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Abstract

Background & Aims: It is unclear if intervention can mitigate the dramatic alterations of 

metabolic homeostasis present in critical illness. Our objective was to determine the associations 

between increased 25-hydroxyvitamin D levels following high dose vitamin D3 and more 

favorable metabolomic profiles in 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 from 1215 plasma samples from 428 subjects at randomization (day 0), day 3 and 

7. Using mixed-effects modeling, we studied changes in metabolite profiles in subjects receiving 

intervention or placebo relative to absolute increases in 25-hydroxyvitamin D levels from day 0 to 

day 3.

Results: 55.2% of subjects randomized to high dose vitamin D3 demonstrated an absolute 

increase in 25-hydroxyvitamin D ≥ 15 ng/ml from day 0 to day 3. With an absolute increase 

in 25-hydroxyvitamin D ≥ 15 ng/ml, multiple members of the sphingomyelin, plasmalogen, 

lysoplasmalogen and lysophospholipid metabolite classes had significantly positive Bonferonni 
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corrected associations over time. Further, multiple representatives of the acylcarnitine and 

phosphatidylethanolamine metabolite classes had significantly negative Bonferonni corrected 

associations over time with an absolute increase in 25-hydroxyvitamin D ≥ 15 ng/ml. Changes 

in these highlighted metabolite classes were associated with decreased 28-day mortality.

Conclusions: Increases in 25-hydroxyvitamin D following vitamin D3 intervention are 

associated with favorable changes in metabolites involved in endothelial protection, enhanced 

innate immunity and improved mitochondrial function.
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Introduction

Critical illness is a dramatic disruptor of metabolic homeostasis where circulating metabolic 

profiles are the products of the cellular response to oxidative stress and inflammation [1]. 

Metabolic profiles predictive of critical illness severity and outcomes are identifiable early 

in critical illness [2]. The effect of treatment on the metabolic disruption of critical illness is 

not known.

The VITdAL-ICU trial was a double-blind, placebo-controlled, single-center trial of 492 

critically ill adults with 25-hydroxyvitamin D [25(OH)D] levels ≤ 20 ng/ml to high dose 

oral vitamin D3 conducted from 2010 to 2012 [3]. The VITdAL-ICU trial was negative for 

the primary outcome of length of stay and the secondary outcomes hospital mortality and 

6-month mortality. Though only half of VITdAL-ICU subjects who received high dose oral 

vitamin D3 demonstrated the expected increase in 25(OH)D levels ≥ 30 ng/ml, a subgroup 

analysis showed significant improvement in mortality in those with very low vitamin D 

levels [3].

As metabolomic profiles can distinguish critically ill patients with and without low 

25(OH)D levels [4] and vitamin D receptor may regulate expression of up to 5% of the total 

human genome [5], we determined whether high dose oral vitamin D alters the metabolomic 

landscape of critical illness over time. We conducted a post-hoc metabolomics study on 

plasma samples from the VITdAL-ICU trial (NCT01130181) [3]. We hypothesize that 

significant differences in metabolomic profiles exist in patients who demonstrate an increase 

in plasma 25(OH)D levels following randomization to high dose vitamin D3, and these 

changes are associated with clinical benefit.

Methods

Detailed methods are presented in Supplemental Methods. The VITdAL-ICU trial 

randomized 475 critically ill adult patients with 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 [3]. The trial was conducted at the University Hospital Graz in Southeast 

Austria in 5 Medical and Surgical Intensive Care Units. Patients were randomized 1:1 with 
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randomization block size of 8 stratified via Intensive Care Unit type and sex. The primary 

study outcome was length of hospital stay. Secondary outcomes included 28-day mortality, 

hospital mortality, 6-month mortality, length of Intensive Care Unit (ICU) stay and 25(OH)D 

levels at day 0, 3 and 7. Whole blood was collected at randomization (day 0), day 3 and day 

7. Plasma was fractionated, aliquoted and stored at −70°C. At VITdAL-ICU trial enrollment, 

written informed consent was obtained, if possible, directly from the patient or from a legal 

surrogate. Consent included permission for plasma specimens to be saved for future research 

studies. The post-hoc study research protocol was approved by the Partners Human Research 

Committee at the Brigham and Women’s Hospital.

Our exposure of interest was the absolute increase in 25(OH)D levels from randomization 

(day 0) to day 3. 453 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. 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 methods by Metabolon, Inc. in 2017. Metabolomic profiling 

identified 769 metabolites. We reduced baseline noise by removing metabolites with the 

lowest interquartile range of variability, leaving 578 metabolites [6]. Metabolomic data 

underwent a cube root transformation followed by Pareto scaling to generate data that were 

on the same scale followed an approximate normal distribution [7]. In our tables, we follow 

the metabolite identification criteria level described by Sumner et al: Level 1 is a validated 

identification against a pure reference standard and Level 2 is a recognized identification 

with predictive or externally acquired structure evidence [8].

For univariate analysis of pre-randomization data (day 0), Student’s t test was used 

to determine the significance of each metabolite between groups with False Discovery 

Rate (FDR) adjusted p-values using MetaboAnalyst 4.0 [9]. Pre-randomization data were 

also 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 OPLS-DA 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 [10, 11]. 

Sevenfold cross-validation analysis of variance (CV-ANOVA) was utilized to determine 

OPLS-DA model significance [11].

For repeated measures data (day 0, 3 and 7), the association between relative quantitation 

of individual metabolites (outcome) over time and absolute increase in 25(OH)D levels 

from baseline day 0 to day 3 were determined utilizing linear mixed-effects models 

correcting for age, sex, baseline 25(OH)D, Simplified Acute Physiology Score (SAPS) 

II, admission diagnosis category and plasma day (as the random-intercept). For data 

visualization purposes, a bipartite graph [12] was generated of metabolites that were 

significantly changed (increased or decreased) with the absolute increase in 25(OH)D levels 

from baseline day 0 to day 3. Mixed-effects logistic regression was used to estimate the 

odds of 28-day mortality relative to the abundance of individual metabolites adjusted for 

absolute increase in 25(OH)D, age, sex, baseline 25(OH)D, SAPS II, admission diagnosis 

category and plasma day (as the random-intercept). Further, for repeated measures plasma 
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data (day 0, 3 and 7), the association between relative quantitation of individual metabolites 

(outcome) over time and high dose vitamin D3 randomization (binary) was determined 

utilizing linear mixed-effects models correcting for age, sex, baseline 25(OH)D, SAPS II, 

admission diagnosis category and plasma day (as the random-intercept).

Additionally, we assessed the association between individual metabolites and absolute 

increase of plasma 25(OH)D between day 0 and day 3 to levels of ≥ 2.5, 5.0, 7.5, 10.0, 12.5, 

15.0, 17.5 or 20.0 ng/ml. For each absolute increase cut point (i.e. ≥ 2.5 ng/ml), we utilized 

linear mixed-effects models correcting for age, sex, baseline 25(OH)D, SAPS II, admission 

diagnosis category and plasma day (as the random-intercept). A Bonferroni multiple testing 

correction threshold of p < 8.65 × 10−5 (p of 0.05/578 metabolites per plasma sample) was 

used to identify all significant mixed-effects associations [13]. All mixed-effects models 

were analyzed using STATA 14.1MP (College Station, TX). We employed rain plots [14] 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.

As organ function is important in oral vitamin D3 pharmacokinetics, we evaluated a 

potential mediating effect of creatinine or bilirubin on the association between the absolute 

increase in 25(OH)D levels from randomization (day 0) to day 3 and individual metabolite 

abundance adjusted for age, sex, baseline 25(OH)D, SAPS II and admission diagnosis. 

Analyses were performed on each of the 578 metabolites at day 3 using the R package 

mediation [15] to obtain bootstrap P values (N = 2000 samples) for the mediation effect of 

creatinine or bilirubin. Significant mediation was present if the p value was < 0.01 and 10% 

or more of the association was mediated through creatinine or bilirubin levels [16, 17].

Results

In the analytic cohort, the mean (SD) and median [IQR] increase in 25(OH)D level between 

day 0 and day 3 were 10.4 (16.4) ng/ml and 3.15 [0,16.5] ng/ml respectively. Baseline 

characteristics of the analytic cohort were balanced between subjects in quartiles of absolute 

increase in 25(OH)D level between day 0 and day 3 for age, sex, C-reactive protein 

and SAPS II. Differences existed in the quartiles of absolute increase in 25(OH)D level 

between day 0 and day 3 with respect to baseline 25(OH)D levels, Day 0 total bilirubin 

and creatinine, intervention status, ICU type and admission diagnosis category (Table 1 and 

Supplemental Table 1). The overall 28-day mortality of the 428 subject analytic cohort was 

22.2%.

In day 0 plasma samples (N=428), no significant differences exist in 578 individual 

metabolites [all False Discovery Rate (FDR) adjusted p-values > 0.99] or in OPLS-DA 

metabolomic profiles (CV-ANOVA p value=1.00) in subjects randomized to high dose 

vitamin D3 or placebo (Supplemental Table 2). In day 0 plasma samples (N=428), 

significant differences exist in 53 individual metabolites (all FDR adjusted p-values ≤ 0.05) 

but not in OPLS-DA metabolomic profiles (CV-ANOVA p value=1.00) in subjects with or 

without mortality at 28 days (Supplemental Tables 2 & 3).
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Next we evaluated metabolic changes with respect to absolute increases in plasma 25(OH)D 

levels. Mixed-effects modeling of 1215 plasma samples from day 0, 3 and 7 from 428 

subjects, highlighted 133 significant metabolites. Forty-one metabolites had significantly 

positive associations with an absolute increase in 25(OH)D level between day 0 and 

day 3. These 41 metabolites were dominated by increases in multiple representatives 

of each of the following lipid classes: sphingomyelins, plasmalogens, lysoplasmalogens 

and lysophospholipids (Table 2, Supplemental Table 4 & Figure 1). Abundance of 22 

of these 41 metabolites were significantly associated with decreases in 28-day mortality 

(Supplemental Table 5). Ninety-two metabolites had significantly negative associations with 

an absolute increase in 25(OH)D level, primarily by decreases in multiple representatives 

of the acylcarnitine, phosphatidylethanolamine and amino acid class metabolites (Table 

3, Supplemental Table 6 & Figure 1). Decreases of 81 of these 92 metabolites were 

significantly associated with decreases in 28-day mortality (Supplemental Table 7). Addition 

of C-Reactive Protein at day 0 or total bilirubin or creatinine to the mixed-effects linear and 

logistic models at did not alter the direction and significance of the observations (data not 

shown). With fidelity to the intention to treat analysis, mixed-effects modeling of the 1215 

plasma samples from day 0, 3 and 7 from 428 subjects demonstrated no metabolites had 

significantly positive or negative associations in subjects randomized to high dose vitamin 

D3 relative to placebo.

We subsequently determined if the identified metabolic changes with respect to absolute 

increases in plasma 25(OH)D levels differ between subjects who received high dose vitamin 

D3 versus those who received placebo. We repeated the mixed-effects modeling restricted 

to subjects who received high dose vitamin D3 (N=212) or to subjects that received placebo 

(N=216). In subjects who received high dose vitamin D3 (N=212), mixed-effects modeling 

of plasma samples from day 0, 3 and 7 show all but one of the 133 metabolites highlighted 

in the full 428 subject cohort (Supplemental Tables 4 & 6) had significant associations with 

an absolute increase in 25(OH)D level between day 0 and day 3 (Supplemental Tables 8 & 

9). Conversely, in subjects who receive placebo (N=216), mixed-effects modeling of plasma 

samples from day 0, 3 and 7 show that only two of the metabolites highlighted in the full 

cohort (Supplemental Tables 4 & 6) had significant associations with an absolute increase in 

25(OH)D level between day 0 and day 3 (Supplemental Tables 8 & 9).

As the VITdAL-ICU trial showed significant improvement in 28-day mortality only in 

subjects with baseline 25(OH)D ≤ 12 ng/ml [3], we next restricted our mixed-effects 

analysis to those 181 subjects with 25(OH)D ≤ 12 ng/ml at day 0. Though underpowered, in 

mixed-effects modeling of 525 plasma samples from day 0, 3 and 7 from 181 subjects, 14 

metabolites had significantly positive mixed-effects associations with an absolute increase 

in 25(OH)D level. These changes were dominated by increases in multiple representatives 

of sphingomyelin, plasmalogen, and lysoplasmalogen class metabolites (Supplemental Table 

8). Twenty-one metabolites had significantly negative mixed-effects associations with an 

absolute increase in 25(OH)D level, primarily by decreases in multiple representatives of the 

acylcarnitine and amino acid class metabolites (Supplemental Table 8). Restriction of our 

mixed-effects analysis to only those 212 subjects assigned to high dose vitamin D3 showed a 

similar association pattern (data not shown).
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We next explored the relationship between the magnitude of the absolute increase in 

25(OH)D levels between day 0 and day 3 and changes in metabolites over time. The 

pattern of change in metabolite profiles associated with an absolute increase in 25(OH)D 

ranging from ≥ 2.5 to ≥ 20.0 ng/ml was demonstrated in mixed-effects modeling of the 

1215 plasma samples from the analytic cohort obtained on day 0, 3 and 7 from 428 

subjects. The rain plot (Figures 2 & 3) shows the separation of metabolites that are 

increased (red) or decreased (blue) and shows the magnitude of significance by the size 

of the circles with larger circles denoting higher significance. Subjects who have absolute 

increases in 25(OH)D ≥ 10 ng/ml between day 0 and 3, show significant changes of a 

few sphingomyelins, plasmalogens, lysoplasmalogens, lysophospholipids, and acylcarnitines 

(Figures 2 and 3). With the absolute increase in 25(OH)D ≥ 15 ng/ml between day 0 and 

3, we observe a large number of significant changes in metabolite class members including 

sphingomyelin, plasmalogen, lysoplasmalogen, lysophospholipid, and acylcarnitine (Figures 

2 and 3). Further, decreased 28-day mortality rates are observed with increases in 25(OH)D 

levels between day 0 and 3. The lowest mortality is found in subjects with an increase in 

25(OH)D ≥ 17 ng/ml between day 0 and 3 (Supplemental Table 9).

We finally focused on the potential mediation of the relationship between metabolite 

abundance and absolute increase in 25(OH)D level between day 0 and day 3 by organ 

function. Mediation analyses in day 3 data revealed no influence of serum creatinine on 

associations between the absolute increase in 25(OH)D and all 578 metabolites. With regard 

to bilirubin, mediation analyses in day 3 data revealed a significant influence on associations 

between the absolute increase in 25(OH)D levels and 100 of the 578 individual metabolites 

(all p values were < 0.01 and the proportion mediated was over 10% using 2000 bootstrap 

samples). Eighty of these mediated metabolites were also identified in our mixed-effects 

analysis as significantly changed with absolute increases in 25(OH)D (Supplemental Figure 

1). None of the sphingomyelins or short-chain acylcarnitines (C2-C7) are mediated by 

bilirubin.

Discussion

Interventional trials in critical illness frequently fail. The multiple potential reasons for 

failure include that the intervention does not work, cohort heterogeneity, insufficient power, 

high or low severity of illness, pleiotropic effects of the intervention, delta inflation, 

improper primary outcome and patient response to therapy [18–20]. These issues are evident 

in the major negative critical illness trials in high dose vitamin D3 supplementation, the 

VITdAL-ICU and VIOLET trials [3, 21]. In the VITdAL-ICU and VIOLET trials, of those 

randomized to high dose vitamin D3, 50% and 25% of subjects respectively did not have a 

normalization of 25(OH)D levels (≥ 30 ng/ml at day 3), biasing the trials towards the null 

[3, 21–23]. The VITdAL-ICU and VIOLET trials enrolled patients with 25(OH)D >12 to 20 

ng/ml, a group that may not benefit from high dose vitamin D3 [24]. The VIOLET trial was 

designed to study subjects at high risk for ARDS but randomized subjects with mild critical 

illness of which only 8% had ARDS [24]. Improvement of critically ill patient-centered 

outcomes following high dose vitamin D3 supplementation has yet to be proven [3, 21].
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The VITdAL-ICU trial used a enrichment strategy by only randomizing subjects with low 

25(OH)D levels yet significant improvement in mortality only occurred in a subset of 

subjects with 25(OH)D ≤ 12 ng/ml [3]. Using a novel approach of applying metabolomics 

to a large clinical trial biorepository, we studied the subject metabolomic response to 

intervention over time. We identified differences in the metabolome of subjects who 

responded to vitamin D3 with an increase in 25(OH)D versus those who did not. A large 

proportion of metabolites that changed with an increase in 25(OH)D were also found to be 

associated with improved outcomes. Such examination into how the metabolites of subjects 

respond to intervention over time allows for an effective utilization of biospecimens to 

produce a more nuanced understanding of the parent clinical trial.

We find that at randomization the intervention and placebo groups are not statistically 

different with respect to metabolomic profiles but significant differences are present relative 

to 28-day mortality. We demonstrate in mixed-effects analyses that significant metabolomic 

changes over time are present relative to the absolute increase in plasma 25(OH)D level. 

Absolute increases in plasma 25(OH)D are associated with metabolomic profiles with 

increases in sphingomyelins, plasmalogens, lysoplasmalogens and lysophospholipids as 

well as decreases in acylcarnitines, phosphatidylethanolamines and amino acid metabolites 

(Figure 1). In vivo work shows that these metabolomic changes are consistent with 

endothelial protection, enhanced innate immunity and improved mitochondrial function 

[25–28]. These observed changes occurred in multiple metabolite members from each 

highlighted sub-pathway and were associated with improvement in 28-day mortality 

(Supplemental Tables 5 & 7). We also find that at an absolute increase in plasma 25(OH)D 

level of 15–17.5 ng/ml, the metabolomic changes are most robust (Figures 2 & 3). 

The associations between the absolute increase in 25(OH)D levels and the abundance of 

metabolites are significantly influenced by serum total bilirubin. Such mediation is likely 

reflective of 25(OH)D production being regulated by the liver cytochrome P450 2R1 [29] 

and the widespread expression of vitamin D receptors in liver nonparenchymal cells [30, 

31].

We observe similar significant patterns of metabolomic profile changes in mixed-effects 

analyses of the analytical cohort as when subjects are restricted to those with baseline 

25(OH)D ≤ 12 ng/ml or restricted to only high dose vitamin D3 intervention subjects with 

respect to absolute increase in 25(OH)D level. Further, when studied in an intention-to-treat 

(ITT) fashion, metabolomics differences were absent. This is not unexpected as a low 

proportion of subjects (55.2%) had an absolute increase in 25(OH)D level ≥ 15 ng/ml three 

days following high dose vitamin D3 (Supplemental Table 9). While at this 25(OH)D level 

≥ 15 ng/ml threshold metabolite changes are abundant (Figures 2 & 3), the high percentage 

of subjects with little absolute change in 25(OH)D levels biases the ITT analyses to the null 

[23].

The increases in sphingomyelins, plasmalogens and lysophospholipids are reflective of 

the stress response, antioxidants and immunomodulation respectively. Sphingomyelins are 

signaling mediators of the response to cellular stress and inflammation. Vitamin D3 induces 

sphingomyelin turnover [32] through activation of sphingosine kinase and inhibition of 

ceramide-induced apoptosis [33]. Plasmalogens function as antioxidants to protect the 
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endothelium from oxidative stress and injury by limiting toxic oxidation products [25]. 

Lysophospholipids are multifactorial signaling molecules with powerful immune modulation 

and chemoattractant effects. Lysophospholipids released from apoptotic cells act to recruit 

monocytes and macrophages [34, 35] leading to clearance of apoptotic cell debris limiting 

immune system activation by secondary necrosis [28].

In critical illness, metabolic pathways are altered to preferentially catabolize fatty acids and 

amino acids. Elevated short-chain acylcarnitines (C2-C7) [36] found in plasma are due to 

incomplete mitochondrial fatty acid β-oxidation and suggestive of impaired mitochondrial 

function [37]. Vitamin D is important in the regulation of mitochondrial function [38] as 

well as the control of fatty acid composition in adipose tissue [39]. Further, vitamin D3 

therapy is noted to improve mitochondrial oxidative function in vitamin D-deficient adults 

[40]. Thus the decrease in plasma short-chain acylcarnitines associated with an absolute 

increase in 25(OH)D level in our study may reflect more efficient fatty acid β-oxidation 

thorough improved mitochondrial bioenergetics.

Our observation of decreases in plasma phosphatidylethanolamines with absolute 

increases in 25(OH)D levels may be reflective of endothelial protection leading to less 

endothelial dysfunction. Circulating phosphatidylethanolamines are found on the surface 

of microparticles derived from endothelium and white blood cells [41]. In experimental 

models, circulating phosphatidylethanolamines are increased following endothelial cell 

exposure to oxidative stress and also in response to sepsis [26, 27]. Decreased 

phosphatidylethanolamine is also noted with vitamin D administration in experimental 

studies [42].

Our methodology has several strengths. We utilized a novel approach to producing high 

quality large-scale metabolomic time-series data from a randomized trial. Our design 

allowed for exploration of the variable subject response to high dose vitamin D3 as 

reflected in 25(OH)D levels, an unforeseen gap in trial study design [43]. We employ 

linear mixed-effects models which are robust analysis tools for metabolomics studies with 

repeated time points and multiple sources of clinical variation [44, 45]. Our approach 

allows for a focus on metabolites that change with response to vitamin D3 rather than 

rather than just the natural course of critical illness. To limit false positive observations, we 

conservatively adjusted our mixed-effects significance threshold to account for 578 multiple 

comparisons [13, 46]. Further, prior in vitro studies demonstrate the importance of vitamin 

D3 on sphingomyelins, phosphatidylethanolamines and mitochondrial oxidative function 

thus increasing the relevance and biological plausibility of our observations [32, 33, 38, 40, 

42].

Our study does have potential limitations. The overall negative results of the VITdAL-

ICU trial may be related to the heterogeneity of the subjects, their underlying disease or 

severity of illness which may all factor into serum 25(OHD) levels. The VITdAL-ICU trial 

was underpowered for mortality with differences in mortality found only in a subgroup 

analysis which may increase the probability of Type II and Type I errors respectively. 

When adherence or response to intervention is not perfect as in the VITdAL-ICU trial, 

intention-to-treat (ITT) analysis attenuate the causal effect estimates of an intervention [23]. 
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Thus we also employed non-ITT analyses to study the association of the absolute increase 

in 25(OH)D and metabolite change [47]. Despite multivariable adjustment, our approach 

using nonrandomized comparisons is subject to bias as subjects with increases in 25(OH)D 

following vitamin D3 may be systematically different. Our study is a post-hoc analysis 

of blood samples where we performed a posteriori statistical tests with compensation for 

multiple testing. As such, our observations should be considered hypothesis generating. 

Further, the single-center setting may limit generalizability of our findings. Finally, although 

the function and biological relevance of a metabolite may be known, the clinical significance 

may not be.

Conclusions

Personalized medicine holds promise for a tailored targeted approach in critical care. Our 

study demonstrates that VITdAL-ICU trial subjects with absolute increases in 25(OH)D 

levels following vitamin D3 have dramatic coordinated changes towards more favorable 

metabolomic profiles. Our observations suggest that VITdAL-ICU trial subjects with 

absolute increases in 25(OH)D levels following vitamin D3 have significant changes of 

metabolomic profiles of the same sub-pathways which are associated with decreased short 

term mortality. Our approach shows that metabolomic analysis of trial biorepositories 

according to response to intervention can yield important mechanistic insights and reveal 

patient populations who may or may not benefit.
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Figure 1. 
Circos plot of plasma metabolites by absolute increase in 25(OH)D levels. Bipartite graph 

illustrating mixed-effects linear regression results of metabolites with significantly changes 

(increased or decreased) over day 0, 3 and 7 with an absolute increase in 25(OH)D levels 

between day 0 and day 3. Graph connects metabolic response to an absolute increase in 

25(OH)D levels with the individual metabolites grouped by metabolite Super Pathway (e.g. 

lipid) and Sub Pathway (e.g. sphingomyelin). Width of curves indicates strength of the 

significance (−log10(p) value) with wider curves having greater significance. All metabolites 

shown are significant at the −log10(p) > 4.06, p < 8.65 × 10−5 level.
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Figure 2. 
Rain plot of increasing metabolites by incremental absolute increase in 25(OH)D following 

intervention. The rain plot shows the directionality and magnitude of estimates of the 

association between individual metabolites and the absolute increase of plasma 25(OH)D 

between day 0 and day 3 to levels of ≥ 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5 or 

20.0 ng/ml. Results are focused on sphingomyelins, plasmalogens, lysoplasmalogen and 

lysophospholipids. The color fill scale of individual rain plots indicates the effect size - 

increased (dark red) or decreased (dark blue) of the individual metabolite following mixed-

effects linear regression. The size of the individual rain ‘droplet’ indicates strength of the 

significance (−log10(p) value) with larger plots having greater significance. Metabolites 

shown are considered significant at the −log10(p) > 4.06, p < 8.65 × 10−5 level.
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Figure 3. 
Rain plot of decreasing metabolites by incremental absolute increase in 25(OH)D following 

intervention. The rain plot shows the directionality and magnitude of estimates of the 

association between individual metabolites and the absolute increase of plasma 25(OH)D 

between day 0 and day 3 to levels of ≥ 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5 or 20.0 ng/ml. 

Results are focused on acylcarnitines and phosphatidylethanolamines. The color fill scale 

of individual rain plots indicates the effect size - increased (dark red) or decreased (dark 

blue) of the individual metabolite following mixed-effects linear regression. The size of 

the individual rain ‘droplet’ indicates strength of the significance (−log10(p) value) with 

larger plots having greater significance. Metabolites shown are considered significant at the 

−log10(p) > 4.06, p < 8.65 × 10−5 level.
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Table 1.

Cohort Characteristics

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

Characteristic <0.0 ng/ml 0.0–3.14 ng/ml 3.15–16.40 ng/ml > 16.40 ng/ml Total P-value

No. (%) 105 109 107 107 428

Age Mean (SD) 62.7 (14.7) 65.9 (12.7) 64.6 (14.6) 63.4 (17.3) 64.2 (14.9) 0.42*

Female Sex No. (%) 38 (36.2) 36 (33.0) 36 (33.6) 41 (38.3) 151 (35.3) 0.84

Day 0 25(OH)D Mean (SD) 14.6 (4.6) 12.5 (4.8) 12.3 (4.2) 13.3 (4.7) 13.2 (4.6) 0.001*

SAPS II Mean (SD) 31.3 (13.4) 35.1 (14.7) 33.6 (15.9) 33.4 (17.2) 33.4 (15.4) 0.34*

CRP Day 0 Mean (SD) 116.5 (86.1) 128.7 (83.7) 137.8 (90.2) 116.2 (98.0) 124.9 (89.8) 0.23*

Total Bilirubin Day 0 Mean (SD) 1.8 (4.1) 1.5 (1.8) 2.0 (2.4) 1.0 (1.5) 1.6 (2.6) 0.026*

Creatinine Day 0 Mean (SD) 1.5 (1.2) 1.4 (1.0) 1.5 (1.0) 1.2 (0.8) 1.4 (1.0) 0.036*

Vitamin D3 Intervention No. (%) 18 (17.1) 17 (15.6) 70 (65.4) 107 (100) 212 (49.5) <0.001

ICU <0.001

 Anesthesia ICU No. (%) 28 (26.7) 22 (20.2) 16 (15.0) 17 (15.9) 83 (19.4)

 Cardiac Surgery ICU No. (%) 27 (25.7) 40 (36.7) 39 (36.5) 20 (18.7) 126 (29.4)

 Surgical ICU No. (%) 5 (4.8) 3 (2.8) 10 (9.4) 5 (4.7) 23 (5.4)

 Medicine ICU No. (%) 27 (25.7) 20 (18.4) 22 (20.6) 21 (19.6) 90 (21.0)

 Neurological ICU No. (%) 18 (17.1) 24 (22.0) 20 (18.7) 44 (41.1) 106 (24.8)

28-day Mortality No. (%)

 Analytic Cohort (N=428) 28 (26.7) 29 (26.6) 29 (27.1) 9 (8.4) 95 (22.2) 0.001

 Baseline 25(OH)D ≤ 12 ng/ml 
(N=181) 13 (40.6) 18 (36.0) 12 (23.5) 4 (8.3) 47 (26.0) 0.003

Note: Data presented as n (%) unless otherwise indicated. P values determined by chi-square unless designated by (*) then P value determined by 
ANOVA
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Table 2.

Highlighted Metabolites significantly increased with an Increase in 25(OH)D

Metabolite P-value Bonferroni 
corrected P-value −log10p β Coefficient Super 

Pathway Sub Pathway

1-lignoceroyl-GPC (24:0) 3.27 E-07 1.89 E-04 6.49 0.0047 Lipid Lysophospholipid

1-cerotoyl-GPC (26:0)* 2.11 E-06 1.22 E-03 5.67 0.0038 Lipid Lysophospholipid

2-palmitoyl-GPC (16:0)* 5.49 E-05 3.17 E-02 4.26 0.0031 Lipid Lysophospholipid

1-arachidonoyl-GPC (20:4)* 5.37 E-05 3.10 E-02 4.27 0.0030 Lipid Lysophospholipid

1-(1-enyl-palmitoyl)-GPC (P-16:0)* 1.08 E-10 6.26 E-08 9.97 0.0054 Lipid Lysoplasmalogen

1-(1-enyl-stearoyl)-GPE (P-18:0)* 1.57 E-08 9.06 E-06 7.80 0.0047 Lipid Lysoplasmalogen

1-(1-enyl-oleoyl)-GPE (P-18:1)* 4.32 E-06 2.50 E-03 5.36 0.0041 Lipid Lysoplasmalogen

1-(1-enyl-palmitoyl)-GPE (P-16:0)* 2.86 E-06 1.65 E-03 5.54 0.0039 Lipid Lysoplasmalogen

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

GPE (P-16:0/18:2)*
4.02 E-14 2.32 E-11 13.40 0.0063 Lipid Plasmalogen

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

GPE (P-18:0/20:4)*
5.79 E-15 3.35 E-12 14.24 0.0061 Lipid Plasmalogen

1-(1-enyl-stearoyl)-2-linoleoyl-GPE 

(P-18:0/18:2)*
8.42 E-14 4.87 E-11 13.07 0.0053 Lipid Plasmalogen

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

GPC (P-16:0/18:2)*
8.62 E-11 4.98 E-08 10.06 0.0046 Lipid Plasmalogen

Sphingomyelin (d18:1/21:0, 

d17:1/22:0, d16:1/23:0)*
2.01 E-08 1.16 E-05 7.70 0.0044 Lipid Sphingomyelins

Tricosanoyl sphingomyelin 

(d18:1/23:0)*
2.79 E-09 1.61 E-06 8.55 0.0043 Lipid Sphingomyelins

Sphingomyelin (d18:2/23:0, 

d18:1/23:1, d17:1/24:1)*
7.85 E-08 4.54 E-05 7.11 0.0039 Lipid Sphingomyelins

Lignoceroyl sphingomyelin 
(d18:1/24:0) 2.15 E-08 1.24 E-05 7.67 0.0038 Lipid Sphingomyelins

Sphingomyelin (d18:1/19:0, 

d19:1/18:0)*
4.61 E-07 2.66 E-04 6.34 0.0037 Lipid Sphingomyelins

Sphingomyelin (d17:1/14:0, 

d16:1/15:0)*
3.14 E-05 1.82 E-02 4.50 0.0034 Lipid Sphingomyelins

Sphingomyelin (d18:1/25:0, 

d19:0/24:1, d20:1/23:0, d19:1/24:0)*
4.65 E-05 2.69 E-02 4.33 0.0031 Lipid Sphingomyelins

Sphingomyelin (d17:2/16:0, 

d18:2/15:0)*
5.97 E-05 3.45 E-02 4.22 0.0031 Lipid Sphingomyelins

Sphingomyelin (d18:2/21:0, 

d16:2/23:0)*
4.15 E-05 2.40 E-02 4.38 0.0030 Lipid Sphingomyelins

Note: Increase in 25(OH)D is defined as the absolute ng/ml increase in plasma 25(OH)D from baseline day 0 to day 3 following randomization.

*
indicates the metabolite has a recognized identification with predictive or externally acquired structure evidence. All other Metabolites have 

validated identification against a pure reference standard. GPC is glycerylphosphorylcholine; GPE is glycerophosphoethanolamine. All significant 

mixed-effects associations have P-value < 8.65 × 10−5.
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Table 3.

Highlighted Metabolites significantly decreased with an Increase in 25(OH)D

Metabolite P-value
Bonferroni 

corrected P-
value

−log10p β Coef. Super 
Pathway Sub Pathway

Malonylcarnitine (C3-DC) 6.84 E-06 3.95 E-03 5.16 −0.0038 Lipid Acylcarnitines

2-methylmalonylcarnitine (C4-DC) 3.40 E-06 1.97 E-03 5.47 −0.0050 Lipid Acylcarnitines

Succinylcarnitine (C4-DC) 7.05 E-05 4.07 E-02 4.15 −0.0034 Lipid Acylcarnitines

3-methyladipoylcarnitine (C7-DC) 1.05 E-05 6.04 E-03 4.98 −0.0047 Lipid Acylcarnitines

Suberoylcarnitine (C8-DC) 8.64 E-08 5.00 E-05 7.06 −0.0063 Lipid Acylcarnitines

Octadecenedioylcarnitine (C18:1-

DC)*
2.07 E-07 1.20 E-04 6.68 −0.0067 Lipid Acylcarnitiness

Octadecanedioylcarnitine (C18-

DC)*
4.72 E-05 2.73 E-02 4.33 −0.0042 Lipid Acylcarnitines

1-oleoyl-2-linoleoyl-GPE 

(18:1/18:2)*
3.35 E-07 1.94 E-04 6.47 −0.0042 Lipid Phosphatidylethanolamine

1-stearoyl-2-oleoyl-GPE 
(18:0/18:1) 9.63 E-07 5.57 E-04 6.02 −0.0043 Lipid Phosphatidylethanolamine

1-oleoyl-2-docosahexaenoyl-GPE 

(18:1/22:6)*
1.00 E-11 5.78 E-09 11.00 −0.0059 Lipid Phosphatidylethanolamine

1-stearoyl-2-linoleoyl-GPE 

(18:0/18:2)*
1.15 E-05 6.65 E-03 4.94 −0.0034 Lipid Phosphatidylethanolamine

1-oleoyl-2-arachidonoyl-GPE 

(18:1/20:4)*
1.14 E-06 6.58 E-04 5.94 −0.0036 Lipid Phosphatidylethanolamine

1-palmitoyl-2-linoleoyl-GPE 
(16:0/18:2) 4.32 E-06 2.50 E-03 5.36 −0.0038 Lipid Phosphatidylethanolamine

1-palmitoyl-2-docosahexaenoyl-

GPE (16:0/22:6)*
1.52 E-07 8.76 E-05 6.82 −0.0038 Lipid Phosphatidylethanolamine

1-palmitoyl-2-oleoyl-GPE 
(16:0/18:1) 1.76 E-07 1.02 E-04 6.75 −0.0043 Lipid Phosphatidylethanolamine

Indolelactate 5.77 E-05 3.34 E-02 4.24 −0.0035 Amino Acid Tryptophan Metabolism

Kynurenate 1.32 E-05 7.62 E-03 4.88 −0.0057 Amino Acid Tryptophan Metabolism

N-acetyltryptophan 1.90 E-08 1.10 E-05 7.72 −0.0177 Amino Acid Tryptophan Metabolism

3-(4-hydroxyphenyl)lactate 4.54 E-05 2.62 E-02 4.34 −0.0037 Amino Acid Tyrosine Metabolism

N-acetyltyrosine 3.85 E-05 2.22 E-02 4.41 −0.0047 Amino Acid Tyrosine Metabolism

3-methoxytyramine sulfate 1.52 E-05 8.79 E-03 4.82 −0.0049 Amino Acid Tyrosine Metabolism

Homovanillate 1.23 E-06 7.09 E-04 5.91 −0.0050 Amino Acid Tyrosine Metabolism

Vanillylmandelate 1.12 E-06 6.46 E-04 5.95 −0.0056 Amino Acid Tyrosine Metabolism

Homovanillate sulfate 1.45 E-06 8.40 E-04 5.84 −0.0066 Amino Acid Tyrosine Metabolism

Note: Increase in 25(OH)D is defined as the absolute ng/ml increase in plasma 25(OH)D from baseline day 0 to day 3 following randomization.

*
indicates the metabolite has a recognized identification with predictive or externally acquired structure evidence. All other Metabolites have 

validated identification against a pure reference standard. GPC is glycerylphosphorylcholine; GPE is glycerophosphoethanolamine. For the 
Acylcarnitine sub pathway: a capital C is followed by the number of carbons within the fatty acyl 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. All significant mixed-effects associations have P-value < 8.65 × 10−5.
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