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Abstract

Rationale: Sepsis therapeutics have a poor history of success
in clinical trials, due in part to the heterogeneity of enrolled
patients. Pharmacometabolomics could differentiate drug response
phenotypes and permit a precision medicine approach to sepsis.

Objectives: To use existing serum samples from the
phase 1 clinical trial of L-carnitine treatment for severe sepsis
to metabolically phenotype L-carnitine responders and
nonresponders.

Methods: Serum samples collected before (T0) and after
completion of the infusion (T24, T48) from patients randomized
to either L-carnitine (12 g) or placebo for the treatment of
vasopressor-dependent septic shock were assayed by untargeted
1H-nuclear magnetic resonance metabolomics. The normalized,
quantified metabolite data sets of L-carnitine- and placebo-
treated patients at each time point were compared by analysis
of variance with post-hoc testing for multiple comparisons.
Pathway analysis was performed to statistically rank metabolic
networks.

Measurements and Main Results: Thirty-eight metabolites
were identified in all samples. Concentrations of 3-hydroxybutyrate,
acetoacetate, and 3-hydroxyisovalerate were different at T0 and

over time in L-carnitine-treated survivors versus nonsurvivors.
Pathway analysis of pretreatment metabolites revealed that
synthesis and degradation of ketone bodies had the greatest
impact in differentiating L-carnitine treatment response.
Analysis of all patients based on pretreatment 3-hydroxybutyrate
concentration yielded distinct phenotypes. Using the T0
median 3-hydroxybutyrate level (153 mM), patients were categorized
as either high or low ketone. L-Carnitine-treated low-ketone
patients had greater use of carnitine as evidenced by lower
post-treatment L-carnitine levels. The L-carnitine responders also
had faster resolution of vasopressor requirement and a trend
toward a greater improvement in mortality at 1 year (P = 0.038)
compared with patients with higher 3-hydroxybutyrate.

Conclusions: The results of this preliminary study, which
were not readily apparent from the parent clinical trial, show
a unique metabolite profile of L-carnitine responders and
introduce pharmacometabolomics as a viable strategy for
informing L-carnitine responsiveness. The approach taken in this
study represents a concrete example for the application of
precision medicine to sepsis therapeutics that warrants further
study.
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Although advances in the delivery of care for
patients with sepsis appear to have led to
gradual improvements in sepsis survival,
sepsis continues to be a significant hazard to
human health with mortality from severe
sepsis and septic shock greater than 20
and 40%, respectively (1–4). Importantly,
novel pharmacologic therapies have
had a checkered history in sepsis, with
multiple promising therapeutics failing to
demonstrate efficacy in phase 3 clinical
trials (5). Although the reasons for such
disappointments are complex, two factors
that cloud the execution of sepsis clinical
trials that might contribute to these results
are an inability to prospectively identify
a homogeneous group of patients who are
most likely to benefit from a novel therapy
and the absence of predictive parameters
for the monitoring of drug delivery and
response. These deficiencies provide the
rationale for precision medicine (6, 7),
which extends personalized medicine
beyond the genome to include a broader
systems, multilevel approach to the
tailoring of therapeutics to individual
patients. To date, efforts in personalized
medicine in sepsis have been relatively
incremental (8). Pharmacogenomics has
yielded some success in identifying
treatment response phenotypes (9) but
pharmacometabolomics (10–12) may
hold more promise. This is because the
metabolome represents the end result of
gene and protein function and activity

(13–15) and therefore may provide
a more sensitive readout of drug response
phenotypes because most drugs impact
components of metabolism (16, 17).

In this study, we applied
pharmacometabolomics to existing serum
samples that were collected as part of
a study of the clinical and metabolic
response of patients with vasopressor-
dependent septic shock to a novel,
metabolic therapy: levo (L)-carnitine
(Carnitor injection, levocarnitine; Sigma-
Tau Pharmaceuticals, Gaithersburg, MD)
(14, 18). There is a growing body of
evidence that suggests a series of metabolic
changes are induced in the setting of
sepsis (19–21). The most well recognized
of these is hyperlactatemia, which has
traditionally been attributed to tissue
hypoperfusion. However, numerous
studies have demonstrated that the lactate
elevation in sepsis is multifactorial, and
besides tissue hypoperfusion, it can result
from stimulation of Na1/K1 ATPase or
inhibition of various enzymes within the
mitochondria (22–27). In addition to
changes in lactate metabolism, other
metabolic changes have been described in
the setting of sepsis including alterations
in pyruvate, glucose, alanine, and ketone
bodies (Figure 1), demonstrating the
central metabolic component of this
disease process (21, 28). However, the
degree of disruption in metabolic
homeostasis varies dramatically from

individual to individual, and it is plausible
that responsiveness to therapy will also
likewise vary. Identification of a group
of patients most likely to benefit from
a therapy is important not only for
clinical practice, but also for future clinical
trial design, and is one of the goals of
precision medicine. Thus, we sought to
metabolically phenotype early septic shock
patients enrolled in a phase 1 randomized
controlled clinical trial of L-carnitine
treatment (18). To achieve this, we
conducted nuclear magnetic resonance
(NMR) metabolite profiling of existing
serum samples that were collected before
and after L-carnitine or placebo treatment.
We used statistical and pathway analyses
of the generated metabolomics data
and the clinical phenotype data from the
clinical trial to test the feasibility of
a pharmacometabolomics approach to
identifying a pretreatment metabolome of
L-carnitine responders and nonresponders.
Some of the results of this study have been
previously reported in the form of an
abstract (29).

Methods

Description of the Clinical Trial
The phase 1 study of L-carnitine infusion
for the treatment of vasopressor-dependent
shock has been previously published in full
(18) and took place at a single tertiary care
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Figure 1. Metabolic pathways of carnitine, showing the relationship of several of the differentiating metabolites of L-carnitine treatment response
(47). Lysine and methionine are precursors of carnitine, which is required for the transport of long-chain fatty acids (LCFAs) into the mitochondria.
Acetylcarnitine is formed by the acetylation of carnitine. Subsequently, it is hydrolyzed by plasma esterases to form carnitine. Ketone bodies can be
produced via acetyl-coenzyme A (acetyl-CoA) and b-oxidation of LCFAs in the mitochondria. Phenylalanine is metabolized to tyrosine, which participates
in the synthesis of adrenaline. TCA = tricarboxylic acid cycle.
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medical center and was approved by the
Carolinas Medical Center Institutional
Review Board in accordance with the
ethical standards put forth in the Helsinki
Declaration of 1975 (as revised in 1983).
L-Carnitine was approved for investigational
use in septic shock by the Food and Drug
Administration (Investigational New Drug
#107,086) and the study was registered
on clinicaltrials.gov (NCT01193777) (18).
Abbreviated inclusion criteria were as
follows: suspicion of or confirmed infection;
two or more systemic inflammatory
response syndrome criteria; hypotension
requiring vasopressors despite volume
resuscitation; a cumulative vasopressor
index of 3 or more (30) after 4 hours of
administration; and a Sequential Organ
Failure Assessment (SOFA) score of at
least 5 (31). Abbreviated exclusion criteria
were as follows: age less than 18 years;
greater than 16 hours after septic shock
recognition; a Do Not Resuscitate order; or
known inborn error of metabolism. A total
of 31 patients were enrolled, after which
patients were randomized to either
intravenous carnitine (12 g delivered as
a 4-g bolus followed by an 8-g infusion
over 12 h) or an equivalent volume of
saline placebo. The demographic data of
the patients randomized to each group
have been previously published (18). All
patients, clinicians, and investigators were
blinded to study assignment until study
completion. The study demonstrated
no significant difference in adverse
events between groups, and a significant
reduction in mortality at 28 days (4 of
16 vs. 9 of 15; P = 0.048) with a trend
toward improved 1-year survival (P = 0.057).
To further study and confirm these findings,
a multicenter phase 2 clinical trial is
currently ongoing.

This metabolomics study used serum
samples from the aforementioned clinical
trial but was independent of the clinical
trial. Blood samples were collected via an
existing intravenous or arterial catheter
before administration (T0) of L-carnitine
or placebo, and 24 (64) hours (T24) and
48 (64) hours (T48) after enrollment.
Blood was drawn into a serum separator
tube (10 ml; Becton Dickinson, Franklin
Lakes, NJ) and was allowed to clot at room
temperature for at least 30 minutes, after
which it was centrifuged (1,8003 g at 158C
for 10 min) to obtain serum, which was
aliquoted (500 ml) and stored (–808C) until
the time of metabolomics assay.

Serum Sample Processing and
1H-NMR Metabolomics
Serum samples were sent frozen on dry ice to
the University of Michigan (Ann Arbor, MI)
by priority overnight express shipping. On
delivery they were immediately transferred
to a freezer (–808C), where they were stored
until the time of assay. At the time of
assay, samples were thawed on ice and were
subjected to 1:1 methanol (MeOH)–
chloroform (CHCl3) extraction to precipitate
macromolecules as previously described
(32–34). The aqueous fraction of each
extracted serum sample was assayed by one-
dimensional (1-D) 1H-NMR using a Varian
(now Agilent Inc., Santa Clara, CA) 11.74-T
(500-MHz) spectrometer (additional details
are provided in the online supplement).

The resulting NMR spectra were
processed using the Processor module in
Chenomx NMR Suite 7.6 (Chenomx, Inc.,
Edmonton, AB, Canada; chenomx.com),
which permits phase, baseline, and shim
correction (35, 36). Compounds were
identified and quantified in the Profiler
module of the software, which accounts
for the pH of the sample and references to the
known concentration of the internal standard,
formate; metabolite concentrations were
corrected for dilution secondary to the
addition of formate. Metabolites were named
using the Chenomx Compound Library
containing 312 compounds. Spectral
processing and compound identification
and quantification were completed by a single
user who was unaware of the treatment
allocation of samples.

Data Analysis
The quantified metabolite data were log2
transformed and range scaled to achieve
normalization. The mean normalized value
of each metabolite at each time point for
L-carnitine- and placebo-treated patients
was compared by analysis of variance
followed by Šidák’s multiple comparison
test (37) (GraphPad Prism version 6 for the
Mac; GraphPad Software, La Jolla, CA;
www.graphpad.com). Descriptions of
additional statistical testing as well as the
analysis workflow scheme are provided in
the online supplement and as shown in
Figure E1 in the online supplement.

Results

Of the 31 enrolled patients, serum samples
from all 16 in the L-carnitine arm and 14 of

the 15 in the placebo arm underwent
metabolomics analysis; one set of placebo-
treated samples was inadvertently excluded
from the shipment and were not further
analyzed. Analysis of 1-D 1H-NMR spectra
resulted in a total of 38 identified and
quantified aqueous metabolites in each
serum sample (Table E1). As expected,
carnitine and acetylcarnitine levels at T24
were higher in patients treated with
L-carnitine than placebo (Figures 2A and
2B). The concentrations of only three other
metabolites differed between the two
groups (Figures 2C–2E), and there were
no differences in metabolite levels between
the two groups at T0. Comparison of the
metabolite profiles of L-carnitine-treated
survivors and nonsurvivors revealed
changes in a number of metabolites over
time, including 3-hydroxybutyrate (3-OHB),
acetoacetate, and 3-hydroxyisovalerate
(Figures 3A–3F). Notably, carnitine and
acetylcarnitine (Figures 3G and 3H) were
higher in nonsurvivors, the elevation of
which could not be completely explained
by an association with renal function
(i.e., serum creatinine; see Figure E2). There
were several metabolites that were different
between L-carnitine-treated survivors and
nonsurvivors at T0 (Figures 3A–3D), and
nonsurvivors had higher T0 acetylcarnitine
(AC):carnitine (C) ratios (Figure 3I) than
survivors. The pretreatment (T0) glucose
(P = 0.993), lactate (P = 0.956), and total
SOFA scores (31) (P = 0.111) were not
different between L-carnitine survivors and
nonsurvivors. Pathway analysis (Table E2)
of all pretreatment metabolites of L-carnitine-
treated patients indicated that the synthesis
and degradation of ketone bodies was the
most significant and impactful pathway that
differentiated L-carnitine-treated survivors
and nonsurvivors (Figure E3). A repeat
of this analysis, using the pretreatment
metabolites of all patients (regardless of
treatment) categorized as either survivors or
nonsurvivors, produced the same results.

Using the aforementioned finding that
ketone bodies discriminated L-carnitine
response, the data were analyzed further, by
categorizing the entire data set (L-carnitine
and placebo groups) on the basis of the
median pretreatment concentration of
3-OHB (153 mM), the most abundant
ketone body (representative 1H-NMR
spectra are shown in Figure E4), to test its
potential predictiveness, regardless of
known outcome. Figures 4A and 4B show
the pretreatment levels of 3-OHB and
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acetoacetate in carnitine- and placebo-
treated patients categorized as either
“high” ketone or “low” ketone. We also
found that the AC:C ratio, which is
representative of carnitine homeostasis
(38), was higher in high-ketone patients
compared with the low-ketone patients
(Figure 4C). There were no differences in
measured serum (clinical) creatinine or
total bilirubin concentrations between the
four groups at any of the time points
(Figure E5). Despite the magnitude of
difference in ketone body concentrations
between high- and low-ketone patients at
T0, there were no differences in patient
demographics or clinical characteristics
between the groups (Table 1). More
specifically, no differences were observed
in severity of illness as estimated by SOFA
score (31) (Figure 4D), point-of-care
lactate levels (Figure 4E), or glucose levels
(Figure 4F).

Temporal changes in the levels of
several key metabolites are illustrated by
subgroup in Figure 5. Methionine and
lysine (carnitine precursors; Figure 1 and
Figures 5A and 5B) and phenylalanine

and tyrosine (catecholamine precursors;
Figure 1 and Figures 5C and 5D) tended
to be higher in low-ketone, L-carnitine-
treated patients as compared with the
other groups, suggesting that carnitine
supplementation had a temporal treatment
effect not only on carnitine-related
metabolic pathways, but also on
pathways that may be relevant to the
pathophysiology of septic shock.
Conversely, carnitine and acetylcarnitine
(Figures 5E and 5F) were higher in high-
ketone, L-carnitine-treated patients,
suggesting less carnitine use in these
patients. This was further evidenced by
the AC:C ratio (Figure E6A), which was
consistently lower in high-ketone patients
regardless of treatment but remained
relatively stable in low-ketone, L-carnitine-
treated patients. The trends in changes in
the ketone bodies 3-OHB and acetoacetate
were also similar in low-ketone patients
(Figures E6B and E6C) and increased over
time whereas they declined over time in
high-ketone patients; glucose remained
relatively stable across all four patient
groups (Figure E6D).

There was a significant difference
between the low- and high-ketone groups
in time to complete cessation of
vasopressors (1,653 min [IQR 1,080,
2,210] vs. 2,918 min [IQR 2,385, 4,380;
P = 0.039) as well as a significant difference
in the change in cumulative vasopressor
index (30) from T0 to T24 (–3 [IQR –4,
–2] vs. –1 [IQR –2, 0]; P = 0.019), where
negative numbers signify a decreasing
vasopressor requirement. Both of these
findings support faster improvement
in cardiovascular derangement in the
low-ketone group. Further analysis
demonstrated that this difference was
primarily due to the subgroup of patients
treated with L-carnitine, as there was
no difference in time to vasopressor
withdrawal in the high- and low-ketone
groups in placebo patients (P = 0.317)
but a significant reduction among
L-carnitine-treated patients (P = 0.021).
Most critically, however, these four
subgroups demonstrated significantly
different clinical outcomes. Using the
mortality end points of the parent clinical
trial, the treatment benefit of carnitine
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was evident in both high- and low-ketone
patients at 28 days (Figure E7). However,
over time, survival analysis yielded curves
that demonstrated a marked trend toward
greater patient survival in L-carnitine-
treated patients with low ketones (P =
0.007) compared with L-carnitine-treated
patients with high ketones (Figure 6).
These data demonstrate the potential
usefulness of pharmacometabolomics to
more fully inform L-carnitine treatment

response phenotypes than those that can
be detected using more traditional end
points such as SOFA scores.

Discussion

Pharmacometabolomics, employing 1-D
1H-NMR quantitative metabolomics
coupled with a robust analysis strategy,
enabled the identification of two distinct

L-carnitine treatment response phenotypes.
Collectively, this initial exploratory study
demonstrates how this discovery, systems
biology science, can be effectively applied to
complex human illnesses such as sepsis to
find drug response phenotypes that were
not otherwise readily apparent. This
exemplifies precision medicine and in this
instance, the pretreatment metabolome
held information about the differentiation
of L-carnitine treatment responders
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that was not evident from traditional
clinical phenotype markers such as lactate
levels and SOFA scores. From this
preliminary study, we learned that the
extent of the elevation of ketone bodies,
3-OHB and acetoacetate, may have
predictive value in defining L-carnitine
treatment response. It has been reported
that the accumulation of ketones may be
indicative of impaired metabolic function
in sepsis (39). This is likely due to
ketogenesis rather than an impairment in
ketone metabolism because ketone levels
declined over time in high-ketone
patients (see Figure E5). As such, these
findings provide some insight into

potential underlying mechanisms and
the nature of the sepsis-induced
disruption in metabolism as well as the
mechanisms of L-carnitine treatment
response. More generally, this study
demonstrates the feasibility of
pharmacometabolomics for identifying
subgroups of patients more likely
to respond to therapy, potentially
increasing the likelihood of clinical trial
success because it will permit more
homogeneous, targeted enrollment
criteria. This could have a significant
impact on the design and implementation
of clinical drug trials and aid in driving
precision medicine strategies in sepsis.

The idea that metabolomics has utility
in differentiating sepsis phenotypes has
gained attention. A metabolomics study of
sepsis showed that levels of carnitine and
carnitine esters in sepsis survivors were
similar to those in uninfected patients,
but significantly increased in nonsurvivors
(19). In our study, we applied
pharmacometabolomics to sepsis and
showed that although the pretreatment
levels of 3-OHB and acetoacetate, and the
AC:C ratios, in high and low serum ketone
groups were similar in both the placebo
and interventional arms, lower levels of
ketone bodies were attributable to a more
favorable long-term (1-yr) outcome in
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L-carnitine-treated patients who were categorized as either high or low ketone, based on the 3-OHB concentration at T0 (before treatment) (see
text). The higher levels of ketone bodies and AC:C ratios suggest that high-ketone patients had a greater disruption in metabolic homeostasis than
did low-ketone patients. This was not differentiated by (D) the T0 total SOFA scores, (E ) point-of-care lactate concentrations, or (F ) glucose
concentrations as measured by nuclear magnetic resonance because they were not different across groups. SOFA = Sequential Organ Failure
Assessment.
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L-carnitine-treated patients. This is
critically important, because both the level
of ketone bodies and carnitine treatment
explain the differences in survival between
the groups. This is evidenced by the
fact that high-ketone patients derived an
early benefit from L-carnitine treatment
and that the long-term (1-year) outcome
of patients in the placebo arm were
similar regardless of whether they were
categorized as high or low ketone. As
such, these data suggest that L-carnitine
treatment had an early impact on
rescuing the metabolism of high-ketone
patients but that this was not maintained
over time, implying that these patients
may have a unique, and possibly greater,
disruption in metabolism compared with
low-ketone patients. Conversely, the
low-ketone L-carnitine-treated patients
had lower 28-day mortality and sustained
1-year survival compared with patients
in any of the other groups. However, we
cannot dismiss the possibility that the
younger age of the low-ketone group
influenced outcome and acknowledge that
given the small number of patients in this
study, these data only show possible
trends in survival that need verification
in a larger study. Differences in SOFA

score likely did not influence outcome
because, despite a 2.5-fold difference
between low- and high-ketone groups
(Table 1), the low-ketone carnitine-
treated patients had a higher median
SOFA score than any of the other groups
(Figure 4).

L-Carnitine is required for the
transport of long-chain fatty acids
(LCFAs) into the mitochondria for their
subsequent use in b-oxidation (Figure 1)
(40, 41). This process, involving a
number of enzymes and transporters,
ultimately leads to the generation of
the acetyl-CoA that is needed for the
tricarboxylic acid cycle. Sepsis is known
to lead to a disruption in metabolism and
mitochondrial function, although the
specific deficit(s) is/are unknown and are
often a point of debate (3, 26, 27, 42, 43).
Metabolically, it is not readily apparent
why high-ketone patients derived an
early benefit of L-carnitine treatment that
was lost over time. Compared with
high-ketone patients, low-ketone
patients demonstrated lower carnitine
and acetylcarnitine levels after
supplementation, suggesting that low-
ketone patients may be better able to
use carnitine (as renal function was not

different between the groups). This is
substantiated by two other findings in
low-ketone, L-carnitine-treated patients:
(1) the trends of increased methionine
and lysine concentrations (Figures 5A
and 5B), and (2) the AC:C ratio (Figure
E6A). Methionine and lysine are
precursors of endogenous carnitine
production (Figure 1) and the trend of
increasing levels of these metabolites may
signify a reduced need for carnitine. The
AC:C ratio is viewed as an indicator of
carnitine homeostasis (Figure 1) and in
low-ketone, L-carnitine-treated patients
it remained relatively stable during the
48-hour study period. Furthermore,
data showing the poor prognostic
significance of high levels of carnitine
and its esters in sepsis nonsurvivors (19)
are reiterated in this study as high-
ketone, L-carnitine-treated patients
had higher carnitine levels and lower
long-term survival than low-ketone,
L-carnitine-treated patients. As such, it is
tempting to hypothesize that L-carnitine
reverses or at least mitigates further
deterioration of sepsis-induced mitochondrial
dysfunction in this subset of patients,
although we acknowledge that this
hypothesis was not specifically tested
in our study. However, given that the
primary underlying mitochondrial
deficit in sepsis remains unknown and
that there are numerous potential sites
of perturbation, we can suggest that
there may be a group of patients with
“rescuable” metabolism or with sufficient
“metabolic flexibility” (38) (as has been
described in type 2 diabetes mellitus)
who are able to effectively respond to
L-carnitine therapy (44, 45). To further
elaborate these data and to test this
hypothesis will require a larger, validation
study with subsequent prospective testing
that could include investigations of the
ability of L-carnitine supplementation to
either rescue or mitigate mitochondrial
dysfunction, and the extent of association
of these changes with changes in the serum
metabolome.

Regarding other effects on the
metabolome, previous investigations in
nonseptic patients have demonstrated
that L-carnitine therapy can improve
glucose use particularly in skeletal muscle
(46, 47). We did not specifically measure
glucose use but there were no differences
or notable trends in glucose levels
across the groups and the prevalence of

Table 1. Patient demographics and clinical characteristics of patients categorized as
low or high ketone before administration of L-carnitine or placebo

Variable Low Ketones
(n = 15)

High Ketones
(n = 15)

P
Value

Age, yr (IQR) 60 (52, 68) 69 (60, 74) 0.096
Race, n (%)
White 11 (73.33) 13 (86.67) 0.410
African American 4 (26.67) 2 (13)

Male, n (%) 12 (80) 9 (60) 0.268
Comorbidities, n (%)
Coronary artery disease 5 (33) 2 (13) 0.235
Congestive heart failure 2 (13) 4 (27) 0.410
COPD 4 (27) 4 (27) 0.999
DNR 0 (0) 0 (0) 0.999
Hypertension 10 (67) 11 (73) 0.714
Diabetes 4 (27) 6 (40) 0.473
Chronic renal insufficiency 2 (13) 4 (27) 0.410

Baseline laboratory values (IQR)
Platelets, cells/mm3 159 (82, 232) 196 (158, 335) 0.280
Creatinine, mg/dl 1.8 (1.4, 2.4) 1.7 (1.5, 2.7) 0.945
Total bilirubin, mg/dl 2.1 (0.6, 3.1) 1.2 (0.9, 1.9) 1.000
Lactate, mmol/L 2.9 (2.2, 5.1) 1.9 (1.6, 4.0) 0.085

SOFA, score (IQR) 10 (9, 14) 12.5 (8, 14) 0.871

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; DNR = Do Not
Resuscitate order; SOFA = Sequential Organ Failure Assessment.
Note: Data represent medians and interquartile ranges (IQRs) or absolute numbers with percentages
(%), as appropriate.
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Figure 5. Metabolite profiles of patients with septic shock and high or low ketones treated with L-carnitine were different from those of placebo-treated patients.
(A) Methionine was increased in low-ketone, L-carnitine-treated patients compared with low-ketone, placebo-treated patients at T24 (24 [64] h after
treatment) (*P = 0.021). There was also a trend toward (B) increased lysine in the low-ketone, L-carnitine-treated patients (*P = 0.078 vs. low-ketone,
placebo-treated patients). Methionine and lysine are precursors of endogenous carnitine synthesis. At T24, (C) phenylalanine trended higher (T24) in low-
ketone, L-carnitine-treated patients than in high-ketone, L-carnitine-treated patients (*P= 0.051), low-ketone, placebo-treated patients (1P= 0.078), and
high-ketone, placebo-treated patients (#P = 0.010). (D) Tyrosine followed a similar trend to phenylalanine in which low-ketone, L-carnitine-treated patients
had higher levels at T24 compared with high-ketone, L-carnitine-treated patients (*P = 0.008). Phenylalanine and tyrosine, which can be synthesized from
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diabetes mellitus was similar across
low- and high-ketone patients (see Table 1).
However, there were other findings on
the influence of L-carnitine on metabolism.
Specifically, trends of increasing levels
of tyrosine and phenylalanine are
particularly intriguing. One previous
clinical trial of acetyl-L-carnitine
treatment in sepsis demonstrated
improvements in right atrial and systolic
blood pressures (48). As these two
metabolites are precursors of endogenous
catecholamines, it is conceivable that
carnitine supplementation increased their
bioavailability, thus serving to rescue
patients from shock. This is substantiated
by the observed differences in time to
vasopressor withdrawal between high- and
low-ketone groups treated with L-carnitine
in which low-ketone, L-carnitine-treated
patients tended to have a shorter time
to cessation of vasopressor therapy and
a lower vasopressor index. These data
are hypothesis generating, but raise the
possibility that the drug action of
L-carnitine extends beyond LCFA transport.
Should its efficacy be confirmed in an
ongoing phase 2 clinical trial (https://

clinicaltrials.gov/ct2/show/NCT01665092),
this may be an area that warrants additional
investigation.

We acknowledge that there are
limitations to our study, most notably its
preliminary and exploratory nature. We
assayed existing samples from a relatively
small number of patients that were
collected as part of a clinical trial and
employed a statistical and pathway
data analysis strategy (Figure E1)
to demonstrate the feasibility of
pharmacometabolomics in a complex
critical illness. This is an example of
one type of strategy, and although there
may be others, we acknowledge that it
is not all encompassing as there may be
additional metabolites that could further
differentiate L-carnitine treatment
response phenotypes. These might include
those involved in glycine, serine, and
threonine metabolism, and also arginine
and proline metabolism as found by
pathway analysis (Table E2 and Figure
E3). We recognize that additional testing
and validation using a larger cohort as well
as a prospective, multicenter study are
required to verify our findings particularly

because, given the small sample size in this
study, we were not able to test 3-OHB as
a continuous variable. Nevertheless, to the
best of our knowledge, this is the first
pharmacometabolomics study in sepsis
and it raises the prospect of the use of this
discovery, systems biology science, to drive
precision medicine in complex, critical
illnesses for which there is a paucity of
effective pharmacotherapies. Our findings
also illustrate the informativeness of the
often dismissed aqueous metabolites of
sepsis (49) and how metabolomics-based
drug response phenotyping could
significantly impact the design of future
clinical drug trials in sepsis. Ultimately,
the integration of pharmacometabolomics
and pharmacogenomics may be
particularly informative in lending
insight into the mechanistic
underpinnings of drug mechanism
and response (50, 51).

In conclusion, this pilot study used
quantitative untargeted 1-D 1H-NMR
pharmacometabolomics and demonstrated
good feasibility in monitoring changes in
the metabolome of patients with septic
shock treated with a novel metabolic
therapy, L-carnitine. A pathway analysis
strategy allowed for the identification of
a subgroup of patients with a unique
metabolic signature that had a more
favorably long-term response to therapy
that was not readily apparent from the
parent clinical trial. Overall, these data
suggest that the pretreatment metabolome
might hold much-needed knowledge to
direct precision medicine strategies in
sepsis. n
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Figure 5. (Continued) phenylalanine, are proteinogenic amino acids and participate in the synthesis of catecholamines. High-ketone,
L-carnitine-treated patients had higher carnitine (E) levels compared with low-ketone, L-carnitine-treated patients (*P = 0.003) and high- and low-
ketone, placebo-treated patients (+P , 0.001) at T24 and low-ketone L-carnitine, low-ketone placebo, and high-ketone placebo at T48 (*+#P ,
0.0001). A similar pattern was evident in acetylcarnitine (F) concentration in which the T24 and T48 level in high-ketone, L-carnitine-treated
patients was higher compared with low-ketone L-carnitine-treated patients (*P = 0.001 at T24; *P , 0.0001 at T48), low-ketone, placebo-treated
patients (+P = 0.008 at T24; +P , 0.0001 at T48) and high-ketone, placebo-treated patients (#P , 0.001 at both T24 and T48). At no time were
there differences between the low- and high-ketone, placebo-treated groups. There were also no differences in these metabolite levels between
groups at T0 (before treatment). Data represent medians 6 the interquartile range.
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