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Sepsis is a multiorgan disease affecting the ileum and jejunum (small intestine), liver, skeletal muscle,
and lung clinically. The specific metabolic changes in the ileum, jejunum, liver, skeletal muscle, and
lung have not previously been investigated. Live Pseudomonas aeruginosa, isolated from a patient, was
given via i.v. catheter to pigs to induce severe sepsis. Eighteen hours later, ileum, jejunum, medial
gastrocnemius skeletal muscle, liver, and lung were analyzed by nontargeted metabolomics analysis
using gas chromatography/mass spectrometry. The ileum and the liver demonstrated significant
changes in metabolites involved in linoleic acid metabolism: the ileum and lung had significant changes
in the metabolism of valine/leucine/isoleucine; the jejunum, skeletal muscle, and liver had significant
changes in arginine/proline metabolism; and the skeletal muscle and lung had significant changes in
aminoacyl-tRNA biosynthesis, as analyzed by pathway analysis. Pathway analysis also identified
changes in metabolic pathways unique for different tissues, including changes in the citric acid cycle
(jejunum), B-alanine metabolism (skeletal muscle), and purine metabolism (liver). These findings
demonstrate both overlapping metabolic pathways affected in different tissues and those that are
unique to others and provide insight into the metabolic changes in sepsis leading to organ dysfunction.
This may allow therapeutic interventions that focus on multiple tissues or single tissues once the
relationship of the altered metabolites/metabolism to the underlying pathogenesis of sepsis is
determined. (Am J Pathol 2019, 189: 1797—1813; https://doi.org/10.1016/j.ajpath.2019.05.021)

The idea that sepsis is linked to metabolic alterations goes
back to observations made in animals challenged with
endotoxin, in which distorted mitochondria were observed.'
Alterations in mitochondrial respiration, mitochondrial
complex activities, and nucleotide levels have been
observed in cells, tissue homogenates, and isolated mito-
chondria.” The manner in which protein metabolism is
affected after 24 hours of endotoxemia in pigs has found a
net protein synthesis in the liver, along with increased amino
acid transamination in muscle, with glutamine and alanine

effluxes serving as substrates for the liver.” Recently, the
application of metabolomics analysis to circulating plasma
or urine of patients with pneumonia and/or sepsis has been
used to identify metabolites with prognostic and predictive
value in specific clinical settings.®’
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Sepsis is a multiorgan disease, affecting the gut, liver, skel-
etal muscle, and kidney. The severity of sepsis in patients is
classified clinically according to the presence of evidence of
inflammation, multiple organ failure, or organ failure with hy-
potension. To date, studies of metabolic alterations have pri-
marily focused on either circulating metabolic changes in serum
or specifically in a single organ (eg, skeletal muscle). Given that
cellular metabolic dysregulation is implicated in disease,” the
contribution of metabolic changes in an organ-specific manner
is clinically relevant to the variable effects on organ failure
linked to survival.” In the present study, an organ systems
approach was taken to identify the metabolic changes occurring
in the jejunum, ileum, skeletal muscle, liver, and lung using a
nontargeted metabolomics approach to identify metabolic
pathways altered in a porcine model of sepsis induced by 18
hours of continuous i.v. infusion of Pseudomonas aeruginosa.

Materials and Methods
Compliance with Ethical Standards

All applicable international, national, and/or institutional
guidelines for the care and use of animals were followed.

Animals

Twenty-seven  female  Yorkshire  crossbred  pigs
(Sus domesticus) from multiple litters (Metz Farms, Russell-
ville, AR), weighing 20 to 25 kg, were used in the present
study. A dedicated veterinarian of the Arkansas Children’s
Hospital Research Institute (Little Rock, AR; American
Association for Laboratory Animal Care certified) assessed
the general health status of all animals. Pigs were individually
housed in steel pens (2 x 3 m) located in a controlled housing
biosafety level 2 facility, within a large animal cubicle with a
plastic-coated mesh-style grid floor. The facilities were tem-
perature controlled (22°C to 24°C) with a 12-hour light-dark
cycle and standardized food intake (1 kg/day) (Teklad;
Envigo, Alice, TX) and water available ad libitum. Pens were
enriched with toys to stimulate natural pig rooting behavior
and to prevent stereotypic behavior. A heating pad was added
to the pen to ensure natural body temperature control after
surgery. Clinical examination was performed on arrival,
before surgery (7 to 10 days after arrival), and after surgery
(twice daily on the first 3/4 days after surgery and then every 2/
3 days until the sepsis study). The present animal study,
including its justification for number, breed, and use of single
sex, was approved by the animal experiment ethics committee
(Institutional Animal Care and Use Committee) of University
of Arkansas Medical Sciences (Little Rock, AR).

Presurgical Catheter Placement, Anesthesia Induction,
and Surgical Procedure

Catheters were first implanted in the abdominal aorta,
inferior vena cava, splenic vein, an extracaval vein, a portal
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vein, and the hepatic vein to surgically sample blood,
monitor pressures, administer medications and infusions,
and sample blood from multiple organs, while a Swan Ganz
catheter was placed in the right jugular vein to monitor
pulmonary pressures, as previously described.'”'" Briefly,
animals were acclimatized for 7 to 10 days and underwent a
presurgery clinical examination under anesthesia by an
assigned veterinarian. Anesthesia was induced with i.m.
injection of a mixture of tiletamine hydrochloride and
zolazepam hydrochloride (Telazol; Zoetis, Parsippany, NIJ).
The animal was then intubated and put under isoflurane
general anesthesia maintained at 2% with oxygen. Flunixin
meglumine (Flunixamine; Zoetis; 2 mg/kg BW) was
administered as analgesic, and lincomycin-spectinomycin
(Linco-Spectin; Zoetis; lincomycin, 5 mg/kg BW, and
spectinomycin, 10 mg/kg BW) was administered as a sur-
gical antibiotic prophylaxis via ear vein cannula. During
surgery, 500 to 1000 mL Ringer’s lactate solution was given
to maintain blood pressure and fluid balance. ECG, CO,,
and oxygen saturation were monitored continuously.

A midline laparotomy was performed to place the
abdominal aorta catheter for blood sampling over time and
to monitor mean arterial pressure. An inferior caval vein
catheter was then placed to allow post-surgical administra-
tion of medications. A second arterial catheter, just before
the bifurcation, and a splenic vein catheter were placed,
allowing infusion of para-aminohippuric acid for plasma
flow measurements. A Swan Ganz catheter (5 Fr; number
132F5; Edwards Life Sciences, Irvine, CA) was inserted via
the right jugular vein to monitor mean pulmonary arterial
pressure. The position of the tip of the Swan Ganz catheter
was determined after the pressure readings when the cath-
eter was pushed through the right atrium and ventricle. In
addition, an extracaval vein, a portal vein, and a hepatic vein
catheter were placed for multiorgan blood sampling. The
duration of the surgery was approximately 5 hours. Post-
operative care was standardized, as described in detail pre-
viously,'”"" and monitored by the assigned veterinarian.
After surgery, ECG, pulse oximetry, and ventilation were
continued until the animal responded with multiple swallow
reflexes, performed eye blinking, demonstrated evidence of
fighting the ventilator, and had attempts to rise. A second
dose of lincomycin-spectinomycin was then given intra-
muscularly. Breathing and heart rate were observed until the
animal was able to sit sternally. During the first 4 days after
surgery, animals were clinically examined twice daily (body
temperature, appearance, and behavior), and buprenorphine
(0.03 mg/kg BW) and lincomycin-spectinomycin were
administered via the implanted central vein catheter. Ani-
mals were fed half their normal food ration during the first 2
days after surgery. Catheters were checked daily for the first
3 days, and their patency was observed by antimicrobial and
anticoagulant catheter filling, using 0.5 mL of 20 mg/mL
gentamicin and 225 U/mL alfa-chymotrypsin, which was set
in the catheter, not injected, as previously described.'’
Subsequently, animals were examined, and catheters were
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checked for patency every 2 to 3 days. Animals were
acclimated to a small movable cage (0.9 x 0.5 x 0.3 m) to
ensure that the P. aeruginosa experiments could be per-
formed in the cage in conscious animals in free standing,
sitting, or lying positions both before and after surgery and
during the recovery period (7 to 10 days). Of the 27 animals,
5 were lost because of intestinal complications (ileus, asci-
tes, or peritonitis) during the recovery phase from the
catheter implantation surgery. However, no animals were
lost during the surgery and the P. aeruginosa experiment.
At the time of the sepsis experiment, animals had been
acclimated at least 10 times in this movable cage.

Septic Response to P. aeruginosa Porcine Study Design

Animals were randomized to either experimental or control
group 7 to 10 days after surgery. Basal blood pressures,
plasma flow, blood gas, clinical chemistry, and inflamma-
tory data (preseptic period; time = —2 to O hours) mea-
surements were started 4 to 6 hours after the last food intake
(half of the daily amount: 0.5 kg). No food was administered
for the duration of the subsequent 18-hour experimental
period. The experimental period began with the introduction
of bacteremia (time = 0 hours) by i.v. continuous infusion
of P. aeruginosa (IRS 12-44; Shriners Burns Institute,
University of Texas Medical Branch, Galveston, TX; orig-
inal from a burn patient at Brook Army Medical Center, San
Antonio, TX; 10° colony-forming units/hour in 1 mL 0.9%
NaCl solution). The control group received 0.9% NaCl
solution in the same volume. The P. aeruginosa dose was
based on the method of Rimmele et al,'2 which was tested
for virulence and adjusted in a pilot study (three animals).
Fluid resuscitation (30 mL/kg BW/hour 0.9% NaCl, intra-
venously) was started at the same time as the P. aeruginosa
infusion. Continuous hemodynamic monitoring ensured that
the hyperdynamic state was kept in the expected ranges for
severe sepsis and not shock, including maximal body tem-
perature £2°C (normal range, 37°C to 3’9.6"C),4 maximal
mean pulmonary arterial pressure of 35 mm Hg (normal
range, 11 to 24 mm Hg),” heart rate of 200 beats per minute
(normal range, 90 to 107 beats per minute),/4 and mean
arterial pressure >60 mm Hg (normal range, 86 to 123 mm
Hg)" using the arterial and Swan Ganz catheter for invasive
blood pressure measurement [monitor: Propaq Encore
(Welch Allyn, Skaneateles Falls, NY); transducer: TruWave
(Edwards Lifesciences, Irvine, CA)]. If the heart rate was
>200 beats per minute and/or mean pulmonary arterial
pressure was >35 mm Hg, the P. aeruginosa infusion was
stopped to limit the increase of the right ventricular after-
load” until heart rate or mean pulmonary arterial pressure
was <200 beats per minute or <35 mm Hg, respectively.
Animals were euthanized 18 hours (time = 18) after
bacterial infusion with 125 mg/kg pentobarbital sodium and
16 mg/kg phenytoin sodium (Euthanasia-III Solution; Med-
Pharmex, Pomona, CA), administered via the central
vein catheter. Immediately after euthanasia, approximately
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200-mg fragments of skeletal muscle (medial gastrocne-
mius, right hind leg, and middle section), jejunum, ileum,
liver, and lung were collected from 9 P. aeruginosa and 13
control animals, placed on dry ice, and stored at —80°C.

Nontargeted Metabolomics Analysis by GC/MS
Instrumentation

Samples were then processed and analyzed by gas chro-
matography/mass spectrometry (GC/MS), as previously
described.'™'* A 20- to 50-mg sample was cut from the
flash-frozen tissue and immediately weighed, followed by
quickly mincing the tissue and addition of extraction solu-
tion (50% acetonitrile, 50% water, and 0.3% formic acid,
made fresh daily) prepared at a concentration of 25 mg/475
pL solution. The sample was then immediately homoge-
nized on ice for 10 to 25 seconds, placed on dry ice, and
stored at — 80°C. The samples were crash deproteinated by
methanol precipitation and spiked with D27-deuterated
myristic acid as an internal standard for retention time
(RT) locking and dried. The derivatized trimethylsilyl—
D27-deuterated myristic acid standard RT was set at 16.727
minutes. Reactive carbonyls were stabilized at 50°C with
methoxyamine hydrochloride in dry pyridine. Metabolites
were made volatile with trimethylsilyl groups using N-
methyl-N-(trimethylsilyl) trifluoroacetamide or N-methyl-
N-trimethylsilyltrifluoroacetamide with catalytic trimethyl-
chlorosilane at 50°C. GC/MS methods follow previous
studies using a 6890N GC connected to a 5975 inert single
quadrupole MS (Agilent Technologies, Santa Clara,
CA).ls"(’ The two wall-coated, open-tubular GC columns
connected in series were both from J&W/Agilent (part
number 122-5512; Agilent Technologies), DB5-MS, 15 m
in length, 0.25 mm in diameter, with a 0.25-um luminal
film. Positive ions, generated with conventional electron
ionization at 70 eV, were scanned broadly from 600 to 50
m/z in the detector throughout the 45-minute cycle time.
Data were acquired using MSD ChemStation (Agilent
Technologies) by identifying metabolites on the basis of
their mass fragmentation patterns and RT. Rawdata
formatted files were exported for further analysis in Auto-
matic Mass Spectral Deconvolution and Identification
Software (freeware developed by Drs. Steve Stein, W. Gary
Mallard, and their coworkers at the National Institute of
Standards and Technology, Gaithersburg, MD'’~'?).
Deconvoluted spectra were annotated as metabolites, to the
extent possible, using an orthogonal approach that incor-
porated both RT from GC and the fragmentation pattern
observed in electron ionization mass spectrometer. Peak
annotation was based primarily on our own RT-locked
spectral library of metabolites, built on the Fiehn GC/MS
Metabolomics RTL Library (a gift from Agilent, part
number G1676-90000°""), the Wiley 9th—National Insti-
tute of Standards and Technology 2011 commercial library
(Agilent G1730-64000), and other spectral libraries. Once
annotation was complete, a cross-tabulated spreadsheet was
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generated, listing the integrated peak area for each metab-
olite versus sample identity. This was accomplished using a
custom Visual Basic program in Microsoft Excel (Microsoft
Corp., Redmond, WA) that grouped peaks across samples
on the basis of identical metabolite annotation and RT
proximity. Peak alignment across samples was further
confirmed using SpectConnect’” to assess similarity in
spectral fragmentation patterns and by manual curation.

Metabolomic Statistical Analysis

The raw, transformed, and sorted data used for each of the
three comparisons in the metabolomics analyses can be found
in Supplemental Tables S1, S2, S3, S4, S5, S6, S7, S8, S9, S10,
S11,S12,S13, S14, and S15. Up to three missing values per
group were imputed using the lowest value in the same group,
with groups missing four or more values excluded from the
analysis. The raw data from this study are accessible through
the NIH Common Fund’s Data Repository and Coordinating
Center (supported by NIH grant U01-DK097430) Metab-
olomics Workbench (https://www.metabolomicsworkbench.
org/data; Project ID = PR000802). The processed data
used in the analyses described herein are found in
Supplemental Tables S1, S2, S3, S4, S5, S6, S7, S8, S9,
S10, S11, S12, S13, S14, and S15. ¢-Test analysis was per-
formed on metabolite peak areas (as representative of con-
centration) using Metaboanalyst version 3.5 using a Pareto
scaling feature.”” > Heat maps were generated using
Metaboanalyst. Post-hoc graphs were generated in Prism 7.
0 (GraphPad Software, Inc., La Jolla, CA). All data are shown
as means = SEM, unless otherwise indicated.

Pathway Analysis

Pathway analyses in Metabolomic Pathway Analysis
(MetPA) were conducted through three routes.”® Pathway
enrichment analysis supports both overrepresentation anal-
ysis as well as Gene Set Enrichment Analysis—based ap-
proaches. The available algorithms include Fishers exact test,
the hypergeometric test, the global test,”’ and Global-
Ancova.”® MetPA’s pathway topological analysis is based on
the centrality measures of a metabolite in a given metabolic
network. Centrality is a local quantitative measure of the
position of a node relative to the other nodes and is often used
to estimate a node’s relative importance or role in network
organization.”” Because metabolic networks are directed
graphs, MetPA uses relative betweenness centrality and out
degree centrality measures to calculate compound impor-
tance. The pathway impact was calculated as the sum of the
importance measures of the matched metabolites normalized
by the sum of the importance measures of all metabolites in
each pathway. Finally, MetPA provides several univariate
analyses performed at the compound level to provide a more
detailed view of the distribution of individual metabolite
concentrations with regard to phenotypes. They include the ¢-
test, one-way analysis of variance, and linear regression. The
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pathway data used in MetPA were downloaded as KEGG
Markup Language (KGML) files from the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database.”” Chemical
compounds and pathway topology information were parsed
into graph models using the KEGGgraph package.”' The
current library contains 874 metabolic pathways from 11
model organisms, including humans, mouse, Drosophila,
Arabidopsis, and Escherichia coli. Metabolic pathways are
presented as a network of chemical compounds with metab-
olites as nodes and reactions as edges. The graph generation
and manipulation were implemented using Graphviz version
2.40.1 (AT&T Lab Research, Atlanta, Georgia; http://www.
graphviz.org, last accessed December 8, 2018) and
ImageMagick version 6.9.10 (ImageMagick Studio LLC,
Landerberg, PA;  http://www.imagemagick.org,  last
accessed December 8, 2018). This visualization system
supports lossless zooming, dragging, and linking operations
based on Ajax (Asynchronous JavaScript with XML)
technology.” All relevant information was obtained by
clicking on the corresponding graphical elements.”®

Results

Nontargeted analysis of the ileum from septic pigs collected
18 hours after the induction of sepsis with i.v. P. aeruginosa
identified 97 metabolites that were present (Supplemental
Figure S1). Of these metabolites, 14 were significantly
different in septic ileum compared with control animal ileum
(Figure 1A). Of these metabolites, seven were significantly
increased in ileum from septic animals (Figure 1C) and seven
were significantly decreased (Figure 1D). Enrichment anal-
ysis of these metabolites using a pathway-associated metab-
olite set, a disease-associated metabolite set, a predicted
metabolite set, and a location-associated metabolite set
identified a >10-fold enrichment for urea cycle metabolites
(Supplemental Figure S2A); approximately 10-fold enrich-
ment in metabolites associated with epilepsy, acute seizures,
and phenylketonuria (Supplemental Figure S2B); metabolites
involved in the transport into the mitochondria/carnitine ex-
change (Supplemental Figure S2C); and mitochondria
(Supplemental Figure S2D). Analysis of these 14 signifi-
cantly altered metabolites using pathway enrichment analysis
revealed significant enrichment for linoleic acid metabolism,
valine/leucine/isoleucine biosynthesis, and phenylalanine/
tyrosine/tryptophan biosynthesis (Figure 1B). After 18 hours
of P. aeruginosa sepsis, the ileum demonstrated alterations in
fatty acid (linoleic), branched-chain amino acid (valine/
leucine), and phenylalanine metabolism (Table 1).
Nontargeted analysis of the jejunum detected 99 metab-
olites present in septic animals compared with controls
(Supplemental Figure S3). Of the metabolites detected
(ie, identified, named, and consistently measured across
samples), 13 were significantly altered septic jejunum
compared with controls (Figure 2A); 5 were significantly
increased in jejunum from septic animals (Figure 2C); and 8

ajp.amjpathol.org m The American Journal of Pathology


https://www.metabolomicsworkbench.org/data
https://www.metabolomicsworkbench.org/data
http://www.graphviz.org
http://www.graphviz.org
http://www.imagemagick.org
http://ajp.amjpathol.org

Tissue-Specific Metabolome of Sepsis

A B
lleum "I o

Control Sepsis T ®
EEEEEsESEsssemm— Class 3C‘ﬂézml
A
1

Arginine Control

Isoleucine
/Leucine
Valine
Arachidic Acid/
1-Heneicosanol

Urea

sooe
1
o~
o
@
)

Phenylalanine
IMyoinositol-2- §

phosphate

Linoleic acid

Pyridine-2,6-
dicarboxylic acid ®
Hydroxyprolnes

Creatinine 8

Aspartic acid

Dehydroascorbic acid
0.0 0.2 04 0.6 0.8 1.0

|Adenosine-5-monophosphate

Pathway Impact

Phenylalanine
Urea Isoleucine/Leucine Y

1.5%107
1x10 * 15107 *
8x107- * »
] 8 1.0x107 g 1.0x107
2 6x10" El s
S S >
s s
¥ axton K] 3
i E 5.0%10 £ 5.0x10°
2x107-
[ 0.0 0.
> - S 5 S 2
& & & & & &
& o & o & oF
Pyridine-2,6-Dicarboxylic Acid Valine A idic Acid/ 1-t i Arginine
250,000 * 2.0x107 1x10°; * 150,000
200,000 156107 800,000- *
@ o ? @
8 3 3 € 100,000
2 150,000: 2 2 600,000 2
s > 1.0x10" s> =
§ 100,000 3§ § 400,000 3 50,000
& & 5.0x106 & e
50,000 200,000°
¢ 0.0 o o
S 5 S g & 5
& £ & & & &
& o* s el & o
D Linoleic Acid Creatinine Hydroxyprolines Myoinositol-2-Phosphate
6x10f 8x107 1.5%107- 2x10f
* 6x107 H
8 ax10 8 8 1.0x107 2 1x10
2 2 * 2 > *
s S 4x107 > k-
s s ® &
8 2x10 K S 5.0x10 * 500,000
2x107
o o 0.0 [
S 5 & 5 S 5 S 5
& 2 & 2 & 2 & 2
& oF & oF & oF & oF
Adenosine-5-Monophosphate Dehydroascorbic Acid Aspartic Acid
1.5%107 6x107 1.5%10%
g 10x10 * g ax07 % 8 1.0x10e *
S s s
K] s s
& 5.0x10 & 2107 £ 5.0x107
0.0 o 0.0
> & > o S @
& & & & & &
= oF & o & oF

Figure 1  Significantly altered metabolites in ileum obtained from sepsis-challenged pigs compared with controls. A: Heat map of significantly altered
metabolites using t-test results. B: Pathway enrichment analysis of significantly altered metabolites. Metabolic pathway analysis shows all metabolic pathways
arranged according to the scores from enrichment analysis (y axis) and from topology analysis (x axis). C and D: Significantly increased (C) or decreased (D)
metabolite peak signal in sepsis-challenged ileum compared with vehicle-control ileum. n = 9 control ileum samples (C and D); n = 13 septic ileum samples
(Cand D). *P < 0.05 versus control, false-discovery rate (FDR) < 0.33; flinoleic acid metabolism, P = 7.9 x 10~%, FDR = 0.02 (metabolites: linoleic acid and
phosphatidylcholine); *valine, leucine, and isoleucine biosynthesis, P = 4.2 x 1073, FDR = 0.08 (metabolites: L-leucine and L-valine); ’phenylalanine,
tyrosine, and tryptophan biosynthesis, P = 0.3.69 x 10 %, FDR = 0.59 (metabolites: phenylalanine).
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Table 1  Summary of Significant Metabolites Identified by Nontargeted Metabolomics by Tissue
Gastrocnemius skeletal

Ileum Jejunum muscle Liver Lung
Urea Urea Urea Urea Urea
Hydroxyprolines Hydroxyprolines Hydroxyprolines Proline
Phenylalanine Phenylalanine Phenylalanine Phenylalanine
Dehydroascorbic acid Dehydroascorbic acid
Isoleucine/leucine Isoleucine/leucine
Aspartic acid Aspartic acid Aspartic acid
Arachidic acid/1-heneicosanol Arachidic acid/1-heneicosanol
Myoinositol-2-phosphate
Arginine
Valine Valine
Creatinine Creatinine
Pyridine-2, 6-dicarboxylic acid
Adenosine-5-monophosphate
Linoleic acid Linoleic acid

Aminomalonic acid

Uracil

Fumaric acid Fumaric acid

1802

Spermidine
1-Monomyristin
2-Hydroxybutyric acid
1,2-Propanediol
6-Hydroxynicotinic acid

Succinic acid
Malic acid

2-Hydroxybutyric acid

Methionine

Glutamic acid
Methylglutamic acid
Threonine
1,2-Propanediol
2-Hydroxybutyric acid
Anserine
2-Hydroxyglutaric acid
Glycine
2-Hydroxypyridine
Carnosine
Pantothenic acid

2-Hydroxybutyric acid

Methylglutamic acid

Pantothenic acid
Glycerol 1-phosphate
Sarcosine
Threonine
5'-Deoxy-5'-
methylthioadenosine
Adenosine
Inosine
Cysteinesulfinic acid
B-Glycerolphosphate
N-methylalanine/2-
aminobutanoic acid/
N-ethylglycine
Ornithine
Glucose and other
aldohexoses
Fructose or similar
ketohexose
Nicotinamide

6-Hydroxynicotinic
acid

Threonine

(table continues)

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Tissue-Specific Metabolome of Sepsis

Table 1 (continued)

Gastrocnemius skeletal

Ileum Jejunum muscle

Liver Lung

Glycolic acid

Palmitoleic acid

Maltose or similar

disaccharide

Guanine

Ribulose-5-phosphate
Cholesterol
0-methylphosphate
2-Aminoadipic acid
B-Alanine
3-Phosphoglyceric acid
Putrescine
Oleic acid
Alanine

Significant metabolites found in sepsis and named in pathway enrichment analysis (versus tissue control) are shown in bold. Italics indicates multiple

tissues.

were significantly decreased (Figure 2D). Enrichment
analysis using a pathway-associated metabolite set, a
disease-associated metabolite set, a predicted metabolite set,
and a location-associated metabolite set identified a greater
than eightfold enrichment in metabolites involved in the
citric acid cycle and phenylalanine/tyrosine metabolism
(Supplemental ~ Figure S4A), hyperphenylalaninemia
(Supplemental Figure S4B), 2-hydroxybutyrate exchange
(Supplemental Figure S4C), and metabolism characteristic
of the epidermis and testes (Supplemental Figure S4D).
Analysis of these 13 significantly altered metabolites using
pathway enrichment analysis revealed significant enrich-
ment for arginine/proline metabolism, citric acid cycle, and
phenylalanine/tyrosine/tryptophan biosynthesis (Figure 2B).
After 18 hours of P. aeruginosa sepsis, the jejunum
demonstrated 3 overlapping metabolite alterations found in
the ileum (urea, hydroxyprolines, and phenylalanine) and 10
additional uniquely altered metabolites (Table 1).
Nontargeted analysis of the medial gastrocnemius skeletal
muscle identified 91 metabolites in septic animals compared
with controls (Supplemental Figure S5). Of these metabo-
lites, 17 were altered in the gastrocnemius muscle compared
with control animal gastrocnemius muscle (Figure 3A); 8
were significantly increased in septic animals (Figure 3C);
and 9 were significantly decreased (Figure 3D). Enrichment
analysis of these metabolites using a pathway-associated
metabolite set, a disease-associated metabolite set, a
predicted metabolite set, and a location-associated metabo-
lite set identified a >14-fold enrichment in metabolites
involved in B-alanine metabolism and ammonia recycling
metabolism (Supplemental Figure S6A), aseptic meningitis
(Supplemental Figure S6B), L-threonine deaminase
(Supplemental Figure S6C), and metabolism characteristic
of the muscle, mitochondria, and lysosome locations
(Supplemental Figure S6D). Pathway enrichment analysis
of the 17 significantly altered metabolites revealed
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enrichment for arginine/proline metabolism, propionate
metabolism, alanine/aspartate/glutamine metabolism, and
phenylalanine/tyrosine/tryptophan biosynthesis (Figure 3B).
After 18 hours of P. aeruginosa sepsis, the gastrocnemius
skeletal muscle demonstrated 13 significant alterations
compared with nonseptic parallel controls, including five
metabolites overlapping with changes seen in the ileum and
jejunum (Table 1). Nontargeted analysis of the liver iden-
tified 114 metabolites that were present in septic animals
compared with controls (Supplemental Figure S7). Of these
metabolites, 28 were significantly different in the liver
compared with controls (Figure 4A); 15 were increased
(Figure 4C); and 13 were decreased (Figure 4D). Further
enrichment analysis of these metabolites using a pathway-
associated metabolite set identified enrichment for argi-
nine/proline metabolism, starch/sucrose metabolism, and
phenylacetate metabolism (Supplemental Figure S8).
Pathway enrichment analysis revealed significant enrich-
ment for arginine and proline metabolism, linoleic acid
metabolism, aminoacyl-tRNA biosynthesis, and glycine,
serine, and threonine metabolism (Figure 4B). After 18
hours of P. aeruginosa sepsis, the liver had the highest
number of significantly altered metabolites (n = 28)
compared with the other tissues tested. Eleven of these
significant metabolites overlapped with the other four tis-
sues, whereas 17 were unique to the liver (Table 1). The
metabolic pathways identified parallel changes in the
jejunum and skeletal muscle (arginine and proline meta-
bolism) and the ileum (linoleic acid). The liver uniquely
demonstrated significant changes in metabolites involved in
purine metabolism and aminoacyl-tRNA biosynthesis.
Nontargeted analysis of the lung identified 91 metabolites
in septic animals compared with controls (Supplemental
Figure S9). Of these metabolites, 15 were significantly
different in the septic lungs compared with control lungs
(Figure 5A). Of these metabolites, nine were significantly
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Figure 2  Significantly altered metabolites in jejunum obtained from sepsis-challenged pigs compared with controls. A: Heat map of significantly
altered metabolites using t-test significant metabolites. B: Pathway enrichment analysis of significantly altered metabolites. Metabolic pathway analysis
shows all metabolic pathways arranged according to the scores from enrichment analysis (y axis) and from topology analysis (x axis). C and D: Significantly
increased (C) or decreased (D) metabolite peak signal in sepsis-challenged jejunum compared with vehicle-control jejunum. n = 9 control jejunum samples
(C and D); n = 13 septic jejunum samples (C and D). *P < 0.05 versus control, false-discovery rate (FDR) < 0.38; farginine and proline metabolism,
P = 3.5904 x 10~% FDR = 0.02 (metabolites: hydroxyproline, spermidine, fumaric acid, and urea); teitric acid cycle, P = 5.1567 x 107*, FDR = 0.02
(metabolites: succinic acid, malic acid, and fumaric acid); ®phenylalanine, tyrosine, and tryptophan biosynthesis, P = 0.03, FDR = 0.39 (metabolite:
phenylalanine).
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Figure 3  Significantly altered metabolites in medial gastrocnemius muscle obtained from sepsis-challenged pigs compared with controls. A: Heat map of
significantly altered metabolites using t-test results. B: Pathway enrichment analysis of significantly altered metabolites. Metabolic pathway analysis shows all
metabolic pathways arranged according to the scores from enrichment analysis (y axis) and from topology analysis (x axis). C and D: Significantly increased (C)
or decreased (D) metabolite peak signal in sepsis-challenged skeletal muscle (medial gastrocnemius) compared with vehicle-control skeletal muscle (medial
gastrocnemius). n = 9 control gastrocnemius samples (C and D); n = 13 septic gastrocnemius samples (C and D). *P < 0.05 versus control, false discovery
rate (FDR) < 0.26; faminoacyl-tRNA biosynthesis, P = 3.00 x 107, FDR = 0.00024 (metabolites: phenylalanine, glycine, methionine, threonine, glutamic
acid, and aspartic acid); iB-alam'ne metabolism, P = 1.83 x 107%, FDR = 0.00073364 (metabolites: aspartic acid, pantothenic acid, carnosine, and
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Yglycine, serine, and threonine metabolism, P = 0.0028628, FDR = 0.00073364 (metabolites: aspartic acid, threonine, and glycine); Tfcyanoamino acid
metabolism, P = 0.0041371, FDR = 0.047282 (metabolites: glycine and aspartic acid); *pantothenate and CoA biosynthesis, P = 0.011631,
FDR = 0.011631 (metabolites: aspartic acid and pantothenic acid).
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increased in the lung from septic animals (Figure 5C) and
six were significantly decreased (Figure 5D). Enrichment
analysis of these significant metabolites using a pathway-
associated metabolite set and a location-associated metab-
olite set identified a >10-fold enrichment in metabolites
involved in the urea cycle, aspartate metabolism, arginine/
proline metabolism (Supplemental Figure S10A), and
metabolism linked to placenta and mitochondrial locations
(Supplemental Figure S10B). Analysis of these 15 signifi-
cantly altered metabolites using pathway enrichment anal-
ysis revealed significant enrichment for arginine/proline
metabolism,  alanine/aspartate/glutamine ~ metabolism,
valine/leucine/isoleucine metabolism, and B alanine meta-
bolism (Figure 5B). After 18 hours of P. aeruginosa sepsis,
seven of the significantly altered metabolites overlapped
with the other four tissues, with eight unique to the liver
(Table 1). The significantly altered lung metabolites were
enriched for metabolites involved in arginine and proline
metabolism (like the jejunum, skeletal muscle, and liver)
and alanine/aspartate/glutamine metabolism (like skeletal
muscle).

Discussion

Most, if not all, disease states exhibit alterations in the
metabolic profile of tissues affected. In several of our previous
studies, we have characterized the metabolome network of
several physiological perturbations across organ systems that
has demonstrated the diverse and complementary changes in
organ metabolism.” *° Noteworthy are our observations
across these studies that the least affected system with respect
to metabolites is the circulation, suggesting a full panel
analysis of organs is necessary to gain a full profile of the
underlying pathologic mechanisms driving disease. As sepsis
is a multiorgan disease with evidence for involvement of
mitochondrial dysfunction and metabolic alterations, the
metabolic profiles of several tissues were investigated in our
pig model of sepsis using a nontargeted metabolomics
approach. Sepsis is a multiorgan disease, and our work has the
metabolic changes that occur in several disease states.”” ~°
Exercise-induced alterations in skeletal muscle, heart, liver,
and serum metabolome® 3; the effects of the kinase inhibitor
sorafenib/sunitinib/erlotinib on heart, muscle, liver, and
plasma metabolism®**’; and how human amylin impairs
protein biosynthesis and alters major cellular signaling

pathways in the heart, brain, and liver of humanized diabetic
rat model in vivo were identified.*® Overall, the fewest sig-
nificant metabolic alterations in the serum/plasma have been
identified compared with other tissues. These fewer changes
in serum/plasma compared with complimentary tissues sug-
gest that only a fraction of the diverse and sometimes com-
plementary changes in organ metabolism are reflected in the
serum/plasma, which was the driving rationale for the present
study focusing on metabolic changes in organs affected in
sepsis.

Ileum and Jejunum (Gut)

The systemic evaluation of the metabolic changes in the gut,
including the ileum and jejunum, has not been previously
reported. Alterations in the ileum involved linoleic meta-
bolism, branched-chain amino acids (valine/leucine/isoleu-
cine), and phenylalanine (Figure 1D). The jejunum had
alterations in arginine metabolism, citric acid cycle in-
termediates, and phenylalanine (Figure 2D). Recent studies
have linked the gut immune system with critical care disease
outcomes using immune-enhancing diets to combat gut
failure in critical care’’® and sepsis.”” *® Immune-
enhancing diets include linoleic acid and arginine, in addi-
tion to glutamine, fish oil (w-3 fatty acids), and nucle-
otides."’~* The semiessential amino acid arginine is
beneficial under stress conditions,” promoting nitrogen
retention and mucosal barrier integrity,”’ along with the
release of anabolic hormones and improved wound heal-
ing.”” Enteral nutrition supplementation of arginine’”*
with glutamine has been reported to be more effective in
protecting the intestinal mucosa in cases of
endotoxemia.”” °® The findings in the present study raise
the possibility that the benefits of supplementing with
linoleic acid and arginine may be due to metabolic defects
seen in the small intestine (ileum and jejunum). Further-
more, the metabolic deficits may be greater than previously
recognized, and nutritional supplementation should also
include sufficient protein levels that contain branched-chain
amino acids and phenylalanine as they were also altered in
the present study. It is clear that all elements of the intestine
are impacted by sepsis and critical illness, including the
epithelium, the immune system, and the microbiome.”” The
metabolic changes herein are a compilation of all of these
components, including sepsis-associated changes in intesti-
nal permeability®”°' and enterocyte cell death.

Figure 4

Significantly altered metabolites in liver obtained from sepsis-challenged pigs compared with controls. A: Heat map of significantly altered

metabolites using t-test significant results. B: Pathway enrichment analysis of significantly altered metabolites. Metabolic pathway analysis shows all
metabolic pathways arranged according to the scores from enrichment analysis (y axis) and from topology analysis (x axis). C and D: Significantly increased (C)
or decreased (D) metabolite peak signal in sepsis-challenged liver compared with vehicle-control liver. n = 9 vehicle controls (C and D); n = 9 control liver
samples (C and D); n = 13 septic liver samples (C and D). *P < 0.05 versus control, false discovery rate (FDR) < 0.18; farginine and proline metabolism,
P = 1.81 x 107% FDR = 0.014 (metabolites: L-ornithine, proline, creatinine, sarcosine, and urea); flinoleic acid metabolism, P = 0.10, FDR = 1 (linoleic
acid); ®purine metabolism, P = 4.1 x 1073, FDR = 0.162 (metabolites: guanine, inosine, adenosine, and urea); Yaminoacyl-tRNA biosynthesis, P = 0.016,
FDR = 0.451 (metabolites: phenylalanine, threonine, and proline); Hglycine, serine, and threonine metabolism, P = 0.048, FDR = 0.93 (metabolites:

threonine and sarcosine).

The American Journal of Pathology m ajp.amjpathol.org

1807


http://ajp.amjpathol.org

Maiwy et al

A B

Lung o
i o~
Control Sepsis o
S Cioss Class i
Control .
Oleic acid Sepsis
Cholesterol
=
Aspartic acid
O-Methylphosphate
6-Hydroxynicotinic §
Acid
2-Aminoadipic acid © 1
3-Phosphoglyceric
Valine ++ .
Isoleucine/Leucine -LOg(P) @) I .ii
B-Alanine ©
Fumaric acid §§
Urea ‘
Threonine <
Putrescine
Alanine
~
I T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Aspartic Acid 2-Aminoadipic Acid Oleic Acid
)8 x107- -
1.5%10 6x10 1.5%107 *
8 1.0x10%] * § ax10% g 1ox10r]
3 s ]
: £ s
$ sox074 8 a0 8 sox10
*
004 . T . 0.0-
& R & © S e
& o & & & o
O-Methylphosphate 3-Phosphoglyceric Acid 6-Hydroxynicotinic Acid
1.5%107 400,000 250,000+
* *
* 200,000
" | ,» 300,00 ”
S 1.0x10™4 g g
2 2 2 150,000
s 200,000 s
X
8 soxton] 3 § 100,004
& % 100,000- =
g 50,000
0.0+ 0 0=
> & o & > &
& o & & < &
& o o o & o
Isoleucine/Leucine Urea Threonine Valine
1%107 1%10! 2.5%107 1.5%107 *
*
)64 7. * 7. *
810" 8x10 2.0%1074
2 ° 0 2
8 H H 8 1.0x10™4
2 6x10° 3 ex10” 2 1.5x107 32
> > > >
< X ] ]
T 4x10%4 s ax107 S 1.0x1074 E
& 4 & S s.0x10%
2x10° 2x10"- 5.0x10°
o 0.0 0.0
> @ > o S 5 S &
& &° & & 5 & 5 o
= oF & < = oF r o
Cholesterol
Putrescine Alanine Fumaric Acid B-Alanine 1x10° %
8x10% 5107 * 2x10° 1107 *
. 8x10%
N * 4x107 * 8x10° P
5 6%10%4 ? @ 8 ] 8.
: S aon g 10y R 2 ex10
2 - 2 ] s
s s ) >
> ax10%4 > 2z % " ¥ ax10®
x x 7. X ®  4x1084
] ¥ 2x10 ] s 3
K3 K] & 500,000 4 e
2x10% 1x107 2x10°4 2x10°-
o o o o= o
> ° > o &> © & & S ©
& & < o & e & S 2
& oF <,°°‘ o & oF & X & o

Figure 5  Significantly altered metabolites in lung obtained from sepsis-challenged pigs compared with controls. A: Heat map of significantly altered
metabolites using t-test significant results. B: Pathway enrichment analysis of significantly altered metabolites. Metabolic pathway analysis shows all
metabolic pathways arranged according to the scores from enrichment analysis (y axis) and from topology analysis (x axis). C and D: Significantly increased (C)
or decreased (D) metabolite peak signal in sepsis-challenged lung compared with vehicle-control lung. n = 9 control lung samples (C and D); n = 13 septic
lung samples (C and D). *P < 0.05 versus control, false discovery rate (FDR) < 0.3; faminoacyl-tRNA biosynthesis, P = 3.00 x 10°, FDR = 0.00024
(metabolites: aspartic acid, valine, alanine, isoleucine, leucine, and threonine); *valine, leucine, and isoleucine biosynthesis, P = 1.58 x 107%,
FDR = 0.00063115 (metabolites: valine, leucine, isoleucine, and threonine); Salanine, aspartate, and glutamate metabolism, P = 3.667 x 1074,
FDR = 0.00036665 (metabolites: aspartic acid, alanine, fumaric acid, and valine); Ypantothenate and CoA biosynthesis, P = 5.24 x 107%, FDR = 0.010479
(metabolites: aspartic acid and B-alanine); Harginine and proline metabolism, P = 1.01 x 1072, FDR = 0.016178 (metabolites: aspartic acid, fumaric acid,
urea, and putrescine); 'fvaline, leucine, and isoleucine degradation, P = 1.68 x 1073, FDR = 0.022 (metabolites: leucine, isoleucine, and valine);
Hnicotinate and nicotinamide metabolism, P = 2.22 x 1073, FDR = 0.025 (metabolites: aspartic acid, 6-hydroxynicotinate, and fumaric acid); 5p-alanine
metabolism, P = 1.24 x 103, FDR = 0.124 (metabolites: aspartic acid and B-Alanine).
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Skeletal Muscle

Sepsis induces skeletal muscle atrophy and the proteolysis of
the sarcomere.®” Interestingly, although the gastrocnemius
muscles in our sepsis model showed a mild influx of inflam-
matory cells between the muscle fibers in all of the septic
animals (and also in two of the control animals), no histologic
signs of muscle atrophy were noted.” A previous study
identified the effects of endotoxemia on pig muscle protein
metabolism and identified an increase in amino acid trans-
amination from skeletal muscle (hindquarter) and portal-
drained viscera (reflecting the intestinal tract), leading to
glutamine and alanine effluxes thought to serve as substrates
for the liver.” The changes in skeletal muscle metabolism that
occur after sepsis have not been detailed to the extent iden-
tified in the present study. Highly enriched pathways affected
in the gastrocnemius skeletal muscle in sepsis in the current
study included the following: i) amino-acyl-tRNA biosyn-
thesis, ii) B-alanine metabolism, and iii) arginine and proline
metabolism (Figure 3D). The altered metabolites related to
aminoacyl-tRNA biosynthesis in skeletal muscle after sepsis
in the current study include phenylalanine (+), methionine
(+), threonine (+), glycine (—), glutamate (—), and aspartate
(—) (Figure 3, B and C). Given the critical role of aminoacyl-
tRNA biosynthesis in protein synthesis, which is suppressed
in catabolic states like sepsis- and unloading-induced muscle
atrophy, this is an interesting observation.®

The significant metabolites identified in the gastrocne-
mius skeletal muscle after 18 hours of sepsis that are
involved in B-alanine metabolism include aspartic acid (—),
pantothenic acid (—), carnosine (—), and anserine (—)
(Figure 3C). Of these metabolites, a link between carnosine
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Figure 6  Major metabolic pathways affected
by sepsis, determined by nontargeted metab-
olomic analysis. Alterations in amino acids feeding
into ketosis (A), the tricarboxylic acid (TCA) cycle
(B), and the urea cycle (C) were observed in two or
more tissues in the present study. Blue indicates
metabolites significantly altered in two or more
tissues (detailed in parentheses).

®  Aspartate
(L in septic livers, lungs, and ilea)

concentrations and sepsis has been reported previously.”*°’

Carnosine is a muscle biomolecule first identified at the
beginning of the 20th Century.®®® Carnosine is a dipeptide
that can scavenge a, 3 unsaturated aldehydes formed during
oxidative stress—induced lipid peroxidation and reactive
oxygen species formation.®®””’" In preclinical sepsis
models, supplementing carnosine suppresses inflammatory
cytokines (macrophage migration inhibitory factor, IL-8,
and tumor necrosis factor-a), increases the NF-kB inhibi-
tory factor IkBo, and decreases phosphorylated p65 and
phosphorylated IIKo/B.°” Other work using a single dose of
carnosine at the time of cecal ligation and puncture
demonstrated that carnosine supplementation decreased
serum and tissue malondialdehyde levels compared with
control animals.”® Chronic B-alanine supplementation can
significantly augment muscle carnosine concentrations,’>’”
presenting a viable therapeutic approach. The role of
decreased B-alanine in the current model has not been tested
directly with skeletal muscle function; direct supplementa-
tion of these metabolites will offer valuable information in
future studies.

Metabolites significantly altered in gastrocnemius skeletal
muscle after 18 hours of sepsis are involved in arginine and
proline metabolism and include glutamic acid (—), aspartic
acid (—), hydroxyproline (—), and urea (+) (Figure 3, B and
C). Significantly decreased plasma glutamate was reponed
in intensive care unit patients with sepsis compared with
healthy control subjects’* and has been hypothesized to be
an underlying contributor to the sepsis state."®’> The
metabolic response in catabolic states, including sepsis, is
characterized by a negative nitrogen balance, with acceler-
ated proteolysis of amino acids from the peripheral
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muscle.”® *” The catabolic response is mediated, in part, by

glucocorticoids,m which release amino acids in skeletal
muscle for use by other tissues, such as the liver conversion
of amino acids to glucose.””®" When rats are given the
glucocorticoid dexamethasone, skeletal muscle glutamic
acid and aspartic acid levels decrease significantly,*” as in
the present study. Glutamate is generated and metabolized
throughout the body, being most abundant in skeletal
muscle, brain, kidneys, and liver.?

Liver

The present study is the first organ-level analysis, to our
knowledge, investigating the metabolic changes in the liver
during sepsis. The liver is a target of sepsis-related injury,
including hypoxic hepatitis secondary to ischemia due to
shock, cholestasis resulting from altered bile metabolism,
and hepatocellular injury caused by inflammation.** In a
healthy state, bile salts are taken up by hepatocytes via the
basolateral sodium taurocholate cotransporter and organic
anion transporting proteins. The phospholipid export pump
facilitates excretion of phosphatidylcholine, which forms
mixed micelles in bile together with bile salts and
cholesterol. Bile salts are reabsorbed in cholangiocytes as
well as hepatocytes. Similar mechanisms for bile acid
resorption exist in the enterocytes of the terminal ileum.®
During microbial infection, the liver switches from tol-
erogenic responses to immunogenic responses, while
initiating the production of acute-phase proteins.”>"’
Changes in the liver’s metabolic roles appear to be
down-regulated, including the production and transport
(reabsorption) of bile, as indicated by changes in
plasma.®** Studies of plasma in nonhuman primates
(Macaca fascicularis) inoculated with E. coli also suggest
altered liver metabolic states,®® and increased bile acids
(taurine) and conjugated bile acids (eg, taurocholate and
taurolithocholate 3-sulfate) were interpreted as sensitive
measures of sepsis-induced cholestasis in a mouse model
of sepsis.”’

The significant metabolites identified in the liver after 18
hours of sepsis, which are involved with arginine and pro-
line metabolism, include significant increases in ornithine,
proline, creatinine, sarcosine, and urea (Figure 4D). In this
pathway, arginine is metabolized to urea and ornithine (via
arginase) or creatine.”’ Creatine is metabolized to sarcosine
or creatinine (via the intermediate creatine phosphate), and
ornithine is metabolized to proline (via ornithine amino-
transferase).”’ The accumulation of serum ornithine, pro-
line, creatinine, sarcosine, and urea has been reported to be
significantly elevated in systemic inflammatory response
syndrome and sepsis patients, in addition to accumulation of
taurine.”’ The significant decrease in liver linoleic acid and
significant alterations in purine metabolism metabolites
(increased guanine and urea and decreased inosine and
adenosine) have not been reported previously, to our
knowledge.
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Lung

Metabolic changes in the lung after cecal ligation and
puncture sepsis have been reported to include alterations in
amino acid metabolism, purine metabolism, lipid meta-
bolism, and energy regulation.”” Metabolites identified in
the lung with the present study are involved with aminoacyl-
tRNA biosynthesis, valine/leucine/isoleucine biosynthesis,
alanine/aspartate/glutamate metabolism, and pantothenate
and CoA biosynthesis, including significantly increased
valine, alanine, isoleucine, leucine, and threonine and
significantly decreased aspartic acid (Figure 5D). In addi-
tion, metabolites involved in arginine and proline meta-
bolism included significantly increased fumaric acid, urea,
and putrescine and significantly decreased aspartic acid
(Figure 5D). The significant alterations identified in the
present study did not overlap with those in the previous
mouse study’” and may represent differences in the timing
of the sepsis (18 hours versus 1 week), the model used (pig
versus mouse), or the infection (i.v. P. aeruginosa versus
cecal ligation and puncture).

The Urea Cycle and Sepsis

Urea nitrogen is present in all water pools [including plasma
(blood urea nitrogen)] in the body and reflects the balance
between urea production via the urea cycle as a by-product of
protein degradation and urinary excretion. The urea cycle
converts toxic ammonia to urea for excretion and occurs
primarily in liver and, to a lesser extent, the kidneys.”* > In
the current study, urea as the only metabolite significantly
increased in all tissues tested and indicates that urea is present
in all water pools (intracellular and extracellular) (Table 1
and Figure 6). Because ammonia is absorbed by the lungs,
muscle, and large intestine”® and is not produced in the lung
or muscle (with smaller amounts made in the small in-
testines),”” the elevated urea concentrations likely represent a
combination of increased production in relation to increased
protein degradation and possibly reduced kidney excretion.
In sepsis, blood urea nitrogen levels are elevated, reflecting
the complex balance between urea production, metabolism,
and excretion.”” Factors that contribute to elevated blood urea
nitrogen include glomerular filtration and tubular reabsorp-
tion in the kidney, dietary protein intake, endogenous protein
catabolism (eg, muscle atrophy), glucocorticoid-dependent
catabolism, volume status, and gastrointestinal tract
bleeding.”’ The decrease in urea clearance in kidneys during
endotoxemia involves the cytokine down-regulation of urea
transporters,”® contributing to the buildup of systemic urea
and accumulation in the ileum, jejunum, skeletal muscle,
liver, and lung identified in the present study.

Conclusions

Herein, we present a multiorgan approach to identify tissue-
specific metabolic changes during sepsis, identifying both
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unique and systematic alterations that may prove to be
therapeutic targets that support the tissue-specific changes in
metabolism (Table 1). After 18 hours of sepsis, the ileum
and the liver had significant changes in linoleic acid meta-
bolism; the ileum and lung had significant changes in valine/
leucine/isoleucine metabolism; the jejunum, skeletal mus-
cle, and liver had significant changes in arginine/proline
metabolism; and the skeletal muscle and lung had signifi-
cant changes in aminoacyl-tRNA biosynthesis, as deter-
mined by pathway analysis (Figures 1D, 2D, 3D, 4D, 5D,
and Figure 6). Pathway analysis also identified tissue-
specific changes in metabolic pathways, including changes
in the citric acid cycle (jejunum), P-alanine metabolism
(skeletal muscle), and purine metabolism (liver). The over-
lapping and tissue-specific changes in metabolism provide
insight into the metabolic changes in sepsis that may
contribute to subsequent organ dysfunction. This knowledge
can potentially allow the future development of therapeutic
interventions. These interventions could focus on treating
multiple tissues (eg, supplementing deficits in arginine/
proline metabolism in jejunum, skeletal muscle, and liver)
or specific susceptible organs and their symptoms (eg,
supplementing deficits in carnosine found only in skeletal
muscle). Future studies can then determine the clinical
significance of these organ metabolite deficits and determine
their relationship to the underlying pathogenesis of sepsis.
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