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Background. Understanding the molecular mechanisms in perturbation of the metabolome

following ischaemia and reperfusion is critical in developing novel therapeutic strategies to prevent
the sequelae of post-injury shock. While the metabolic substrates fueling these alterations have
been defined, the relative contribution of specific organs to the systemic metabolic reprogramming
secondary to ischaemic or haemorrhagic hypoxia remains unclear.

Materials and methods. A porcine model of selected organ ischaemia was employed to investigate
the relative contribution of liver, kidney, spleen and small bowel ischaemia/reperfusion to the plasma
metabolic phenotype, as gleaned through ultra-high performance liquid chromatography-mass
spectrometry-based metabolomics.

Results. Liver ischaemia/reperfusion promotes glycaemia, with increases in circulating carboxylic
acid anions and purine oxidation metabolites, suggesting that this organ is the dominant contributor
to the accumulation of these metabolites in response to ischaemic hypoxia. Succinate, in particular,
accumulates selectively in response to the hepatic ischemia, with levels 6.5 times spleen, 8.2 times
small bowel, and 6 times renal levels. Similar trends, but lower fold-change increase in comparison
to baseline values, were observed upon ischaemia/reperfusion of kidney, spleen and small bowel.

Discussion. These observations suggest that the liver may play a critical role in mediating the
accumulation of the same metabolites in response to haemorrhagic hypoxia, especially with respect to
succinate, a metabolite that has been increasingly implicated in the coagulopathy and pro-inflammatory

sequelae of ischaemic and haemorrhagic shock.
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Introduction

Since the early nineteenth century, the term ischaemia
has been used to describe a state of deficient blood
supply to tissues due to the obstruction of the arterial
inflow'. Recent advances in the field of metabolomics
have elucidated the molecular mechanisms underlying
the ischaemic injury to specific organs, including kidney,
heart, brain and liver in animal models and humans?>.
Initially, ischaemic injury was in part explained by the
inadequate oxygen supply to a given organ, resulting
in the upregulation of anaerobic metabolism (e.g.
glycolysis), impaired capacity to preserve high-energy
phosphate compounds such as adenosine triphosphate
and pH acidification'. More recent evidence suggests
hypoxia also results in the lack of a final acceptor of
electrons at complex IV of mitochondria triggering a
backwards flow of electrons through the mitochondrial
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electron transport chain complexes, which promotes the
accumulation of succinate from complex I1>¢7.
Succinate build up during ischaemia, followed by
oxygen replenishment upon reperfusion, promotes a
rapid accumulation of fumarate, which is accompanied
by a burst in the generation of oxygen radicals, the
final mediators of the ischaemia reperfusion (I/R)
injury?%’. Animal models of haemorrhagic shock®?’
suggest that these mechanisms are not just relevant to
hypoxia, but could also contribute to the increase in the
levels of circulating succinate and fumarate observed
during haemorrhagic shock in trauma patients'®-'4.
These considerations are clinically relevant given that
trauma is the leading cause of mortality under the age
of 44 years'® and metabolic reprogramming during
trauma and shock affects morbidity and mortality'.
Indeed, metabolic changes secondary to trauma and
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haemorrhage underlie early coagulopathy!” and late
inflammatory complications®!%18,

Analogously, research has highlighted a role for small
molecule metabolites like succinate, a citric acid cycle
intermediate and hallmark of ischaemic? and haemorrhagic
hypoxia®, as a key causative player in coagulopathy and
inflammatory states!?!. Tracing experiments in animal
models in vivo suggest glutamine, rather than glucose, is
the preferred substrate for the generation of ischaemic and
haemorrhagic succinate®®, while purine salvage reactions
downstream to purine catabolism appear to fuel fumarate
accumulation upon I/R2.

Previous studies have addressed the central role of
systemic hypoxia due to haemorrhage in producing
metabolomic changes following trauma??. Therefore, the
objective of this study was to identify the specific plasma
metabolomic contributions of intra-abdominal organs
following organ ischaemia using arterial occlusion. The
goal is to delineate the role of these organs in clinically
relevant scenarios such as global shock and hypoxia or
intra-abdominal ischaemia due to aortic cross clamping
or resuscitative endovascular balloon occlusion of the
aorta (REBOA). The experimental design would enable
us to determine whether a specific organ represents
a source of pathological metabolites accumulating
after an ischaemic insult. Since the liver is the most
metabolically active organ in the human body, we
hypothesise that occlusion of liver blood flow represents
the main contributor to the metabolic derangements
observed following ischaemia and reperfusion.

Methods
Animal model

The animal protocol was approved by the University
of Colorado Institutional Animal Care and Use
Committee. Male farm pigs (50-55 kg) underwent
anaesthesia induction with a combination of ketamine
(20 mg/kg) (VETone, Boise, ID, USA), acepromazine
(0.2 mg/kg) (VETone), and xylazine (2 mg/kg) (Akorn,
Decatur, IL, USA), and were then maintained on general
anaesthesia using isoflurane (0.5-2%) (VETone) in
room air, by mask. Pigs underwent tracheostomy and
femoral artery cannulation to measure blood pressure.
After tracheostomy, the animals were maintained
with isoflurane (0.5-2%) and placed on mechanical
ventilation to maintain O, saturation over 90%. Upon
completion of the experiment, the animal was euthanised
by exsanguination.

Selective organ ischaemia

Pigs (n=5) underwent laparotomy and isolation of
arterial supply to the selected organs: liver, kidney,
spleen, and small bowel. For the liver, the porta hepatis
was clamped and blood was collected from the right
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hepatic vein without clamping the vena cava. For the
small bowel, blood flow was occluded at the superior
mesenteric artery and the portal vein was used for venous
samples. For kidney and spleen, the vascular pedicle
was clamped, occluding the arterial inflow and venous
outflow simultaneously.

Pre-clamping samples were collected as baseline
from each organ's venous drainage, followed by
simultaneous clamping of arterial inflow, with blood
drawn at 15 and 30 min after occlusion and 5 min after
reperfusion (Figure 1).

Blood samples

Whole blood was collected and prepared as
previously described!?. Plasma was recovered through
centrifugation (2,500 g for 10 min at 4 °C) from each
of the 5 pigs and pooled for analysis.

Metabolomics analyses

Metabolomics analyses were performed as previously
reported!®!®, In brief, plasma samples (10 uL) were
immediately extracted in ice-cold lysis/extraction
buffer (methanol:acetonitrile:water 5:3:2) at 1:50
dilutions. Samples were then agitated at 4 °C for 30
min and then centrifuged at 10,000 g for 15 min at
4 °C. Protein pellets were discarded, while supernatants
and the methanol soluble lipid fraction were stored
at —80 °C prior to metabolomics analyses. Ten pL of
sample extracts were injected into an UHPLC system
(Vanquish, Thermo, San Jose, CA, USA) and run on
a Kinetex XB-C18 column (150%2.1 mm i.d., 1.7 pum
particle size) (Phenomenex, Torrance, CA, USA) using
either a 3-min isocratic run (hydrophilic fraction) or
a gradient from 5 to 95% B over 9 min (hydrophobic
fraction) at 250 nL/min (mobile phase: 5% acetonitrile,
95% 18 mQ H,0, 0.1% formic acid). The UHPLC
system was coupled online with a Q Exactive system
(Thermo) scanning in Full MS mode (2 pscans) at 70,000
resolution in the 60-900 m/z range (hydrophilic fraction)
or 150-2,000 m/z (hydrophobic fraction), 4 kV spray
voltage, 15 sheath gas and 5 auxiliary gas, operated in
negative and then positive ion mode (4 separate runs per
sample). Calibration was performed before each analysis
against positive or negative ion mode calibration mixes
(Piercenet - Thermo Fisher, Rockford, IL, USA) to
ensure sub ppm error of the intact mass. Metabolite
assignments were performed using Maven software
(Princeton, NJ, USA) upon conversion of .raw files
into .mzXML format through MassMatrix (Cleveland,
OH, USA). The software allows for peak picking,
feature detection and metabolite assignment against the
KEGG pathway database. Assignments were further
confirmed against chemical formula determination (as
gleaned from isotopic patterns and accurate intact mass),
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Figure 1 - A schematic representation of the swine model of selected organ ischaemia used in

this study.

Organ clamping and sampling areas are indicated. Sampling was performed from venous
supply for each organ at baseline, 15 or 30 min through ischaemia and upon reperfusion.
Where applicable, sampling was performed distal to the venous clamp.

and retention times against a more than 630 standard
compounds library, including commercially available
glycolytic and Krebs cycle intermediates, amino acids,
glutathione homeostasis and nucleoside phosphates
(SIGMA Aldrich, St. Louis, MO, USA; IROATech,
Bolton, MA, USA). Automated feature detection was
also performed on the raw mass spectrometry files using
Compound Discoverer 2.1 software (Thermo Fisher).
Only features with a minimum relative ion intensity of
1,000 and a signal to noise ratio of 3 were included in
the analysis.

Data analysis

Relative quantitation was performed by exporting
integrated peak area values into Excel (Microsoft,
Redmond, CA, USA). Hierarchical clustering analysis
was performed through the software GENE-E (Broad
Institute, Cambridge, MA, USA). Integrated peak area
values in arbitrary units were graphed through GraphPad
Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA)
and figure panels were assembled through Photoshop
CS5 (Adobe, Mountain View, CA, USA) and Inkscape
0.92.3. The relative quantitation of integrated peak area
values identified by automated feature detection were
compared between all sham time points (n=4) and all
ischaemic time points (n=4 each for each organ) for each
experimental group using a one-way analysis of variance
with correction for multiple comparisons using False
Discovery Rate (FDR) correction using JMP Pro 14
software (SAS Institute Inc., Cary, NC, USA). Features
were considered significant if they had a fold change of
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2-fold or greater or 50% reduction or less and an FDR
corrected p-value <0.05.

Results

Metabolomic analyses of a total of 168 named
metabolites were conducted (Online Supplementary
Content, Table SI). Hierarchical clustering analysis
grouping metabolites based on relative time-course
trended in each organ is displayed in a vectorial version
provided as Online Supplementary Content, Figure S1.
Figure 2 represents the overall heat maps (white: lowest
level of a given metabolite across all tested samples;
black: highest levels). Metabolites that accumulated
in plasma after liver I/R, but not I/R to other organs
are shown in Figure 2, left panel. Metabolites which
predominantly increased upon spleen or kidney I/R are
shown in Figure 2, right panel. Names of these specific
metabolites are detailed in Online Supplementary
Content, Figure S1. Pathway analyses indicated that
the representative metabolites reported in Figure 2 are
grouped as follows: i) glycolysis, glutaminolysis and
TCA cycle (Figure 3); ii) purine catabolism/oxidation
(Figure 4); iii) arginine metabolism, urea cycle,
polyamine and creatine metabolism (Figure 5).

The liver is the primary mediator of changes seen
in metabolites pertaining to glycolysis, glutaminolysis
and the TCA cycle (Figure 3). Glucose is increased
to 1.9 times baseline levels in the liver in response
to I/R. Similarly, Glucose-6-phosphate is increased
5.8 times baseline levels in response to hepatic
ischaemia, and further increased during reperfusion.
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Figure 2 - Heat maps of time course (baseline, 15 and 30 min through ischaemia, and reperfusion)

metabolic changes in plasma from pigs upon clamping of spleen, small bowel (SB), liver or
kidney blood flow.
Metabolites affected by liver ischaemia (left panel), spleen ischaemia (top right), kidney ischaemia
(bottom right) are indicated (labels for each metabolite are provided in Online Supplementary
Content, Figure S1). Metabolite levels were normalised across samples (Z-score normalisation)
and colour-coded from white (low) to black (high).
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Figure 3 - Time course analysis of glycolysis, TCA cycle and glutaminolysis markers in plasma of pigs undergoing selected

organ ischaemia.

Lines are representative of each metabolite in each group, according to the label scheme in the top right corner.

Lactate increased uniformly in response to I/R in all
intra-abdominal organs, with increases 1.9-2.1 times
baseline levels. Krebs cycles intermediates, by contrast,
were all selectively increased in response to hepatic
ischaemia, with augmentation of the increases following
reperfusion. Malate, succinate and fumarate increase
15.3-fold, 55.4-fold and 7-fold, respectively, compared
to baseline levels in the liver.

Hepatic ischaemia promotes differential accumulation
of succinate, which was 6.5 times spleen, 8.2 times
small bowel, 6 times renal levels in hepatic samples
at the end of reperfusion. Glutamine and glutamate
elaboration in response to ischaemia are somewhat more
heterogeneous. Glutamine has an early peak in response
to renal ischaemia, rising to 1.6 times baseline at 15 min
of ischaemia, and then dropping to 1.3 times baseline
upon reperfusion. Glutamine increases throughout
the duration of ischaemia in the small bowel, spleen
and liver, although liver reperfusion promotes a slight
decrease in glutamine levels (from 1.8 times baseline
levels at 30 min of ischaemia to 1.6 times that after
reperfusion). Glutamate accumulation in response
to I/R shows the greatest response from the kidney,
with an increase of 2.7 times from baseline occurring
exclusively after reperfusion. The other organs by
comparison show increases in glutamate levels 1.6-1.7
times baseline. However, the highest overall levels of
glutamate are released in response to hepatic I/R by
virtue of its greater levels at baseline. In summary, the
liver is primarily responsible for increases in glucose,
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glutamine and the downstream products leading into
and through the TCA cycle.

Ischaemia reperfusion injury promoted significant
alterations of purine catabolism and oxidation in the
liver, 2-4 times higher than other organs (Figure 4);
a phenomenon that resulted in the accumulation of
plasma adenosine, guanosine and inosine, and the
relative catabolites hypoxanthine, xanthine, urate and
hydroxyisourate. Adenosine and inosine show marked
increases in response to liver I/R, rising to 3.9 and
28.3 times baseline levels. Hypoxanthine shows fairly
uniform enrichment in response to organ I/R, with levels
increasing 2.6-4 times baseline in all organs, with the
kidney showing the greatest increase (4 times baseline).
Guanosine shows again preferential accumulation in
response to hepatic I/R, rising to 27 times baseline
levels. Hepatic levels peak at 2.7 times, 4.2 times and
5.6 times kidney, small bowel and splenic levels after
reperfusion. The downstream products of xanthine, urate
and hydroxyisourate show increases throughout I/R in
all organs, with the dominant driver again the liver.
Hepatic I/R promotes increases in xanthine, urate and
hydroxyisourate 9.6 times, 17 times, 17.7 times baseline
levels. Hepatic xanthine increases are greatest upon
reperfusion, while reperfusion attenuates the increases
seen in urate and hydroxyisourate. Allantoate, similarly
to hypoxanthine, is not selectively enriched by a single
organ but increases with I/R of all organs measured (1.3-
2 times baseline, with the greatest increase [2 times] in
response to hepatic ischaemia).
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Figure 4 - Time course analysis of purine metabolism and purine oxidation markers in plasma of pigs undergoing selected

organ ischaemia.

Lines are representative of each metabolite in each group, according to the label scheme in the top right corner.
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Figure 5 - Time course analysis of nitrogen metabolism (arginine, urea cycle, creatine and polyamine metabolism) markers in
plasma of pigs undergoing selected organ ischaemia.
Lines are representative of each metabolite in each group, according to the label scheme in the top right corner.

Different organs, including the urea cycle, arginine
metabolism, creatinine and polyamines, contributed
to nitrogen metabolism, with no clear dominant organ
responsible. I/R of kidney and spleen resulted in
the greatest effect on arginine, proline, creatine and
polyamine metabolism (Figure 5). Arginine decreased
in response to small bowel, kidney and hepatic I/R (0.8
times baseline levels), with a slight increase in response
to splenic I/R. Proline increased 1.1-1.3 times baseline
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following I/R, with the smallest change in response to
renal ischaemia, and the greatest response to small bowel
ischaemia. Creatinine was affected most significantly
by renal ischaemia, with increases 1.6 times baseline,
while other organ ischaemia increased levels 1.01.1
times baseline. Arginine consumption and accumulation
of ornithine, polyamines (putrescine, spermidine and
spermine) were observed upon I/R to all organs, with
no significant major contribution of one organ over the
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Figure 6 - Volcano plots comparing the sham treatment to each ischaemic group and total count of significant features for each group.
The graph lines indicate the threshold for significance for fold change and FDR p-values.

other (Figure 5). Spermine increased 4, 5, 8.7 and 14.9
times baseline levels in response to spleen, kidney, small
bowel and hepatic ischaemia, with spermidine following
a similar trend. Putrescine increased anywhere 2.7-3.7
times baseline levels, with the greatest response from
splenic ischaemia and the least response from hepatic
and renal ischaemia.

Small molecule metabolites involved in redox
homeostasis (e.g. reduced glutathione - GSH, cysteine,
carnosine, kynurenine, taurine and hypotaurine)
and, in general, metabolites involved in glutathione
turnover (5-oxoproline) or sulphur metabolism (taurine,
hypotaurine, methionine, GSH) were mostly affected by
liver and kidney I/R (Online Supplementary Content,
Figure S2). Taurine is increased upon reperfusion of
the liver and kidney, and reduced glutathione (GSH) is
increased upon reperfusion of the liver, kidney and small
bowel. No substantial increases were observed in the
post-I/R circulating levels of carnitine, tryptophan and
serotonin (Online Supplementary Content, Table SI).

Automated feature detection identified an additional
12,633 features (Online Supplementary Content, Table SIT).
Between 1% and 5% of these features were significantly
different compared to the sham group, with the systemic
venous samples having the greatest number of significant
features and the spleen having the fewest (Figure 6).
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Discussion

This study details a MS-metabolomics-based
investigation of the effects of isolated visceral ischaemia
and reperfusion. Hepatic ischaemia promoted the largest
changes in metabolites across the widest spectrum
of pathways compared to any other organ. The liver
was the main source for accumulation of glucose and
glucose intermediates, as well as glutamate and Krebs
cycle intermediates, which were not corrected by early
reperfusion. Most notable among these was succinate,
which accumulated selectively in response to hepatic
ischaemia. Additionally, hepatic ischaemia played
the largest role in purine catabolism and oxidation.
Conversely, ischaemia of the kidney and spleen had
the greatest effect on arginine, proline, creatine and
polyamine metabolism. Finally, metabolites involved
in redox homeostasis were most affected by liver and
kidney ischaemia. Taken together, liver ischaemia is
the predominant driver of metabolic alterations during
abdominal organ ischaemia and reperfusion, followed
by the kidney, spleen and small bowel.

The liver mediates gluconeogenesis/glycogenolysis
and is a target of insulin and glucagon signalling?.
Because it is the main source for circulating glucose,
liver I/R results in a unique signature with respect
to glycaemia and circulating glucose catabolites.
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Conversely, no significant differences were observed
in lactataemia across ischaemic organs, suggesting that
all organs rely on similar anaerobic glycolysis rates
in response to a lack of oxygen. In the last few years,
metabolomic studies have burgeoned in the field of
IR injury?3, suggesting a mechanistic role for hypoxia
mediating the uncoupling of the electron transport
chain, and the transient accumulation of metabolic
substrates fueling reactive oxygen species generation
upon reperfusion, most notably succinate?’. Succinate
has been tied to the induction of inflammatory cascades
through the stimulation of hypoxia-inducible factor
(HIF1a)-mediated signals involving pro-inflammatory
cytokines such as interleukin-1f, which may explain
the untoward pro-inflammatory sequelae of ischaemia®.
Additionally, succinate has been shown to have a
direct pro-inflammatory effect through the succinate
receptor, and increased levels are an excellent predictor
of post-traumatic death?'?>. These observations are
not just relevant to inflammatory consequences of
ischaemic hypoxia, but could also underlie some of
the adverse sequelae of haemorrhagic shock. Tissue
injury and haemorrhage result in the accumulation
of circulating carboxylic acids in animal models and
humans!®12.13.1826.27 Tp the current study, we establish the
primary role of the liver in the production of TCA cycle
intermediates such as succinate, malate and fumarate.
Tracing experiments in animal models has suggested
a minor role for glycolysis®, in contrast to a more
prominent role for glutaminolysis® and purine catabolism
and salvage?, in mediating the accumulation of systemic
plasma succinate in response to haemorrhagic or
ischaemic hypoxia.

Additional non-TCA metabolic derangements were
also evident. Early increases in plasma adenosine have
been reported following haemorrhagic shock, and in this
study we have shown this to be predominantly the result
of hepatic ischaemia'®?-!, Previous metabolomic studies
following I/R, especially of kidneys, have identified
allantoin (an end product of purine catabolism and
oxidation) as one of the metabolites showing the highest
fold change increases in plasma following the ischaemic
insult!333233  Moreover, increases in circulating levels
of purines (adenosine and guanosine) and downstream
metabolites (inosine, hypoxanthine, xanthine, urate and
hydroxyisourate) were observed in response to I/R for all
organs, though liver ischaemia contributed the most to
these metabolic changes (up to 4 times higher than other
organs). This increase in purines was in part expected
owing to the critical role hepatocytes play in their
metabolism and biosynthesis**. Arginine catabolism and
polyamine synthesis were similarly affected by I/R to
all organs: however, spleen and small bowel I/R showed
the highest effect on proline catabolism, putrescine,
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spermidine and guanidinoacetate accumulation. The
increase in these metabolites suggests a likely effect
mediated by the gut microbiome?’. 5-oxoproline
production was predominantly produced by hepatic I/R,
with implications for worsening metabolic acidosis®.

Ischaemia reperfusion injury is in part mediated
by the generation of reactive oxygen species (ROS)?,
which implies that: 1) oxidised small molecule
metabolites, such as taurine and kynurenine, are
potential markers of the severity of the I/R injury;
and 2) I/R can be attenuated by boosting antioxidant
defences by exogenous supplementation of antioxidants
such as N-acetylcysteine (a precursor to cysteine in
the synthesis of glutathione), carnitine, carnosine, or
hypotaurine®3*37-3° Importantly, the administration of
hypotaurine, N-acetylcysteine or methionine to rats upon
reperfusion attenuated post-ischaemic liver injury®.
However, only hypotaurine prevented the ischaemic
elevation of hepatic lactate and promoted recovery of
the energy charge upon reperfusion. Increases in plasma
taurine upon reperfusion in hypotaurine pre-conditioned
rats suggested that the exogenously administered
compound was utilised as an antioxidant, and taurine
has been proposed as a potential marker of the severity
of I/R*. In the presented data, I/R promoted increases
in circulating taurine and hypotaurine, and, although no
major contribution to this phenomenon was observed, it
was noted that hypotaurine consumption was the highest
upon reperfusion of the liver. Additionally, taurine levels
are increased following reperfusion, with the greatest
effect from renal reperfusion, suggesting a possible role
for plasma hypotaurine to scavenge free radicals with
production of taurine.

Other soluble markers of oxidative stress either
increased (reduced glutathione, kynurenine, cystine) or
were not altered (carnitine, methionine, cystine) by I/R.
Glutathione had a marked increase upon reperfusion of
all organs, most significantly in the liver, suggesting
increased oxidative stress upon reperfusion, possibly
as a result of succinate metabolism.

This study, while providing many important
insights in organ ischaemia with implications on global
hypoperfusion states, does have several limitations. Most
importantly, samples were pooled within groups, which
limits the ability of this study to provide measures of
statistical significance between time points. However,
as an investigational study, this does highlight global
trends. Combining the time points did allow us to
perform a limited statistical comparison between
the sham group and each experimental ischaemic
group, and identify an additional 12,633 features
with up to 5% having levels that change in response
to I/R. Additionally, while we see a relatively minor
contribution from small bowel ischaemia, our previous
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studies have shown lymphatic drainage of the small
bowel is bioactive*. We did not sample the lymphatic
drainage of the small bowel, potentially under-estimating
the effect of small bowel ischaemia on the global plasma
metabolome. Additionally, the method of organ ischaemia
also occluded the venous outflow for kidney, spleen and
small bowel that may add a confounding effect of venous
stasis to the experimental protocol. While the effect of
venous stasis is likely minimal with the lack of arterial
inflow, this may affect the organs' response to ischaemia.
Additionally, tracings reveal that the metabolomic
derangements are not corrected at 5 min of reperfusion,
but in some cases are exacerbated. For example, lactate,
a biomarker of tissue hypoxia is increased following
reperfusion. While this may represent washout of
ischaemic metabolites, the fact that these metabolites
are being released into circulation despite reperfusion
suggests that post-ischaemic metabolomics derangements
persist despite normalisation of blood flow. Additional
time points would be valuable to determine over what
time frame these metabolomic derangements resolve and
its implication for patients who have suffered profound
organ ischaemia.

In this study, we expand on prior work showing
the key role of haemorrhagic shock in producing
metabolomics derangements??, and delineate the
extent and dynamics of plasma metabolic responses
to organ-specific ischaemia and reperfusion. The
liver played a primary role in mediating the majority
of the systemic metabolic aberrations observed
after ischaemia as well as the accumulation of
plasma succinate and purine oxidation products.
These observations expand our understanding of
the systemic response to ischaemia and suggest
the potential source of haemorrhagic hypoxia-
driven accumulation of potentially pathogenic
small molecule metabolites such as succinate.
These molecules may have significant roles in
the pathogenesis of trauma-induced coagulopathy
as well as organ dysfunction. The central role of
hepatic ischaemia has important implications in
trauma, as resuscitative techniques such as REBOA
or descending aortic cross clamp potentially carry
a higher burden with regard to IR injury when they
occlude blood flow to the liver.

Conclusions

Ischaemia and reperfusion generate substantial
derangements in the plasma metabolome due to
inadequate oxygen delivery and access to metabolic
substrate. In a porcine selective organ ischaemia
model, we noted that liver ischaemia and reperfusion
generated the greatest changes to the plasma
metabolome relative to the other organs studied.
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