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Abstract

Purpose: Endotheliopathy of trauma (EoT), as defined by circulating levels of syndecan-1 > 40 ng/mL,
has been reported to be associated with significantly increased transfusion requirements and a doubled
30-day mortality. Increased shedding of the glycocalyx points toward the endothelial cell membrane com-
position as important for the clinical outcome being the rationale for this study.

Results: The plasma metabolome of 95 severely injured trauma patients was investigated by mass spec-
trometry, and patients with EoT vs. non-EoT were compared by partial least square-discriminant analysis,
identifying succinic acid as the top metabolite to differentiate EoT and non-EoT patients (VIP score = 3).
EoT and non-EoT patients’ metabolic flux profile was inferred by integrating the corresponding plasma
metabolome data into a genome-scale metabolic network reconstruction analysis and performing a func-
tional study of the metabolic capabilities of each group. Model predictions showed a decrease in choles-
terol metabolism secondary to impaired mevalonate synthesis in EoT compared to non-EoT patients.
Intracellular task analysis indicated decreased synthesis of thromboxanA2 and leukotrienes, as well as
a lower carnitine palmitoyltransferase | activity in EoT compared to non-EoT patients. Sensitivity analysis
also showed a significantly high dependence of eicosanoid-associated metabolic tasks on alpha-linolenic
acid as unique to EoT patients.

Conclusions: Model-driven analysis of the endothelial cells’ metabolism identified potential novel targets
as impaired thromboxane A2 and leukotriene synthesis in EoT patients when compared to non-EoT
patients. Reduced thromboxane A2 and leukotriene availability in the microvasculature impairs vasocon-
striction ability and may thus contribute to shock in EoT patients. These findings are supported by exten-
sive scientific literature; however, further investigations are required on these findings.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction resuscitation to combat coagulopathy, it remains a
leading cause of death worldwide [1,2]. We have

Traumatic injury has a high mortality rate, and previously reported that endotheliopathy is linked
despite the introduction of damage control blood  with developing both coagulopathy and multiorgan
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failure, contributing to the high mortality observed in
trauma patients with sympathetic activation as a
pivotal driver, as denoted by high levels of epinephr-
ine and norepinephrine [3,4]. A vital feature of
endotheliopathy in trauma is the shedding of the
endothelial glycocalyx, as measured by syndecan-
1, due to a shock-induced catecholamine surge
[3-5]. The glycocalyx contains a large volume (1-—
1.7 L) of non-circulating plasma [6], and it is nega-
tively charged, thus counteracting microvascular
thrombosis and maintaining a consistent blood flow
[7]. In a cohort of 410 trauma patients, we found that
a cut-off level of syndecan-1 > 40 ng/mL was asso-
ciated with significantly increased transfusion
requirements and a doubled 30-day mortality, con-
firming the pivotal role of the glycocalyx for both
hemostasis and the outcome in trauma patients, a
condition entitled Endotheliopathy of Trauma
(EoT) [8].

Studying the endothelium in vivo is inherently
difficult since it is impossible to extract biopsies of
the microvascular endothelium in patients
suffering from acute critical shock. To overcome
this limitation, we introduced metabolic systems
analysis by entering extracellular metabolome
data from patient plasma samples into a
biologically validated genome-scale metabolic
model of the microvascular endothelial cell (EC-
GEM) [9-11]. The vascular compartment encom-
passes more than one trillion endothelial cells that
are in constant contact with the circulating blood
[12]. Previously, when parameterizing EC-GEM
with the plasma metabolome from trauma patients,
four shock-induced endotheliopathic phenotypes
were displayed, of which one cluster depended on
the syndecan-1 level [13]. Based on that finding,
the present study aimed to comparatively analyze
the endothelial cell metabolism in EoT vs.
non-EoT patients, focusing on the glycan and lipid
metabolism as these are pivotal for the cell
membrane phenotype, including that of the
glycocalyx [14].

Results

Clinical characteristics

The clinical characteristics of the patients
revealed that EoT patients were more seriously
injured (higher injury severity score; ISS), received
more transfusions, were more shocked and had
higher 24- and 72-hour mortality rates than non-
EoT patients (Table 1).

Measurement of catecholamine levels in EoT
vs. hon-EoT patients

EoT patients presented with higher epinephrine
and norepinephrine than non-EoT patients
(Table 2).

Measured metabolites

Based on prior work with critically ill trauma
patients, we selected 62 metabolites to quantify
(Table 3) [13,15].

In total, eight metabolites were missing from over
30% of the samples and hence were removed from
further analysis as they could not be processed by
the imputation algorithm [16]. For the remaining
54 metabolites, <2% of the total values were miss-
ing from the data file. Missing values were imputed
using the Missforest package [17] in RStudio (ver-
sion 3.6.3), which applies a random forest approach
to impute values, thereby minimally altering the sta-
tistical characteristics of the metabolite.

Outlier detection

Pareto scaling for principal component (PCA) of
the measured metabolites was performed to
assess the influence of outliers on the conducted
EC-GEMs. Four patients were considered outliers
as they presented a metabolic profile outside the
95% PCA 1-2 confidence interval (one patient in
the three-dimensional plot PCA 1-3)
(Supplementary Table B). The four patients had
different vectors, e.g., different directions on the
PCA plot. The anomalous metabolic profiles for
these four patients could not be clarified by the
clinical presentation and were removed from
further analysis. Accordingly, 95 patients were
included in the following analyses.

Plasma metabolome in EoT vs. non-EoT-
patients

Partial least square-discriminant analysis (PLS-
DA) was conducted on the plasma metabolome
from the EoT and non-EoT patients. The top
metabolite of importance in the PLS-DA plot that
differentiated EoT and non-EoT patients was
succinic acid (VIP score = 3). The further top-10

variables of importance from the PLS-DA
comprised malic acid, propionyl-L-carnitine,
ornithine, lactic acid, aspartic acid, acetyl-L-

carnitine, L-kynurenine, oleic acid and alpha-
ketoglutarate (Fig. 1A and B). A volcano plot was
generated to display significantly different
metabolites, adjusted for the false discovery rate
(p-value < 0.001) and with a fold change of > 1.5.
This analysis showed that succinic acid alone is
essential to differentiate EoT vs. non-EoT
patients, with a fold change of > 1.5 and adjusted
p-value (fold change = 1.5372, adjusted p-
value < 0.001; Fig. 2).

Genome-scale metabolic network
reconstruction analysis

The presented work introduces the analysis of
endothelial cells’ metabolism via model-driven
methods using large-scale metabolic network
models, the so-called genome-scale metabolic
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Table 1 Patient demographics, admission vitals, transfusions and outcomes for 95 adult trauma patients (>18 years)

who met the criteria for full trauma team activation at the Red

Duke Trauma Institute of the Memorial Hermann Hospital,

Houston, Texas, USA.

Non-EoT EoT p-value

(n=37) (n =58)
Demographics
Age Years 46.0 [36.0, 58.0] 44.0 [32.3, 51.0] 0.262
Sex Male [n (%)] 25 (67.6%) 45 (77.6%) 0.400
Ethnicity Non-Hispanic[n(%)] 29 (78.4%) 40 (69.0%) 0.713
Race Race [n(%)] White = 17 (45.9%) White = 20 (34.5%) 0.727

African American = 9 (24.3%) African American = 16 (27.6%)

Hispanic = 8 (21.6%) Hispanic = 14 (24.1%)

Asian =1 (2.7%) Asian =1 (1.7%)

Other = 2 (5.4%) Other = 7 (12.1%)
BMI Score 28.3 [25.3, 30.9] 27.2 [24.8, 31.4] 0.698
Injury type and severity
ISS Score 22.0[9.0, 25.0] 26.0 [22.5, 34.0] <0.001
AlS Head Score 0 [0, 0] 0 [0, O] 0.842
AIS Face Score 010, 0] 010, 0] 0.195
AIS Thorax Score 010, 3] 310, 4] 0.044
AIS Abdomen Score 010, 2] 2 [0, 4] 0.003
AIS Extremity Score 0[0, 3] 010, 3] 0.171
AIS External Score 1[0, 2] 1[1,2] 0.155
GCS Score 15 [3,15] 9 [3,15] 0.014
ED admission physiology
SBP mmHg 125 [114, 139] 110 [98, 133] 0.027
Heart rate Bpm 96 [81, 110] 102 [85, 120] 0.185
Lab parameters
BE mEg/L —2.0 [-6.0, —2.0] —8.0 [-11.5, —4.3] <0.001
Lactate mg/dL 3.2 [2.1, 3.8] 5.3 [2.8, 9.4] 0.001
Glucose mg/dL 153 [117, 180] 181 [134, 235] 0.013
Creatinine mg/dL 1.08 [0.95, 1.30] 1.36 [1.01, 1.58] 0.002
BUN mg/dL 1412, 19] 16 [13, 20] 0.185
Transfusions pre-hospital
Transfused pre-hospital? Yes [n (%)] 4 (10.8%) 15 (25.9%) 0.127
If yes:
RBC Units 11, 1] 1[0, 1] 0.469
Plasma Units 1[0.5, 1] 1[0.5, 1] 0.736
Transfusions after admission
Transfused within four hours? Yes [n (%)] 13 (85.1%) 42 (72.4%) 0.001
If yes:
RBC Units 210, 4] 41[2,12] 0.038
Plasma Units 311, 4] 411, 11] 0.317
Platelets Units 010, 0] 0[O, 6] 0.070
Transfused within 24 h? Yes [n (%)] 21 (56.8%) 46 (79.3%) 0.034
If yes:
RBC Units 110, 3] 3.5[1,12] 0.013
Plasma Units 6 [3, 12] 41, 14] 0.771
Platelets Units 0 [0, 0] 0[O, 6] 0.016
Qutcome
Mortality (<24 h) n (%) 1 (2.7%) 11 (19.0%) 0.044
Mortality (<72 h) n (%) 1(2.7%) 12 (20.7%) 0.029
Mortality (<30 days) n (%) 10 (27.0%) 25 (43.1%) 0.172

Note: BMI, body mass index; AlS, abbreviated injury score; GCS,

Glasgow coma score; SBP, systolic blood pressure; BE; base

excess, BUN; blood urea nitrogen, RBC; red blood cells. Medians (IQR) or n (%) are reported. p-values < 0.05 are shown in bold.

models (GEMs). This systems biology tool gathers
all the biochemical reactions encoded by an
organism’s genome and represents an excellent
platform to integrate multiple omics data ranging

from metabolomics [18] to transcriptomics [19],
among any other omics measuring the components
of a living cell. As such, genome-scale metabolic
reconstruction analysis enables us to infer a case-
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Table 2 ELISA measurements of catecholamine and endothelium biomarkers in 95 critically ill trauma patients.

Non-EoT EoT p-value
(n=37) (n = 58)
ELISA measurements
Adrenaline pg/mL 241 [89.4, 392] 458 [206, 1800] 0.004
Noradrenaline pg/mL 780 [388, 1310] 1740 [724, 3590] <0.001
Syndecan-1 ng/mL 25.0 [18.9, 31.2] 161 [75.6, 192] <0.001

Medians (IQR) or n (%) are reported. p-values < 0.05 are shown in bold.

specific metabolic flux profile (i.e., EOT or non-EoT
metabolism) that ultimately leads to determining
the cellular functions underlying a given phenotype.

To integrate all the measured metabolites in this
study, the latest reconstruction of endothelial cell
metabolism [13] was upgraded. To that end, the
original model’s annotation was improved and new
reactions were added (see Methods). This model
now accounts for 3006 reactions and 2114 metabo-
lites (IEC3006 GEM).

Plasma metabolome data from EoT and non-EoT
patient groups were integrated into the GEM
reconstruction analysis as follows. First, literature-
based data on endothelial cell metabolism were
integrated as constraints into the iEC3006 model,
together with a sampling analysis, to characterize
a baseline model of endothelial cells describing
the spectrum of feasible nutrients’ uptake/
secretion rates. The uptake/secretion rates for the
EoT and non-EoT models were redefined by the
mean fold change from the plasma metabolomics
dataset. The recalculated uptake/secretion rates
were imposed as new constraints on the iEC3006
model, and a sampling analysis was performed to
characterize both EoT and non-EoT GEMs (see
Methods). The resulting general iIEC3006 GEM,

as well as EoT and non-EoT GEMs, were
uploaded to the GitHub repository (hiips:/

github.com/HHENOO042/EoT).

Validation of the GEMs reconstruction

To determine the reliability of the GEMs of EoT
and non-EoT reconstructions, a cross-validation
analysis was performed. Here, an EoT and non-
EoT unconstrained model for each exchange
reaction was reconstructed, and the
corresponding population of feasible flux values
for each unconstrained exchange reaction was
calculated by applying a sampling analysis. Next,
to determine the value of EoT and non-EoT
models’ predictions, the solutions from the
unconstrained models were compared with the
initial EoT and non-EoT constrained models, and
the significance was calculated by a ttest. The
analyses showed that the models could predict
92.45% of the metabolite uptake/secretion rates
with an associated p-value < 0.01 and with high
accuracy; the R? scores were 0.9992 and 0.9985

for the non-EoT and EoT groups, respectively
(Supplementary Table I).

Intracellular metabolism in EoT and non-EoT
patients

In total, 50 central tasks of the lipid and glycan
metabolism were analyzed using the iEC3006,
and we explored the two models’ maximum
capability to metabolize a specific product/s from a
defined substrate/s (Supplementary Table E) [20].
Results are included in the supplementary material
(Supplementary Table F).

Beyond this, the lipid metabolism results are
displayed in a heat map (Fig. 3). Remarkably, the
task analysis for cholesterol metabolism revealed
a decrease in the synthesis of mevalonate that
represented the activity of hydroxymethylglutaryl-
CoA (HMG-CoA) reductase (86% lower in EoT
compared to non-EoT group), despite a similar
availability of HMG-CoA for mevalonate (Fig. 4).
This reaction represents the rate-limiting step of
cholesterol synthesis [21].

Further to this, in the fatty acid metabolism
analysis, similar synthesis rates for both trauma
groups were calculated in most of the lipid-
associated tasks. However, arachidonic acid
synthesis was predicted to be almost 30 times
higher in EoT compared to non-EoT patients
(Fig. 3). Since arachidonic acid is one of the main
eicosanoid precursors, a more in-depth analysis of
these molecules’ metabolism and the role of
arachidonic acid in fatty acid beta-oxidation was
conducted.

To further investigate the metabolic implication of
increased arachidonate synthesis in EoT patients,
26 new tasks describing the synthesis of the
different eicosanoids noted in the model from
arachidonic acid, as well as one task describing
the carnitine palmitoyltransferase | (CPT1) activity,
were designed (Supplementary Table G). Next,
the flux through these newly defined tasks was
analyzed in both EoT and non-EoT patients, with
the results displayed in Fig. 5A and the
corresponding data included in the supplementary
material (Supplementary Table H).

EoT and non-EoT patients had similar fluxes
toward prostaglandin H2, PGD,, PGE, and PGF,
(Fig. 5A and B). The analysis predicted a
decrease in the synthesis of thromboxane A2 in


https://github.com/HHEN0042/EoT
https://github.com/HHEN0042/EoT

H.H. Henriksen, I. Marin de Mas, H. Herand, et al.

Materials Biology 15 (2022) 100115

Table 3 Metabolites measured in the plasma.

Metabolite name

L-Alanine

Glycine

L-Valine

L-Leucine
L-Isoleucine
L-Threonine
L-Proline

Asparagine

L-Serine

L-Glutamic acid
L-Methionine
L-Phenylalanine
Ornithine

L-Lysine

L-Tyrosine
L-Tryptophan
L-Aspartic acid
L-Cystine

Pyruvate

Fumaric acid
Succinic acid

Lactate

Malic acid
(x)12(13)-DiIHOME*
12(S)-HETE
13-OxoODE*
14-HDoHE
15(S)-HETE*
5-Oxoproline
Acetylcarnitine
Adenosine
o-Ketoglutarate
a-Linolenic acid
Arachidonic acid
Butyrylcarnitine*
Carnitine
Decanoylcarnitine
Dihomo-y-linolenic acid
Docosahexaenoic acid
Docosapentaenoic acid
Docosatetranoic acid
Dodecanoicdioic acid
Eicosapentaenoic acid
Glucose
Hypoxanthine
Isovaleryl-L-carnitine
L-Arginine*
L-Glutamine
L-Histidine

Linoleate
L-Kynurenine
Myristoyl-L-carnitine*
N,N-dimethylglycine
Octanoylcarnitine
Oleic acid

Palmitic acid
Palmitoylcarntine*
Propionylcarnitine
Prostaglandin E2*
Sphingosine 1-phopshate
Trimethylamine N-oxide
Uric acid

Note: Metabolite marked with * were not included in the further
analysis as it had a high number of missing values.

the EoT compared to non-EoT patients (Fig. 5A and
B). A decrease in the synthesis of 5-HPETE, and
thereby the leukotrienes (LTA4, LTB4) and the
cysteinyl leukotriene LTC,4, were also predicted in
the EoT compared to non-EoT patients (Fig. 5A
and B). The mitochondrial membrane transporter
CPT1 was more active in the non-EoT group
(234%), indicating a higher B-oxidation activity as
CPT1 transports long-chain fatty acids such as
arachidonate acid into the mitochondria to be
metabolized as a source of energy.

Moreover, EoOT patients had decreased
degradation of glycan metabolism due to keratan
sulfate degradation (94.4% reduction) compared
to non-EoT patients (Fig. 6).

Evaluating the association between the
extracellular plasma metabolome and EC
intracellular metabolic tasks

The current work proposes a novel strategy
integrating plasma metabolome data in genome-
scale metabolic network models to unveil the
metabolic mechanisms underlying the EoT
phenotype. To test this strategy, we applied
constraint-based modeling methods to infer the
metabolic flux profiles through a set of metabolic
tasks [20] in both EoT and non-EoT patients.

This approach relies on the fact that more than
one trillion endothelium cells (ECs) lines the inside
of the vascular compartment and are in direct
contact with the circulating blood, and thereby, the

plasma, in which any changes observed
consequently largely reflect endothelium cell
metabolism.

To test this assumption, a sensitivity analysis
evaluating the impact of the measured
metabolites’ perturbations on metabolic tasks was
performed (see Methods). Clustering analysis was
then carried out on the sensitivity analysis to find
groups of tasks potentially correlated with specific
extracellular metabolites. The results showed a
cluster of eicosanoid-associated tasks in both EoT
and non-EoT models. This cluster is highly
sensitive to variations in arachidonic acid and
alpha-linolenic acid in the EoT model but only to
arachidonic acid in the non-EoT model, indicating
that alpha-linoleic acid dependence is a unique
feature of the EoT group (Fig. 7).

Discussion

In the present study, we confirmed that EoT
patients were more severely injured (higher ISS),
more shocked (lower systolic blood pressure and
base excess), had higher  transfusion
requirements and had higher early mortality rates
(mortality before one day and also before three
days) compared to non-EoT patients (Table 1)
[9,16]. Shedding of the endothelial glycocalyx
releases significant constituents into the circulating
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differentiate EoT and non-EoT patients. B. VIP score plot illustrating the top-10 important variables in the PLS-DA
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Fig. 2. Volcano plot identifying succinic acid as essential to differentiate between EoT and non-EoT patients.Note:
The volcano plot has an adjusted false discovery rate (p-value < 0.001) and a fold change > 1.5.

blood, rendering it hypercoagulable, and this likely
contributes to the increased transfusion require-
ments observed in EoT patients [22].

PLS-DA, in combination with a volcano plot
representation, were performed to identify
significantly important plasma metabolites, to
differentiate between EoT and non-EoT patients.
Both analyses highlighted succinic acid as the top
metabolite of importance in differentiating between

EoT and non-EoT patients, with increased levels
in EoT patients. Increased succinic acid levels
observed in EoT patients aligned with our
previous findings in a pilot trauma study, which
showed one phenotype dependent on syndecan-1
levels, with increased succinic acid levels
compared to the other phenotypes [9]. Furthermore,
D’Alessandro and colleagues reported that in a
cohort of 95 severely injured trauma patients, succi-
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nate levels were significantly higher in patients who ~ mal studies undergoing shock [24,25]. In addition,
died compared to survivors [23]. Similarly, elevated  the glutamine pathways, an alternative substrate
levels of succinic acid have been observed in ani- for ATP production in anaerobic settings, have been
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article.)

shown to result in an increased level of succinic acid
under shock [26].

Succinic acid plays a crucial role in ATP formation
in the mitochondria. However, mitochondrial
membrane dysfunctionality leads to succinic acid
accumulation [27]. Increased succinic acid levels
have also been linked with an increase in inflamma-
tion, resulting in organ failure [28]. Therefore, one
may hypothesize that the elevated levels of succinic
acid in the EoT populace is forced by a mitochon-
drial dysfunction, which results in a second hit after
the initial trauma hit.

To investigate the intracellular response in
endothelial cells of EoT vs. non-EoT patients, we
generated two GEMs using the iEC3006 model
and performed a task analysis focused on glycan

and lipid metabolism. Interestingly, the intracellular
metabolic fluxes showed a significant decrease in
the activity of HMG-CoA reductase (mevalonate
synthesis task), a rate-limiting reaction in
cholesterol metabolism, in EoT patients compared
to non-EoT patients. The cell membrane consists
of 25-30% cholesterol, the highest concentration
of lipids in the membrane [29]. Hence, cholesterol
plays a vital role in the membrane function, where
it regulates membrane fluidity by reducing the per-
meability of the cell membrane, which it achieves
by increasing the packing of phospholipids, thereby
helping to restrict the passage of molecules [29].
The significant reduction in mevalonate synthesis
and consequently cholesterol observed in the EoT
patients may, therefore, increase the membrane flu-
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Fig. 6. EoT patients appear to present decreased keratan sulfate metabolism.Heat map of the predicted metabolic
flux throughout all tasks corresponding to glycan metabolism in EoT and non-EoT EC-GEMs. All fluxes are scaled
between —1 and 1. Relevant task is marked in a green box. GM: glycan metabolism, J: GPI anchor biosynthesis, K: N-
glycan metabolism, L: O-glycan metabolism, M: keratan sulfate metabolism. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

idity and permeability, besides the direct toxic
effects of catecholamines generated by the trauma
[29,30]. Furthermore, mevalonate production is piv-
otal for the antioxidants’ defense system as it pro-
duces coenzyme Q10, which is crucial for the
electron transport of the mitochondrial respiratory
chain [31]. The significant decrease in mevalonate
in EoT patients observed here may thus result in
abnormal mitochondrial respiratory function and
increase the levels of free radicals. This may result
in increased membrane damage by initiating lipid
peroxidation of unsaturated fatty acid in the cell
membranes, including in the mitochondrial mem-
brane — thereby further disturbing the membrane
integrity [32]. This highlights the importance of the
sustainable production of mevalonate for cellular
homeostasis and may explain the high observed
extracellular levels of succinic acid, an intermediate
of the respiratory cycle, in EoT patients [33]. The
production of mevalonate is a rate-limiting step in
cholesterol production regulated by the HMG-CoA
reductase enzyme, which is the molecular target
for cholesterol-lowering statins [34,35]. Interest-
ingly, statins have been associated with decreased
mortality in numerous cancer types, linked to the
primary tumor suppressor gene p53, whereby
downregulation of the mevalonate pathway occurs
when stress mediators activate p53 [36]. Therefore,
one could speculate that p53 is implicated in the
decrease in mevalonate observed in EoT patients
due to “overactivation” of p53 caused by severe
stress mediators.

Furthermore, an increase in arachidonate
synthesis was also observed in patients with EoT.
Arachidonate, an esterified arachidonic acid (AA),
is naturally found incorporated in the structural

phospholipids in the cell membranes throughout
the body [37]. AA is released from the membrane
phospholipids by phospholipase A2, phospholipase
and phospholipase D. Free AA will then be metabo-
lized into the eicosanoids, e.g., small signal-
molecules, which through the cyclooxygenase and
lipoxygenase pathways can either be transformed
into prostaglandins, thromboxanes or leukotrienes
[38]. The release of AA from the cell membrane is
forced by high levels of circulating stress mediators
such as the shock-induced catecholamine surge
and accompanying inflammation [39]. In case of
inflammation or shock, eicosanoids will act as pro-
inflammatory molecules (prostaglandin H2), platelet
aggregating factors (thromboxane A2), modifiers of
vascular permeability (leukotrienes) and vasocon-
strictors (thromboxane A2, cysteinyl leukotrienes)
[40-42]. To further investigate the fate of arachi-
donic acid metabolization, we analyzed pathways
only focusing on the eicosanoids, and interestingly,
we observed that thromboxane A2, leukotrienes
and cysteinyl leukotriene LTC, were decreased in
EoT compared to non-EoT patients. A pivotal
function of both thromboxane A2 and LTC, is
vasoconstriction [43], and loss of this results in
refractory circulatory shock. That was corrobo-
rated by EoT patients in the present study, who
presented with lower blood pressure, along with
higher base excess and lactate levels, compared
to non-EoT patients. A further pivotal function of
thromboxane A2 is to stimulate the activation of
new platelets, as well as increase platelet aggrega-
tion and thus support hemostasis [44]. It could be
speculated that the reduction of thromboxane A2
in EoT patients impairs hemostatic competence,
also contributing to the increased transfusion
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requirements observed, and thus warrants further
investigation.

Additionally, the role of AA as a regulator of
cholesterol metabolism has been reported; this
could imply the peroxidation of AA associated with
different pathologies [45] may explain the predicted
lower utilization of AA as a source of eicosanoid or
B-oxidation metabolism. These findings suggest a
common mechanism underlying the differences
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observed between EoT and non-EoT patients [46],
which requires further investigation.

Beyond this, non-EoT patients displayed
increased degradation of keratan sulfate, a
constituent of the endothelial glycocalyx [47]. Ker-
atan sulfate glycosaminoglycans’ expression in
the vasculature, and its importance in (patho)phys-
iology, are less well-understood, requiring further
investigation [47,48].
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In addition, a sensitivity analysis was performed
to investigate the interdependence between the
plasma exometabolome and the intracellular task
activity, showing an eicosanoid-associated task
cluster highly sensitive to changes in alpha-
linolenic acid only in the EoT group. Interestingly,
these findings are in accordance with abundant
literature associating alpha-linolenic acid with
inflammation and alterations to the cell membrane
and its permeability [49-51] that are characteristic
of the EC phenotype in EoT patients. Thus, this
analysis shows that relevant correlations between
the plasma sample metabolites and metabolic task
predictions are consistent with experimental obser-
vations connecting endothelial cell metabolism and
phenotypes, which supports the integration of
plasma metabolome data into GEM reconstruction
analyses as a novel approach to studying ECs’
metabolism.

The present study has limitations inherent to
observational studies, and the resulis are
consequently mere associations. Furthermore, a
limited number of trauma patients were included
and from one center only. Moreover, we
hypothesize that plasma changes are primarily
attributable to the EC since 1 trillion EC are in
contact with the circulating blood. Yet, we cannot
exclude the influence of metabolites from sources,
such as muscles, lipocytes, and the liver, etc.
Although the endothelial cell GEM applied here is
the most detailed to date, only limited coverage of
metabolic reactions is detailed. Moreover, this study
focused on endothelial glycan and lipid metabolism
only. Therefore, the results from the EC-GEM must
be emphasized as hypothesis-generating results
that require additional investigation.

In conclusion, metabolomic systems analysis of
trauma patients indicates that EoT, defined by a
circulating syndecan-1 level > 40 ng/mL, is
associated with alterations to the central metabolic
pathways of the endothelial cell membrane,
including cholesterol, fatty acid and keratan sulfate
metabolism. The reduced production of
eicosanoids (thromboxane A2, leukotrienes and
cysteinyl leukotriene) in EoT patients appears to
provide a novel potential pathophysiological
mechanism that may contribute to increased
shock and high mortality secondary to impaired
vasoconstriction. Considering  the  clinical
relevance of this pathology and the technical
difficulties in studying endothelial cells compared
to other cell types involved in human diseases, the
computational methodology applied in this work
provides, to our best knowledge, a unique tool for
in vivo studies of the metabolic dysregulations
associated with endotheliopathy. The data
collectively support the proposal that metabolic
systems analysis of endothelial cells may identify
novel potential therapeutic opportunities for
severely injured trauma patients, which warrant
further investigation.
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Materials and methods

Setting and patients

All critically ill adult trauma patients (>18 years)
admitted directly from the injury scene to the
highest level of activation at the Red Duke
Trauma Institute between March 2013 and
February 2018, at Memorial Hermann Hospital,
Houston, Texas, USA, were included in a
biorepository observational cohort study. This
study was approved by the McGovern Medical
School at UTHealth’s institutional review board
(HSC-GEN-12-0059) and is in line with the
Declaration of Helsinki. Blood samples were
collected immediately on the patient’s arrival by
on-call research assistants. Informed consent was
obtained from the patient, or if the patient was
unconscious, from a legally authorized
representative within 72 h after enrollment. A
waiver of consent was granted if the patient was
discharged or died within 24 h, or three or more
attempts were made to obtain consent within 72 h.
If the consent could not be obtained, the patient
was excluded from the study and their blood
samples were destroyed.

Patient selection

Patients in this study were randomly selected
retrospectively for enroliment based on the ISS
from a biorepository of over 6500 patients
requiring the highest level of trauma activation. In
total, 20 trauma patients with minor and moderate
trauma injury (ISS <16), 40 with serious trauma
injury (ISS 16-25) and 39 with severe trauma
(ISS >25) were included. The criterion for
exclusion was a severe non-survivable traumatic
brain injury. Clinical data in the registry were
recorded on the patient’s admission by research
assistants or extracted from medical records and
the trauma registry.

Definition of EoT: The clinical diagnosis of EoT in
the selected cohort of trauma patients was based
on an admission level of syndecan-1 > 40 ng/mL [8].

Healthy volunteers

We previously examined 20 healthy volunteers to
calculate normal metabolic variances, to
incorporate metabolic patient data into the EC-
GEM [13].

Analysis of clinical characteristics

Statistical analysis was performed using RStudio
(version 3.6.3). Descriptive data are presented as
medians with interquartile ranges (IQRs) or as a
percentage (%). Non-parametric statistical tests
(Mann-Whitney U test and chi-squared/Fisher’s
exact test) were used to evaluate unpaired group
differences as appropriate.
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Sample preparation

Blood samples were obtained on the patient’s
hospital admission in 3.2% citrated tubes. The
tubes were immediately centrifugated at 1800 g
for 10 min at 5 °C, completed two times in total, to
separate the plasma, which was aliquoted and
frozen at —80 °C for later analysis.

Enzyme-linked immunosorbent assay (ELISA)
measurement

The soluble biomarkers of sympathoadrenal
activation (epinephrine and norepinephrine) and
endothelial  glycocalyx  (syndecan-1)  were
measured through an enzyme-linked
immunosorbent assay according to the
manufacturer's recommendations.

The following manufacturers were used:
epinephrine and norepinephrine 2-CAT ELISA,
Labor Diagnostica Nord GmbH Co. & KG,
Nordhorn, Germany) and syndecan-1 (Diaclone
Nordic Biosite, Copenhagen, Denmark).

Mass spectrometry analysis

Ultra-high performance liquid chromatography-
mass spectrometry analysis was performed as
previously published [52]. This was run on a Van-
quish UHPLC system (Thermo Fisher Scientific,
San Jose, CA, USA) with a Q Exactive mass spec-
trometer (HF Hybrid Quadrupole-Orbitrap, Thermo
Fisher Scientific, San Jose, CA, USA). An electro-
spray ionization interface was used as an ionization
source. The analysis was performed in negative
and positive ionization modes. A QC sample was
analyzed in MS/MS mode to identify compounds.
The UPLC was performed using the protocol
described by Catalin et al. with a slightly modified
version where the derivatization reaction was
stopped by the addition of chloroform [53]. Peak
areas were extracted using a Compound Discov-
erer 2.0 (Thermo Scientific).

Gas chromatography-mass spectrometry was
used to detect amino and non-amino organic
acids. The analysis was performed using gas
chromatography (7890B, Agilent) coupled with a
quadrupole mass spectrometry detector (5977B,
Agilent). The system was controlled by
Chemstation (Agilent). Raw data were converted
to a netCDF format using Chemstation (Agilent),
before the data were imported and processed in
MATLAB R2018b (Mathworks, Inc.) using the
PARADISe software described by Johnsen et al.
[54]. The mass spectrometry analyses were carried
out by MS-Omics (https://www.msomics.com/).

Analysis of mass spectrometry data

Two-way comparisons were performed between
patients (EoT vs. non-EoT) using the
metabolomics package in RStudio (version 3.6.3).
The quantified metabolic data were normalized by
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log2 transformation and Pareto scaling for PCA,
PLS-DA and volcano plot analyses. Fumaric acid
was removed from the metabolic statistical
analysis as it correlated 1:1 with malic acid.

Endothelial genome-scale metabolic model
upgrading

To investigate the metabolic differences between
EoT and non-EoT groups, the latest reconstruction
of the human endothelial cell metabolism (IEC2997
GEM) [13] was updated and expanded to enable
more efficient integration of metabolic datasets
(iIEC3006 GEM).

Exometabolomic data (i.e., blood samples) are
typically incorporated in GEM-based analyses as
constraints on the exchange reactions. These
reactions describe the boundaries of the model,
providing information about the metabolic
capabilites of the cell, which enables the
quantification of the nutrients’ uptake/secretion
rates. Thus, the integration capacity, and
consequently the predictive capabilities of the
iIEC3006 GEM, can be enhanced by improving the
annotation and increasing the number of
extracellular metabolites in the model, together with
their associated exchange and transport reactions.
The model upgrade was achieved in three steps: i.
To improve the annotation of the measured
metabolites in iEC3006 GEM, the external-
database IDs of the metabolites in the model were
curated to correct mis-annotations, and new IDs
were added; ii. For those extracellular metabolites
annotated in the model without an associated
exchange reaction, new exchange and transport
reactions were exported from other already-built
models (i.e., Recon 2.2 or Recon 3D); iii. For those
metabolites not annotated as an extracellular
metabolite in the model, the extracellular annotation
was included together with the associated
exchange reaction and the corresponding transport
reaction that was supported by the literature. As a
result, the upgraded model (hereinafter iEC3006)
could perform a full metabolomics dataset
integration. The process is described in detail in
Supplementary Table C.

Construction of EoT and non-EoT genome-
scale metabolic endothelial models

To infer the metabolic flux profile of EoT and non-
EoT groups that ultimately determines the cellular
functions underlying a given phenotype, quantified
metabolic data were integrated into the upgraded
iEC3006 model using the Cobra toolbox in
MATLAB R2017b [55,56]. First, a baseline model
was determined by random sampling flux analysis
of the constrained iEC3006 model. Next, the maxi-
mum and minimum uptake/secretion rates of all
the metabolites in the baseline model were deter-
mined by the upper and lower quartiles of their
respective exchange reaction flux distributions, as
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determined by random sampling flux analysis of the
constrained iEC3006 model.

Finally, the EoT and non-EoT models were ready
to be reconstructed. To this end, the minimum and
maximum uptake/secretion rates of the exchange
reaction for all the measured metabolites were
redefined as a function of the mean fold change
(patient phenotype/20 healthy volunteers) from the
plasma metabolomics dataset (more detail in
Supplementary Table A). Finally, the metabolic
flux profile of each model was calculated by
applying random sampling flux analysis while
imposing the previously defined thresholds; if
necessary, reactions were relaxed to obtain a
feasible model (Supplementary Table D). As a
result, EoT and non-EoT genome-scale metabolic
endothelial models were constructed. Finally, the
reliability of model reconstruction was evaluated
by comparing the exometabolomic experimental
data and the model predictions via cross-
validation analysis [57].

Analyzing metabolic capabilities of EoT and
non-EoT genome-scale metabolic endothelial
models

A functional metabolic path can be defined as the
set of reactions that a living cell must activate to
synthesize a given metabolite(s) from one or
several substrates. These functional metabolic
paths can describe specific cellular tasks
necessary for cell viability in a specific condition
(s). In this work, we combined a set of manually
curated metabolic tasks described by Richelle
et al. with flux balance analysis (FBA) to
investigate the cellular capabilities of EoT and
non-EoT patients [20,58]. FBA, which is imple-
mented in the MATLAB COBRA toolbox, permits
the maximum flux that a metabolic network can
carry between two models of metabolites under a
given set of constraints to be calculated [52]. In
total, 50 central tasks in lipid and glycan metabolism
were investigated (Supplementary Table E) [20].

Eicosanoid metabolization

To follow the flux from arachidonate acid to
different eicosanoids, 27 paths of interest
associated with eicosanoid metabolism were
analyzed (Supplementary Table G).

Sensitivity analysis to evaluate the association
between exometabolome and metabolic tasks

To evaluate how sensitive the different metabolic
tasks defined in this work are to alterations in the
metabolites’ availability, a combination of
sensitivity and clustering analysis was performed.

In this process the effects of perturbing individual
extracellular metabolite uptake/secretion rates on
each metabolic task were calculated. Here, for
each measured metabolite, the flux spectrum of
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the associated exchange reaction, defined by the
upper and lower flux values previously calculated,
was divided by the number of iterations (100 in
this study) in regular segments. In other words, if
the upper and lower boundaries of a given
exchange reaction are 1 and 100, respectively,
and are divided into 100 regular segments, the
value of each segment will be 1, 2, 3, ... until
reaching 100. Next, the flux of each task was
calculated while fixing the uptake/secretion rate of
the specific metabolite to the value of each
segment. As a result of this, a cubic matrix with
dimensions corresponding to the number of
plasma metabolites, number of tasks and number
of iterations was generated for each model. In this
specific case, a cubic matrix of dimensions
53x83x100 (metabolites x tasks x iterations) for
each EoT and non-EoT model was generated.
Next, the gradient slope was calculated for each
metabolite in each task, and the results were
normalized and scaled to values between —1 and
1. Finally, a clustering analysis was applied to the
sensitivity analysis results, and a heat-map—in
combination with a dendrogram—was generated
using the clustergram package in MATLAB [59].
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