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BACKGROUND: Endothelial dysfunction in sepsis is a pathophysiological feature of septic organ
failure. Endothelial cells (ECs) exhibit specific metabolic traits and release metabolites to adapt to the septic
state in the blood to maintain vascular homeostasis.

METHODS: Web of Science and PubMed were searched from inception to October 1, 2022.
The search was limited to the English language only. Two reviewers independently identified studies
related to EC metabolism in sepsis. The exclusion criteria were duplicate articles according to
multiple search criteria.

RESULTS: Sixty articles were included, and most of them were cell and animal studies. These
studies reported the role of glycolysis, oxidative phosphorylation, fatty acid metabolism, and amino
acid metabolism in EC homeostasis. including glycolysis, oxidative phosphorylation, fatty acid
metabolism and amino acid metabolism. However, dysregulation of EC metabolism can contribute to

sepsis progression.

metabolism; Amino acid metabolism

CONCLUSION: There are few clinical studies on EC metabolism in sepsis. Related research
mainly focuses on basic research, but some scientific problems have also been clarified. Therefore,
this review may provide an overall comprehension and novel aspects of EC metabolism in sepsis.
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INTRODUCTION

Sepsis, defined as life-threatening organ dysfunction
caused by dysregulation of the body’s response to infection,
is one of the most fatal and epidemic syndromes in intensive
care units and emergency clinics.""” Over 48.9 million
people suffered from sepsis, of which 11 million died
from 1990 to 2017. The enormous number of patients and
high morbidity and mortality make sepsis a malignant
syndrome that seriously threatens public health.”’ Sepsis
is characterized as an urgent disease that has rapid
progression and a high disability rate. The global burden
of sepsis has been grossly underestimated over the past
few decades. Elderly individuals with hypoimmunity are
vulnerable to sepsis.

Endothelial dysfunction is a key step in sepsis-
induced organ dysfunction. Vascular leakage caused
by endothelial dysfunction can be regarded as the
pathophysiological basis of sepsis progression, and these
pathological changes further trigger systemic organ
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damage."! Therefore, the reconstruction of endothelial
function is a major direction for the treatment of sepsis
and septic organ dysfunction.

Endothelial cells (ECs) are a unique multifunctional
cell type with critical basal and inducible metabolic
and synthetic functions. Many pathological states, such
as sepsis, are hallmarks of endothelial activation and
dysfunction. The pathogenesis of sepsis is a result of a
complex network of events, including the interaction of
inflammatory, immune suppression, endocrine, metabolic
dysregulation, and coagulation systems.

Recently, more studies have been devoted to
exploring the metabolic changes of ECs in sepsis and
related pathological dysfunctions, hoping to provide new
therapeutic strategies for sepsis based on endothelial
metabolism. This review aims to provide insights into
different metabolic aspects of ECs in sepsis and to
discuss current and unexplored EC metabolism-centric
therapeutic avenues.
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METHODS

We systematically performed a search of Web of
Science and PubMed from inception to October 1,
2022. The search was limited to the English language
only. We combined title/abstract keywords and MeSH,
such as “endothelial cell”, “endothelium”, “sepsis”,
“sepsis shock”, “metabolism”, “glycolysis”, “fatty
acid metabolism”, “amino acid”, and key enzyme in
metabolism pathways to identify all studies related to
endothelial dysfunction in sepsis.

Two authors independently identified articles for
inclusion based on titles and abstracts, browsed the full
texts, and reviewed the bibliographies of each article to
identify additional studies. Duplicate articles according
to multiple search criteria were excluded.

RESULTS

Endothelial cell metabolism in sepsis

ECs display a remarkable capability to switch rapidly
from a quiescent state to a highly inflammatory and activated
state during sepsis. Exogenous pathogen-associated
molecular patterns (PAMPs) and endogenous damage-
associated molecular patterns (DAMPs) in sepsis are
critical triggers to activate ECs. The activation of pathogen
recognition receptors would drive ECs to reprogram
themselves into a proinflammatory phenotype, manifested
by increased secretion of cytokines, chemokines, and
procoagulant factors as well as the increased expression
of adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), and E-selectin. These processes in ECs aim to
recruit leukocytes, eliminate bacteria, and limit pathogen
spread.”* However, hyperactivated cellular reactions may
lead to damage to blood flow and tissue hypoperfusion,
ultimately resulting in organ failure in patients with sepsis.”’

ECs in sepsis have the following pathophysiological
features: glycocalyx damage, impairment of adherent
junctions, capillary leakage, excessive intercellular chemokine
production, and recruitment of leukocytes, all of which could
alter the metabolic profile of ECs."! Metabolomics is widely
utilized to detect changes in metabolic reprogramming in
septic patients. Liu et al™ collected serum samples from
surviving and non-surviving septic shock adult patients
before clinical intervention at admission. The serum samples
were analyzed by liquid chromatography-mass spectrometry
to determine metabolic profiles in sepsis. Citrulline,
carnitine, batanine, valine, leucine, and isoleucine were
defined as primary discriminators differentiating the
survivors from the non-survivors at the early stage of

septic shock. Thus, the authors emphasized that the levels
of amino acids or fatty acids (FAs) can differentiate
septic survivors from non-survivors. However, this study
focused on serum metabolites but not on ECs. Toral et
al”, using a proteomics-based metabolic model, found
that as the vascular network fully formed, fatty acid
oxidation (FAO) increased and glycolysis decreased in
ECs, and inhibition of carnitine palmitoyl transferase
1A, which transports FA into mitochondria for oxidation,
increased EC permeability. In another study, McGarrity
et al'” established an EC-specific metabolic model and
found that the increase in permeability and glycocalyx
shedding in ECs after inflammatory stimulation was
associated with glycan production and FA metabolism.

Above all, these studies indicated that ECs may
change their metabolism to adapt to the septic state.
Although EC metabolism has been studied for decades,
its role in sepsis has been gradually strengthened during
the last few years. Here, we will focus on EC metabolism
in sepsis development. General overview of metabolic
pathways in physiological ECs and septic ECs have been
showed in Figure 1.

Glycolysis is enhanced in ECs during sepsis
Although ECs readily reach oxygen in the blood,
they use glycolytic flux as the predominant way to
generate cellular adenosine triphosphate (ATP).!"""?)
Accumulating evidence indicates that almost 98%
of glucose is metabolized into lactate, while little is
oxidized by oxidative phosphorylation in angiogenic
ECs."" In the pathogenesis of inflammation, enhanced
glycolysis or reduced oxidative phosphorylation occurs
in ECs;""" and high levels of serum lactate, the final
product of glycolysis, have been recognized as a critical
biomarker for sepsis prognosis.""” Furthermore, it results
in a vicious cycle, whereby lactate-induced extracellular
signal-regulated kinase 2 (ERK2) phosphorylation could
promote ERK?2 disassociation from vascular endothelial-
cadherin (VE-cadherin), thus destroying the vascular
endothelial cadherin complex on the surface of ECs
and leading to increased vascular permeability."® In
addition, lactate reduces the expression of heat shock
protein, which is required for VE-cadherin-mediated
tight junctions in ECs. Inhibition of G protein-coupled
receptor 81, a specific receptor for lactate, attenuates
vascular permeability and reverses the inhibited
expression of heat shock protein in septic mice."”
Recent evidence suggests that 6-phosphofructo-
2-kinase (PFKFB3), a key glycolytic activator, is
significantly upregulated in septic lungs. Moreover,
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endothelial-specific PFKFB3 deficiency or inhibition can
diminish mortality in lipopolysaccharide (LPS)-treated
mice owing to the reduction of neutrophil infiltration
and endothelial permeability.""! PFKFB3 can upregulate
fructose-2,6-bisphosphate (F-2,6-P2) in ECs under
septic conditions. Furthermore, F-2,6-P2 allosterically
activates 6-phosphofructo-1-kinase (PFK1), the pyruvate
dehydrogenase (PDC) second rate-limiting enzyme
in glycolysis."” Similarly, septic mice treated with an
inhibitor of hexokinase, another rate-limiting enzyme in
glycolysis, show improved survival outcomes."” Briefly,
restriction of aberrant glycolytic flux in ECs can maintain
endothelial function during sepsis. PDC catalyzes
pyruvate into acetyl-CoA to promote the tricarboxylic
acid cycle (TCA). Mao et al”” found that the activated
PDC complex reversed lipopolysaccharide (LPS)-
stimulated glycolysis flux, leading to accelerated aerobic
oxidation and decreased lactate production. Interestingly,
the activated PDC complex reduces high permeability
and improves endothelial function of vascular ECs. In
the last step of glycolysis, pyruvate is metabolized into
lactic acid by lactate dehydrogenase (LDH), a biomarker
to evaluate the severity of sepsis. The accumulation
of lactate can lead to EC hyper-permeability and
dysfunction.”" Glycolysis is enhanced in septic ECs, and
its inhibition can maintain EC integrity and reduce EC
polarization to a proinflammatory phenotype.

Pentose phosphate pathway (PPP) and
antioxidation in sepsis

Glucose-6-phosphate dehydrogenase (G6PD or
G6PDH) and transketolase (TK) are two rate-limiting
enzymes in the PPP. ECs show low migratory ability and
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viability if either or both enzymes are inhibited.”** The
products in the PPP are involved in lipid or nucleotide
synthesis and in the maintenance of intracellular
oxidation-reduction equilibrium."" Spolarics and his
team™™ " found that, unlike hepatic parenchymal cells,
Kupffer cells and hepatic ECs significantly upregulate
G6PD activity when stimulated with LPS. Therefore, the
PPP might exert an important regulatory effect on ECs to
produce adaptive responses during infections.

The PPP-derived nicotinamide adenine dinucleotide
phosphate (NADPH) is not only a vital cofactor for
endothelial nitric oxide synthase (eNOS)" but is also
essential for converting oxidized glutathione disulfide
(GSSG) to reduce glutathione (GSH). When NADPH and
GSH are in the normal physiological range, ECs can retain
a benign oxidative defense response.”” In general, the
PPP provides antioxidative precursors for ECs and plays
a vital role in subsequent metabolic reactions. In addition,
human vasculature expresses four isoforms of NADPH
oxidases (NADPH oxidase 1 [NOX1], NOX2, NOX4, and
NOS5) in ECs, and these enzymes catalyze NADPH into
NADP+ and produce reactive oxygen species (ROS). Under
physiological conditions, NOX4 has beneficial effects and
maintains endothelial function in ECs.”® However, NOX4
is expressed rapidly at first, then NOX1 and NOX2 are
upregulated, but the increase of them just lasts for 2 h in
septic mice. Calcium/calmodulin-dependent protein kinase
IT (CaMKII)/ERK/myosin light-chain kinase (MLCK)
pathway activation in ECs leads to the consequent loss
of tight junction proteins (zonula occludens-1 [ZO-1]
and occludin) and results in barrier dysfunction. NOX4
knockdown attenuates the activation of the CaMKII/ERK/
MLCK pathway in ECs, which can protect ECs from the

Septic conditions

Figure 1. General overview of metabolic pathways in physiological ECs (left) and septic ECs (right).
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oxidative stress response and maintain the integrity of the
EC barrier.”” In an independent study, NOX1 knockdown
had similar effects.”” The migratory process is mediated
by the generation of ROS through the activation of
NOX,”" and polymorphonuclear leukocyte recruitment
and transendothelial migration also rely on endothelial
NOX activation.”” Moreover, NOX-induced oxidative
stress can regulate calpain-dependent caspase activity
and cause apoptosis in ECs during sepsis.”” An intensive
study showed that NOX2, which decreases nuclear factor-
kappa B (NF-«B) transcription of toll-like receptor 4
(TLR4) in ECs, can control the inflammatory response and
hypotension.” Thus, some therapies targeting NOX in
ECs may be regarded as new strategies for sepsis.””*

Another side branch of glycolysis, the hexosamine
biosynthesis pathway (HBP), uses glycolytic
intermediate fructose-6-phosphate (F6P) to produce
UDP-N-acetylglucosamine (UDP-GIcNAc) for protein
N- and O-glycosylation. Therefore, the HBP was
suggested to function as a nutrient sensor that modulates
EC function, since the glycosylation status co-determines
the functionality of endothelial nitric oxide synthase
(eNOS). However, the study of HBP in septic ECs
remains a relatively unworked area and is underestimated
at present. Therefore, HBP in septic ECs is worthy of
further investigation.

Fatty acid metabolism affects endothelial
function in sepsis

In addition to glucose, FAs represent another
fuel source for ECs. Due to their hydrophobicity,
intracellular FAs are either complexed with FA-binding
proteins or are free for transportation to the destination.
FAs are transported into ECs by passive diffusion or
facilitated diffusion, whereby FAs are loaded on fatty
acid translocase (FAD)/cluster of differentiation 36
(CD36). However, very long-chain FAs are preferentially
transported by fatty acid transport protein (FATP).””

Interestingly, exogenous short-chain fatty acids
(SCFAs) appear to have a regulatory function in ECs.
SCFAs can inhibit histone deacetylases or activate
G-protein coupled receptor 109A. Free FA receptor type
2 plays a role in modulating immune and inflammatory
responses.”® Voltolini et al®” found that sodium
propionate (an SCFA) could reduce the secretion of IL-8
and IL-6 upon LPS stimulation in human myometrium
vascular and fetal membrane ECs. Additionally, some
SCFAs can reduce the expression of VCAM-1 and
attenuate the recruitment of monocytes and lymphocytes
in ECs."*” Polyunsaturated fatty acids (PUFAs) induce

ROS synthesis; treatment with PUFAs can reduce the
number of ECs positive for ICAM-1.""" Metabolites of
FAO, such as arachidonic acid and ceramide, affect ECs
in several ways to maintain the integrity of ECs."***"
SCFAs and other FAs have unique functions in ECs.

FAO is a definitive metabolic pathway that provides
ATP to ECs in addition to glycolysis."”’ FAO is also
an essential fuel source for deoxy-ribonucleoside
triphosphate (dNTP) synthesis in ECs. Quiescent
ECs sustain redox homeostasis through NADPH
regeneration. Therefore, upregulating FAO in ECs is
presumably modest for energy production.”” Carnitine
palmitoyltransferase-1 is required for the transportation
of FAs through the mitochondrial membrane, and its
deficiency in ECs can induce endothelial dysfunction.
When carnitine palmitoyltransferase-1 is acutely inhibited,
calcium-dependent signaling in ECs is inhibited. As a result,
the permeability of ECs increases.” Fatty acid synthase
mediates lipid synthesis and is mainly involved in the
synthesis of saturated long-chain FAs. The expression
of fatty acid synthase increases in septic mice, and
its downregulation reduces EC apoptosis in septic lung
tissues.'*”” However, the authors did not elucidate the
specific metabolic changes and the mechanisms by which
fatty acid synthase attenuates apoptosis in ECs. Research
on endothelial sepsis in the light of FAO is scant from
the perspective of metabolic pathways, and this warrants
attention.

Oxidative phosphorylation (OXPHOS) reduces
EC oxidation in sepsis

Although modestly contributing to ATP generation,
OXPHOS plays an antioxidant role in ECs. Mitochondrial
antioxidants can alleviate nitrosative and oxidative stresses
in ECs under LPS stimulation.** Quiescent ECs generate
low levels of ROS from OXPHOS to maintain normal
cellular physiological function through autophagy.
Therefore, the OXPHOS-autophagy system in ECs
provides ROS resistance, thus ameliorating LPS-induced
damage."” Sun et al®” found that phosphocreatine,
an exogenous energy substance, enhanced OXPHOS
levels in ECs, suppressed the permeability transition of
mitochondria, reduced the release of cytochrome C and
ROS, and protected against EC apoptosis under LPS
stimulation. Thus, OXPHOS shows an antioxidative
function in ECs during infection.

Glutamine metabolism in ECs during sepsis
The non-essential amino acid glutamine is known
to contribute both its carbons and nitrogens to EC
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metabolism. Intracellular glutamine can be catalyzed into
glutamate by glutaminases (GLS); conversely, glutamine
synthetase can catalyze glutamate back to glutamine in
ECs. Glutaminolysis is important for energy production
pathways, and inhibition of GLS can result in premature
senescence in ECs.”") Moreover, the relative importance
of glutaminolysis in vessel sprouting and regulation of
blood pressure has been demonstrated.""** In addition,
glutamine has been shown to reduce cardiometabolic risk
in the circulatory system by inducing the expression of heat
shock protein, heme oxygenase-1, and glutathione.” Along
with enhanced GLS activity, accelerated intracellular
glutamine biosynthesis is observed in rat pulmonary
microvascular ECs during sepsis, which might cause an
increase in glutamine in the lungs during sepsis.”**”

Arginine metabolism is a key to nitric oxide
synthesis

Arginine (Arg) is another widely studied amino acid
in ECs and can be either hydrolyzed by arginases to yield
urea and ornithine or converted by endothelial nitric
oxide synthase (eNOS) to citrulline and nitric oxide
(NO), an endogenous gaseous signaling molecule that
has a wide variety of biological properties that maintain
vascular homeostasis.” The decrease in the activity of
arginase may significantly enhance the production of
eNOS-dependent NO.P” There are three subtypes of
NOS: eNOS, inducible NOS (iNOS), and neuronal NOS
(nNOS). Particularly, quiescent ECs cannot express
iNOS unless ECs are exposed to stimuli of inflammation
and pathogens.” iNOS-derived NO is implicated in
immune symptoms and is a cause of fatality during
septic shock, whereas nNOS-derived NO is involved in
neurotransmitter and blood pressure control.”” Since
NO plays an important role in ECs, eNOS- and iNOS-
mediated production of NO make arginine metabolism a
research hotspot.

Arg is a non-essential amino acid in the human body
but promotes a semi-essential function during sepsis.
Intravenous injection of Arg after cecal ligation and
puncture (CLP) can increase the release of C-X-C motif
chemokine Ligand 12 (CXCL-12), vascular endothelial
growth factor (VEGF), and NO, which mobilize
proangiogenic cells in lung tissues. Arg can maintain
homeostasis of the angiopoietin/Tie-2 signaling pathway
to sustain endothelial barrier functions.”” Arginase plays
an important role in the regulation of NO production
in immune responses or the cardiovascular system, and
arginase-1 is characterized as a protective factor in ECs.
In a previous study, Wijnands et al"”’ demonstrated
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that endothelial- and macrophage-specific deletion of
arginase, on the one hand, shows increased plasma Arg
and NO production in septic mice and, on the other hand,
leads to upregulated iNOS activity and proinflammatory
response in macrophages. Thus, arginase-deficient
mice exhibit more aggravated microcirculation damage
after LPS stimulation. Although this study does not
allow differentiation between the effects of arginase-1
depletion in macrophages and vascular ECs in vivo,
it still implies that a balance between the activities of
arginase-1 and iNOS can be the key to developing a
therapeutic target against endothelial dysfunction during
sepsis. eNOS activity in ECs is also an important factor
in sepsis. One mechanism for eNOS uncoupling related
to asymmetric dimethylarginine (ADMA) is that, as an
arginine analog, it binds to the catalytic site of eNOS and
thereby competes with Arg to antagonize NO production.
Inhibition of dimethylarginine dimethylaminohydrolase
1, a hydrolase for ADMA, can reduce NO production in
ECs. The endogenous accumulation of ADMA provides
an alternative therapeutic mechanism to regulate NO
overproduction and vascular hemodynamics in septic
shock.

Future perspectives

The circulating EC count in non-survivors of
sepsis or septic shock is greater than that in survivors
of sepsis, and thus, it can serve as a biomarker to
predict the prognosis of sepsis, especially for elderly
individuals.”” In conclusion, herein, we reviewed the
different metabolic changes during sepsis or infection.
Pulmonary microvascular ECs reveal high glycolysis and
rapid growth, while pulmonary arterial ECs show high
oxidation and slower growth.!” ECs in different organs
or different parts of vessels may exhibit differential
metabolism. The heterogeneity of ECs poses a challenge
in metabolic research. This has not been confirmed by
research, and this review can provide directions for
future investigations.

A deeper knowledge of EC metabolism and changes
between different phenotypes of ECs in sepsis is
necessary in this emerging field. Explicitly addressing
this scientific problem may provide the basis for
developing novel therapeutic strategies.
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