

mode, and weighted mode methods using statistically significant metabolites in all our analyses that were 264 
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also available in the TOPMed metabQTL as the exposure and EDS as the outcome. All analyses used 265 

default minor allele frequency cutoff (MAF > 1%). Heterogenicity testing was performed using the 266 

Cochran's Q statistic and directionality testing was performed using the MR Steiger directionality test (39). 267 

Ethics 268 

This work was approved by the Institutional Review Board of Brigham and Women’s Hospital. 269 

HCHS/SOL assessments were approved by the Institutional Review Boards of the participating 270 

institutions. This study was approved by the institutional review boards of all MESA field 271 

centres. All participants provided written informed consent in both studies.  272 

Role of funders 273 

The funders did not have a role in the study design, analysis, nor interpretation. 274 
 275 

Results 276 

Population characteristics 277 

After exclusions of duplicate metabolomic measurements and individuals with missing ESS or 278 

BMI, our study included 6,071 individuals of Hispanic/Latino background (Figure 1). The 279 

characteristics of the study are summarized in Table 1. The distribution of individuals from each 280 

field centre was similar and the majority of individuals self-identified as Mexicans (32.5%). The 281 

mean age was 48.28 years and consisted of 60% women (N=3,635). Average BMI was 282 

approximately 30 in both sexes. Overall mean of ESS was 5.79 and was slightly higher score in 283 

men (5.98). Using the 10-point cutoff, 957 (15%) individuals were classified as having EDS (of 284 

which 58% were women). Regarding other assessed sleep traits, 11% had moderate sleep apnoea 285 

(Respiratory Event Index>15 events/hr; 59% of which were men), mean sleep duration was 7.91 286 
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hours, and the average insomnia score (WHIIRS) was 7.46. Finally, the reported average time of 287 

blood sample collection was around 10am.  288 

In total 877 metabolites were available for all individuals in this study. These metabolites included 289 

320 lipids (36.4%), 175 amino acids (19.9%), 139 unannotated metabolites (15.8%), and 120 290 

xenobiotics (13.6%)—which includes metabolites derived from medications, environmental 291 

exposures, and nonessential dietary sources such as caffeine. The remaining metabolites belonged 292 

to peptides, nucleotides, vitamins, carbohydrates, and partially characterized molecules. 293 

Primary metabolite association analysis 294 

The minimally adjusted model (Model 1), adjusting for age, sex, BMI, and Hispanic background, 295 

identified 7 metabolites (P<0.00013) negatively associated with the ESS on the continuous scale 296 

(Table 2; Supplementary Table S2, Supplementary Figure 2). Of these metabolites, 5 belonged to 297 

lipids, specifically, long chain polyunsaturated fatty acids (PUFA), steroids (Pregnenolone and 298 

Corticosteroids), and sphingomyelin. The remaining 2 metabolites (X-11470 and X-11444) were 299 

unannotated, and their pathway was not available in the Metabolon database. All effect directions 300 

were negative (i.e. higher ESS was associated with lower metabolite levels) and ranged between -301 

0.34 and -0.4. After further adjustment for smoking, alcohol use, and physical activity (MET-302 

min/day) in the primary model (Table 2; Supplementary Table S2), the effect estimates and their 303 

direction remained consistent and only docosadienoate was no longer statistically significant (p = 304 

1.41×10-04). The diet model, adjusting for AHEI-2010 score (Table 2; Supplementary Table S2), 305 

had minimal changes to the effect sizes and directions as well. However, the associations of 306 

pregnenediol sulfate, tetrahydrocortisol glucuronide, and X-11444 were not statistically significant 307 

in this model. Finally, after adjusting for comorbidities (Table 2; Supplementary Table S2) the 308 

effect estimates remained consistent with the previous models, however, pregnenediol sulfate and 309 
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X-11444 were no longer significant. In addition to the associated metabolites, several 310 

sphingomyelins and steroid related metabolites were borderline statistically significant (P value ~ 311 

0.0001) in all models (Supplementary Figure 3 and 4).  312 

Sleep traits analysis and sensitivity analyses 313 

After adjusting for sleep traits (insomnia, OSA, and sleep duration) in addition to the covariables 314 

used in the primary model, diet, and comorbidities models respectively four of the metabolites 315 

reported in the primary model remained statistically significant with slightly stronger effect sizes 316 

in the same direction (negative direction) (Table 3 and Supplementary Tables S3, S6, and S7). 317 

Effect sizes and directions remained consistent after adjusting for diet and comorbidities. 318 

Individual adjustment of sleep traits (insomnia, OSA, long sleep, and short sleep) did not alter the 319 

results. The only exception was the association of adrenate (22:4n6) with EDS which was only 320 

significant after adjusting only for insomnia along with comorbidity confounders. For two 321 

sensitivity analyses, neither the first sensitivity analysis (adjusting for the minimally adjusted 322 

model in addition to blood draw timing, depression and stress scores) nor the second sensitivity 323 

analysis (adjusting for shift work and sleep medications in the Sueño ancillary) altered the results 324 

for the primary analyses (Supplementary Table S9 and S10).  325 

Sex stratified analyses 326 

The metabolomic profiles in the sex-stratified subpopulations exhibited distinct patterns in 327 

comparison to the primary analyses. First, no significant associations were found in any female-328 

specific analyses (Supplementary Table S5). Second, the analysis for males identified 6 329 

metabolites associated with EDS in the minimally adjusted analysis (Table 4; Supplementary 330 

Table S4). Three of these metabolites were previously found to be associated with EDS in the 331 
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pooled analyses with both men and women: docosadienoate (22:2n6), X-11470, and 332 

tetrahydrocortisol glucuronide. The other 3 metabolites were associated with EDS only in males: 333 

two glycerophospholipid (GPC) phosphatidylcholines (1-stearoyl-2-arachidonoyl-GPC 334 

(18:0/20:4) and 1-palmitoyl-2-arachidonoyl-GPC (16:0/20:4n6)) and tyramine O-sulfate. After 335 

adjusting for variables in the primary model (model 2), X-11470 and tetrahydrocortisol 336 

glucuronide were no longer significant. Adjusting for diet additionally excluded tyramine O-337 

sulfate from the significance threshold. Finally, compared to the original 6 metabolites identified 338 

in the minimally adjusted analysis, in the comorbidity adjusted analysis tetrahydrocortisol 339 

glucuronide and X-11470 were no longer significant and the remining associations maintained the 340 

same effect direction and similar effect sizes. However, an additional metabolite, 341 

phenylacetylcarnitine, was significantly associated with EDS in males in the comorbidity adjusted 342 

analysis only.  343 

Association with Actigraphy data  344 

Crude analysis was performed between the ten significant metabolites associated with EDS 345 

identified in the prior analyses and the actigraphy measures in the Sueño subsample (summarized 346 

in Table 5). Notably, dihomo-linoleate (20:2n6) and sphingomyelin (d18:2/16:0, d18:1/16:1), 347 

which were associated with lower EDS, were associated with both longer sleep duration and higher 348 

sleep efficiency, a pattern which reflects a higher sleep propensity subtype. Pregnenediol sulfate 349 

was associated with shorter sleep duration and lower EDS. Finally, tetrahydrocortisol glucuronide 350 

was associated with lower sleep efficiency and reduced EDS, which reflects a mixed association 351 

of reduced sleepiness during daytime but reduced sleep efficiency during nighttime. 352 
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Network and pathway enrichment 353 

Based on the correlations and metabolic network for the metabolites associated with EDS, we 354 

found biological links with several pathways. Primarily, steroid hormone biosynthesis was at the 355 

centre of biological pathways associated with EDS (Figure 2, Online supplementary materials, 356 

https://tofaquih.github.io/Metabolomics-Excessive-Daytime-Sleepiness/ ). This was confirmed by 357 

the pathway enrichment analysis. The enrichment was driven by pregnenediol sulfate, 358 

tetrahydrocortisol glucuronide, and dihomo-linoleate (20:2n6) as well as the CYP1A1, CYP1A2, 359 

and CYP7B1 genes identified from the previous GWAS on EDS (3). These metabolites were also 360 

linked to cortisol and cortisone metabolism. In turn, dihomo-linoleate (20:2n6) was correlated with 361 

11 beta-hydroxyandrosterone glucuronide (i.e. 6-hydroxymelatonin), linked to the metabolism of 362 

melatonin and to the aforementioned genes. Tyramine O-sulfate also shared a biological reaction 363 

and enzyme related to the CYP genes and melatonin pathways. Finally, sphingomyelin 364 

(d18:2/16:0, d18:1/16:1) was as expected, correlated with other species of sphingomyelin. Those 365 

sphingomyelins seem to be indirectly correlated with pregnenolone steroids as well.  366 

Replications in MESA 367 

Of the 11 statistically significant metabolites observed in HCHS using the Metabolon platform, 368 

only four were available in the MESA samples assayed with the Broad platform: pregnenediol 369 

sulfate (C21H34O5S), pregnenolone sulfate, dihomo-linoleate (20:2n6), 1-stearoyl-2-370 

arachidonoyl-GPC (18:0/20:4), or sphingomyelin (d18:2/16:0, d18:1/16:1). None of these reached 371 

statistical significance (P<0.05), although the direction of the associations was consistent with the 372 

results from the HCHS/SOL study apart from dihomo-linoleate (Supplementary Table S8). 373 

Mendelian randomization Associations 374 
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MR analysis was performed for eight metabolites that were reported in the analyses models, had a 375 

an identifiable chemical name, and had available genetic summary statistics required for the MR 376 

analysis: tetrahydrocortisol glucuronide, pregnenetriol sulfate, docosadienoate (22:2n6), dihomo-377 

linoleate (20:2n6), tyramine-O-sulfate, 1-stearoyl-2-arachidonoyl-GPC (18:0/20:4), 1-palmitoyl-378 

2-arachidonoyl-GPC (16:0/20:4n6), and phenylacetylcarnitine. We identified statistically 379 

significant associations (p<0.05) for pregnenediol sulfate (inverse variance weighted (IVW) beta= 380 

-0.017, p= 0.044), tetrahydrocortisol glucuronide (IVW beta= -0.013, p= 0.047), and tyramine-O-381 

sulfate (IVW beta= 0.03, p= 0.004), consistent with a potential causal (protective) association 382 

between these metabolites and EDS. Full results are provided in Table 6. No heterogeneity or 383 

horizontal pleiotropy were detected, and effect direction was confirmed for these results by the 384 

Steiger directionality test. 385 

 386 

Discussion 387 
In this study we identified seven metabolites associated with EDS, and an additional four 388 

associated specifically in the male stratified analysis. These metabolites were primarily driven by 389 

steroid hormonal biosynthesis pathways as indicated in our pathway enrichment analysis and 390 

network. First, we report two specific pregnenolone steroids(40), pregnenediol sulfate and 391 

tetrahydrocortisol glucuronide, with higher levels associated with less sleepiness. These 392 

associations were consistent with a causal association in our mendelian randomization analysis. 393 

and maintained the same effect direction as our linear regression analyses. These metabolites are 394 

involved in the pathways required for conversion to glucocorticoids, neurosteroids, androgens, and 395 

cortisol (41,42). Furthermore, pregnendiol sulfate appears to have an immunosuppressive role in 396 

certain infections(43) and tetrahydrocortisol glucuronide is a major metabolite of cortisol and a 397 
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marker of adrenocortical activity. Pregnendiol sulfate is also acutely regulated by the pituitary 398 

hormone ACTH, which strongly implicates its regulation by the adrenal axis (40). Together, these 399 

data suggest that the protective association between these adrenal steroids and EDS reflects an 400 

immunosuppressive role of adrenocortical activation – a role that is consistent with known anti-401 

inflammatory effects of glucocorticoids. This interpretation is consistent with data that we and 402 

others have generated showing that greater EDS in OSA is related to inflammation (44,45). In 403 

addition, cortisol-testosterone balance is important for sleep and general health. Insufficient sleep 404 

duration has been reported to disrupt the hormonal balance, leading to decreased testosterone  and 405 

increased cortisol  levels (46). The role of the adrenal gland with EDS is further supported by 406 

reported associations between androstenedione, which partakes in circadian regulation in the 407 

adrenal gland, with ESS in men (47).  408 

 409 

Notwithstanding the predominately adrenal origin of pregnenediol sulfate and tetrahydrocortisol 410 

glucuronide, such steroids may not be of exclusively adrenal origin, so a role of ovarian activation 411 

should also be considered particularly because steroids of gonadal origin exhibit differential 412 

circadian and sleep regulation in a sex-specific manner (45,48). Notably, clinical trials (mostly 413 

with male subjects) and observational studies have reported progesterone steroids—produced from 414 

pregnenolones—and their derivatives partake in inducing sleep, act as a sedative, increase 415 

somnolence, reduce sleep latency, reduce sleep apnoea and sleep breathing disorders, and increase 416 

non rapid eye movement sleep (41,43). In women, progesterone concentrations are reduced post 417 

menopause (41,42). This reduction, which occurs after menopause, is associated with longer sleep 418 

latency and more difficulty maintaining sleep compared to premenopausal women (49–51); while 419 

administration of progesterone in postmenopausal (52) women showed reduced wakefulness 420 
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during sleep based on a EEG clinical trial (53). In addition, regulation of progesterone levels (and 421 

sex steroid hormones) has been linked to circadian rhythm (48) and menstrual phases in 422 

premenopausal women (45). Although, progesterone levels have been hypothesized to be 423 

protective of sleep apnoea and sleep disordered breathing in premenopausal women (54,55), the 424 

prevalence of EDS has been reported in some studies to be higher in women than in men (56–58), 425 

while other studies reported that the EDS was specifically higher in post/peri-menopausal women.  426 

 427 

Another property of progesterone is its involvement with γ-Aminobutyric acid (GABA) 428 

neurotransmitter. Progesterones (such as pregnenediol sulfate) and glucocorticoids (such as 429 

tetrahydrocortisol) have been reported to exert an agnostic effect on the GABAA receptor (59–61). 430 

GABAA receptors are major targets of sleep medications such as benzodiazepine used for 431 

promoting sleep in patients with insomnia, anxiety, and other neurological disorders (62,63). 432 

Indeed, the effect of progesterone on sleep quality in both men and women has been suggested to 433 

be due to an interaction between progesterone and the GABAA (similar to the action of  434 

benzodiazepines) (41,53,59,64). Interestingly, after adjustment for diet quality, both metabolites 435 

were no longer significantly associated with EDS. This is in line with the influence of diet and 436 

cholesterol in the biosynthesis of these metabolites (65). Actigraphy analysis for pregnenediol 437 

sulfate actigraphy metrices further indicates an association with of reduced sleepiness and shorter 438 

sleep duration, indicating a sleepiness resilience despite shorter sleep duration.  439 

We did not detect significant associations between progesterone steroids or any other metabolites 440 

in analyses restricted to females. However, the effect direction was consistent with the primary 441 

results. Thus, our findings from the linear regression and MR analyses for pregnenediol sulfate 442 

and tetrahydrocortisol glucuronide are indicative of a larger role of glucocorticoid and adrenal 443 
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gland related hormones with EDS in men. Lack of significant findings for women, despite 444 

progesterone steroids role as sex hormones particularly in women (41), could be due to the 445 

complex regulation and menstrual cycle variation of progesterone levels in women and the 446 

inclusion of women with different menopausal stages, which may have obscured potential 447 

associations when examining the data stratified by sex. Future studies designed specifically to 448 

examine women’s health are needed to further understand sex-specific risk factors for EDS. 449 

 450 

Second, we report two long chained fatty acids obtained primarily from dietary sources: omega-6 451 

fatty acid dihomo-linoleate (20:2n6) (also known as dihomolinoleate or DGLA) and 452 

docosadienoate (22:2n6) (i.e., docosadienoate). Accordingly, these metabolites are involved in 453 

fatty acids metabolism and are upstream of docosahexaenoic acid (DHA) and other known fatty 454 

acids (66). Interestingly docosadienoate was found to be associated with EDS when we adjusted 455 

for diet and comorbidities. Although we did not find studies that found an association between 456 

these two metabolites with EDS specifically, previous sleep research has examined the 457 

associations of fatty acids intake in general with sleep quality and sleep disorders. Long chain fatty 458 

acids are known to be involved in the production of melatonin and DHA supplementation has been 459 

suggested to improve sleep quality (67,68). For example, a randomized control trial in children 460 

between the ages of 7-9 (N=395) which concluded that higher levels of docosahexaenoic acid—461 

where associated with improved sleep in the children (69). Omega-6 fatty acids have also been 462 

shown to be associated with sleep quality and slow wave sleep in obese individuals (66) and 463 

consumption of omega-3 and omega-6 fatty acids rich foods was also associated with improved 464 

sleep efficiency(70). Regarding the specific fatty acids reported in our study, dihomolinoleate was 465 

associated with sleep midpoint (71) and both dihomolinoleate and docosadienoate were linked to, 466 
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and possibly regulated by, circadian rhythm (72). The sources of these metabolites (such as 467 

vegetable oils, nuts, seeds and fatty fish(73)) are abundant in  Mediterranean-type diet, which in 468 

turn has been associated with several positive sleep outcomes, including higher sleep quality(74–469 

76) and reduced daytime sleepiness(77). Overall, our findings align with the literature regarding 470 

the benefits of long chain fatty acids to improving sleep and, in this particular study, by reducing 471 

sleepiness. Furthermore, our findings corroborate the role of long chain fatty acids for the 472 

biosynthesis of melatonin, as indicated by their connection with pregnenolone steroids and 473 

melatonin in the pathway enrichment network and analysis. Finally, actigraphy analysis implicates 474 

there two metabolites with a reduced sleepiness and longer sleep duration. 475 

 476 

Third, we have identified sphingomyelin (d18:2/16:0, d18:1/16:1) to be associated with reduced 477 

EDS as well as four sphingomyelins—highly correlated with (d18:2/16:0, d18:1/16:1)— that were 478 

borderline significant. Sphingomyelin and sphingolipids are integral in the biosynthesis and 479 

regulation of steroid hormones and cortisol (78), particularly in adrenal cortex (78,79). In addition, 480 

sphingolipid biosynthetic regulates the steroidogenic gene expression and activity (79). Thus, our 481 

findings and pathway analysis is in line with biological pathway of sphingomyelin species in 482 

relation to pregnenolone steroids and cortisol and their subsequent association with EDS. 483 

Sphingomyelin has also been reported in previous metabolomic study on sleep disordered 484 

breathing, hypertension, and type 2 diabetes (80).  485 

 486 

Regarding the sex stratified analysis, an interesting association was that of tyramine O-sulfate with 487 

EDS in males. In addition, mendelian randomization analysis for this metabolite further suggests 488 

a potential causal association with EDS. Tyramine O-sulfate is a secondary metabolite of tyramine, 489 
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a monoamine that can occur endogenously or can be obtained from dietary sources (81,82) such 490 

as fermented foods, wine, beer, coffee, cheese, among others (82). Tyramine levels are particularly 491 

higher in overripe and spoiling food, thus high levels of tyramine are an indication of poor food 492 

quality or poor food storage (82). As a monoamine, tyramine is related to, and partakes in the 493 

biosynthesis of, monoamine neurotransmitters including serotonin, dopamine, histamine, 494 

noradrenaline, adrenaline among others (81,83). Numerous research studies have reported the role 495 

of monoamines on sleep. For instance, levels of these monoamine have been linked with sleep-496 

wake stages and circadian rhythms (83–86). Specifically, monoamines levels were higher during 497 

sleep deprivation and remained at high levels during sleep recovery (86). In addition, monoamines 498 

are generally lower during wake stages compared to sleep stages (86), and therefore consumption 499 

of tyramine rich foods could lead to higher levels of monoamines, such as adrenaline can in turn 500 

can negatively affect sleep (87). In relation to melatonin, some tyramine reactions involve the 501 

monoamines oxidase enzymes (such as monoamine oxidase A and B), which in turn are related to 502 

flavoprotein. Our network analysis also indicates that tyramine reactions shared the enzymatic 503 

group (unspecific monooxygenase/flavoprotein monooxygenase) with melatonin, specifically 6-504 

hydroxymelatonin. Interestingly a study on mice examining the inhibitory and regulatory effects 505 

of tyramine on monoamine oxidase reported an accumulation of 6-hydroxymelatonin, along with 506 

tyramine, histamine, and taurine, in trace amine-associated receptor 1 (TAAR1) knock out mice 507 

(88). As noted by that study, melatonin, histamine, and taurine are associated with sleep regulation, 508 

circadian rhythms (88,89). Additionally, TAAR1 has been associated with the regulation and 509 

increase wakefulness in animal models (88,89) and a potential drug target for sleep disorders (90). 510 

Another shared aspect between melatonin and tyramine are the CYP genes: CYP1A1, CYP1A2, 511 

and CYP7B1. These three genes were included in our network analysis as they were previously 512 
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associated with EDS (3). These genes are also implicated with unspecific 513 

monooxygenase/flavoprotein monooxygenase enzymes and metabolism, which involve 514 

monoamines such as tyramine.  515 

This body of evidence as well as our findings suggests a role of tyramine in sleepiness and possibly 516 

sleep regulation. However, the exact biological pathway—whether via monoamine oxidase or 517 

TAAR1 inhibition, or production of neurotransmitter monoamines, or by affecting melatonin 518 

levels—remains unclear and beyond the scope of our study. Further studies to elucidate this 519 

biological mechanism are required.  520 

 521 

The two unannotated metabolites associated with EDS in the primary and stratified models, X-522 

11470 and X-11444, were directly found to be correlated with tyramine O-sulfate in our network 523 

analysis. Based on a recent metabolome genome wide association study, both metabolites shared 524 

the same locus and “metabotype” (i.e. a cluster of metabolites sharing at least one genetic signal ) 525 

on the SRD5A2 gene along with 10 androgenic steroids related metabolites (91). This was further 526 

supported by the direct feedback from the Metabolon structure analysis that predicted, based on 527 

their chemical properties, that they were likely steroid glucuronides. Previous GWA studies 528 

reported associations between SRD5A2 locus has been associated with testosterone levels (92) and 529 

hair loss/balding (92,93) in men. These findings and correlation of X-11470 and X-11444 with 530 

tyramine O-sulfate could indicate the possible connection between androgenic steroids in men with 531 

tyramine and sleepiness. 532 

 533 

Finally, two GPCs (1-stearoyl-2-arachidonoyl-GPC (18:0/20:4) and 1-palmitoyl-2-arachidonoyl-534 

GPC (16:0/20:4n6)) were associated with EDS in the men stratified analysis. GPCs are involved 535 
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in a wide range of biological functions, including biological involvement in pathways 536 

encompassing dihomo-linoleate and docosadienoate (94,95). Similarly, they are derived from 537 

dietary sources, such as fish, milk fat, and eggs, that have been associated with improved sleep 538 

quality(70,96,97). Thus, their association with EDS is likely related to the fatty acids associations 539 

we have identified and share similar dietary sources. In addition, GPCs specifically were reported 540 

in previous sleep studies. GPCs found to be associated with blood pressure in obstructive sleep 541 

apnoea in patients (94) and were increased in during sleep deprivation (98). 1-stearoyl-2-542 

arachidonoyl-GPC specifically was associated with sleep disordered breathing as well (80).  543 

 544 

Our study had several strengths. We employed metabolomics analysis, examining a broad range 545 

of metabolites across various biological pathways. This comprehensive approach, combined with 546 

genomics and pathway analysis, yielded novel insights into EDS, particularly for the 547 

Hispanic/Latino population. In addition, the scale and sample size of this study, is to our 548 

knowledge, the largest metabolomic study on EDS to date (12). However, we were not able to 549 

replicate the small set of available metabolites in the MESA study. Lack of replication in the 550 

MESA study can be attributed to several factors. First, the sample available for the replication was 551 

small which reduced the power of the analysis. Second, detected metabolites were between the 552 

studies were inconsistent due to the different metabolomic measurement methodologies and 553 

platforms used. For example, 1-stearoyl-2-arachidonoyl-GPC measurement was only available in 554 

1,327 individuals while dihomo-linoleate was available in 1839 individuals. Third, the difference 555 

in population characteristics, such as age—mean age of 48 in HCHS/SOL compared to 68 years 556 

old in MESA) and ethnicity, can affect EDS and sleeping habits in general, as well as metabolomic 557 

profiles (99). Finally, although the measurements in HCHS/SOL and MESA were performed using 558 
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platforms utilizing chromatography and mass spectrometry techniques, the process, overall 559 

methodology, and final quantification of the metabolites are not identical. This is an important 560 

factor that reduced our replication power as well. 561 

Conclusions  562 

In conclusion, we have identified steroid hormone biosynthesis as the primary driver for the 563 

metabolite associations with EDS via pregnenediol sulfate and tetrahydrocortisol metabolites and 564 

potentially the GABAA receptor. In addition, our findings suggest the role of dietary derived 565 

metabolites, specifically fatty acids, sphingomyelin, GPC, and tyramine, on sleepiness. Tyramine 566 

in particular could be of interest in future studies due to it is association with the TAAR1 receptor, 567 

a potential drug target for sleep disorders. These findings were supported by the previous GWAS 568 

on EDS and pathway and enrichment analysis. Overall, these metabolites and pathway sheds light 569 

on the metabolomic profile of EDS in the Hispanic/ Latino population, EDS profile differences in 570 

males, and EDS in metabolomic profile in general. 571 
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Figure Legends 904 
 905 
Figure 1: Inclusion criteria for the current study from the HCHS/SOL study 906 

Figure 2: Network of Metabolites and related pathways associated with EDS. 907 
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 909 

Supplementary Materials  910 

MESA Sleep Ancillary Study  911 
The Multi-Ethnic Study of Atherosclerosis (MESA) is a long-term study examining risk factors for heart disease in 912 
four ethnic groups. The full study design has been previously published(100). The study began in 2000 and recruited 913 
6,814 adults with no clinical cardiovascular disease aged 45-84 years old from 6 field centres across the United States 914 
(Baltimore, MD; Chicago, IL; Los Angeles, CA; New York, NY; Saint Paul, MN; and Winston-Salem, NC). The fifth 915 
follow up (Exam 5) took place between April 2010 and February 2013 and included 4,077 participants. Among this 916 
group, 2,261 participants were included for the MESA Sleep Ancillary Study and asked to complete sleep 917 
questionnaires in addition to Polysomnography and actigraphy data collection. Among this group, 2,240 participants 918 
completed sleep questionnaires including ESS (11).  919 
 920 

Methods  921 
Metabolomic analysis in the MESA study was performed for the blood samples of 2,640 participants from exam 5, of 922 
which 1,849 were part of the MESA Sleep Ancillary Study and completed the ESS questionnaire. Details regarding 923 
metabolomic quantification using the Broad Institute and Beth Israel Metabolomics Platform has been described 924 
elsewhere(26,101). Briefly, metabolite profiling utilized liquid chromatography tandem mass spectrometry (LC–MS) 925 
with positive ion mode for water-soluble metabolites and lipids. Raw data was processed using TraceFinder 3.1 and 926 
Progenesis QI. For negative ionization mode, an Agilent 1290 LC system coupled with a Waters XBridge Amide 927 
column and Agilent 6490 triple quadrupole mass spectrometer was employed. Isotope-labelled internal standards 928 
ensured MS sensitivity. Pooled plasma samples were interspersed for quality control. Metabolite identities were 929 
confirmed using authentic reference standards (26). In total, 4,380 metabolites were quantified from 1,868 exam 5 930 
samples. Institutional Review Board approval was obtained at each study site and written informed consent was 931 
obtained from all participants. 932 
 933 
Mendelian Randomization metabQTL data 934 
The Phase 1 Trans-Omics in Precision Medicine (TOPMed) metabQTL included metabolomics data from the 935 
Childhood Asthma Management Program (CAMP) (N = 787 using the Broad platform), The Genetic Epidemiology 936 
of Asthma in Costa Rica (CRA) study (N=1,758 using the Broad platform),  Framingham Heart Study (FHS) (N = 937 
3,021 using the Broad platform), MESA (n=998), Women's Health Initiative (WHI) (N = 1,024 using the Broad 938 
platform and N= 545 using the Metabolon platform), Genetic Epidemiology of Chronic Obstructive Pulmonary 939 
Disease (COPDGene) Study (N=6,302 using the Metabolon platform), and the Subpopulations and Intermediate 940 
Outcome Measures in COPD Study (SPIROMICS) (N =1,924 using the platform) metabQTL summary statistics 941 
included variants with MAF ≥0.5%. 942 
 943 

Sample Preparation 944 

Samples were prepared using the automated MicroLab STAR® system from Hamilton Company.  Several recovery 945 
standards were added prior to the first step in the extraction process for QC purposes.  To remove protein, dissociate 946 
small molecules bound to protein or trapped in the precipitated protein matrix, and to recover chemically diverse 947 
metabolites, proteins were precipitated with methanol under vigorous shaking for 2 min (Glen Mills GenoGrinder 948 
2000) followed by centrifugation.  The resulting extract was divided into five fractions: two for analysis by two 949 
separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray ionization (ESI), one for 950 
analysis by RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative 951 
ion mode ESI, and one sample was reserved for backup. Samples were placed briefly on a TurboVap® (Zymark) to 952 
remove the organic solvent.  The sample extracts were stored overnight under nitrogen before preparation for analysis.   953 

Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy (UPLC-954 
MS/MS) 955 
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All methods utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo Scientific 956 
Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) 957 
source and Orbitrap mass analyser operated at 35,000 mass resolution.  The sample extract was dried then reconstituted 958 
in solvents compatible to each of the four methods. Each reconstitution solvent contained a series of standards at fixed 959 
concentrations to ensure injection and chromatographic consistency.  One aliquot was analysed using acidic positive 960 
ion conditions, chromatographically optimized for more hydrophilic compounds. In this method, the extract was 961 
gradient eluted from a C18 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 µm) using water and methanol, 962 
containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA).  Another aliquot was also analysed 963 
using acidic positive ion conditions, however it was chromatographically optimized for more hydrophobic 964 
compounds.  In this method, the extract was gradient eluted from the same afore mentioned C18 column using 965 
methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall higher organic content.  966 
Another aliquot was analysed using basic negative ion optimized conditions using a separate dedicated C18 column. 967 
The basic extracts were gradient eluted from the column using methanol and water, however with 6.5mM Ammonium 968 
Bicarbonate at pH 8. The fourth aliquot was analysed via negative ionization following elution from a HILIC column 969 
(Waters UPLC BEH Amide 2.1x150 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10mM 970 
Ammonium Formate, pH 10.8. The MS analysis alternated between MS and data-dependent MSn scans using dynamic 971 
exclusion.  The scan range varied slighted between methods but covered 70-1000 m/z.  Raw data files are archived 972 
and extracted as described below. 973 

Data Extraction and Compound Identification 974 
Raw data was extracted, peak-identified and QC processed using Metabolon’s hardware and software.  These systems 975 
are built on a web-service platform utilizing Microsoft’s .NET technologies, which run on high-performance 976 
application servers and fibre-channel storage arrays in clusters to provide active failover and load-balancing.  977 
Compounds were identified by comparison to library entries of purified standards or recurrent unknown entities.  978 
Metabolon maintains a library based on authenticated standards that contains the retention time/index (RI), mass to 979 
charge ratio (m/z), and chromatographic data (including MS/MS spectral data) on all molecules present in the library.  980 
Furthermore, biochemical identifications are based on three criteria: retention index within a narrow RI window of 981 
the proposed identification, accurate mass match to the library +/- 10 ppm, and the MS/MS forward and reverse scores 982 
between the experimental data and authentic standards.  The MS/MS scores are based on a comparison of the ions 983 
present in the experimental spectrum to the ions present in the library spectrum.  While there may be similarities 984 
between these molecules based on one of these factors, the use of all three data points can be utilized to distinguish 985 
and differentiate biochemicals.  More than 3300 commercially available purified standard compounds have been 986 
acquired and registered into LIMS for analysis on all platforms for determination of their analytical characteristics.  987 
Additional mass spectral entries have been created for structurally unnamed biochemicals, which have been identified 988 
by virtue of their recurrent nature (both chromatographic and mass spectral).  These compounds have the potential to 989 
be identified by future acquisition of a matching purified standard or by classical structural analysis. 990 

Metabolite Quantification and Data Normalization 991 
Peaks were quantified using area-under-the-curve.  For studies spanning multiple days, a data normalization step 992 
was performed to correct variation resulting from instrument inter-day tuning differences.  Essentially, each 993 
compound was corrected in run-day blocks by registering the medians to equal one (1.00) and normalizing each data 994 
point proportionately.    995 
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