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Abstract

L-carnitine is a candidate therapeutic for the treatment of septic shock, a condition that carries a
>40% mortality. Responsiveness to L-carnitine may hinge on unique metabolic profiles that are
not evident from the clinical phenotype. To define these profiles, we performed an untargeted

metabolomic analysis of serum from 21 male sepsis patients enrolled in a placebo-controlled L-
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carnitine clinical trial. Although treatment with L-carnitine is known to induce changes in the
sepsis metabolome, we found a distinct set of metabolites that differentiated 1-year survivors from
non-survivors. Following feature alignment, we employed a new and innovative data reduction
strategy followed by false discovery correction, and identified 63 metabolites that differentiated
carnitine-treated 1-year survivors versus non-survivors. Following identification by MS/MS and
database search, several metabolite markers of vascular inflammation were determined to be
prominently elevated in the carnitine-treated non-survivor cohort, including fibrinopeptide A,
allysine, and histamine. While preliminary, these results corroborate that metabolic profiles may
be useful to differentiate L-carnitine treatment responsiveness. Furthermore, these data show that
the metabolic signature of L-carnitine-treated non-survivors is associated with a severity of illness
(e.g., vascular inflammation) that is not routinely clinically detected.
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Introduction

Sepsis remains a significant hazard to human health and its most severe form, septic shock,
carries a mortality rate of = 40%.1 Sepsis can be described as a “metabolic crisis” as it is
associated with alterations in global metabolism as evidenced by disruption in pathways that
lead to alterations in serum amino acid and free fatty acid levels.2= In addition, there is
evidence that sepsis induces a modest carnitine deficiency and that non-survivors have
perturbations in carnitine processing.* & Carnitine is critically important for energy
homeostasis because it is required for the transport of long-chain fatty acids into the
mitochondria that are needed for acyl-CoA generation and beta-oxidation. These
mechanisms have served as the basis for testing the efficacy of supplemental L-carnitine as a
therapeutic for septic shock.

We have previously demonstrated the therapeutic value of supplemental L-carnitine as a
treatment strategy for human patients with vasopressor-dependent septic shock.”
Importantly, we have discerned that the pre-treatment metabolome may identify phenotypes
of septic shock patients that are responsive to L-carnitine supplementation. In addition, we
introduced the concept that L-carnitine provokes sepsis metabolism (as an oral glucose
tolerance test during pregnancy uncovers latent susceptibility to diabetes mellitus), since the
post-treatment carnitine and acylcarnitine concentrations distinguished septic shock
survivors and non-survivors.® However, with the exception of the acylcarnitines, there was
only a modestly detectable metabolic response (by quantitative nuclear magnetic resonance
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spectroscopy) to L-carnitine, and the pre-treatment differentiation was primarily due to
differences in the concentration of ketone bodies.® Given the known metabolic derangements
of sepsis and the expected downstream metabolic consequences of L-carnitine
supplementation, we aimed to further define the metabolic response to L-carnitine and to
investigate differences in the metabolome of 1-year septic shock survivors and non-
survivors. The ultimate goal of this investigation was to better understand how the metabolic
changes of sepsis relate to patient-centered outcomes, and the potential role of provoked
metabolic testing to elicit unique metabolic signatures that relate to those outcomes. To
accomplish these objectives, we employed untargeted LC-MS-based metabolomics and
developed a novel data reduction approach to study serum samples acquired from patients
enrolled in a phase | L-carnitine clinical trial. We hypothesized that a metabolic signature of
carnitine treatment would distinguish septic shock survivors from non-survivors.

Materials and Methods

Clinical trial details

Serum samples were collected from subjects enrolled in a clinical trial of L-carnitine for the
treatment of vasopressor-dependent septic shock.” The clinical trial was IRB approved, FDA
regulated (IND #107,086) and registered on clinicaltrial.gov (NCT01193777); all subjects or
their surrogates provided informed consent prior to enrollment. Details related to the clinical
trial such as inclusion and exclusion criteria, L-carnitine administration parameters and
serum collection details have been previously described.® While the trial was conducted
prior to release of the sepsis-3 definitions,!, due to a priori inclusion criteria related to the
study hypothesis all patients met criteria for the new definition of septic shock. Although the
primary outcome of the clinical trial was safety, mortality was assessed. Carnitine-treated
patients had a better 1-year mortality rate than placebo-treated patients (56% versus 75%;
p=0.06).° For the purposes of this study, interpretation of untargeted metabolomics data with
respect to 1-year survival was limited to male subjects (n=21) as detailed in the results
section.

Sample collection and extraction

Blood samples were collected via an indwelling IV or arterial catheter before, 24h after and
48h after the initiation of a 12h L-carnitine (12 g) or saline (control) infusion. Blood samples
were processed to generate serum as previously described.® Serum was stored at —80°C until
processing for metabolomic analysis. To prepare serum for metabolomics, samples were
thawed on ice and 50 uL aliquots of were transferred to polypropylene microcentrifuge
tubes. A quality control (QC) sample was prepared by pooling 20 serum samples selected at
random from the batch and was thereafter treated identically to other samples. The serum
was vortexed with 200 uL of organic solvent (1:1:1 methanol:acetonitrile:acetone)
containing a mixture of internal standard compounds (supporting information: Table S1,
internal standards). After 5 minutes on ice, samples were centrifuged (15,000 x g, 4°C, 10
min). Supernatant (200 pL) was transferred to clean tubes and dried under a gentle stream of
nitrogen gas at room temperature. The samples were then reconstituted in 9:1
water:methanol (50 uL) and were transferred to autosampler vials for untargeted
metabolomics assay.
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Untargeted LC-MS metabolomics

Samples were analyzed on an Agilent 1200LC/ 6530 qTOF MS (Santa Clara, CA) using a
reversed-phase liquid chromatography (RPLC) method similar to that previously described.
10 Briefly, 10 pL of reconstituted sample was injected on a Waters Acquity HSS T3 column,
2.1 mm inner diameter x 100 mm length, 1.8 p particle diameter. Mobile phase A was 0.1%
formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. The column
was eluted using a 20-minute gradient from 2 to 75% B, followed by a 7-minute wash at
98%B and a 10-minute re-equilibration at 2% B (total run time 37 min, flow rate 0.44 mL/
min). Each sample was analyzed twice; once in positive ion mode and once in negative ion
mode. At the beginning of the batch and after every 8™ biological sample, a QC sample was
assayed. MS instrument parameters were as follows: gas temperature 325°C, drying gas flow
10L/min, nebulizer 45psig, sheath gas temperature 400°C, sheath gas flow 12L/min,
capillary voltage 4000V/3500V (positive ion/negative ion), acquisition mass range m/z 50—
1000, acquisition rate 2 spectra/sec, reference mass correction enabled.

Feature detection and annotation

Major steps in the data analysis workflow for this study are visually illustrated in Figure 1.
Instrument vendor format LC-MS data files were converted to generic mzXML format using
msconvert, a component of the ProteoWizard software suite.1! Untargeted feature detection
and alignment were performed using XCMS12-14, which operates in the R environment for
statistical computing®®, using default parameters. Detected features were putatively
annotated using a novel in-house mass spectral data annotation tool, Binner (https://
binner.med.umich.edu/). Untargeted metabolomics studies generate a large number of
features many of which have been shown to be redundant, containing contaminants,
artifacts, and degeneracies.1® Presence of these features complicates compound
identification and leads to inflated false discovery rates in downstream statistical analysis.
Our new tool first groups features into bins using retention time, then computes correlation
of feature intensities across all samples, followed by hierarchical clustering to subdivide bins
into smaller clusters. Additionally, Binner computes a matrix of mass differences on a per-
bin basis and compares these to the list of known adducts and neutral losses. The application
of Binner resulted in 25.3% and 36.5% data reduction in the positive and negative mode
data, respectively. Following feature annotation using Binner, QC sample runs were assessed
and corrected for peak area intensity drift using LOESS fitting!’ using a macro-enabled
Excel workbook, MetaboDrift, as previously described.18 The resulting data set can be
found at: http://www.metabolomicsworkbench.org/.

Statistical analysis

Following drift correction, intensity values of detected features were median normalized and
log transformed using generalized log transformation (glog 2). Statistical comparison of
features (TOh, T24h and T48h) of carnitine-treated 1-year survivors and non-survivors and
placebo-treated 1-year survivors and non-survivors were compared using generalized
estimation equation (R studio, version 1.1.46; geepack with the function geeglm).1° The
resulting p values of each analysis were corrected for false discovery using the method of
Storey, et al.20 To prioritize features for identification, they were ranked in ascending order
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and a false discovery corrected p value of 0.05 was used as a cutoff. To assess the acute
influence of carnitine-treatment on the metabolome, a Student’s t-test was used to compare
the TOh and T24h timepoints in carnitine-treated patients. Demographic data were compared
using a Mann-Whitney U test; a p value of < 0.05 was considered significant.

Database search, MS/MS analysis and feature identification

Results

The lists of features differentiating carnitine- and placebo-treated survivor and non-survivor
groups were subjected to the workflow to identify as many metabolites as possible. All
features annotated as isotopes (M+1, M+2, etc.) were removed from the data set. Features
that Binner annotated as in-source fragments or lower-abundance adducts of a higher-
abundance “primary” feature were visually examined as spectra and extracted ion
chromatograms using MassHunter Qualitative Analysis software. If the peak shape of a
putative adduct or fragment closely matched that of the primary feature to which it was
assigned, it was removed from the list of differential features. The m/z values of remaining
features were compared with a local library of approximately 200 known metabolites
commonly detected in human plasma using our LC-MS method. Features matching m/z and
retention time of one of these standards were annotated as identified according to Metabolite
Standards Initiative (MSI) Level 1 criteria.21

All differential features not identified using authentic standards were subject to MS/MS
analysis. The QC sample was analyzed using identical LC conditions as the initial LC-MS
analysis with the instrument set to acquire targeted MS/MS data on the unidentified ions in
question. MS/MS parameters were as follows: precursor ion isolation width 1.3 m/z,
quadrupole MS/MS mass range m/z 50-1700, acquisition rate 2 spectra/sec, collision energy
20. The resulting MS/MS spectra of unknowns were searched against the NIST 2017
MS/MS library using NIST MS Search software, version 2.3 (Gaithersburg, MD). Features
with a high forward- or reverse-score match (>700) and good visual alignment of multiple
MS/MS peaks with an accurate-mass reference spectrum were considered identified to MSI
level 1 criteria, and were further annotated as having been identified by MS/MS spectral
match. Finally, differential features not identified using authentic standards or MS/MS
analysis were searched by m/z using the Human Metabolome Database (HMDB; http://
www.hmdb.ca)?2-23 specifying the ion mode in which they were detected, unknown adduct
type and 20ppm mass accuracy. Features with m/z values matching metabolites previously
reported to be detected in human serum or plasma (based on the HMDB entry) were
putatively annotated (MSI level 2) in the data.

Subject characteristics

A total of 31 subjects (21 male, 10 female) participated in the original study of L-carnitine
administration in sepsis’; their demographic and clinical characteristics have been
previously reported.8 However, since there was only one 1-year survivor among the females,
and because of our prior observation of distinct responses of the sexes to carnitine
administration®, we elected to perform an untargeted metabolomics analysis of only the male
subjects enrolled in this clinical trial to decrease heterogeneity given the relatively small
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sample size. Subject characteristics for these male subjects are provided in Table 1. One year
mortality for carnitine- and placebo-treated males was 45% and 57%, respectively. Follow-
up studies of our current findings in a larger cohort that will be better powered to assess
differences in drug response by sex is currently underway in our laboratory.

Impact of L-carnitine on the serum metabolome of septic shock patients

Untargeted LC-MS data were first analyzed to study the acute effect of L-carnitine
administration on the serum metabolome of male septic shock patients, irrespective of their
short- or long-term survival status. To this end, we compared the metabolome of subjects
before and T24h after the initiation of L-carnitine supplementation. We also performed the
same TOh vs T24h comparison of the metabolomics data from the placebo group. In the
carnitine-treated patients, 179 features (91 positive ion mode, 88 negative ion mode)
differentiated 0 from 24h time points based on an uncorrected p-value <0.05 (supporting
information: Table S2, differential (unadjusted p <0.05) compounds between Oh and 24h
timepoints in carnitine-treated subjects); but only 5 positive ion-mode features and no
negative ion-mode features had a FDR-corrected p-value <0.05 (Table S2). In placebo-
treated subjects, no features were differential TOh from T24h time points following FDR
correction (data not shown).

Putative identification of FDR-corrected differential features in carnitine-treated subjects
was attempted using a local metabolite library, MS/MS analysis and HMDB database
searching as described in the methods. The top 3 differential features were attributed to L-
carnitine (M+H, M+Na, and 2M+H adducts); the remaining two features could not readily
be identified. Although detailed identification efforts were not attempted on features that did
not achieve FDR-adjusted significance, among positive ion mode features with uncorrected
p<0.05, 21 of the 91 features could be readily assigned as acylcarnitine M+H ions;
preliminary examination suggested that many of the remaining features were isotopes,
adducts, or fragments of these species. These results corroborate the findings of our prior
targeted metabolomics study which demonstrated that post-carnitine treatment levels of
acylcarnitines differentiated septic shock survival.8 However, reliable detection of systemic
alterations to metabolism induced by L-carnitine supplementation, beyond the formation of
acylcarnitines, will necessitate additional studies in larger cohorts; these efforts are currently
underway in our laboratory.

Specific metabolites differentiate L-carnitine and placebo treated septic shock survivors
from non-survivors

Next, the untargeted metabolomics data were used to assess the differences between the
serum metabolome of 1-year carnitine- and placebo- treated sepsis survivors and non-
survivors. After the removal of redundant and spurious features identified by Binner, positive
and negative mode data contained 2823 and 2615 features, respectively. These were
subjected to statisical analyis as descrtibed in the Methods section. In carnitine- treated
patients, 63 features had FDR < 5% (supporting information: Table S4, differentiating
metabolites of carnitine-treated survivors vs nonsurvivors); no negative ion-mode features
had a FDR-corrected p-value <0.05. In placebo-treated subjects there were 88 features that
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differentiated survivors from survivors with FDR <0.05 (supporting information:Table S5,
differentiating metabolites of placebo-treated survivors vs nonsurvivors).

Due to the known differences in sepsis severity between the carnitine-treated and placebo-
treated groups (Total sequential organ failure assessment (SOFA) score, Table I1; supporting
information: Table S3, SOFA scores, placebo- and carnitine-treated patients)24 the statistical
comparisons of carnitine- and placebo-treated survivors versus non-survivors were
performed separately. Figures 2A and 2B show the heatmaps for the features with an FDR <
10% from carnitine and placebo-treated groups, respectively. There are noticable metabolic
differences between carnitine-treated survivors and non-survivors, however the placebo
group appears to be more heterogeneous. Notably, in most cases, the samples obtained from
the same subject at TOh, T24h and T48h are more similar to each other than to other samples
at the same timepoint.

To carry out feature identification the top ranking differential features were searched against
a local metabolite library and then subjected to targeted LC-MS/MS analysis. To establish a
high-confidence identification (MSI Level 1) we required either a high-quality MS/MS
spectral match or high-confidence accurate mass and retention time match from an authentic
standard previously analyzed using the same LC-MS method. All features not meeting these
criteria but with an accurate-mass match (within 20 ppm) to an endogenous metabolite
previously detected in human serum (based on data reported at the human metabolome
database; http://www.hmdb.ca/) were considered either putatively annotated (MSI level 2);
remaining unidentified features were considered unknown (MSI level 4). Table 3 contains
the list of confidently-identified (MSI Level 1) metabolites determined to differentiate
carnitine-treated survivors and non-survivors, along with the m/z value, retention time,
observed adduct type and FDR-corrected p-value for each feature.

The relative abundance of these features over the three timepoints of the study (TOh, T24h
and T48h) is visually illustrated in the graphs shown in Figure 3 (endogenous and exogenous
metabolites in carnitine-treated subjects). Additional putatively annotated or unidentified
differential features are listed in (supporting information: Tables S4, differentiating
metabolites of carnitine-treated survivors vs nonsurvivors and S5, differentiating metabolites
of placebo-treated survivors and non-survivors).

Discussion

Using untargeted LC-MS metabolomics with a novel annotation approach (Binner) to assess
global changes in the serum induced by supplemental L-carnitine in patients with septic
shock, we made the novel findings that: 1) L-carnitine administration appears to induce few
acute metabolic changes aside from increased levels of acylcarnitines (TOh-T24h); and 2) L-
carnitine treated non-survivors in this study, although clinically similar to survivors, were
metabolically distinct from them, suggesting that this phenotype has a poor prognosis and
may be non-responsive to intervention with L-carnitine supplementation; and 3) that overall,
there is broad metabolic heterogeneity in patients with septic shock. We have previously
shown that this group also had substantially higher concentrations of carnitine and
acylcarnitines following L-carnitine administration compared with survivors.®
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The distinct metabolic phenotype of L-carnitine treated non-survivors is illustrated in Figure
3 which shows that the majority of the metabolites that differentiated 1-year survival were
elevated in non-survivors, suggesting these compounds may be by-products of more severe
metabolic derangement occurring in these individuals. Most metabolites that differentiated
L-carnitine-treated survivors from non-survivors appeared to be elevated at the TOh (pre-
treatment) timepoint, suggesting that they may be associated with sepsis survival
independent of carnitine treatment. Importantly, while carnitine-treated patients were
clinically distinct from placebo-treated patients (by total SOFA score, Table 1), all carnitine-
treated patients were clinically similar (supporting information: Table S3, SOFA scores,
placebo- and carnitine-treated patients).

The distinct metabolic phenotype of carnitine-treated non-survivors is attributable to
elevations in several endogenous metabolites that have previously been reported to be
associated with inflammation and, in aggregate, portray a pro-inflammatory-vascular injury
state in L-carnitine-treated non-survivors. Fibrinopeptide A (Figure 3C), a biomarker of
activation of the coagulation pathway, has previously been associated with vascular
inflammation, which is closely tied to lung injury and sepsis.2>-26 Additional metabolites
detected as elevated in carnitine-treated sepsis non-survivors include glucosamine
(HMDBO0001514, Figure 3G), an endogenous amino-monosaccharide which is actively
produced during tissue injury, tissue repair and wound healing which may increase in the
blood as a consequence of inflammation?”, histamine (HMDBO0000870, Figure 3L), which
increases vascular inflammation and has been shown to be casually associated with sepsis?8,
and allysine (HMDBO0001263, Figure 3l1), a by-product of lysine metabolism that
participates in the biosynthesis and cross-linking of collagen and elastin, which are known to
arise at sites of inflammation.2® In addition to this inflammatory signal, non-survivors had
higher levels of N-methyl phenylalanine (HMDB0029224; Figure 3J) which is a constituent
of bacterial pili, the structures that protrude from bacteria and anchor them to other cells.30

One drug-related metabolite, pirbuterol (HMDBO0015407, Figure 3N) was also elevated in
non-survivors. Although detailed records of drugs administered in the course of treatment of
these patients were not available, it is conceivable that greater renal dysfunction (as
suggested by the higher renal SOFA score) in non-survivors may have influenced drug
clearance as well as that non-survivors may have received higher doses and/or more frequent
drug dosing. In future studies, collecting more detailed drug treatment records for all
subjects might help clarify the origins of these metabolites.

Compared to the number of endogenous metabolites that had elevated concentrations two
metabolites were elevated in sepsis survivors. Phenylalanyl-tyrosine (Figure 3F;
HMDBO0029007) is a dipeptide that consists of phenylalanine and tyrosine both of which are
precursors of catecholamines. We have previously reported that serum tyrosine
concentration is elevated in carnitine-treated survivors.8 Levels of N-acetyl-L-phenylalanine
(Figure 3A; HMDBO0000512), a metabolite most often associated phenylketonuria, it has
also been shown to be elevated in liver dysfunction.3! Carnitine-treated survivors had higher
liver SOFA scores (supporting information: Table S3, SOFA scores, placebo- and carnitine-
treated patients) that may explain this finding. However, even though N-acetyl-L-
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phenylalanine was more abundant in the serum of survivors, our findings do not indicate that
they are associated with a poor sepsis prognosis.

We acknowledge several limitations of our study. The most notable, as discussed above, is
the limited number of subjects, which was constrained by the size of the original clinical
trial.14 The phase | clinical trial was small and we further reduced it by removing the female
participants. This is because we and others have shown that peak blood carnitine
concentrations following intravenous supplementation may be influenced by sex.: 32
Furthermore, in our cohort, there was only one female carnitine-treated 1-year survivor
which would further the variance already known to exist in the sepsis metabolome.
Nevertheless, while small, this group of patients is unique and critically important to
furthering understanding the mechanistic underpinnings of L-carnitine’s therapeutic
response. Secondly, untargeted metabolomics produces rich data consisting of thousands of
features of biological origin, but is limited to relative quantitation and requires a complex
data analysis and compound identification workflow. A major aspect of this complexity
originates from the fact that a large portion of the features detected in untargeted
metabolomics data have been shown to be redundant, containing contaminants, artifacts, and
degeneracies.® The high prevalence of such degenerate features leads to inflated false
discovery rates, which may particularly affect the outcome of studies with a limited sample
size. Our novel feature annotation and data reduction approach, Binner, reflects an
advancement in the removal of redundancies from the data to ensure reported features reflect
unique biological metabolites. Future studies including analysis of differential metabolites
using targeted approaches that enable robust quantitation will be important to validate and
extend the impact of our present findings.

Conclusions

Using untargeted LC-MS metabolomics, we identified a metabolically distinct phenotype of
septic shock that is associated with poor long-term prognosis of survival, non-responsiveness
to L-carnitine supplementation, and that was not readily clinically distinguished.

Importantly, to the best of our knowledge, this is a unique phenotype that has not been
previously described using metabolomics.33 To date, the primary biochemical signature of
sepsis has been attributed to energy disruption. With further development, quantitation of the
metabolites we detected may become useful for predicting disease outcome or potential
effectiveness of L-carnitine or other therapeutic agents. Additionally, these metabolites
provide direct insight into the extent of metabolic derangement which occurs in septic shock,
focusing attention on vascular inflammation as a factor that could affect long-term survival
and potential drug-responsiveness of sepsis patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1) Sample preparation and LC-MS analysis
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4) Statistical analysis

Differential metabolites:
A) pre-vs-24h post carnitine treatment
B) 1-yr survivors vs. non-survivors

+
5) Metabolite identification
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4
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Figure 1:
Schematic of the sample analysis and data processing workflow. Serum samples were

extracted with solvent and subjected to LC-MS analysis (step 1). Features were detected and
aligned in the resulting data using XCMS (step 2). Data were then processed using data
reduction and annotation software Binner, which enabled removal of redundant features
including isotopes, fragments and minor adducts while annotating “primary” features with
putative ion type (M+H, M+Na, etc) (step 3). Remaining features were subject to univariate
statistical analysis with FDR correction to detect differential features between pre and 24h
post carnitine samples, as well as between 1-year sepsis survivors and non-survivors (step
4). Differential features were subject to MS/MS analysis and database search to assign
metabolite identity when possible or provide putative annotation when not (step 5), resulting
in the final lists of differential metabolites included in this manuscript.
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Heatmaps of the metabolite features (FDR<0.1) of (A) carnitine-treated and (B) placebo-
treated male septic shock patients. The black bars indicate samples from the same patient.
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Temporal profiles of the metabolites that differentiated carnitine-treated non-survivors and
survivors (FDR <0.05). These included endogenous (A-M) and an exogenous metabolites
(N). With the exception of (A) N-acetyl-L-phenylalanine and (F) phenylalanyltyrosine, all
endogenous metabolites were higher in carnitine-treated non-survivors. Data are the median
(IQR) of 7 male carnitine-treated survivors and 4 male carnitine-treated non-survivors at all
time points except T48h (non-survivors, n=3).
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Baseline Demographics and Clinical Characteristics of Male Septic Shock 1-year Survivors and Non-survivors

Variable Survivors(n=10)  Non-survivors(n=11) pvalue
Age (IQR) 60.5 (43-66) 68 (60-76) 0.07
Race, n (%)
African American 3(30) 10 (90) 0.31
Caucasian 7(70) 1(10) 0.31
Comorbidities, n (%)
Coronary artery disease 3(30) 3(27) >0.99
Cerebrovascular accident 3(30) 0(0) 0.09
Hypertension 7 (70) 7 (64) >0.99
Type | DM 2 (20) 3(27) >0.99
Type 11 DM 2 (20) 1(9) 0.59
Chronic renal insufficiency 3(30) 2 (18) 0.64
Malignancy 1(10) 3(27) 0.59
T0 Total SOFA score (IQR) 11.5 (8-14) 13 (6.5-14.5) 0.98

IQR, interquartile range; DM, diabetes mellitus; SOFA, Sequential Organ Failure Assessment score; age and SOFA values are median.
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TABLE Il

Baseline Demographics and Clinical Characteristics of Carnitine and Placebo-treated Male Septic Shock
Patients

Variable Carnitine-treated (n=11)  Placebo-treated (n=10) pvalue
Age (IQR) 62 (51-74) 66.5 (55-70) 0.54
Race, n (%)
African American 2(18) 2(20) >0.99
Caucasian 9 (82) 8 (80) >0.99
Comorbidities, n (%)
Coronary artery disease 4 (36) 2 (20) 0.64
Cerebrovascular accident 1(30) 2 (20) 0.59
Hypertension 7 (64) 7 (70) >0.99
Type | DM 1(9) 4 (40) 0.15
Type 11 DM 2 (18) 1(10) >0.99
Chronic renal insufficiency 3(27) 2 (20) >0.99
Malignancy 1(9) 3(30) 0.31
T0 Total SOFA score (IQR) 14 (9-14) 8 (6-12) 0.02

IQR, interquartile range; DM, diabetes mellitus; SOFA, Sequential Organ Failure Assessment score; age and SOFA values are median.
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Identified Metabolites Differentiating Carnitine-treated 1-year Survivors from Non-survivors

HMDB ID Adduct (observed) m/z (observed) RT (min) FDR-adjusted p value

Endogenous

N-Acetyl-L-phenylalanine 0000512 M+H 163.0355 3.37 0.0000
Adipoyl-L-carnitine 0028747 M+H 290.1436 2.48 0.0001
Fibrinopeptide A C0952 * M+H 768.8494 9.12 0.0005
N-(3-acetamidopropyl)pyrrolidin-2-one 0061384 185.128028 3.8417 0.0008
N,N-dimethylguanosine 0004824 M+H 312.1302 3.56 0.0078
Phenylalanyl-tyrosine 0029007 M+H 329.153524 21.445 0.0105
Glucosamine 0001514 M+H 180.0875 3.560 0.0171
isoleucyl-proline / leucyl proline 0028908/0011175 229.154547 1.3083 0.0171
Allysine 0001263 M+Na 168.063352 1.7559 0.0187
N-Methyl-phenylalanine 0029224 M+H 142.9403 0.89 0.0218
Methoxytryptophol 0001896 M+H 192.104478 5.0838 0.0254
Histamine 0000870 M+Na 134.0687 3.165 0.0376
Pantetheine 0003426 M+H 279.1389 7.931 0.0475
Exogenous/drug-related

Pirbuterol 0015407 M+H 241.1543 1.49 0.0218

HMDB ID: human metabolomics database entry number (http://www.hmdb.ca/).

KEGG ID, no HMDB ID available.

All features were identified either by MS/MS spectral match with NIST 2017 MS/MS library or by accurate mass and retention time match with
authentic standard in local metabolite library.
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