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Overview

The National Institutes of Health issued guidance requiring equal representation of women in
clinical research in 1993. However, advancements in closing the medical research gender gap are
far from reaching parity. Genes related to metabolism vary between men and women and
contribute to sex-specific differences in disease incidence and severity and pharmacokinetics and
pharmacometabolomics of interventions. Metabolomics studies have demonstrated these

differences in healthy individuals but not in the response to critical iliness.

If critically ill women respond to stressors differently and plasma metabolomics differ between
men and women, identifying sex-specific differences in metabolism pathways is crucial to
understanding personalized medicine delivery. Furthermore, sex-specific pharmacological
properties and pharmacometabolomics are poorly described in the critically ill. Studying these
differences may allow for sex-specific dosage recommendations and pave the way for future

studies to evaluate sex-specific differences in the response to interventions in the critically ill.

To answer these questions, we studied sex-specific plasma metabolomics differences at three
time points in early critical illness and sex-specific metabolic differences in the response to high
dose oral vitamin D3 in early critical illness. We hypothesized that a) significant sex-specific
differences exist in plasma metabolomics of critical illness and b) significant sex-specific

differences exist in the pharmacokinetic and metabolomic response to high dose oral vitamin Ds.
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Abstract

Rationale: It is unclear if the metabolic response to early critical illness differs in women and
men.

Objectives: To determine the sex-specific metabolomic response early in the course of critical
illness.

Methods: We performed a post-hoc metabolomics study of the VITdAL-ICU randomized, double-
blind, placebo-controlled trial. Trial patients from Medical and Surgical Intensive Care Units at a
tertiary university hospital with 25-hydroxyvitamin D level < 20 ng/mL received either high dose
oral vitamin D3 (540,000 IU) or placebo. We performed an analysis of 578 metabolites in 1215
plasma samples from 428 subjects at randomization (day 0), day 3 and 7. Using mixed-effects
modeling, we studied sex-specific changes in individual metabolites over time adjusted for age,
Simplified Acute Physiology Score I, admission diagnosis, baseline 25-hydroxyvitamin D level,
and 25-hydroxyvitamin D response to intervention. We employed Gaussian graphical modeling
to identify groups of sex-specific metabolites that are functionally co-regulated.

Measurements and Main Results: 35% of subjects were women. In women, multiple members
of the sphingomyelin and lysophospholipid metabolite classes had significantly positive
Bonferroni corrected associations over time compared to men. Further, multiple
representatives of the acylcarnitine, androgenic steroids, bile acid, nucleotide and amino acid
metabolite classes had significantly negative Bonferroni corrected associations over time
compared to men. Gaussian graphical model analyses revealed seven sex-specific functional

modules at day 3 and seven at day 7.



Conclusions: Robust coordinated sex-specific metabolite differences are present early in critical
illness. This work increases our understanding of the sex-specific differences in the metabolic

response to critical illness.

Word Count Abstract: 249
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Introduction

Inclusiveness of women subjects in clinical research was mandated by the National Institutes of
Health in 1993. Most NIH sponsored clinical research and most other studies still do not account
for sex-specific differences (1-3). Robust differences do exist between men and women with
respect to disease incidence, disease severity and pharmacodynamics of interventions (4, 5).
Sex-specific outcome differences are present favoring females in experimental critical iliness but

are not consistently observed in observational studies in critical care (6-9).

Metabolites in circulating blood are the final products of patients’ cellular metabolism. A few
large metabolomics studies on healthy individuals are notable for robust differences related to
sex (10-12). Genes related to metabolism show variation which contribute to sexual dimorphism
(11, 12). However, metabolomics on healthy subjects have little relevance to critically ill
patients. Indeed the metabolic homeostasis observed in the healthy is profoundly disturbed in

the critically ill (13).

Metabolomic studies performed early in critical illness can reflect illness severity and predict
outcomes. But such work does not address sex-specific differences in the response to critical
illness (14-16). Therefore, we studied differences between women and men with regards to
changes in metabolism during critical illness. We hypothesize that significant sex-specific plasma
metabolomics differences exist in the response to critical illness. We performed a post-hoc
metabolomics analysis of 1215 plasma samples from 428 patients collected during the VITdAL-

ICU trial (17). We assessed the effect of sex on changes in individual metabolites and plasma



metabolite families over three time points early in the course of critical illness. Further, with the
metabolite change data we determined if regulated metabolite modules exist that associate with

sex.

Methods

The VITAAL-ICU trial randomized 475 critically ill adult patients with 25-hydroxyvitamin D
(25(0OH)D) < 20 ng/mL to vitamin D3 or placebo given orally or via nasogastric tube once at a dose
of 540,000 IU followed by 90,000 IU monthly (17). Blood samples were collected on days O (at
randomization), 3 and 7. Plasma was fractionated, aliquoted and stored at -80°C. Four hundred
fifty-three trial subjects had frozen plasma available for analysis. We excluded 25 trial subjects

who did not have 25(0OH)D measured at day 3 following randomization.

VITdAL-ICU trial subject plasma aliquots were shipped on dry-ice to Metabolon, Inc. Following
receipt, the frozen plasma samples were immediately stored at -80°C. To generate metabolomic
data, a total of 1215 plasma samples from 428 patients at day 0, 413 patients at day 3 and 374
patients at day 7 were analyzed using four ultra-high-performance liquid
chromatography/tandem accurate mass spectrometry (UHPLC/MS/MS) methods by Metabolon,
Inc. Metabolomic profiling identified 769 metabolites. We reduced baseline noise by removing
metabolites with the lowest interquartile range of variability, leaving 578 metabolites.
Metabolomic data underwent cube root transformation and Pareto scaling to generate a

|II

“normal” distribution.



At randomization (day 0) data was analyzed using orthogonal partial least square-discriminant
analysis (OPLS-DA), a supervised method to assess the significance of classification discrimination
(SIMCA 15.0 Umetrics, Umea, Sweden). The quality of the multivariate model developed was
described by R2 and Q2 corresponding to goodness of fit and predictive performance,
respectively. Permutation testing was performed to validate the OPLS-DA model (18, 19).
Sevenfold cross-validation analysis of variance (CV-ANOVA) was utilized to determine OPLS-DA

model significance (19).

For single time point data, correlations between individual metabolites and sex at day 0, 3 or 7
were separately determined utilizing linear regression models correcting for age, Simplified
Acute Physiology Score (SAPS) I, admission diagnosis and 25(0OH)D at day 0. Additionally, for day
3 and 7, the linear regression models were corrected for absolute change in 25(0OH)D level at day
3. A multiple test-corrected threshold of P < 8.65 x 10~ was used to identify all significant
associations in the single time point data (20). We employed rain plots (21) to visualize effect
size, significance, clustering and trends across days 0, 3 and 7. Rain plots were produced based

on hierarchical clustering in R-3.6.2 adapted from source code published by Henglin et.al. (21).

For repeated measures data, correlations between individual metabolites and sex over time (day
0, 3 and 7) were determined utilizing linear mixed models correcting for age, SAPS Il, admission
diagnosis, 25(0OH)D at day 0, absolute change in 25(0OH)D level at day 3 and plasma day (as the
random-intercept). For data visualization purposes, a bipartite graph (22) was generated of

metabolites which were significantly changed (increased or decreased) with sex. In women
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subjects, mixed effects logistic regression was used to estimate the odds of 28-day mortality of
individual metabolites adjusted for age, SAPS II, admission diagnosis, 25(0OH)D at day 0, absolute
change in 25(0OH)D level at day 3 and plasma day (as the random-intercept). A multiple test-
corrected threshold of P < 8.65 x 10 was used to identify all significant associations in the

dynamic data (20). All mixed models were analyzed using STATA 14.1MP (College Station, TX).

As inflammation is important in response to critical iliness, we evaluated a potential mediating
effect of procalcitonin or c-reactive protein on the association between sex and individual
metabolite abundance adjusted for age, SAPS I, admission diagnosis, 25(0OH)D at day O and
absolute change in 25(0OH)D level at day 3. Analyses were performed on each of the 578
metabolites at day 3 using the R package mediation (23) to obtain bootstrap P values (N = 2000
samples) for the mediation effect of procalcitonin or c-reactive protein. Significant mediation
was present if the p value was<0.01 and 10% or more of the association was mediated through

procalcitonin or c-reactive protein levels (24, 25).

To identify sex-specific modules from metabolomics data, we estimated Gaussian graphical
models (GGMs) for day 3 and 7. Modules serve to reconstruct pathway reactions from
metabolomics data. GGMs are determined utilizing partial pairwise Pearson correlation
coefficients following the removal of the effects of all other metabolites and covariates (26).
GGMs are representations of the linear association between two metabolites corrected for other
confounding variables in multivariate Gaussian distributions. We inferred a sex-specific network

for relative metabolite abundance. We included age, Simplified Acute Physiology Score (SAPS) I,
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admission diagnosis, 25(0OH)D at day O, absolute change in 25(0OH)D level at day 3 and plasma
day as covariates into the model. Edges between metabolites were allotted if both their Pearson
correlations and partial correlations remained statistically significant at P < 0.05 following
Bonferroni correction for 578 metabolites (27). GGMs were produced using the GeneNet R

package, version 1.2.13 in R-3.6.2 adapted from source code published by Do et.al. (27).

Results

Baseline characteristics of the analytic cohort were balanced between subjects stratified by sex
for C-reactive protein, SAPS Il, baseline 25(OH)D levels, intervention status and ICU type.
Differences existed by sex with respect to age (Table 1 and Supplemental Table 1). The overall
28-day mortality of the 428 subject analytic cohort was 22.2%. The 28-day mortality in women

was 22.5% and in men was 22.0%.

In day O plasma samples (N=432), significant differences exist in 12 individual metabolites (all
multiple test-corrected threshold of P < 8.65 x 10°) and in metabolomic profiles (CV-ANOVA p
value<0.001) in female subjects relative to males (Supplemental Table 3). Day O differences are
present with increased sphingomyelins and decreased androgenic steroids in women relative to

men (Supplemental Table 4).

In linear regression models of metabolite data from single time points (day O, 3 or 7), we find
significant differences exist in 51 individual metabolites at 1 or more time point (all multiple test-

corrected threshold of P < 8.65 x 107, -logio(p) > 4.06). The rain plots show the separation of
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metabolites that are increased (Figure 1) or decreased (Figure 2) in women relative to men, with
greater significance shown by increased size of the circles. In the single time point data, women
primarily have significant increases in sphingomyelins and lysophopholipids relative to men.
Decreases in androgenic steroids as well as bile acid and amino acid metabolism are found in

women relative to men.

In mixed effects modeling of 1215 total day 0, 3 and 7 plasma samples from the analytic cohort
(N=432), 50 metabolites had significantly positive associations in women relative to men
dominated by increases in sphingomyelins and lysophospholipids (Summarized data in Table 2,
Full data in Supplemental Table 5, Figure 3). 105 metabolites had significantly negative
associations in women relative to men primarily by decreases in acylcarnitine, androgenic
steroid, bile acid, nucleotide and amino acid metabolites (Summarized data in Table 3, Full data

in Supplemental Table 6, Figure 3).

We next explored the sex-specific associations of individual metabolites and 28-day mortality.
We compared mixed effects modeling of 441 total day O, 3 and 7 plasma samples from women in
the analytic cohort (N=151) to mixed effects modeling of 814 total day 0, 3 and 7 plasma
samples from men in the analytic cohort (N=277). The data show that elevations in short chain
acylcarnitines C4-C8 and branched-chain amino acids are significantly associated with three-fold

increases in 28-day mortality in women but not men (Supplemental Table 7).
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We next investigated sex-specific metabolic networks by measuring pairwise correlations in
metabolites which have similar effects via Gaussian graphical models (GGMs). The GGMs
analyses revealed seven sex-specific functional modules at day 3 and seven at day 7
(Supplementary tables 8 & 9). Similar to the mixed effects analyses, metabolism of branched
chain amino acids, bile acids, androgenic steroids and lysophospholipids are prominently
featured in the sex specific GGM modules. Metabolites within in each functional module were
either increased or decreased in women in unison and had biological or functional similarity.
Individual metabolites which are not associated with sex in our mixed effects analysis also do
contribute to significant sex-specific modules (Supplementary tables 8 & 9: Modules B, E, H, |, K,

and M).

We finally focused on the potential mediation of the relationship between individual metabolite
abundance and sex by inflammation status. Mediation analyses in day 3 data revealed no
influence of Procalcitonin or of C-reactive protein on the associations between sex and each of

the individual 578 metabolites (all p values were > 0.01 using 2000 bootstrap samples).

Discussion

Our large post-hoc metabolomics study identified metabolites early in critical illness with sex-
specific associations. In our single time point data and our mixed methods analysis, we
consistently find robust increases and decreases in groups of metabolites along similar sub-
pathways that have conserved function. Further, we illustrate how groups of metabolites with

similar sex-specific effects form modules which highlight the same sub-pathways as our single
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time point data and our mixed methods analysis (12). These modules serve to focus potential
biological interpretation of our sex-specific metabolomics observations (28). All three analyses
highlight the importance of sex-specific metabolism in critical illness related to branched chain

amino acids, bile acids, androgenic steroids and lysophospholipids.

Metabolism and homeostasis differ by sex (29, 30). Critically ill patients preferentially catabolize
fatty acids and amino acids for the mitochondrial production of energy. Female mitochondria
have higher oxidative capacity, produce less reactive oxygen species, and preferentially utilize
lipids for bioenergetics (31-33). Elevated circulating even-chain C4 — C22 acylcarnitines are due
to incomplete mitochondrial B-oxidation of fatty acids (34, 35). In healthy adults, circulating
acylcarnitines are generally less abundant in women compared to men (12). Increases in
circulating acylcarnitines associate with adverse outcomes in critical iliness (15). We
demonstrate that 15 circulating acylcarnitines are significantly lower in women early in critical
illness (Supplemental Table 6). Our observed decreased even-chain acylcarnitines in women
relative to men probably reflects more efficient fatty acid f-oxidation indicative of sex-specific

differences in mitochondrial response to critical illness.

The circulating amino acid pool is supplied by dietary amino acids, endogenous amino acid
synthesis and cellular protein turnover (36). Increases in circulating amino acids during critical
illness are due to protein catabolism (37). Skeletal muscle protein is rapidly metabolized in
response to severity of illness to provide substrate for liver gluconeogenesis, immune function

support and immunoglobulin synthesis (38). Further, amino acid catabolism is a source for
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circulating C3, C4 and C5 acylcarnitines (35). Our findings of decreases in C3, C4 and C5
acylcarnitines as well as in multiple amino acid metabolite sub-pathways may reflect sex-specific

protein catabolism and energy substrate utilization during critical illness.

We observe substantial sex-specific differences in lipid metabolism. Our novel observations
suggest such differences specifically exist in sphingomyelins, plasmalogens and
lysophospholipids, which are mediators of the stress response, antioxidants and
immunomodulation, respectively. Sex-specific differences in lipid profiles are due to sex
chromosome and sex-specific hormone action including estrogen, progesterone and androgens
(39). Sex-specific differences exist in the utilization of carbohydrates and lipids as energy. At
homeostasis women incorporate free fatty acids into triglycerides whereas men oxidize
circulating free fatty acids (40). With increased energy needs during exercise, women oxidize
lipids in favor of carbohydrates while men utilize carbohydrates (41). Further, women have less
free fatty acid-induced insulin resistance compared to men (42). Healthy adult women have

increased circulating sphingomyelins compared to men (43, 44).

Though sex-specific differences in bile acid synthesis are frequently noted (45) such differences
in bile acid homeostasis are not well characterized (46). The cytochrome P450s are prominent
enzymes important for bile synthesis (45) and are regulated in a sex-specific manner (47, 48).
Bile acids are known to activate the nuclear receptors farnesoid X receptor, pregnane X receptor
and vitamin D receptor as well as the G-protein-coupled receptor TGR5. Such bile acid receptor

activation results in gene expression which alters metabolism of bile acids, glucose, lipids, energy

16



and inflammation (49). As elevation in blood bile acids are common in critical illness (50), and
the synthesis and pool composition of bile acids are sex-specific, such differences have

widespread downstream metabolism pathway effects.

Our novel study approach has several strengths. The use of a large number of plasma samples at
multiple time points early in critical illness allows for a dynamic view into sex-specific
metabolomics. Linear mixed models are extremely useful for metabolomic data measured at
multiple time points as they remove confounding variables with a fixed-effect (age, SAPS II, etc.)
and also those with a random-effect (sampling day) (51, 52). Linear mixed models account for
the longitudinal nature of our data and can model the trajectories for individual metabolites
abundance over time. Further, our use of clinical trial data allows for modelling and
normalization of metabolite abundance via adjustment for subject characteristics (53). To
account for multiple comparisons we utilized a conservative Bonferroni corrected P value < 8.65
x 10~ (20). Finally, we observe differences in metabolism known to be associated with sex, thus

increasing the biological plausibility and relevance of our work.

We do acknowledge potential limitations to our approach. Despite multivariable adjustment,
our approach is subject to bias. Though our samples are derived from a randomized controlled
trial, our study design is observational thus causal inference may be limited. VITdAL-ICU trial
subjects were all Caucasian with 25(0OH)D< 20 ng/ml, thus may not be representative of all
critically ill. Furthermore, our study is an exploratory analysis requiring subsequent

confirmation.
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Conclusion

In a large metabolomics study of a trial biorepository, we demonstrate substantial differences
between women and men in the plasma metabolomics of early critical illness. We find that
women respond to critical illness stressors in a dramatically different fashion than men. Studying
such differences in metabolism pathways over time is an essential step in understanding how to

provide personalized medicine in the critically ill.
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Figure Legends

Figure 1. Rain Plot of single time point metabolites increased in women. Correlations between
individual metabolites and sex at day 0, 3 or 7 were determined utilizing linear regression models
correcting for age, Simplified Acute Physiology Score (SAPS) Il, admission diagnosis and 25(0OH)D
at day 0. Day 3 and 7 estimates were also corrected for absolute change in 25(0OH)D level at day
3. The magnitude of beta coefficient estimates is shown by a color fill scale and the
corresponding significance level (-logio(p value)) is represented by size of the circle. The
intensity of the red fill color represents an increase in effect size for that metabolite in women
compared to men. Statistical significance is the multiple test-corrected threshold of -logio(p) >

4.06 which is equivalent to P < 8.65 x 10™.

Figure 2. Rain Plot of single time point metabolites decreased in women. Correlations between
individual metabolites and sex at day 0, 3 or 7 were determined utilizing linear regression models
correcting for age, Simplified Acute Physiology Score (SAPS) Il, admission diagnosis and 25(0OH)D
at day 0. Day 3 and 7 estimates were also corrected for absolute change in 25(0OH)D level at day
3. The magnitude of beta coefficient estimates is shown by a color fill scale and the
corresponding significance level (-logio(p value)) is represented by size of the circle. The blue fill
color represents a decrease in effect size for that metabolite in women compared to men.
Statistical significance is the multiple test-corrected threshold of -logio(p) > 4.06 which is

equivalent to P < 8.65 x 107.
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Figure 3. Circos Plot of metabolites over time. Bipartite graph of metabolites measured in 1215
plasma samples from 428 patients. Metabolites shown are determined to be significantly
increased or decreased in women relative to men over the first seven days following trial
enrollment. Graph connects the increase or decrease in metabolite on the left side with
individual metabolites on the right side. Width of curves indicates strength of the significance (-
logio(p) value) as determined by mixed-effects regression. Colors differ for each sub-pathway

(i.e. amino acid metabolites are red). All curves shown have P value < 8.65 x 10~.
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Table 1. Cohort Characteristics

Characteristic Female Male Total P-value
No. 151 277 428

Age years Mean (SD) 68.2 (13.3) 62.0 (15.3) 64.2 (14.9) <0.001*
Day 0 25(0OH)D ng/ml Mean (SD) 13.2(5.7) 14.4 (10.1) 13.9(8.8) 0.17*
SAPS Il Mean (SD) 34.6 (14.7) 32.7 (15.8) 33.4 (15.4) 0.24*
Day 0 C-reactive protein ug/mL Mean (SD) 119.9 (96.4) 127.6 (86.0) 124.9 (89.8) 0.40*
Day 0 Procalcitonin ng/ml Median [IQR] 0.45[0.14, 1.98] 0.77 ]0.20, 3.02] 0.66 [0.17, 2.79] <0.001t
Vitamin D3 Intervention No. (%) 78 (51.7) 134 (48.4) 212 (49.5) 0.52
Change in 25(0OH)D ng/ml Mean (SD) 11.3 (18.0) 10.0 (15.5) 10.4 (16.4) 0.43*
ICU 0.22
Anesthesia ICU No. (%) 24 (15.9) 59 (21.3) 83 (19.4)

Cardiac Surgery ICU No. (%) 42 (27.8) 84 (30.3) 126 (29.4)

Surgical ICU No. (%) 7 (4.6) 16 (5.8) 23 (5.4)

Medicine ICU No. (%) 31 (20.5) 59 (21.3) 90 (21.0)

Neurological ICU No. (%) 47 (31.1) 59 (21.3) 106 (24.8)

Note: Data presented as n (%) unless otherwise indicated. P values determined by chi-square

unless designated by (*) then P value determined by ANOVA or by (1) determined by Kruskal-

Wallis test.
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Table 2. Metabolites significantly increased in Women relative to Men over time

Bonferroni B Super

Metabolite P-value cg:(:‘cl:ltleed -log10p Coefficient Pathway Sub Pathway
1-linoleoyl-GPE (18:2) 3.71 E-15 214 E12 14.43 0.21 Lipid Lysophospholipid
1-palmitoyl-GPA (16:0) 1.77 E-11 1.02 E-08 10.75 0.20 Lipid Lysophospholipid
1-linoleoyl-GPA (18:2) 5.69 E-10 3.29 E-07 9.24 0.20 Lipid Lysophospholipid
1-linolenoyl-GPC (18:3) 1.57 E-11 9.08 E-09 10.80 0.20 Lipid Lysophospholipid
1-stearoyl-GPE (18:0) 6.74 E-16 3.90 E-13 15.17 0.19 Lipid Lysophospholipid
1-palmitoleoyl-GPC (16:1) 5.95 E-11 3.44 E-08 10.23 0.17 Lipid Lysophospholipid
1-arachidonoyl-GPE (20:4n6) 2.74 E-10 1.58 E-07 9.56 0.16 Lipid Lysophospholipid
2-stearoyl-GPE (18:0) 2.13 E-09 1.23 E-06 8.67 0.16 Lipid Lysophospholipid
1-oleoyl-GPE (18:1) 5.81 E-10 3.36 E-07 9.24 0.16 Lipid Lysophospholipid
2-palmitoyl-GPC (16:0) 7.59 E-09 4.39 E-06 8.12 0.15 Lipid Lysophospholipid
1-lignoceroyl-GPC (24:0) 3.89 E-06 2.25 E-03 5.41 0.15 Lipid Lysophospholipid
1-linoleoyl-GPI (18:2) 9.30 E-08 5.37 E-05 7.03 0.14 Lipid Lysophospholipid
1-arachidonoyl-GPC (20:4) 8.26 E-07 4.78 E-04 6.08 0.13 Lipid Lysophospholipid
Sphingomyelin (d18:2/14:0, d18:1/14:1) 6.93 E-29 4.01 E-26 28.16 0.28 Lipid Sphingomyelins
Sphingomyelin (d17:2/16:0, d18:2/15:0) 1.33 E-21 7.70 E-19 20.88 0.26 Lipid Sphingomyelins
Sphingomyelin (d17:1/14:0, d16:1/15:0) 1.92 E-18 1.11 E-15 17.72 0.24 Lipid Sphingomyelins
Sphingomyelin (d18:2/21:0, d16:2/23:0) 4.11 E-13 2.38 E-10 12.39 0.18 Lipid Sphingomyelins
35’2_';‘?2%%3;9"“ (18:1/21:0, d17:1/220, | 37610 | 217E-07 | 9.43 0.17 Lipid Sphingomyelins
Sphingomyelin (d18:1/19:0, d19:1/18:0) 1.28 E-09 7.38 E-07 8.89 0.15 Lipid Sphingomyelins
Sﬁ’;‘,‘;‘f’z‘;’%e“” (d18:2/23.0, d18:1/23:1, | 5 74E09 | 158E-06 | 8.56 0.15 Lipid Sphingomyelins
Tricosanoyl sphingomyelin (d18:1/23:0) 5.28 E-08 3.05 E-05 7.28 0.13 Lipid Sphingomyelins
Sphingomyelin (d18:1/25:0, d19:0/24:1, : ) - . .
d420:1/23:0, d19:1/24:0) 4.60 E-05 2.66 E-02 4.34 0.11 Lipid Sphingomyelins

Note: Significant results presented following mixed effects modeling of each of the 578

individual metabolites measured at day O, 3 and 7. All estimates adjusted for age, Simplified

Acute Physiology Score (SAPS) I, admission diagnosis, 25(0OH)D at day 0, absolute change in

25(OH)D level at day 3 and plasma day (as the random-intercept). A multiple test-corrected

threshold of P < 8.65 x 10 was used to identify all significant associations. GPC is

glycerophosphorylcholine; GPE is glycerophosphoethanolamine; GPI is

glycosylphosphatidylinositol.

27




Table 3. Metabolites significantly decreased in Women relative to Men over time

. P-value Bonferroni Super
Metabolite value corrected -log10p Coefficient Pathway Sub Pathway
P-value
N-acetylvaline 255E-05 | 1.47 E-02 4.59 -0.10 Amino Acid Leucine, Isoleucine and
Valine Metabolism
N-acetylleucine 7.65E-06 | 4.42 E-03 5.12 -0.12 Amino Acid Leucine, Isoleucine and
Valine Metabolism
. . . Leucine, Isoleucine and
Alpha-hydroxyisocaproate 9.27 E-07 5.36 E-04 6.03 -0.13 Amino Acid valine Metabolism
3-hydroxyisobutyrate 1.37E-06 | 7.90 E-04 5.86 -0.13 Amino Acid |  Leéucine, Isoleucine and
Valine Metabolism
. . . Leucine, Isoleucine and
3-hydroxy-2-ethylpropionate 2.06 E-09 1.19 E-06 8.69 -0.15 Amino Acid Valine Metabolism
2-hydroxy-3-methylvalerate 500E-08 | 2.89E-05 | 7.30 -0.16 Amino Acid |  -eucine, Isoleucine and
Valine Metabolism
. . . Leucine, Isoleucine and
2,3-dihydroxy-2-methylbutyrate 477E-07 | 276 E-04 6.32 -0.17 Amino Acid Valims Motabofior
Beta-hydroxyisovalerate 404E-12 | 233E-09 | 11.39 -0.19 Amino Acid |  -eucine, Isoleucine and
Valine Metabolism
Glycochenodeoxycholate 159E-06 | 9.18 E-04 5.80 -0.20 Lipid Primary Bile Acid
Metabolism
Taurocholate A19E-05 | 242E-02 | 438 -0.21 Lipid Primary Bile Acid
Metabolism
Glycochenodeoxycholate glucuronide 2.94 E-12 1.70 E-09 11.53 -0.28 Lipid Primary B".e Acid
Metabolism
Taurochenodeoxycholate 220E-08 | 127E-05 | 7.66 -0.28 Lipid Primary Bile Acid
Metabolism
. Primary Bile Acid
Glycochenodeoxycholate sulfate 4.26 E-11 2.46 E-08 10.37 -0.32 Lipid Metabolism
Glycodeoxycholate sulfate 401E-06 | 2.32E-03 5.40 -0.23 Lipid Secondary Bile Acid
Metabolism
Glycolithocholate sulfate 5.82E-09 | 336E-06 | 824 027 Lipid Secondary Bile Acid
Metabolism
Glycocholenate sulfate 6.22E-14 | 359E-11 | 13.21 0.28 Lipid Secondary Bile Acid
Metabolism
Taurolithocholate 3-sulfate 311E-12 | 1.80E-09 | 11.51 -0.34 Lipid Secondary Bile Acid
Metabolism
- Secondary Bile Acid
Taurocholenate sulfate 1.03 E-16 5.94 E-14 15.99 -0.38 Lipid Metabolism

Note: Significant results presented following mixed effects modeling of each of the 578

individual metabolites measured at day O, 3 and 7. All estimates adjusted for age, Simplified

Acute Physiology Score (SAPS) I, admission diagnosis, 25(0OH)D at day 0, absolute change in

25(OH)D level at day 3 and plasma day (as the random-intercept). A multiple test-corrected

threshold of P < 8.65 x 10~ was used to identify all significant associations.
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Supplemental Table 1. Additional Cohort Characteristics Stratified by Sex

Characteristic Female Male Total

N 151 277 428

Admission Type
Brain surgery No. (%) 2(1.3) 2(0.7) 4(0.9)
Cardiac surgery No. (%) 31 (20.5) 50 (18.1) 81 (18.9)
Cardiovascular No. (%) 15(9.9) 36 (13.0) 51 (11.9)
Gastrointestinal/liver No. (%) 5(3.3) 9(3.3) 14 (3.3)
Hematologic/oncologic No. (%) 0(0) 1(0.4) 1(0.2)
Metabolic/Renal No. (%) 0(0) 8(2.9) 8(1.9
Neurologic No. (%) 132 (30.3) 169 (21.3) 301 (24.5)
Other non-operative No. (%) 2 (0.5) 6 (0.8) 8 (0.7)
Other operative No. (%) 17 (3.9) 17 (2.1) 34 (2.8)
Respiratory No. (%) 16 (10.6) 24 (8.7) 40 (9.4)
Sepsis/infectious No. (%) 11 (7.3) 24 (8.7) 35(8.2)
Thoracic surgery No. (%) 5(3.3) 8 (2.9 13 (3.0)
Transplantation No. (%) 3(2.0) 10 (3.6) 13 (3.0)
Trauma No. (%) 6 (4.0) 32 (11.6) 38 (8.9)
Vascular No. (%) 4(2.7) 7(2.5) 11 (2.6)
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Supplemental Table 2. Additional Cohort Characteristics Stratified by Subjects Included and
Excluded in the Analytic Cohort

Characteristic Included Total Excluded Total P-value
No. 428 25

Female Gender No. (%) 151 (35.3) 6 (24.0) 0.25
Age years Mean (SD) 64.2 (14.9) 72.0 (10.5) 0.01*
Day 0 25(OH)D ng/ml Mean (SD) 13.9 (8.8) 13.0 (6.3) 0.58*
SAPS Il Mean (SD) 33.4 (15.4) 35.6 (16.1) 0.49*
Day 0 C-reactive protein ug/mL Mean (SD) 124.9 (89.8) 140.4 (75.7) 0.40*
Day 0 Procalcitonin ng/ml Median [IQR] 0.66 [0.17, 2.79] 0.85[0.47, 2.21] 0.26+
Vitamin D3 Intervention No. (%) 212 (49.53) 13 (52.0) 0.81
ICU 0.18
Anesthesia ICU No. (%) 83 (19.4) 3 (12.0)

Cardiac Surgery ICU No. (%) 126 (29.4) 8 (32.0)

Surgical ICU No. (%) 23 (5.4) 1(4.0)

Medicine ICU No. (%) 90 (21.0) 10 (40.0)

Neurological ICU No. (%) 106 (24.8) 3 (12.0)

3-day Mortality No. (%) 11 (2.6) 15 (60.0) <0.001
7-day Mortality No. (%) 24 (5.6) 17 (68.0) <0.001
28-day Mortality No. (%) 95 (22.2) 19 (76.0) <0.001

Note: Data presented as n (%) unless otherwise indicated. P values determined by chi-
square unless designated by (*) then P value determined by ANOVA or by (t)

determined by Kruskal-Wallis test.
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Supplemental Table 3. At randomization OPLS-DA model goodness of fit, predictive ability and

model significance

OPLS-DA Permutation (n=200) CV-ANOVA
Classification Model R2X | R2Y Q2 R2 intercept Q2 intercept P-Value
(x-axis, y-axis) (x-axis, y-axis)
Sex 0.341 1.00 0.423 0.00, 0.385 0.00, -0.387 <0.001
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Supplemental Table 4. At randomization (Day 0) metabolite differences in Women relative to

Men

. Fold FDR adjusted P- | Super
Metabolite Change value log(10)p Pathway Sub Pathway

. . . Glycine, Serine and
N-acetylglycine 2.65 3.74 E-06 5.43 Amino Acid Threonine Metabolism
1-palmitoyl-2-oleoyl-GPI (16:0/18:1) 2.26 2.34 E-06 5.63 Lipid Phosphatidylinositol
Sphinganine-1-phosphate 2.52 1.01 E-07 6.99 Lipid Sphingolipid Synthesis
Sphingomyelin (d18:1/25:0, d19:0/24:1, ) - . .
d20:1/23:0, d19:1/24:0) 3.07 5.89 E-10 9.23 Lipid Sphingomyelins
Sphingomyelin (d17:1/14:0, d16:1/15:0) 2.89 5.89 E-10 9.23 Lipid Sphingomyelins
Sphingomyelin (d18:2/14:0, d18:1/14:1) 2.66 7.51 E-08 7.12 Lipid Sphingomyelins
Sphingomyelin (d18:2/21:0, d16:2/23:0) 2.06 3.22 E-05 4.49 Lipid Sphingomyelins
N-acetylcarnosine 0.44 1.61 E-07 6.79 Amino Acid Histidine Metabolism
Pyridoxate 0.40 1.41 E-09 gss | cofactorsand |, in B6 Metabolism
Vitamins

5alpha-androstan-3beta,17beta-diol disulfate 0.39 1.23 E-09 8.91 Lipid Androgenic Steroids
5alpha-androstan-3alpha,17beta-diol disulfate 0.38 1.23 E-09 8.92 Lipid Androgenic Steroids
Taurocholate 0.37 4.20 E-06 5.38 Lipid Primary Bile Acid

Metabolism

Note: Fold change greater than 1 indicates an increase in metabolite in women relative to men.
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Supplemental Table 5. Metabolites significantly Increased in Women relative to Men over time

Bonferroni

B

Metabolite P-value corrected | -log10p | Coeffi PSuper Sub Pathway
P-value cient athway
. Amino . .
Creatine 8.96 E-10 5.18 E-07 9.05 0.17 Acid Creatine Metabolism
. Amino Glycine, Serine and
N-acetylglycine 1.02 E-07 5.87 E-05 6.99 0.15 Acid Threonine Metabolism
Thyroxine 7.27E-08 | 4.20 E-05 7.14 0.14 A/L“C'i’c‘jo Tyrosine Metabolism
Cofactors
Beta-cryptoxanthin 7.71 E-07 4.46 E-04 6.11 0.17 and Vitamin A Metabolism
Vitamins
Androstenediol (3beta,17beta) monosulfate 3.82 E-12 2.21 E-09 11.42 0.24 Lipid Androgenic Steroids
N-behenoyl-sphingadienine (d18:2/22:0) 1.95 E-05 1.13 E-02 4.71 0.11 Lipid Ceramides
Propionylglycine (C3) 5.61 E-06 3.24 E-03 5.25 0.14 Lipid Fatty Acid Metabolism
Hexanoylglycine (C6) 2.81 E-07 1.63 E-04 6.55 0.17 Lipid Fatty Acid Metabolism
Glycerol 7.83 E-10 4.53 E-07 9.1 0.19 Lipid Glycerolipid Metabolism
Pentadecanoate (15:0) 3.99 E-05 2.31 E-02 4.40 0.10 Lipid Long Chain Fatty Acid
1-linoleoyl-GPE (18:2) 3.71 E-15 2.14 E-12 14.43 0.21 Lipid Lysophospholipid
1-palmitoyl-GPA (16:0) 1.77 E-11 1.02 E-08 10.75 0.20 Lipid Lysophospholipid
1-linoleoyl-GPA (18:2) 5.69 E-10 3.29 E-07 9.24 0.20 Lipid Lysophospholipid
1-linolenoyl-GPC (18:3) 1.57 E-11 9.08 E-09 10.80 0.20 Lipid Lysophospholipid
1-stearoyl-GPE (18:0) 6.74 E-16 3.90 E-13 15.17 0.19 Lipid Lysophospholipid
1-palmitoleoyl-GPC (16:1) 5.95 E-11 3.44 E-08 10.23 0.17 Lipid Lysophospholipid
1-arachidonoyl-GPE (20:4n6) 2.74 E-10 1.58 E-07 9.56 0.16 Lipid Lysophospholipid
2-stearoyl-GPE (18:0) 2.13 E-09 1.23 E-06 8.67 0.16 Lipid Lysophospholipid
1-oleoyl-GPE (18:1) 5.81 E-10 3.36 E-07 9.24 0.16 Lipid Lysophospholipid
2-palmitoyl-GPC (16:0) 7.59 E-09 4.39 E-06 8.12 0.15 Lipid Lysophospholipid
1-lignoceroyl-GPC (24:0) 3.89 E-06 2.25 E-03 5.41 0.15 Lipid Lysophospholipid
1-linoleoyl-GPI (18:2) 9.30 E-08 5.37 E-05 7.03 0.14 Lipid Lysophospholipid
1-arachidonoyl-GPC (20:4) 8.26 E-07 4.78 E-04 6.08 0.13 Lipid Lysophospholipid
1-(1-enyl-oleoyl)-GPE (P-18:1) 1.09 E-06 6.28 E-04 5.96 0.15 Lipid Lysoplasmalogen
1-(1-enyl-palmitoyl)-GPE (P-16:0) 7.38 E-07 4.26 E-04 6.13 0.14 Lipid Lysoplasmalogen
1-(1-enyl-palmitoyl)-GPC (P-16:0) 1.02 E-06 5.91 E-04 5.99 0.14 Lipid Lysoplasmalogen
1-(1-enyl-stearoyl)-GPE (P-18:0) 5.23 E-06 3.02 E-03 5.28 0.13 Lipid Lysoplasmalogen
1-dihomo-linolenylglycerol (20:3) 1.34 E-05 7.72 E-03 4.87 0.16 Lipid Monoacylglycerol
1-palmitoleoyl-2-linolenoyl-GPC (16:1/18:3) 1.60 E-09 9.27 E-07 8.79 0.20 Lipid Phosphatidylcholine (PC)
1-myristoyl-2-arachidonoyl-GPC (14:0/20:4) 3.85 E-08 2.23 E-05 7.41 0.16 Lipid Phosphatidylcholine (PC)
1-linoleoyl-2-linolenoyl-GPC (18:2/18:3) 9.11 E-06 5.27 E-03 5.04 0.15 Lipid Phosphatidylcholine (PC)
Glycerophosphorylcholine 5.89 E-06 3.40 E-03 5.23 0.12 Lipid Phospholipid Metabolism
2;,{11;8)’1";};)““03")'2"'”°'e°y"GPE 198E-07 | 1.14E04 | 670 | 013 Lipid Plasmalogen
(1|:_:(_11_§;8>,‘:-g;32|)mItoyl)-z-“nOIeoyl-GPE 3.05 E-05 1.76 E-02 4.52 0.12 Lipid Plasmalogen
2,;{11;8)’1";?)‘““03")'2‘°'e°y"GPE 6.92 E-06 | 4.00 E-03 5.16 0.11 Lipid Plasmalogen
Linolenate (18:3n3 or 3n6) 1.02 E-06 5.91 E-04 5.99 0.16 Lipid Polyunsaturated Fatty Acid
Hexadecadienoate (16:2n6) 2.18 E-05 1.26 E-02 4.66 0.14 Lipid Polyunsaturated Fatty Acid
Linoleate (18:2n6) 4.41 E-05 2.55 E-02 4.36 0.12 Lipid Polyunsaturated Fatty Acid
Salpha-pregnan-3beta, 20alpha-diol 1.19E-06 | 6.86 E-04 5.93 0.16 Lipid Progestin Steroids
monosulfate
Sphingomyelin (d18:2/14:0, d18:1/14:1) 6.93 E-29 4.01 E-26 28.16 0.28 Lipid Sphingomyelins
Sphingomyelin (d17:2/16:0, d18:2/15:0) 1.33 E-21 7.70 E-19 20.88 0.26 Lipid Sphingomyelins
Sphingomyelin (d17:1/14:0, d16:1/15:0) 1.92 E-18 1.11 E-15 17.72 0.24 Lipid Sphingomyelins
Sphingomyelin (d18:2/21:0, d16:2/23:0) 4.11 E-13 2.38 E-10 12.39 0.18 Lipid Sphingomyelins
Sphingomyelin (d18:1/21:0, d17:1/22:0, 376 E-10 | 217E-07 | 943 | 017 Lipid Sphingomyelins

d16:1/23:0)
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Supplemental Table 5. Metabolites significantly Increased in Women relative to Men over time

(Continued)

Bonferroni B Super

Metabolite P-value corrected -log10p Coefficient P thp Sub Pathway
P-value oefficien athway

Sphingomyelin (d18:1/19:0, d19:1/18:0) | 1.28 E-09 7.38 E-07 8.89 0.15 Lipid Sphingomyelins
31"7“-'??2‘3{7“%9"“ (d18:2/23:0, d18:4/23:1, | 574 £.09 | 1.58 E-06 8.56 0.15 Lipid Sphingomyelins
Tricosanoyl sphingomyelin (d18:1/23:0) | 5.28 E-08 3.05 E-05 7.28 0.13 Lipid Sphingomyelins
Sphingomyelin (d18:1/25:0, d19:0/24:1, : ) - . .
d420:1/23:0, d19:1/24:0) 4.60 E-05 2.66 E-02 4.34 0.1 Lipid Sphingomyelins
Hexadecasphingosine (d16:1) 3.29 E-05 1.90 E-02 4.48 0.13 Lipid Sphingosines
Gamma-glutamylglycine 215E-06 | 1.24 E-03 5.67 0.13 Peptide Gamma-glutamyl Amino

Acid

Note: Significant results presented following individual mixed effects modeling of each of the

578 individual metabolites measured at day 0, 3 and 7. All estimates adjusted for age, Simplified

Acute Physiology Score (SAPS) I, admission diagnosis, 25(0OH)D at randomization, absolute

change in 25(0H)D level at day 3 and plasma day (as the random-intercept). A multiple test-

corrected threshold of P < 8.65 x 10 was used to identify all significant associations. GPC is

Glycerophosphorylcholine; GPE is glycerophosphoethanolamine.
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Supplemental Table 6. Metabolites significantly decreased in Women relative to Men over time

P-value Bonferroni B Super
Metabolite corrected | -log10p . Sub Pathway
value P-value Coefficient Pathway
Alpha-ketoglutaramate 2.67 E-06 1.54 E-03 5.57 -0.13 Amino Acid Glutamate Metabolism
N-acetyl-aspartyl-glutamate 4.83 E-09 | 2.79 E-06 8.32 -0.20 Amino Acid Glutamate Metabolism
Pyroglutamine 9.68 E-48 5.60 E-45 47.01 -0.47 Amino Acid Glutamate Metabolism
N-acetylserine 256 E-05 | 148E-02 | 459 011 | Amino Acid Glycine, Serine and Threonine
Metabolism
N-acetylthreonine 364E-07 | 211E-04 | 644 013 | Amino Acid Glycine, Serine and Threonine
Metabolism
Guanidinosuccinate 3.62 E-06 | 2.09 E-03 5.44 -0.20 Amino Acid Guanidino and Acetamido Metabolism
1-methylguanidine 2.17 E-07 1.25 E-04 6.66 -0.24 Amino Acid Guanidino and Acetamido Metabolism
4-guanidinobutanoate 6.80 E-12 3.93 E-09 11.17 -0.27 Amino Acid Guanidino and Acetamido Metabolism
1-ribosyl-imidazoleacetate 3.75E-05 | 2.17 E-02 4.43 -0.14 Amino Acid Histidine Metabolism
Imidazole lactate 2.43 E-07 1.40 E-04 6.61 -0.16 Amino Acid Histidine Metabolism
1-methylhistidine 4.93 E-07 2.85 E-04 6.31 -0.16 Amino Acid Histidine Metabolism
3-methylhistidine 1.71 E-06 9.90 E-04 5.77 -0.21 Amino Acid Histidine Metabolism
N-acetyl-1-methylhistidine 3.44 E-07 1.99 E-04 6.46 -0.22 Amino Acid Histidine Metabolism
Formiminoglutamate 1.64 E-12 9.50 E-10 11.78 -0.26 Amino Acid Histidine Metabolism
N-acetylcarnosine 2.99 E-28 1.73 E-25 27.52 -0.35 Amino Acid Histidine Metabolism
N-acetylvaline 255E-05 | 147E-02 | 459 010 | Amino Acid Leucine, Isoleucine and Valine
Metabolism
N-acetylleucine 765E-06 | 442E-03 | 5.12 012 | Amino Acid Leucine, Isoleucine and Valine
Metabolism
Alpha-hydroxyisocaproate 9.27E-07 | 536E-04 | 6.03 013 | Amino Acid Leucine, Isoleucine and Valine
Metabolism
3-hydroxyisobutyrate 137E-06 | 7.90E-04 | 586 013 | Amino Acid Leucine, Isoleucine and Valine
Metabolism
3-hydroxy-2-ethylpropionate | 2.06 E-09 | 1.19E-06 | 8.69 015 | Amino Acid Leucine, Isoleucine and Valine
Metabolism
2-hydroxy-3-methylvalerate 5.00 E-08 | 2.89E-05 | 7.30 -0.16 | Amino Acid Leucine, Isoleucine and Valine
Metabolism
2,3-dihydroxy-2- 4.77 E-07 276 E-04 6.32 017 Amino Acid Leucine, Isoleucme and Valine
methylbutyrate Metabolism
. . . Leucine, Isoleucine and Valine
Beta-hydroxyisovalerate 4.04 E-12 2.33 E-09 11.39 -0.19 Amino Acid Metabolism
N6,N6,N6-trimethyllysine 3.62 E-13 2.09 E-10 12.44 -0.20 Amino Acid Lysine Metabolism
Cysteine 532E-06 | 307E03 | 527 012 | Amino Acid | Methioning, Cysteine, SAM and Taurine
Metabolism
5-methylthioribose 322E-05 | 186E-02 | 449 015 | Amino Acig | Methionine, Cysteine, SAM and Taurine
Metabolism
. . . Methionine, Cysteine, SAM and Taurine
S-adenosylhomocysteine 2.23 E-07 1.29 E-04 6.65 -0.16 Amino Acid Metabolism
Lanthionine 783E-07 | 453E-04 | 6.11 017 | Amino Acig | Methionine, Cysteine, SAM and Taurine
Metabolism
Phenyllactate 2.48 E-08 1.43 E-05 7.61 -0.18 Amino Acid Phenylalanine Metabolism
N-acetylphenylalanine 743 E-07 | 4.29E-04 6.13 -0.18 Amino Acid Phenylalanine Metabolism
Acisoga 1.09 E-05 | 6.28 E-03 4.96 -0.15 Amino Acid Polyamine Metabolism
(N(1) + N(8))-acetylspermidine | 6.12 E-07 3.53 E-04 6.21 -0.16 Amino Acid Polyamine Metabolism
N-acetyl-isoputreanine 3.87 E-06 2.24 E-03 5.41 -0.16 Amino Acid Polyamine Metabolism
Indole-3-carboxylate 4.60 E-06 | 2.66 E-03 5.34 -0.13 Amino Acid Tryptophan Metabolism
Kynurenine 5.46 E-08 3.16 E-05 7.26 -0.14 Amino Acid Tryptophan Metabolism
Indoleacetate 3.92E-06 | 2.27 E-03 5.41 -0.16 Amino Acid Tryptophan Metabolism
Picolinate 2.51 E-07 1.45 E-04 6.60 -0.20 Amino Acid Tryptophan Metabolism
N-acetylkynurenine 3.00 E-06 1.74 E-03 5.52 -0.22 Amino Acid Tryptophan Metabolism
2-hydroxyphenylacetate 6.82 E-06 3.94 E-03 5.17 -0.16 Amino Acid Tyrosine Metabolism
3-(4-hydroxyphenyl)lactate 6.05 E-12 3.50 E-09 11.22 -0.21 Amino Acid Tyrosine Metabolism
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(Continued)

. P-value Bonferroni Super
Metabolite value cgl_'\r;eacl:ltlid -log10p Coefficient Pathway Sub Pathway
N-acetyltyrosine 4.63 E-09 2.68 E-06 8.33 -0.23 Amino Acid Tyrosine Metabolism
Argininate 404E-06 | 2.34E-03 | 539 -0.14 Amino Acid Urea cycle; Arginine and
Proline Metabolism
Urea 239E-07 | 138E-04 | 662 0.14 Amino Acid Urea cycle; Arginine and
Proline Metabolism
Glucuronate 2.27 E-06 1.31 E-03 5.64 -0.18 Carbohydrate Aminosugar Metabolism
Sedoheptulose 2.79 E-07 1.61 E-04 6.55 -0.16 Carbohydrate Pentose Metabolism
Biliverdin 164E-05 | 948E-03 | 479 014 | Cofactorsand | Hemoglobin and Porphyrin
Vitamins Metabolism
Bilirubin (E,Z or Z,E) 207E-08 | 1.20E-05 | 7.68 018 | Cofactorsand | Hemoglobin and Porphyrin
Vitamins Metabolism
Bilirubin 250E-12 | 144E-09 | 11.60 020 | Cofactorsand | Hemoglobin and Porphyrin
Vitamins Metabolism
D-urobilin 226E-06 | 131E-03 | 565 -0.20 | Cofactors and | Hemoglobin and Porphyrin
Vitamins Metabolism
Nicotinamide riboside 280E-05 | 1.62E-02 | 455 014 | Cofactorsand | Nicotinate and Nicotinamide
Vitamins Metabolism
2-methylcitrate/homocitrate 3.79 E-06 2.19 E-03 5.42 -0.18 Energy TCA Cycle
findrostenediol (3beta, T7beta) 185E-08 | 1.07E05 | 7.73 0.18 Lipid Androgenic Steroids
Saipha-androstan-Sbeta, T7alpha-diol | 1 8g 11 | 1.00E-08 | 10.73 0.27 Lipid Androgenic Steroids
Salpha-androstan-dbeta 17beta-diol | 399 E.97 | 227E24 | 2641 -0.36 Lipid Androgenic Steroids
Saipra-androstan-Jalpha i7beta-diol | 500E27 | 1.16E24 | 2670 -0.46 Lipid Androgenic Steroids
Deoxycarnitine 8.43 E-14 4.87 E-11 13.07 -0.19 Lipid Carnitine Metabolism
Propionylcarnitine (C3) 6.88 E-05 3.98 E-02 4.16 -0.12 Lipid Acylcarnitine
Malonylcarnitine (C3-DC) 8.56 E-07 4.95 E-04 6.07 -0.14 Lipid Acylcarnitine
Succinylcarnitine (C4) 1.22 E-08 7.07 E-06 791 -0.17 Lipid Acylcarnitine
2-methylmalonylcarnitine (C4-DC) 1.02 E-07 5.89 E-05 6.99 -0.20 Lipid Acylcarnitine
Isovalerylcarnitine (C5) 1.49 E-06 8.59 E-04 5.83 -0.16 Lipid Acylcarnitine
2-methylbutyroylcarnitine (C5) 3.91 E-11 2.26 E-08 10.41 -0.23 Lipid Acylcarnitine
Tiglyl carnitine (C5) 7.31 E-14 4.23 E-11 13.14 -0.24 Lipid Acylcarnitine
Glutaroylcarnitine (C5) 7.32 E-15 4.23 E-12 14.14 -0.24 Lipid Acylcarnitine
3-Methyladipoylcarnitine (C7-DC) 5.51 E-07 3.18 E-04 6.26 -0.18 Lipid Acylcarnitine
Octanoylcarnitine (C8) 1.55 E-06 8.96 E-04 5.81 -0.16 Lipid Acylcarnitine
Cis-4-decenoylcarnitine (C10:1) 1.29 E-06 7.48 E-04 5.89 -0.15 Lipid Acylcarnitine
Decanoylcarnitine (C10) 2.19 E-08 1.27 E-05 7.66 -0.18 Lipid Acylcarnitine
Laurylcarnitine (C12) 6.99 E-07 4.04 E-04 6.16 -0.15 Lipid Acylcarnitine
Octadecanedioylcarnitine (C18-DC) 3.26 E-10 1.88 E-07 9.49 -0.22 Lipid Acylcarnitine
Octadecenedioylcarnitine (C18:1-DC) | 1.05 E-08 6.08 E-06 7.98 -0.25 Lipid Acylcarnitine
N-acetyl-2-aminooctanoate 3.61 E-05 2.08 E-02 4.44 -0.15 Lipid Fatty Acid, Amino
Hydroxy-3-carboxy-4-methyl-5- 6.74 E-05 | 3.90 E-02 4.17 -0.14 Lipid Fatty Acid, Dicarboxylate
propyl-2-furanpropanoate
2-hydroxyadipate 1.97 E-05 1.14 E-02 4.71 -0.17 Lipid Fatty Acid, Dicarboxylate
Heptenedioate (C7:1-DC) 1.55 E-06 8.95 E-04 5.81 -0.18 Lipid Fatty Acid, Dicarboxylate
3-methyladipate 8.00 E-07 4.63 E-04 6.10 -0.19 Lipid Fatty Acid, Dicarboxylate
3-carboxy-4-methyl-5-propyl-2- 559E-09 | 323E-06 | 825 -0.22 Lipid Fatty Acid, Dicarboxylate
uranpropanoate
Myo-inositol 3.90 E-06 2.26 E-03 5.41 -0.16 Lipid Inositol Metabolism
Pregnen-diol disulfate 5.80 E-13 3.35 E-10 12.24 -0.23 Lipid Pregnenolone Steroids
Glycochenodeoxycholate 1.59 E-06 9.18 E-04 5.80 -0.20 Lipid Primary Bile Acid Metabolism
Taurocholate 4.19 E-05 2.42 E-02 4.38 -0.21 Lipid Primary Bile Acid Metabolism
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Bonferroni
Metabolite P-value corrected -log10p B . Super Sub Pathway
value Coefficient Pathway
P-value
Glycochenodeoxycholate glucuronide | 2.94 E-12 | 1.70E-09 | 11.53 -0.28 Lipid Primary Bile Acid
Metabolism
Taurochenodeoxycholate 220E-08 | 127E-05 | 766 -0.28 Lipid Primary Bile Acid
Metabolism
Glycochenodeoxycholate sulfate 426E-11 | 246E-08 | 10.37 -0.32 Lipid Primary Bile Acid
Metabolism
Glycodeoxycholate sulfate 4.01E-06 | 232E-03 5.4 -0.23 Lipid Secondary Bile Acid
Metabolism
Glycolithocholate sulfate 582E-09 | 3.36E-06 8.24 -0.27 Lipid Secondary Bile Acid
Metabolism
Glycocholenate sulfate 622E-14 | 359E-11 | 13.21 -0.28 Lipid Secondary Bile Acid
Metabolism
Taurolithocholate 3-sulfate 311E-12 | 1.80 E-09 11.51 -0.34 Lipid Secondary Bile Acid
Metabolism
Taurocholenate sulfate 103E-16 | 594E-14 | 15.99 -0.38 Lipid Secondary Bile Acid
Metabolism
3beta, 7alpha-dihydroxy-5- 157 E-05 | 9.10 E-03 48 -0.12 Lipid Sterol
cholestenoate
3beta-hydroxy-5-cholestenoate 7.45 E-09 4.30 E-06 8.13 -0.16 Lipid Sterol
Urate 1.95 E-07 1.13 E-04 6.71 -0.13 Nucleotide Purine Metabolism
N1-methylinosine 1.89 E-07 1.09 E-04 6.72 -0.18 Nucleotide Purine Metabolism
Xanthosine 1.99 E-07 1.15 E-04 6.7 -0.18 Nucleotide Purine Metabolism
Adenosine 7.16 E-07 4.14 E-04 6.15 -0.15 Nucleotide Purine Metabolism
N6-carbamoylthreonyladenosine 1.34 E-06 7.72 E-04 5.87 -0.15 Nucleotide Purine Metabolism
N2,N2-dimethylguanosine 3.68 E-05 2.13 E-02 4.43 -0.14 Nucleotide Purine Metabolism
3-methylcytidine 1.84 E-06 1.06 E-03 5.73 -0.13 Nucleotide Pyrimidine Metabolism
Orotate 2.34 E-05 1.35 E-02 4.63 -0.15 Nucleotide Pyrimidine Metabolism
Dihydroorotate 9.20 E-06 5.32 E-03 5.04 -0.16 Nucleotide Pyrimidine Metabolism
Orotidine 7.51 E-12 4.34 E-09 11.12 -0.37 Nucleotide Pyrimidine Metabolism
5,6-dihydrothymine 4.93 E-05 2.85 E-02 4.31 -0.11 Nucleotide Pyrimidine Metabolism
Pseudouridine 4.45 E-05 2.57 E-02 4.35 -0.1 Nucleotide Pyrimidine Metabolism
3-ureidopropionate 6.93 E-07 4.00 E-04 6.16 -0.19 Nucleotide Pyrimidine Metabolism

Note: Significant results presented following individual mixed effects modeling of each of the

578 individual metabolites measured at day 0, 3 and 7. All estimates adjusted for age, Simplified

Acute Physiology Score (SAPS) I, admission diagnosis, 25(0OH)D at randomization, absolute

change in 25(0H)D level at day 3 and plasma day (as the random-intercept). A multiple test-

corrected threshold of P < 8.65 x 10 was used to identify all significant associations. For the

Acylcarnitine sub pathway: a capital C is followed by the number of carbons within the fatty acyl
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group attached to the carnitine. A colon followed by a number is one or more unsaturated
carbons in the acylcarnitine ester (i.e. C10:1 is a monounsaturated C10 acylcarnitine). DC

following the carbon number is a dicarboxylic acylcarnitine. GPE is glycerophosphoethanolamine.
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Supplemental Table 7. Metabolites differentially associated in Women and Men with 28-day

mortality over time

. Odds . Odds
Bonferroni Ratio for Bonferroni Ratio for
Metabolite corrected | “og yay | SOMrected | Tog day Super Sub Pathway
P-value in h P-value in : Pathway
mortality mortality
women . men .
in women in men
Creatine 1.00 2.48 3.67 E-06 2.99 Amino Acid Creatine Metabolism
N-acetylglutamine 4.98 E-01 2.28 4.53 E-04 2.44 Amino Acid Glutamate Metabolism
cys-gly, oxidized 1.59 E-04 4.02 1.00 1.45 Amino Acid Glutathione Metabolism
N-acetylhistidine 1.00 1.93 2.65 E-07 3.60 Amino Acid Histidine Metabolism
1-methylhistidine 9.88 E-03 2.72 1.00 1.52 Amino Acid Histidine Metabolism
1-ribosyl-imidazoleacetate 1.00 1.43 4.72 E-03 2.13 Amino Acid Histidine Metabolism
Ethylmalonate 336E05 | 403 | 654E-01 | 185 | AminoAcid | -eucine Isoleucine and Valine
Metabolism
2,3-dihydroxy-2-methylbutyrate | 2.78 E-03 3.53 1.00 163 | AminoAcid | -eucine. Isoleucine and Valine
Metabolism
3-hydroxyisobutyrate 605E-03 | 356 | 774E01 | 180 | AminoAcid | -eUcine lsoleucine andVaiine
Metabolism
Isovalerylglycine 720E-02 | 198 | 140E-06 | 243 | AminoAcid | -eucine lsoleucine andValine
Metabolism
N,N,N-trimethyl-5-aminovalerate 9.67 E-04 3.45 1.00 1.72 Amino Acid Lysine Metabolism
Pipecolate 1.00 1.99 2.30 E-03 2.33 Amino Acid Lysine Metabolism
Lanthionine 5.26 E-01 1.94 572E04 | 222 | AminoAcid | Methionine, Cysteine, SAM and
Taurine Metabolism
N-acetylputrescine 4.38 E-01 2.34 9.93 E-08 3.32 Amino Acid Polyamine Metabolism
Prolylhydroxyproline 1.00 1.05 117E02 | 261 Amino Acid | Urea cycle; Arginine and Proline
Metabolism
N-acetylcitrulline 1.00 1.72 5.64 E-06 2.21 Amino Acig | Urea cycle; Arginine and Proline
Metabolism
N-acetylglucosaminylasparagine 1.03 E-03 3.43 1.00 1.41 Carbohydrate Aminosugar Metabolism
Ribulonate 3.67 E-03 2.78 1.00 1.54 Carbohydrate Pentose Metabolism
- . Cofactors Nicotinate and Nicotinamide
1-methylnicotinamide 1.00 1.53 1.40 E-09 3.17 and Vitamins Metabolism
Nicotinamide riboside 1.00 195 | 460E-12 | 347 Cofactors | Nicotinate and Nicotinamide
and Vitamins Metabolism
N1-Methy[-2-pyndon E-5- 1.00 201 1.82 E-05 289 Cofa_lctor_s Nicotinate and Nlcotlnamlde
carboxamide and Vitamins Metabolism
Isobutyrylcarnitine (C4) 3.22 E-06 3.77 1.25 E-01 1.66 Lipid Acylcarnitine
Glutaroylcarnitine (C5) 1.34 E-03 3.26 1.89 E-01 1.89 Lipid Acylcarnitine
Adipoylcarnitine (C6-DC) 2.13 E-05 3.31 1.00 1.32 Lipid Acylcarnitine
3-methyladipoylcarnitine (C7-DC) 1.56 E-04 3.26 1.00 1.33 Lipid Acylcarnitine
Suberoylcarnitine (C8-DC) 1.73 E-06 3.23 1.00 1.44 Lipid Acylcarnitine
Decanoylcarnitine (C10) 2.02 E-02 2.86 5.82 E-02 1.85 Lipid Acylcarnitine
N-palmitoyl-
heptadecasphingosine 1.00 1.27 2.53 E-02 2.34 Lipid Ceramide
(d17:1/16:0)
Glycosyl-N-(2-hydroxynervonoyl)- - .
sphingosine (d18:1/24:1(20H)) 1.00 0.73 9.41 E-03 2.48 Lipid Ceramide
Methylmalonate 3.18 E-03 3.25 9.20 E-02 1.99 Lipid Fatty Acid Metabolism
9,10-DIHOME 3.57 E-02 2.49 5.92 E-02 1.84 Lipid Fatty Acid Metabolism
Pregnen-diol disulfate 5.27 E-05 4.02 1.00 1.61 Lipid Pregnenolone Steroid
g’;ﬂlrfasttee”edm' (3beta,17beta) 4.33 E-03 3.16 1.00 146 Lipid Androgenic Steroids
Salpha-pregnan-3beta,20alpha- | 5 g5 ¢ g3 2.49 7.45 E-02 1.82 Lipid Progestin Steroid
diol disulfate
Glycochenodeoxycholate 1.00 1.52 3.98 E-05 1.93 Lipid Primary Bile Acid Metabolism
Glycocholate 8.18 E-01 1.65 6.96 E-05 1.79 Lipid Primary Bile Acid Metabolism
Tauroursodeoxycholate 1.00 1.44 4.61 E-03 1.62 Lipid Secondary Bile Acid Metabolism
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Supplemental Table 7. Metabolites Differentially associated in women and men with 28-day

mortality over time (Continued)

Bonferroni | Odds Ratio Bonferroni | Odds Ratio
. corrected for 28-day | corrected P- | for 28-day Super
Metabolite P-value in | mortality in value in mortality in Pathway Sub Pathway
women women men men
. Secondary Bile Acid
Glycodeoxycholate sulfate 5.36 E-02 1.91 3.56 E-05 1.71 Lipid Metabolism
Glycolithocholate sulfate 1.00 164 8.35 E-05 177 Lipid Secondary Bile Acid
Metabolism
Taurolithocholate 3-sulfate 3.18 E-01 1.89 1.42 E-07 1.91 Lipid Secondary Bile Acid
Metabolism
Campesterol 1.00 1.13 2.64 E-05 3.40 Lipid Sterol
Beta-sitosterol 9.46 E-02 2.20 1.66 E-06 2.73 Lipid Sterol
Adenosine 2.03 E-02 2.97 1.00 1.68 Nucleotide Purine Metabolism
3-methylcytidine 1.43 E-02 3.67 1.00 1.09 Nucleotide Pyrimidine Metabolism
3-ureidopropionate 8.86 E-02 2.35 7.46 E-08 2.57 Nucleotide Pyrimidine Metabolism

Note: Divergent results presented following individual mixed effects modeling of each of the 578

individual metabolites measured at day O, 3 and 7 in women (N=151) and in men (N=277). All

estimates adjusted for age, Simplified Acute Physiology Score (SAPS) Il, admission diagnosis,

25(0OH)D at randomization, absolute change in 25(0OH)D level at day 3 and plasma day (as the

random intercept). A multiple test-corrected threshold of P < 8.65 x 10~ (Bonferroni corrected

P-value < 0.05) was used to identify all significant associations shown in bold. For the

Acylcarnitine sub pathway: a capital Cis followed by the number of carbons within the fatty acyl

group attached to the carnitine. DC following the carbon number is a dicarboxylic acylcarnitine.
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Supplemental Table 8. Day 3 Sex-specific metabolic networks with similar effects via Gaussian

graphical models

Component
Module Mod:xle Metabolite PS:Jhper Sub-pathway Compc:nent B
p value athway p value Coefficient
A 2.67 E- 1-stearoyl-GPE (18:0) Lipid Lysophospholipid 6.74 E-16 0.189
05 2-stearoyl-GPE (18:0) Lipid Lysophospholipid 2.13 E-09 0.159
2-hydroxy-3-methylvalerate Amino Leucine, Isoleucine and 5.00 E-08 -0.155
Acid Valine Metabolism
Phenyllactate Amino Phenylalanine Metabolism 2.48 E-08 -0.175
Acid
B 1.54 E- 3-(4-hydroxyphenyl)lactate Amino Tyrosine Metabolism 6.05 E-12 -0.213
05 Acid
alpha-hydroxyisocaproate Amino Leucine, Isoleucine and 9.27 E-07 -0.129
Acid Valine Metabolism
4-methyl-2-oxopentanoate Amino Leucine, Isoleucine and 6.33 E-03 -0.066
Acid Valine Metabolism
3-hydroxy-2-ethylpropionate Amino Leucine, Isoleucine and 2.06 E-09 -0.153
c 1.15 E- Acid Valine Metabolism
05 beta-hydroxyisovalerate Amino Leucine, Isoleucine and 4.04 E-12 -0.188
Acid Valine Metabolism
5alpha-androstan- Lipid Androgenic Steroids 2.00 E-27 -0.464
D 1.18 E- 3alpha,17beta-diol disulfate
10 5alpha-androstan- Lipid Androgenic Steroids 3.92 E-27 -0.364
3beta,17beta-diol disulfate
androstenediol (3alpha, Lipid Androgenic Steroids 1.49 E-04 -0.143
8.86 E- 17alpha) monosulfate
E ' 06 Pregnen-diol disulfate Lipid Pregnenolone Steroids 5.80 E-13 -0.228
androstenediol (3beta,17beta) Lipid Androgenic Steroids 1.85 E-08 -0.181
disulfate
Glycochenodeoxycholate Lipid Primary Bile Acid 294 E-12 -0.277
glucuronide Metabolism
Glycochenodeoxycholate Lipid Primary Bile Acid 4.26 E-11 -0.316
sulfate Metabolism
Glycocholenate sulfate Lipid Secondary Bile Acid 6.22 E-14 -0.277
Metabolism
E 1.20 E- 3beta-hydroxy-5- Lipid Sterol 7.45 E-09 -0.163
08 cholestenoate
3beta,7alpha-dihydroxy-5- Lipid Sterol 1.57 E-05 -0.123
cholestenoate
Taurocholenate sulfate Lipid Secondary Bile Acid 1.03 E-16 -0.379
Metabolism
Taurolithocholate 3-sulfate Lipid Secondary Bile Acid 3.11 E-12 -0.337
Metabolism
Palmitoleoyl-arachidonoyl- Lipid Diacylglycerol 3.80 E-03 0.102
glycerol (16:1/20:4)
1-palmitoleoyl-2-linolenoyl- Lipid Phosphatidylcholine 1.60 E-09 0.197
GPC (16:1/18:3)
G 1-63 B ™ A paimitoleoy-GPC (16:1) Lipid Lysophospholipid 5.95 E-11 0.169
1-linolenoyl-GPC (18:3) Lipid Lysophospholipid 1.57 E-11 0.195
1-arachidonoyl-GPC (20:4) Lipid Lysophospholipid 8.26 E-07 0.126
1-arachidonoyl-GPE (20:4n6) Lipid Lysophospholipid 2.74 E-10 0.162
1-linoleoyl-GPE (18:2) Lipid Lysophospholipid 3.71 E-15 0.209
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Note: Module P value is the Bonferroni adjusted P value of the GMM module; Metabolite is the
Name of the metabolite in module; Super Pathway is the Name of the major biochemical
pathway in the module; Sub-pathway is a subset of a the major biochemical pathway in the
module; Component P value and B coefficient results presented following individual mixed
effects modeling of each of the 578 individual metabolites measured at day 0, 3 and 7. All
estimates adjusted for age, Simplified Acute Physiology Score (SAPS) I, admission diagnosis,
25(0OH)D at randomization, absolute change in 25(0OH)D level at day 3 and plasma day (as the
random-intercept). A multiple test-corrected threshold of P < 8.65 x 10~ was used to identify all

significant associations.
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Supplemental Table 9. Day 8 Sex-specific Metabolic Networks with similar effects via Gaussian

graphical models

Component
Module M?,g:::: Metabolite Pgtuhr\):; Sub-pathway Comvpacilr::nt
P v P Coefficient
2-hydroxy-3- . . Leucine, Isoleucine and
methylvalerate Amino Acid Valine Metabolism 5.00 E-08 -0.155
alpha- . . Leucine, Isoleucine and
hydroxyisocaproate Amino Acid Valine Metabolism 9.27 E-07 -0.129
Phenyllactate Amino Acid Phenylalanine Metabolism 2.48 E-08 -0.175
1.34 3-(4- . . . .
H E-05 hydroxyphenyl)lactate Amino Acid Tyrosine Metabolism 6.05 E-12 -0.213
4-methyl-2- Amino Acid Leu0|r_1e, Isoleucm_e and 6.33 E-03 -0.066
oxopentanoate Valine Metabolism
. . . Leucine, Isoleucine and
alpha-hydroxyisovalerate | Amino Acid Valine Metabolism 4.62 E-04 -0.098
Phenylpyruvate Amino Acid Phenylalanine Metabolism 2.03 E-02 -0.066
3beta, 7alpha-dinydroxy- Lipid Sterol 1.57 E-05 -0.123
5-cholestenoate
Glycolithocholate sulfate Lipid Secondary Bile Acid 5.82 E-09 -0.275
Metabolism
Taurolithocholate 3- Lipid Secondary Blle Acid 3.11 E-12 -0.337
sulfate Metabolism
Glycocholenate sulfate Lipid Secondary Bile Acid 6.22 E-14 -0.277
Metabolism
- Secondary Bile Acid
| 2.66 Taurocholenate sulfate Lipid Metabolism 1.03 E-16 -0.379
E-07 Glycochenodeoxycholate . . . . . : .
glucuronide Lipid Primary Bile Acid Metabolism 2.94 E-12 0.277
Glycodeoxycholate Lipid Secondary Blle Acid 4.01 E-06 0235
sulfate Metabolism
3beta-hydroxy-5- Lipid Sterol 7.45 E-09 -0.163
cholestenoate
Taurodeoxycholate Lipid Secondary Bile Acid 5.40 E-03 -0.131
Metabolism
G'y°°°heglj’|?§zxy°h°'ate Lipid Primary Bile Acid Metabolism | 4.26 E-11 -0.316
3-hydroxy-2- Amino Acid Leucine, Isoleucine and 2.06 E-09 -0.153
ethylpropionate Valine Metabolism
4.93 . . . Leucine, Isoleucine and
J E-05 3-hydroxyisobutyrate Amino Acid Valine Metabolism 1.37 E-06 -0.134
. . . Leucine, Isoleucine and
beta-hydroxyisovalerate Amino Acid Valine Metabolism 4.04 E-12 -0.188
227 3-methylcytidine Nucleotide Pyrimidine Metabolism 1.84 E-06 -0.133
K E.-05 Phenylacetate Amino Acid Phenylalanine Metabolism 3.43 E-02 -0.077
Phenylacetylglutamine Peptide Acetylated Peptides 1.51 E-03 -0.119
5alpha-androstan-
3alpha,17beta-diol Lipid Androgenic Steroids 2.00 E-27 -0.464
L 2.06 disulfate
E-10 5alpha-androstan-
3beta,17beta-diol Lipid Androgenic Steroids 3.92 E-27 -0.364
disulfate
1-linolenoyl-GPC (18:3) Lipid Lysophospholipid 1.57 E-11 0.195
[ty i Lipid Lysophospholipid 5.95 E-11 0.169
Palmitoleoyl-linoleoyl- . .
M 2.82 glycerol (16:1/18:2) Lipid Diacylglycerol 1.68 E-02 0.068
E-05 Diacylglycerol (16:1/18:2
2], 16:0/18:3 [1]) Lipid Diacylglycerol 4.74 E-02 0.059
Ceramide (d18:1/14:0, L .
d16:1/16:0) Lipid Ceramides 3.26 E-02 0.058
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N-palmitoyl-

heptadecasphingosine Lipid Ceramides 4.04 E-04 0.095

(d17:1/16:0)
N 1.33 1-linoleoyl-GPA (18:2) Lipid Lysophospholipid 5.69 E-10 0.198
E-06 1-palmitoyl-GPA (16:0) Lipid Lysophospholipid 1.77 E-11 0.205

Note: Module P value is the Bonferroni adjusted P value of the GMM module; Metabolite is the

Name of the metabolite in module; Super Pathway is the Name of the major biochemical

pathway in the module; Sub-pathway is a subset of a the major biochemical pathway in the

module; Component P value and [ coefficient results presented following individual mixed

effects modeling of each of the 578 individual metabolites measured at day 0, 3and 7. All

estimates adjusted for age, Simplified Acute Physiology Score (SAPS) I, admission diagnosis,

25(0OH)D at randomization, absolute change in 25(0OH)D level at day 3 and plasma day (as the

random-intercept). A multiple test-corrected threshold of P < 8.65 x 10 was used to identify all

significant associations.
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Supplemental Figure 1. Consort Diagram
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Abstract

Rationale: It is unclear if the metabolic response to high dose vitamin D in critical illness differs in
women and men.

Objectives: To determine the sex-specific metabolomic response early in the course of critical
illness.

Methods: We performed a post-hoc metabolomics study of the VITdAL-ICU randomized double-
blind, placebo-controlled trial. Trial patients from Medical and Surgical Intensive Care Units at a
tertiary university hospital with 25-hydroxyvitamin D level < 20 ng/mL received either high dose
oral vitamin D3 (540,000 IU) or placebo. We performed an analysis of 578 metabolites in 1215
plasma samples from 428 subjects at randomization (day 0), day 3 and 7. Using mixed-effects
modeling, we studied the association between sex-specific changes in individual metabolites
over time and 25-hydroxyvitamin D response to intervention adjusted for age, Simplified Acute
Physiology Score Il, admission diagnosis and baseline 25-hydroxyvitamin D level. Additionally, we
determined the sex-specific pharmacokinetics of high dose oral vitamin D.

Measurements and Main Results: 35% of subjects were women and 27% responded to high dose
vitamin D3, with an increase of > 15 ng/ml 25-hydroxyvitamin D by day 3. Compared with
women, the pharmacokinetic parameters of 25(0H)D using non-compartmental analysis showed
significantly higher normalized AUCO-7 in men. At day O, sex-specific metabolomic differences in
patients who do or do not respond to vitamin D3 are present. In the mixed-effects analysis, a
sex-specific metabolomic response to vitamin Ds is associated with differential metabolite

patterns over time. Specifically, women have higher and more significant Bonferroni corrected
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increases in circulating free fatty acids and long chain acylcarnitines than men in response to an
increase of > 15 ng/ml 25-hydroxyvitamin D by day 3.
Conclusions: Response to high dose oral vitamin D3 is sex specific. Robust coordinated sex-

specific metabolite differences are present with an increase in 25-hydroxyvitamin D by day 3.

Word count abstract: 299

Keywords:

Metabolite, Metabolomics, Sex, Gender, Critical lllness
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Introduction

Women and men have dissimilar pharmacokinetics and pharmacodynamics in response to drug
interventions (1). In metabolism, sex-specific genetic differences are present (2, 3). Sizable
studies on circulating metabolites in ambulatory patients show notable sex-specific differences
(2-4). Sex-specific pharmacological properties are poorly described, and most drugs do not have

specific dosage recommendations for women and men (5-7).

Critically ill patients have substantial alterations in homeostasis as reflected by circulating
metabolites. Blood based metabolomic studies early in critical iliness can reflect dysregulated
cellular byproducts, inform illness severity and predict outcomes (8, 9). Metabolomic profiles
are shown to differ in critically ill patients with and without low 25(0OH)D levels (10). A secondary
outcome the VITdAL-ICU trial showed that in patients with low baseline vitamin D levels,
mortality improved with high dose oral vitamin D3 (11). Though the pharmacokinetics is well
described in outpatients, the sex-specific effects of high dose vitamin D3 in the critically ill is not

known (12-15).

Metabolomics before and after intervention can furnish mechanistic insight into drug response
and severity of critical illness (16). Sex-specific pharmacokinetics is likely present with oral
medication use (17). But sex-specific pharmacometabolomics is poorly described especially in
critical care. Therefore, we studied sex-specific differences in metabolic response in critically ill
subjects following high dose oral vitamin D3. We hypothesize that significant sex-specific

pharmacokinetic and metabolomic responses to vitamin D intervention exist. We performed a
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post-hoc metabolomics analysis of 1215 plasma samples from 428 patients collected during the
VITdAL-ICU trial (11). We assessed the sex-specific changes in individual metabolites following
high dose vitamin D intervention in critical iliness. Secondly, we determined if sex-specific
differences in pharmacokinetics or mediation exist in the relationship between the response to

intervention and individual metabolite change.

Methods

The VITdAL-ICU trial randomized 475 critically ill adult patients with 25-hydroxyvitamin D
[25(OH)D] < 20 ng/mL to vitamin D3 or placebo given orally or via nasogastric tube once at a dose
of 540,000 IU followed by 90,000 IU monthly (11). The loading dose of vitamin D3 was dissolved
in 45 mL of oleum arachidis (Oleovit D3, Fresenius Kabi). Placebo group subjects received 45 mL
of oleum arachidis (11). Blood samples were collected on days O (at randomization), 3 and 7.
Plasma was fractionated, aliquoted and stored at -80°C. Four hundred fifty-three trial subjects
had frozen plasma available for analysis. We excluded 25 trial subjects who did not have

25(OH)D measured at day 3 following randomization.

For determination of the pharmacokinetics of oral vitamin D3 we utilized serum 25(0OH)D levels, a
marker of systemic vitamin D status (18). Chemiluminescence assay (IDS-iSYS, Immunodiagnostic
Systems) was used to measure serum 25(0OH)D. The assay coefficients of variation for control
material were 13.4% at 13 ng/mL, 10% at 31 ng/mL, and 9.4% at 64 ng/mL (11). For
pharmacokinetics evaluation, the area under the plasma concentration—time curve from vitamin

D3 dosing to day 7 (AUCO-7d) was calculated using the linear trapezoidal method. Patients with
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missing 25(0OH)D levels on day 3 or 7 and those that received placebo were excluded from the
pharmacokinetics evaluation. AUC normalized to vitamin D3 dose and body weight (AUCnhorm)
was calculated by dividing AUC 0-7d by dose in IU per kg body weight. Median AUCnhorm and

serum 25(0OH)D levels on days 0, 3 and 7 values were compared between males and females.

VITdAL-ICU trial subject plasma aliquots were shipped on dry-ice to Metabolon, Inc. Following
receipt, the frozen plasma samples were immediately stored at -80°C. To generate metabolomic
data, a total of 1215 plasma samples from 428 patients at day 0, 413 patients at day 3 and 374
patients at day 7 were analyzed using four ultra-high-performance liquid
chromatography/tandem accurate mass spectrometry (UHPLC/MS/MS) methods by Metabolon,
Inc. Metabolomic profiling identified 769 metabolites. We reduced baseline noise by removing
metabolites with the lowest interquartile range of variability, leaving 578 metabolites. Thisis a
common strategy to reduce baseline noise by removing constant or very weak variables (19, 20).
Metabolomic data underwent cube root transformation and Pareto scaling to generate a

“normal” distribution (21, 22).

Based on our previous metabolomics analysis of the VITdAL-ICU trial (23), we considered the
optimum response to high dose oral vitamin D3 as an absolute increase in 25(0OH)D =15 ng/ml
from day O to day 3. For univariate analysis of day O, Student’s t test was used to determine the
significance of each metabolite between vitamin D3 response groups [25(0OH)D < or =15 ng/ml
from day 0 to day 3] with False Discovery Rate (FDR) adjusted P-values using MetaboAnalyst (24).

Day O data was analyzed using orthogonal partial least square-discriminant analysis (OPLS-DA), a
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supervised method to assess the significance of classification discrimination (SIMCA 15.0
Umetrics, Umea, Sweden). The quality of the multivariate model developed was described by R2
and Q2 corresponding to goodness of fit and predictive performance, respectively. Permutation
testing was performed to validate the OPLS-DA model (25, 26). Sevenfold cross-validation

analysis of variance (CV-ANOVA) was utilized to determine OPLS-DA model significance (26).

For day O, 3 and 7 repeated measures data, correlations between individual metabolites and
absolute increase in 25(0OH)D levels from day O to day 3 over time were determined utilizing
linear mixed effects models correcting for age, Simplified Acute Physiology Score (SAPS) 1,
admission diagnosis, 25(0OH)D at day 0 and plasma day (as the random-intercept). For data
visualization purposes, sex-specific separate bipartite graphs (27) were generated in women and
men of 198 metabolites previously shown to be significantly changed (increased or decreased)
over time with absolute increases in 25(0OH)D levels from day O to day 3 (23). Rain plots were
produced in R-3.6.2 adapted from source code published by Henglin et.al. (28). A multiple test-
corrected threshold of P < 8.65 x 10 was used to identify all significant associations in the day O,
3 and 7 repeated measures data (29). All mixed models were analyzed using STATA 14.1MP

(College Station, TX).

We evaluated a potential sex-specific mediating effect on the association between the absolute
increase in 25(0OH)D levels from day 0 to day 3 and individual metabolite abundance, adjusted
for age, baseline 25(0OH)D, SAPS Il and admission diagnosis. Analyses were performed on each of

the 578 metabolites at day 3 using the R package mediation (30) to obtain bootstrap P values (N
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= 2000 samples) for the mediation effect of sex. Significant mediation was present if the p value

was<0.01 and 10% or more of the association was mediated through sex (31, 32).

Results

Baseline characteristics of the analytic cohort were balanced between subjects stratified by
absolute increase in 25(0H)D =15 ng/ml between day 0 and 3 and then sex for C-reactive
protein, SAPS Il, body mass index (BMI), diabetes, as well as day 0O levels of VLDL and
Triglycerides. Differences existed with respect to age, baseline 25(0OH)D levels, intervention
status, ICU type as well as day O levels of Glucose, Cholesterol, LDL and HDL (Table 1). The
overall 28-day mortality of the 428 subject analytic cohort was 22.2%. 28-day mortality differed
based on absolute increase in 25(0OH)D level between day 0 and day 3 (x2(1) = 13.3; P< 0.001)

but not by gender (x2(1) = 0.014; P=0.91).

We next evaluated sex-specific pharmacokinetics of high dose oral vitamin D3. Though the dose
of vitamin D3 (IU/kg) is higher in women, the pharmacokinetics of 25(0H)D in patients
randomized to vitamin D3 showed similar mean serum 25(OH)D concentrations over time
(Supplemental Table 1, Supplemental Figure 1). Compared with women, the pharmacokinetic
parameters of 25(0OH)D using non-compartmental analysis showed significantly higher

normalized AUCO-7 in men (P < 0.05) a measure of the extent of drug absorption.

In day O plasma samples of female subjects (N=151), no significant differences exist in any

individual metabolites by t-test (all FDR-adjusted P > 0.05) or in metabolomic profiles by OPLS-DA

57



(CV-ANOVA p value=0.54) in subjects who respond to vitamin D relative to subjects that do not
(Supplemental Table 2). In male subjects at day 0 (N=277), significant differences exist in 21
individual metabolites by t-test (all FDR-adjusted P < 0.05) and in metabolomic profiles by OPLS-
DA (CV-ANOVA p value 0.009) in those with an increase in 25(0OH)D > 15 ng/ml between day O
and 3 relative to subjects without (Supplemental Table 2). The major findings at day O are that
men who do not achieve an absolute increase in 25(0OH)D =15 ng/ml between day 0 and 3 have a
significantly lower lysoplasmalogen and plasmalogen abundance at day O compared to men with

an increase in 25(0OH)D 215 ng/ml (Supplemental Table 3, Supplemental Figures 2 & 3).

In mixed effects modeling of 1215 total day 0, 3 and 7 plasma samples from the analytic cohort
(N=432), 16 metabolites had significantly positive associations in women but not men,
dominated by increases in long chain acylcarnitines (Table 2). Eleven metabolites had
significantly positive associations in both women and men highlighted by increases in
plasmalogens and sphingomyelins. Eight metabolites had significantly positive associations in
men but not women. Eighteen metabolites had significantly negative associations in women but
not men, dominated by decreases in amino acids. Three metabolites had significantly negative
association in both women and men. Sixteen metabolites had significantly negative associations
in men but not women, highlighted by decreases in ceramides and fatty acid metabolism (Table
3). The circos plots highlight the overall sex-specific metabolomics differences over time (Figure

1).
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Using rain plots to focus on the potentially important mixed-effects modeling results, we
visualize more prominent increases in long chain acylcarnitines in women with absolute increase
in 25(0OH)D level between day 0 and day 3 following intervention (Figures 2 and 3). We also
observe more prominent increases in free fatty acids in women with absolute increase in
25(OH)D level between day 0 and day 3 following intervention. The rain plot shows the
separation of metabolites that are increased (red) or decreased (blue) in men or women over
time with absolute increase in 25(0OH)D level between day 0 and day 3 following intervention.

Greater significance is shown by increased size of the circles.

We next focused on the potential mediation of the relationship between metabolite abundance
and absolute increase in 25(0OH)D level between day O and day 3 by sex. Mediation analyses in
day 3 data revealed no sex-dependent influence on associations between the absolute increase
in 25(0OH)D and all 578 metabolites (all mediation p values were >0.01). As both adiposity and
critical illness increase free fatty acids (33, 34), we evaluated BMI as a sex-specific mediator of
response to vitamin D3. When individually restricted to female (N=151) or to male subjects
(N=277), mediation analyses in day 3 data revealed no influence of BMI on associations between

the absolute increase in 25(0OH)D and all 578 metabolites (all mediation p values were > 0.01).

Discussion
Our large post-hoc metabolomics study considered temporal changes in the metabolome and
25(0OH)D concentration as well as vitamin D3 dose to determine sex-specific differences in

response to vitamin D3 intervention. Utilization of clinical trial biorepositories and clinical data is
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a novel approach to evaluate sex-specific responses which resulted in novel findings. First, our
pharmacokinetics data identified sex-specific differences in vitamin D3 absorption. Second, in
our day 0 data, we note sex-specific differences in patients who do or do not mount a response
to vitamin Ds. Third, we show a sex-specific metabolomic response to vitamin D3 associated with
differential metabolite patterns over time early in the course of critical illness. Importantly,
these patterns manifest as robust increases and decreases in groups of metabolites along the
same sub-pathways. All three analyses demonstrate sex-specific metabolism following high

dose vitamin D.

The hypercatabolism of critical illness alters how oxidative fuel is produced from amino acids,
fatty acids and carbohydrates (35). Stress hormones accentuate lipolysis (33) increasing
hydrolyzation of triacylglycerols to release circulating fatty acids and glycerol. At homeostasis,
metabolism is sex-specific (36-39). In critical iliness, fatty acids and amino acids are the

preferred substrate for mitochondrial energy production.

We find that women who respond to high dose vitamin D3 are different than men (Supplemental
Table 3). The major findings at day O are that men who achieve an absolute increase in 25(0OH)D
> 15 ng/ml between day 0 and 3 have a significantly higher lysoplasmalogen and plasmalogen
abundance at day O compared to men without an increase in 25(0OH)D =15 ng/ml. Plasmalogens
are important antioxidants that act to protect endothelial cells from injury from oxidative stress

(40). Plasma lysoplasmalogens are plasmalogen metabolites that are bioactive metabolites that
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cause circulating immune cells to adhere to the endothelium (41). Women do not exhibit such

differences in plasmalogen and lysoplasmalogen abundance at day O.

In healthy adults, no sex-specific differences in post-prandial free fatty acid flux exist (42)
however, non-oxidative free fatty acid clearance is higher in women (43). We find that critically
ill women differ from men in the patterns of change of free fatty acids. Specifically, women have
higher and more significant increases in circulating free fatty acids than men (Figure 3). Existing
studies may provide some context regarding our observations. White adipose tissue is
prominent in regulating metabolic homeostasis (44). The production of the protein hormone
Adiponectin by adipocytes is upregulated by vitamin D (45) which lowers hepatic lipogenesis and
increases hepatic beta oxidation (44). Sex-specific protein expression in white and brown
adipose tissue is demonstrated in animals fed a high fat diet (46, 47). Specifically, protein
disulfide isomerase A3 precursor (PDIA3) which up-regulates fatty acid synthase expression (FAS)
is increased in females relative to males (46). FAS is essential for fatty acid synthesis. In cell

culture models, PDIA3 is found to interact with VDR to rapidly respond to vitamin D (48, 49).

We find that women and men differ in the patterns of change in acylcarnitines. Specifically,
women have higher and more significant increases in long chain acylcarnitines than men in
response to increased 25(0OH)D levels. Experimental and clinical studies may provide some
insight into our acylcarnitine observations. Long-chain fatty acids are the main contributor to
circulating long-chain acylcarnitines (50, 51). Mitochondria break down fatty acids into ATP via

fatty acid B-oxidation (52, 53). Mitochondria in women specifically utilize fatty acids over amino
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acids for energy production, create less reactive oxygen species and have an increased oxygen

capacity compared to men (54-58).

Circulating acylcarntines are lower in healthy women compared to men (3). Elevations of long-
chain acylcarnitines in the circulation result from incomplete mitochondrial fatty acid B-oxidation
(50, 59). In exercise and insulin resistance, mitochondrial overload is observed where the
abundance of long-chain fatty acids in muscle can be higher than the mitochondrial oxidative

capacity resulting in elevated circulating long-chain acylcarnitines (50, 60).

Importantly, FAT/CD36 transporters which facilitate fatty acid entry into mitochondria are more
abundant in women (61-63). FAT/CD36 abundance may be important for higher uptake of long-
chain fatty acids by mitochondria in women (64). Vitamin D is shown to enhance fatty acid
oxidation through upregulation of enzymes and transcription factors including PPAR 1a, pyruvate
dehydrogenase kinase 4 as well as carnitine-palmitoyl transferase 1a and 1b (65-67). Our
observed increased long-chain acylcarnitines in women relative to men following vitamin D3
probably reflects an overwhelming of fatty acid B-oxidation by increased fatty acid delivery to

mitochondria in women.

There are several strengths to our novel study approach. The sample size is large and the
repeated measurement of subjects over time substantially increase our statistical power (68).
Linear mixed models are a particularly useful design for determination of metabolite abundance

at multiple time points as they account for fixed-effect (age, SAPS Il, etc.) and random effect
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(sampling day) confounders (69, 70). Further, the rich clinical trial data allows for adjustment of
patient variables in the modelling and normalization of metabolite abundance (71). Finally, to
adjust for multiple comparisons we employed a conservative Bonferroni corrected P value < 8.65

x 10 (29).

Our work has potential limitations inherent to its observational design. Despite our use of
samples from a randomized controlled trial and adjustment for multiple confounders, our
approach is subject to bias. Though our samples are derived from a randomized controlled trial,
our study design is observational, thus causal inference may be limited. The source of samples
were patients of Caucasian ethnicity with serum 25(0OH)D < 20 ng/ml, thus potentially not
generalizable to all critically ill. Further, our study is post-hoc thus should be considered

hypothesis generating.

Conclusion

In a large metabolomics study, we demonstrate substantial differences between women and
men in the response to high dose vitamin D early in critical illness. Specifically, robust sex-
specific differences in pharmacokinetics and metabolomics are present in the response over
time to high dose vitamin D. Demonstrating sex-specific differences in the metabolic response

to intervention is an important movement towards the understanding of personalized medicine.
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Figure Legends

Figure 1. Circos plot of sex-specific changes in metabolites by increase in 25(0OH)D following
intervention. Bipartite graphs of the associations between absolute increase in 25(0H)D levels
from day 0 to day 3 and individual metabolite abundance at day 0, 3 or 7 in women or men.
Associations determined utilizing mixed-effects linear regression models in 428 patients
correcting for age, Simplified Acute Physiology Score (SAPS) I, admission diagnosis and 25(0OH)D
at day 0. Panel A. Graph connects the metabolic consequence in women over time to an
absolute increase in plasma 25(0H)D with the individual metabolites grouped by metabolite
pathway (i.e Lipids) and class (i.e. Acylcarnitines). Panel B. Graph connects the metabolic
consequence in men over time to an absolute increase in plasma 25(0OH)D with the individual
metabolites grouped by metabolite pathway and class. For panel A and B., green curves indicate
an increase in the individual metabolite and red curves indicate a decrease in the individual
metabolite. The intensity of the color of curves indicates strength of the significance (-logio(p)
value) with the darkest red or darkest green curves having significance at the -logio(p) > 4.06, p <
8.65 x 107 level. The more transparent the red or green color, the lower the significance of the
change in metabolite. Each bipartite graph has the same structure and order of 198 metabolites

presented.

Figure 2 & 3. Rain Plot of metabolites. Correlations between absolute increase in 25(0OH)D levels
from day 0 to day 3 and individual metabolite abundance at day 0, 3 or 7 in women or men

determined utilizing mixed-effects linear regression models correcting for age, Simplified Acute
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Physiology Score (SAPS) Il, admission diagnosis and 25(0OH)D at day 0. The magnitude of beta
coefficient estimates is shown by a color fill scale and the corresponding significance level [-
logio(p value)] is represented by size of the circle. The red fill color represents an increase in
effect size for that metabolite. The blue fill color represents a decrease in effect size for that
metabolite. Statistical significance is the multiple test-corrected threshold of -logio(p) > 4.06

which is equivalent to P < 8.65 x 10°.
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Table 1. Cohort Characteristics

Absolute increase in 25(OH)D level between day 0 and day 3

Characteristic 25(OH)D 2 15 ng/ml 25(OH)D < 15 ng/ml Total P-value
Female Male Female Male

No. 44 73 107 204 428
Age years Mean (SD) 66.0 (15.4) 62.5(17.8) 69.1(12.3) 61.8 (14.4) 64.2 (14.9) <0.001*
SAPS Il Mean (SD) 33.1(14.3) 33.5(18.2) 35.2 (15.0) 32.4 (14.8) 33.4 (15.4) 0.14*
CRP pg/mL Day 0 Mean (SD) 126.3(110.3) | 112.5(86.1) | 117.2(90.5) | 133.1(85.6) | 124.9(89.8) 0.28*
Day 0 25(OH)D ng/ml Mean (SD) 12.9 (4.7) 16.8 (17.7) 13.3 (6.1) 13.5 (4.9) 14.0 (8.8) <0.001*
Vitamin D3 Intervention No. (%) 44 (100) 73 (100) 34 (32) 61 (30) 212 (50) <0.001
Change in 25(0OH)D ng/ml Median [IQR] 34.4(17.6) 32.2(13.4) 1.8(4.7) 2.0 (4.6) 10.4 (16.4) <0.001*
BMI Mean (SD) 27.1(4.8) 26.8(4.2) 27.2(5.7) 27.1(5.4) 27.1(5.2) 0.96*
Diabetes History No. (%) 12 (27) 16 (22) 27 (25) 46 (23) 101 (24) 0.87
Glucose Day 0 Mean (SD) 171.0 (70.0) 148.2 (48.5) 154.4 (49.9) 144.3 (47.3) 150.3 (51.4) 0.019*
Cholesterol mg/dl Day 0 Mean (SD) 131.5 (64.5) 126.0 (53.4) 116.0 (48.3) 99.2 (50.1) 111.4(53.1) <0.001*
LDL Day 0 Mean (SD) 74.4 (45.6) 74.3 (37.2) 66.0 (34.0) 54.7 (34.4) 62.9 (36.9) <0.001*
HDL Day 0 Mean (SD) 28.2(21.4) 23.1(12.8) 25.1(17.4) 19.9 (15.3) 22.6 (16.4) 0.0044*
VLDL Day 0 Mean (SD) 25.3(22.1) 25.8 (17.5) 21.5(12.4) 21.9 (17.4) 22.8(16.9) 0.31
Triglycerides Day 0 Mean (SD) 149.2 (124.6) | 136.3(70.7) | 139.3(78.5) | 148.8(106.8) | 144.3(96.8) 0.73
ICU 0.009

Anesthesia ICU No. (%) 5(11.4) 14 (19.2) 19 (17.8) 45 (22.1) 83 (19.4)

Cardiac Surgery ICU No. (%) 9(20.5) 13 (17.8) 33(30.8) 71 (34.8) 126 (29.4)

Surgical ICU No. (%) 2 (4.6) 4 (5.5) 5(4.7) 12 (5.9) 23 (5.4)

Medicine ICU No. (%) 9(20.5) 15 (20.6) 22 (20.6) 44 (21.6) 90 (21.0)

Neurological ICU No. (%) 19 (43.2) 27 (37.0) 28 (26.2) 32 (16.0) 106 (24.8)
28-day Mortality No. (%) 5(11) 7 (10) 29 (27) 54 (26) 95 (22) 0.004

Note: Data presented as n (%) unless otherwise indicated. P values determined by chi-square

unless designated by (*) then P value determined by ANOVA or  determined by Kruskal-Wallis

test.
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Table 2. Metabolites increased with response to high dose vitamin D in Women

B Bonferroni ) 8 Bonferroni )
Metabolite Coefficient corrected log10(P) | Coefficient corrected log10(P) Super Sub Pathway
women P-value women men P-value men Pathway
women men
Homoarginine 0.0074 3.23E-06 8.25 0.0053 9.76 E-03 4.77 Amino Acid Arginine and Proline
Metabolism
Guanidinoacetate 0.006 2.65 E-03 5.34 0.0024 2.20 E+01 1.42 Amino Acid Creatine Metabolism
Methionine, Cysteine,
Taurine 0.0051 8.71E-03 4.82 0.0035 6.25 E-01 2.97 Amino Acid SAM and Taurine
Metabolism
Methionine, Cysteine,
S-methylcysteine 0.0048 1.83 E-02 4.50 0.0033 2.67 E-01 3.34 Amino Acid SAM and Taurine
Metabolism
Serotonin 0.0034 4.43 E+01 1.12 0.0071 3.32 E-03 5.24 Amino Acid Tryptophan Metabolism
Thyroxine 0.0039 7.45 E-02 3.89 0.0064 6.37 E-07 8.96 Amino Acid Tyrosine Metabolism
Glycolysis,
1,5-anhydroglucitol 0.0052 4.74 E-02 4.09 0.0036 4.19 E+00 2.14 Carbohydrate Gluconeogenesis, and
Pyruvate Metabolism
Carotene diol 0.0066 | 2.60E-04 | 6.35 0.0068 | 2.33E-06 | 8.39 Cofactors Vitamin A Metabolism
and Vitamins
Palmitoylcarnitine 0.0044 3.10 E-02 4.27 -0.0016 7.78 E+01 0.87 Lipid Acylcarnitine
(C16)
Margaroylcarnitine 0.0054 7.45 E-03 4.89 -0.0007 3.06 E+02 0.28 Lipid Acylcarnitine
(C17)
Stearoylcarnitine 0.0063 2.01 E-06 8.46 0.0001 5.65 E+02 0.01 Lipid Acylcarnitine
(C18)
dihomo- 0.0057 3.05 E-03 5.28 0.0009 2.34 E+02 0.39 Lipid Acylcarnitine
linolenoylcarnitine
(C20:3n3 or 6)
Lignoceroylcarnitine 0.0044 2.25 E-02 4.41 -0.0001 5.14 E+02 0.05 Lipid Acylcarnitine
(C24)
Cerotoylcarnitine 0.0048 5.56 E-03 5.02 0.0001 5.19 E+02 0.05 Lipid Acylcarnitine
(C26)
Behenoyl
dihydrosphingomyelin 0.0051 1.56 E-02 4.57 0.0034 1.45 E+00 2.60 Lipid Dihydrosphingomyelins
(d18:0/22:0)
2-aminoheptanoate 0.0058 9.78 E-03 4.77 0.0042 1.67 E-01 3.54 Lipid Fatty Acid, Amino
(lz-lzl‘:gg)oceroyl-GPC 0.0049 3.97 E-01 3.16 0.005 1.70 E-02 4.53 Lipid Lysophospholipid
1-cerotoyl-GPC (26:0) 0.0023 4.01 E+01 1.16 0.0053 5.29 E-04 6.04 Lipid Lysophospholipid
é’éé’f;_‘;';’g)'m'wy')' 0.0055 6.77 E-03 4.93 0.0058 1.18 E-04 6.69 Lipid Lysoplasmalogen
é’éé'(e;_‘f;gjaroy”' 0.0046 2.18 E-01 3.42 0.0051 2.09 E-03 5.44 Lipid Lysoplasmalogen
;g;;;"'c"eoyl)'GpE 0.0037 | 467E+00 | 2.09 0.0046 429E-02 | 4.3 Lipid Lysoplasmalogen
é’&‘(e':‘_‘:;g;m'toyl)' 0.0034 5.04 E+00 2.06 0.0044 2.96 E-02 4.29 Lipid Lysoplasmalogen
Phosphoethanolamine 0.0055 4.54 E-02 4.11 0.0034 1.73 E+00 2.53 Lipid Phospholipid Metabolism
1-(1-enyl-stearoyl)-2-
arachidonoyl-GPE (P- 0.0074 1.23 E-07 9.67 0.0057 2.68 E-05 7.33 Lipid Plasmalogen
18:0/20:4)
1-(1-enyl-palmitoyl)-2-
linoleoyl-GPE (P- 0.0059 1.31 E-03 5.65 0.007 9.24 E-08 9.80 Lipid Plasmalogen
16:0/18:2)
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Table 2. Metabolites increased with response to high dose vitamin D in Women (continued)

B Bonferroni B Bonferroni
Metabolite Coefficient corrected log10(P) | Coefficient corrected | -log10(P) Super Sub Pathway
women P-value women men P-value men Pathway
women men

1-(1-enyl-stearoyl)-2-

linoleoyl-GPE (P- 0.0059 4.43 E-05 7.12 0.0052 7.81 E-06 7.87 Lipid Plasmalogen

18:0/18:2)

1-(1-enyl-palmitoyl)-2-

linoleoyl-GPC (P- 0.0051 4.40 E-04 6.12 0.0046 8.98 E-04 5.81 Lipid Plasmalogen

16:0/18:2)

5alpha-pregnan-

3beta,20alpha-diol 0.0036 1.76 E+01 1.52 0.0048 2.51 E-02 4.36 Lipid Progestin Steroids

monosulfate

Isoursodeoxycholate 0.0081 5.22 E-02 4.04 0.0092 1.59 E-05 7.56 Lipid Secondary Bile Acid
Metabolism

Sphinganin E-1- 0.0058 1.23E-03 5.67 0.0018 3.23 E+01 1.25 Lipid Sphingolipid Synthesis

phosphate

Sphingomyelin

(d18:1/21:0, d17:1/22:0, 0.0057 4.72 E-03 5.09 0.0044 9.65 E-03 4.78 Lipid Sphingomyelins

d16:1/23:0)

f‘;’r;lgfln;yo‘f“dnlgz gy | 00054 1.09 E-03 5.72 0.0031 5.45 E-01 3.03 Lipid Sphingomyelins

Tricosanoyl

sphingomyelin 0.0054 8.87 E-04 5.81 0.0042 2.99 E-03 5.29 Lipid Sphingomyelins

(d18:1/23:0)

Sphingomyelin

(d18:2/23:0, d18:1/23:1, 0.0054 3.16 E-03 5.26 0.0037 5.03 E-02 4.06 Lipid Sphingomyelins

d17:1/24:1)

Lignoceroyl

sphingomyelin 0.0044 5.76 E-03 5.00 0.0039 1.04 E-02 4.75 Lipid Sphingomyelins

(d18:1/24:0)

Uridine 0.0052 | 6.24E-04 5.97 0.0032 1.49 E-01 359 | Nucleotide Pyrimidine
Metabolism

Gamma- 0.0058 5.40 E-03 5.03 0.0039 8.10 E-01 2.85 Peptide Gamma-glutamy|

glutamylcitrulline Amino Acid

Note: Significant results presented following mixed effects modeling of each of the 578

individual metabolites measured at day 0, 3 and 7. All estimates adjusted for age, Simplified

Acute Physiology Score (SAPS) I, admission diagnosis, 25(0H)D at day 0, 25(0OH)D level at day 3

following randomization and plasma day (as the random-intercept). A multiple test-corrected

threshold of p < 8.65 x 10 = -log10(P) > 4.06 was used to identify all significant associations

indicated by bold text. GPC is glycerophosphorylcholine; GPE is glycerophosphoethanolamine.
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Table 3. Metabolites decreased with response to high dose vitamin D in Women

B Bonferroni B Bonferroni
-logl -logl
Metabolite Coefficient corrected log10(P) Coefficient corrected log10(P) Super Sub Pathway
P-value women P-value men Pathway
women men
women men
Argininate 0.0052 | 3.33E-02 4.24 -0.0017 | 830E+01 0.84 Amino Acid | Arginine and Proline
Metabolism
N-acetyl-aspartyl- -0.0064 | 5.26 E-03 5.04 -0.0045 | 4.86E-01 3.08 Amino Acid Glutamate
glutamate Metabolism
Szija"m'”"r"pmp'°”'c -0.0085 | 3.70E-03 5.19 -0.0048 | 4.48 E+00 211 Amino Acid | Histidine Metabolism
|5y_ S(igna;adosy'hydroxy)'b -0.006 1.15 E-02 4.70 -0.0047 | 1.31E-01 3.64 Amino Acid | Lysine Metabolism
Methionine,
5-methylthioribose -0.0062 2.43 E-02 4.38 -0.0039 3.13 E+00 2.27 Amino Acid Cysteine, SAM and
Taurine Metabolism
N-acetyl-isoputreanine 0.0039 | 3.27E+00 2.25 -0.0059 | 1.53E-02 4.58 Amino Acid Polyamine
Metabolism
(N(L) + N8))- -0.0056 | 1.68 E-02 4.54 -0.004 | 8.78E-01 2.82 Amino Acid Polyamine
acetylspermidine Metabolism
. . . . Polyamine
N1,N12-diacetylspermine -0.0081 3.41 E-03 5.23 -0.0047 1.54 E+00 2.57 Amino Acid .
Metabolism
Kynurenate -0.0072 | 3.36E-02 4.24 00052 | 2.62E+00 2.34 Amino Acid Tryptophan
Metabolism
N-acetyltryptophan 00171 | 1.79E-01 351 -0.0201 | 1.21E-03 5.68 Amino Acid Tryptophan
Metabolism
Vanillactate -0.0063 1.65 E-02 4.54 -0.0039 2.66 E+01 1.34 Amino Acid Tyrosine Metabolism
f;?;;t:oxytyram'”e 0.0073 | 2.46E-02 4.37 -0.0037 | 7.35E+00 1.90 Amino Acid | Tyrosine Metabolism
Homovanillate sulfate -0.009 1.42 E-02 4.61 -0.0056 1.05 E+00 2.74 Amino Acid Tyrosine Metabolism
e
Glucuronate -0.0074 | 5.45E-03 5.03 -0.0089 | 1.84E-06 8.50 | Carbohydrate minosugar
Metabolism
Maltotriose -0.0074 | 3.19E-02 4.26 00032 | 1.61E+01 1.55 | Carbohydrate Glycogen
Metabolism
Arabitol -0.0067 1.82 E-03 5.50 -0.0046 7.14 E-02 3.91 Carbohydrate | Pentose Metabolism
Gulonate -0.0072 | 1.18E-02 4.69 -0.0055 | 1.63E-01 3.55 Cofactors Ascorbate and
and Vitamins | Aldarate Metabolism
Nicotinate and
L . — Cofactors L .
Nicotinamide riboside -0.003 1.33 E+01 1.64 -0.0054 4.08 E-02 4.15 . . Nicotinamide
and Vitamins .
Metabolism
Pyridoxate -0.0096 | 1.55E-03 5.57 0.0006 | 4.22E+02 0.14 Cofactors Vitamin B6
and Vitamins Metabolism
2-methylcitrate -0.0066 4.24 E-02 4.13 -0.0027 3.49 E+01 1.22 Energy TCA Cycle
Malonylcarnitine (C3DC) -0.0039 2.02 E+00 2.46 -0.0045 2.33 E-02 4.40 Lipid Acylcarnitine
Octadecenedioylcarnitine | 50/ | gggp 1 2.77 -0.0084 | 4.12E-03 5.15 Lipid Acylcarnitine
(C18:1-DC)
SD‘JC?eroylcar"'t'"e (C8- 0.0068 | 5.54E-02 4.02 -0.0066 | 1.66 E-02 4.54 Lipid Acylcarnitine
Ceramide (d18:1/17:0, . .
417:1/18:0] -0.0006 | 3.78 E+02 0.18 -0.0047 | 2.42E-02 4.38 Lipid Ceramides
N-stearoyl-sphingosine 0.0021 | 4.79E+01 1.08 -0.0048 | 1.15E-02 4.70 Lipid Ceramides

(d18:1/18:0)
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Table 3. Metabolites decreased with response to high dose vitamin D in Women (continued)

B Bonferroni B Bonferroni
-logll -logl
Metabolite Coefficient corrected log10(P) Coefficie corrected log10(P) Super Sub Pathway
P-value women P-value men Pathway
women nt men
women men
N-stearoyl-sphingadienine - .
(d18:2/18:0) 0.0023 5.41 E+01 1.03 0.0051 2.85 E-03 5.31 Lipid Ceramides
N-palmitoyl-sphingosine L .
(d18:1/16:0) 0.0024 2.05 E+01 1.45 0.0047 4.43 E-03 5.12 Lipid Ceramides
Glycochenodeoxycholate L .
sulfate -0.0068 3.96 E-02 4.16 -0.0075 1.19 E-01 3.68 Lipid Diacylglycerol
3-hydroxyadipate -0.0031 4.47 E+01 1.11 -0.0081 1.07 E-04 6.73 Lipid Fatty Acid, Dicarboxylate
3-methyladipate -0.0051 4.20 E-01 3.14 -0.0065 1.47 E-02 4.60 Lipid Fatty Acid, Dicarboxylate
2-hydroxydecanoate -0.0016 1.48 E+02 0.59 -0.0049 4.64 E-02 4.10 Lipid Fatty Acid, Monohydroxy
2-hydroxynervonate -0.0019 4.36 E+01 1.12 -0.004 4.99 E-02 4.06 Lipid Fatty Acid, Monohydroxy
erucate (22:1n9) -0.0024 3.84 E+01 1.18 -0.0056 3.03 E-04 6.28 Lipid Long Chain Fatty Acid
Docosatrienoate (22:3n6) -0.0011 2.74 E+02 0.32 -0.0076 9.31 E-05 6.79 Lipid Polyunsaturated Fatty Acid
1-palmitoyl-2-
docosahexaenoyl-GPE -0.0034 1.92 E+00 2.48 -0.0041 9.49 E-03 4.78 Lipid Phosphatidylethanolamine
(16:0/22:6)
1-oleoyl-2-linoleoyl-GPE -0.0058 | 1.44E-03 5.60 0.0034 | 1.56E+00 2.57 Lipid Phosphatidylethanolamine
(18:1/18:2)
1-oleoyl-2-docosahexaenoyl- - . .
GPE (18:1/22:6) -0.006 2.99 E-03 5.29 -0.006 9.83 E-05 6.77 Lipid Phosphatidylethanolamine
Taurocholate 00051 | 9.20E+00 | 1.80 00088 | 2.24E-02 | 4.41 Lipid Primary Bile Acid
Metabolism
. Primary Bile Acid
Glycocholate sulfate -0.0076 1.06 E-01 3.74 -0.0086 3.56 E-03 5.21 Lipid .
Metabolism
N6- . -0.0062 2.53 E-03 5.36 -0.004 9.13 E-01 2.80 Nucleotide Purine Metabolism
carbamoylthreonyladenosine
N6-succinyladenosine -0.0068 1.44 E-03 5.60 -0.0051 1.14 E-01 3.71 Nucleotide Purine Metabolism
5,6-dihydrouridine -0.004 5.26 E-01 3.04 -0.0042 4.90 E-02 4.07 Nucleotide Pyrimidine Metabolism
N-acetyl-beta-alanine -0.0055 1.34 E-03 5.63 -0.0041 2.39 E-02 4.38 Nucleotide Pyrimidine Metabolism
Cytidine -0.0056 4.14 E-02 4.15 -0.0029 1.05 E+01 1.74 Nucleotide Pyrimidine Metabolism

Note: Note: Significant results presented following mixed effects modeling of each of the 578

individual metabolites measured at day O, 3 and 7. All estimates adjusted for age, Simplified

Acute Physiology Score (SAPS) I, admission diagnosis, 25(0H)D at day 0, 25(0OH)D level at day 3

following randomization and plasma day (as the random-intercept). A multiple test-corrected

threshold of p < 8.65 x 10 = -log10(P) > 4.06 was used to identify all significant associations

indicated by bold text. GPC is glycerophosphorylcholine; GPE is glycerophosphoethanolamine.
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Figure 2. Long Chain Acylcarnitines
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Figure 3. Free Fatty Acids
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Supplemental Table 1. Pharmacokinetics of High Dose Vitamin Ds

Parameter Women Men P-value
N 67 108
Dose/kg body weight IU/kg Mean (SD) 7973 (1703) 7788 (1612) <0.001
CO ng/ml Mean (SD) 12.47 (4.89) 12.79 (4.50) 0.66
C3 ng/ml Mean (SD) 32.63 (19.63) 33.78 (17.52) 0.69
C7 ng/ml Mean (SD) 35.78 (22.18) 35.50 (20.60) 0.93
AUCO-7 (ng.h/ml) 4850.67 (2714.36) 4965.21 (2453.75) 0.77
AUCnorm (ng.h/ml)/(1U/kg) Median [IQR] 0.57 [0.34, 0.80] 0.67 [0.48, 0.99] 0.034
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Supplemental Table 2. OPLS-DA model goodness of fit and predictive ability

Characteristic OPLS-DA Permutation (n=200) CV-ANOVA
R2 intercept | Q2 intercept
R2X R2Y Q2 (x-axis, y- (x-axis, y- P-value
axis) axis)
Women 0.141 1.00 0.008 0.00, 0.165 0.00, -0.156 0.54
Men 0.157 1.00 0.034 0.00, 0.097 | 0.00, -0.107 0.009
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Supplemental Table 3. Day 0 Metabolites in Women and Men associated with a subsequent
response of 25(0OH)D 215 ng/ml from day O to day 3 following intervention

Women Men
FDR FDR
Metabolite SuperPathwa SubPathwa
t-statistic | adjusted | t-statistic | adjusted P 4 4
P-value P-value
N-acetylputrescine -0.86 0.68 -3.21 0.04 Amino Acid Polyamine Metabolism
Serotonin 0.39 0.85 3.44 0.03 Amino Acid Tryptophan
Metabolism
Thyroxine 1.35 0.49 3.84 0.01 Amino Acid Tyrosine Metabolism
Gulonate 227 034 3.39 0.03 Cofa.ctor.s and Ascorbate and.AIdarate
Vitamins Metabolism
Bilirubin (E,Z or Z,E) -1.42 0.48 3.14 0.05 Cofactors and remoglobin and
Vitamins Porphyrin Metabolism
f
Carotene diol 1.25 0.54 3.18 0.04 co a_ctor_s and Vitamin A Metabolism
Vitamins
Dihomo-linolenoyl-choline -1.12 0.57 3.24 0.04 Lipid Fatty Acid Metabolism
Erucate (22:1n9) -1.43 0.48 -3.57 0.02 Lipid Long Chain Fatty Acid
2-palmitoyl-GPC (16:0) 0.68 0.73 3.78 0.01 Lipid Lysophospholipid
1-arachidonoyl-GPC (20:4) 1.63 0.47 3.30 0.04 Lipid Lysophospholipid
1-(1-enyl-palmitoyl)-GPC (P-16:0) 1.50 0.47 3.69 0.02 Lipid Lysoplasmalogen
1-(1-enyl-palmitoyl)-GPE (P-16:0) 1.57 0.47 4.02 0.01 Lipid Lysoplasmalogen
1-(1-enyl-stearoyl)-GPE (P-18:0) 1.91 0.38 4.17 0.01 Lipid Lysoplasmalogen
1-(1-enyl-oleoyl)-GPE (P-18:1) 1.35 0.49 4.04 0.01 Lipid Lysoplasmalogen
Glycerophosphorylcholine 1.11 0.57 3.76 0.01 Lipid Phospholipid
1-(1-enyl-stearoyl)-2-arachidonoyl-GPE -
(P-18:0/20:4) 2.17 0.34 4.22 0.01 Lipid Plasmalogen
1-(1-enyl-stearoyl)-2-linoleoyl-GPE (P- -
18:0/18:2) 1.68 0.46 3.91 0.01 Lipid Plasmalogen
1-(1-enyl-palmitoyl)-2-linoleoyl-GPE (P- .
16:0/18:2) 1.28 0.52 3.51 0.02 Lipid Plasmalogen
Lignoceroyl sphingomyelin - . .
(d18:1/24:0) 1.10 0.58 3.29 0.04 Lipid Sphingomyelins
Tri | sphi li . . .
(;f;sljggzlo)s'p ingomyetin 1.26 0.54 3.54 0.02 Lipid Sphingomyelins
N6-succinyladenosine -3.68 0.06 -3.23 0.04 Nucleotide Purine Metabolism
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Supplemental Figure 1. Day 0, 3 and 7 serum 25(OH)D levels in Women and Men
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Whisker and box plot overlaid with dot plot showing median and quartile values of the 25(0OH)D

atday 0, 3and 7 in women (N=78) and men (N=134) subjects randomized to vitamin Ds.
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Supplemental Figure 2. Day O Lysoplasmalogens
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Whisker and box plot overlaid with dot plot showing median and quartile values of
Lysoplasmalogens at day O in women and men subjects grouped by subsequent response of
25(0OH)D =15 ng/ml from day O to day 3 following intervention. A: 1-(1-enyl-palmitoyl)-GPC (P-
16:0); B: 1-(1-enyl-palmitoyl)-GPE (P-16:0); C: 1-(1-enyl-stearoyl)-GPE (P-18:0); D: 1-(1-enyl-

oleoyl)-GPE (P-18:1). GPE is glycerophosphoethanolamine.
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Supplemental Figure 3. Day 0 Plasmalogens
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Summary of Conclusions
This body of work describes two metabolomics studies identifying robust sex-specific differences

in plasma metabolomics and response to high dose, oral vitamin Dz in early critical illness.

In the first study, we found that women respond to critical iliness differently than men. Single
time point data, repeated measures data and metabolite modules showed evidence of sex-
specific metabolism. Most prominently, women had increased lysophospolipids and decreased

androgenic steroids, bile acid and amino acid metabolism and acylcarnitines relative to men.

In the second study, we found that women respond to high dose, oral vitamin D3 differently
relative to men early in critical iliness. Pre-randomization data, mixed methods analysis and
pharmacokinetics data showed substantial variations in groups of metabolites along similar sub-
pathways and sex-specific differences in drug absorption. Most prominently, an absolute
increase in 25(0H)D =15 ng/ml between day 0 and 3 in men was associated with a significant
increase in lysophospholipids, lysoplasmalogens, and plasmalogens relative to men who did not
attain an increase in 25(0OH)D =15 ng/ml. Although, women did not show evidence of this
distinction, they showed significant increases in circulating fatty acids and long chain

acylcarnitines relative to men in the response to vitamin Ds.

Identifying these differences in metabolism pathways and in the response to high-dose vitamin
D3, are the first step in not only understanding the delivery of personalized medicine in the

critically ill but also in bridging the medical research gender gap.
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Discussion and Perspectives

Our novel approach of studying sex-specific metabolomics response to critical illness and the
pharmacometabolomic response to high dose vitamin D3 has particular strengths. We utilized a
large number of samples at three time points to determine sex-specific metabolomic patterns.
Linear mixed models are especially useful as they account for longitudinal data as well as fixed
(i.e. subject characteristics) and random effects (i.e. time) of confounders. We account for
multiple comparisons using the Bonferroni adjustment. Finally, we observed known sex-specific

differences in metabolism which increases the biological plausibility of our work.

Our work is limited by the inherent limitations of its observational design, and therefore causal
inference is limited. Although we used an analytic cohort derived from post-hoc analyses of a
randomized controlled trial, and although we adjusted for known covariates, it is possible to
have residual confounding due to unmeasured confounders. Further, the studies are post-hoc

and subject to bias, as they are asking questions that the trial was not designed to answer.

Vitamin D Receptor activation may regulate the expression of 0.5-5% of the total human
genome [1,2]. Vitamin D3 supplementation alters gene expression involved in the immune
system, apoptosis, transcription regulation and response to stress [3]. Dose response to vitamin
D3 supplementation depends on genetic variation in vitamin D pathway genes that affect the
rate of 25-hydroxylation [4-7]. Though cholecalciferol supplementation increases circulating

25(0OH)D concentrations proportionally to the dose independent of race [8], human
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metabolomics studies are influenced by race [9]. In our studies based on the VITdAL ICU trial, we

are unable to study racial differences due to the nature of the Caucasian population studied.

Furthermore, the race of the subjects in the VITdAL ICU trial limits the generalizability of our
results to all critically ill adult patients. The VITdAL ICU trial randomized Caucasian, Austrian,
critically ill subjects with low vitamin D levels and therefore has an impact on the external validity
of our studies. The studies in this body of work were preliminary exploratory analyses. Further
studies are needed to not only confirm our findings but to also expand upon the knowledge gap

by studying subjects of different races from outside of Europe.

Finally, our use of a large sample size with repeated metabolomics measures in individual
patients substantially increases our study power [10]. Due to the high power we were able to use
the Bonferroni correction in our analyses to account for the multiple tests being performed. The
Bonferroni adjustment is the preferred approach for metabolomics data [11]. We understand
that using a conservative approach may limit our ability to find significant associations, however,
we also wanted to report metabolites that we have high confidence in their significance.
Metabolomics literature is less impactful due to the publication of studies with small sample
sizes that are not appropriately adjusted for multiple comparisons. Using the Bonferroni method
increases the likelihood of a type Il error, however in metabolomics studies, not accounting for

the multiple tests performed can increase the likelihood of a type | error.
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The sex-specific plasma metabolite modules and response to intervention identified in our
analyses shed light on the variations in the response to critical illness stressors between men and
women. The observed highly significant differences in multiple metabolites of the same sub-
pathways, highlight the need for tailored therapy with regards to drug dosing and adverse event
monitoring. Although subsequent studies are needed to confirm the exploratory analyses, our
findings show the importance of increasing enrollment of women subjects in clinical research.
Bridging the medical research gender gap is not only equitable but is also necessary for

understanding personalized healthcare delivery.
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