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Wepostulated in 2009 that the formation
of new blood vessels by ECs requires
adaptations of EC metabolic pathways,
a concept that now has been experi-
mentally validated.

ECs exhibit remarkable plasticity
both at the phenotypic and meta-
bolic (transcriptome) levels.

Preclinical studies have revealed that
targeting specific EC metabolic path-
Angiogenesis is crucial for the development of the blood vasculature during
embryogenesis, but also contributes to cancer and other diseases. While thera-
peutic targeting of endothelial cells (ECs) through growth factor inhibition is lim-
ited by insufficient efficacy and resistance, a new paradigm for modulating
angiogenesis by targeting EC metabolism has emerged. Findings from the past
decade highlight how ECs adapt their metabolism to proliferate or migrate during
vessel sprouting, or to maintain the vascular barrier and protect themselves
against oxidative stress in the high-oxygen environment they are exposed to in
healthy conditions. We overview key endothelial metabolic pathways underlying
the different EC phenotypes, as well as potential opportunities for targeting EC
metabolism in therapeutic settings.
ways can offer antiangiogenic benefits.
The challenge will be to translate these
findings to the clinic.
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Introduction
Blood vessels are vital because they transport oxygen and nutrients for the development and
maintenance of perivascular tissues [1]. They also removemetabolic waste, maintain fluid homeo-
stasis (together with lymphatic vessels that drain extravasated fluid), and, when dysfunctional,
can promote thrombosis and inflammation [1,2]. During development and later, for instance in
adult malignancies, new blood vessels are formed via sprouting angiogenesis in response to
proangiogenic stimuli. A current model of vessel sprouting postulates that a leading tip cell
(see Glossary) migrates into avascular regions, and proliferating stalk cells elongate the new
sprout [1,3]. When two nearby newly formed sprouts meet each other, they fuse, after which
ECs differentiate into quiescent phalanx cells [1,3]. ECs exhibit a phenotypic plasticity, and
tip, stalk, and phalanx cells do not have predefined fixed states, and instead represent dynamic
interchangeable phenotypes [1,4]. An advantage of tip/stalk cell competition, where nonfit tip
cells are overtaken by fitter stalk cells to become the new tip cell, is that the EC with the greatest
tip cell competitivity always leads the sprout [1,4]. In addition, recent findings from the analysis of
ECs at the single-cell level during angiogenesis in vivo demonstrated an unexpectedly high
degree of phenotypic complexity [5,6]. These studies revealed additional activated postcapillary
venule, immature, transitioning, breach cell, and neo-phalanx EC phenotypes that are
associated with vessel formation in pathological situations [5,6]. However, how these different
phenotypes contribute to sprouting angiogenesis needs to be further elucidated [5,6].

Growth factors, such as vascular endothelial growth factor (VEGF) and fibroblast growth factor
(FGF), their cognate receptors, as well as many other signals, drive the angiogenic process [7].
Although targeting these factors has shown antiangiogenic effects in cancer and ocular diseases,
such strategies often showed limited efficacy and resistance, partly because of compensatory
takeover by other angiogenic signals [8]. In 2009, we postulated that, for angiogenic molecules
to signal vessel formation, ECs must adapt theirmetabolism [9]. Recent advances have indeed
uncovered that EC metabolism is a key determinant of the differentiation and functioning of tip,
stalk, and phalanx EC phenotypes [10–22]. Cell metabolism is an evolutionarily conserved pro-
cess that mediates the conversion (catabolism) of nutrients into energy and small metabolites,
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Glossary
Anaplerosis: replenishment of carbons
into the TCA cycle for biomass synthesis.
Biomass: all cellular constituents
including lipids, proteins, carbohydrates,
and nucleic acids.
Breach cells: endothelial cells (ECs)
that create a breach in the basal lamina;
these are presumably involved in the
initiation of vessel sprouting by tip cells.
Fatty acid β-oxidation (FAO): a series
of metabolic reactions that break down
the long carbon chains of fatty acids into
two-carbon units (acetate), which,
combined with coenzyme A, generate
acetyl-CoA molecules that can enter the
TCA cycle.
Glycocalyx: a layer of glycolipids and
glycoproteins (including the
polysaccharides heparan sulfate,
chondroitin sulfate, and its principal
component, hyaluronan) at the luminal
side of ECs that confers most of the
functional aspects of the endothelium.
Glycolysis: cytosolic biochemical
reactions that break down glucose and
release energy as ATP and pyruvate.
Metabolism: N4000 biochemical
reactions that convert nutrients into
biomass, energy, redox homeostasis,
and others, that are necessary for the
maintenance of cellular life.
Mitochondrial respiration/oxidative
phosphorylation (OXPHOS): a set of
metabolic reactions occurring in
mitochondria that require oxygen to
produce energy as ATP molecules.
6-Phosphofructo-2-kinase/
fructose-2,6-bisphosphatase 3
(PFKFB3): the enzyme that
metabolizes the glycolytic intermediate
fructose-6-phosphate (F6P) into
fructose-2,6-bisphosphate (F2,6BP), a
positive allosteric modulator of the
glycolytic enzyme phosphofructokinase
1 (PFK1).
Quiescent phalanx cells: quiescent
ECs (QECs) that establish a barrier to
ensure blood perfusion; their
metabolism is mainly directed towards
the maintenance of redox homeostasis.
Stalk cells: proliferative ECs that
contribute to vessel sprout elongation;
they are characterized by metabolism
mainly directed towards the production
of biomass and energy to support
proliferation.
Tip cells: ECs that lead the sprout
during sprouting angiogenesis; tip cells
are characterized by metabolism mainly
directed towards energy production to
support migration.
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which are used as building blocks to generate biomass (proteins, lipids, nucleotides) via anabo-
lism. Quiescent ECs (QECs) or angiogenic ECs (tip and stalk cells) reprogram their metabolism to
optimally meet their specific physiological needs. This metabolic heterogeneity represents a for-
midable resource of druggable metabolic targets (N4000metabolic reactions), and offers unprec-
edented opportunities for developing novel anti- and proangiogenic treatments. Although we
describe here the metabolic adaptations of quiescent, tip, and stalk ECs (Table 1, Key Table),
there is evidence that other metabolic pathways are activated in both, tip and stalk cells, and it
remains to be determined whether tip and/or stalk cells rely on other metabolic pathways.

Maintenance and Differentiation of Quiescent 'Phalanx' ECs: The Unexpected
Role of Fatty Acid Metabolism
ECs remain quiescent for years in healthy adults [1]. They maintain tissue perfusion, counteract
thrombosis and vascular inflammation, and modulate vascular tone and barrier function [22].
Although dysfunctional QECs contribute to several diseases affecting millions of people (including
atherothrombosis, stroke, myocardial infarction, diabetes, and others), little is known about their
metabolism. Nonetheless, by contrast to what one would perhaps expect, they are not
hypometabolic and instead sustain basal levels of glycolysis and upregulate fatty acid
β-oxidation (FAO) [22]. The main metabolic substrates used by QECs for biomass synthesis,
energy production, and redox homeostasis are detailed below (Figure 1A and Table 1).

Glycolysis
Despite their direct exposure to high levels of oxygen in the blood that would allow them to me-
tabolize glucose via the oxidative pathway, QECs mainly rely on anaerobic glycolytic metabolism
for energy production, a metabolic pathway that is known to yield lower ATP production per mole
of glucose than oxidative phosphorylation (OXPHOS) [21]. However, this might be a strategy
to protect themselves against oxidative stress arising from oxidative metabolism, and also to
transfer the maximal amounts of oxygen to perivascular cells. Although QECs display a high gly-
colytic rate, it is lower than in proliferating endothelial cells (PECs) [22].

Fatty Acid Oxidation
Intriguingly, compared with PECs, which utilize FAO for nucleotide synthesis [18], QECs (that do
not require substantial nucleotide synthesis) upregulate FAO more than threefold, secondary
to Notch-dependent upregulation of carnitine palmitoyltransferase 1a (CPT1a) expression
(Figure 1B) [22]. Also, the pro-quiescence signal Notch promotes the hydrolysis of triglycerides
as well as the uptake and transcellular transport of fatty acids to the parenchymal tissue
by QECs, highlighting Notch as a key modulator of fatty acid metabolism in QECs [23].
Quiescence-induced FAO upregulation was also reported in non-EC types such as adult stem
cells and cancer cells [24,25]. In QECs, FAO does not support biomass or energy production
but sustains the tricarboxylic acid (TCA) cycle for redox homeostasis through isocitrate
dehydrogenase- and malic enzyme-dependent NADPH regeneration (Figure 1B), a mechanism
that is also documented in cancer cells [22,26,27]. Reactive oxygen species (ROS)-scavenging
systems, such as glutathione peroxidase, require reduced glutathione (GSH), which is generated
by glutathione reductase in a NADPH-dependent reaction (Figure 1B) [28]. QECs also use other
metabolic strategies to produce NADPH, by upregulating genes involved in redox homeostasis
(i.e., NADP synthesis, nicotinamide nucleotide transhydrogenase, oxidative pentose phosphate
pathway enzymes, etc.) (Figure 1B) [22]. Interestingly, QECs reprogram their metabolism to
increase regeneration of NADPH, at the same time as upregulating the expression of
vasculoprotective genes, such as prostaglandin G/H synthase 1 (PTGS1), eNOS (NOS3), and
glutaredoxin (GRX), among others, which require NADPH as cofactor, thereby protecting
themselves against the high oxygen and oxidative stress-prone environment [22]. In agreement
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Tricarboxylic acid (TCA) cycle: a
series of biochemical reactions in which
oxidation of acetyl-CoA molecules
results in the production of CO2, GTP,
and reducing agents.
Tumor vessel normalization: the
reversal of immature, tortuous, and leaky
tumoral vessels to more mature, stable,
and functional blood vessels.
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with the fact that elevated ROS levels can disrupt the integrity of the vascular barrier by disrupting
intercellular junctions [22,29], Cpt1a inhibition or loss of Cpt1a in ECs in vivo increases oxidative
stress, barrier leakage, vascular inflammation, and leukocyte infiltration, signs of EC dysfunction,
explaining why endothelial Cpt1a loss aggravates inflammatory bowel disease [22,30].

Of note, FAO is also necessary to maintain blood vascular EC differentiation. Hence, blunting FAO
by deletion of endothelial CPT1a promotes embryonic endothelial-to-mesenchymal transition
(EndoMT) [31]. During EndoMT, ECs differentiate to mesenchymal, stem cell-like, or fibroblast
cells. Although EndoMT contributes to heart valve formation, it also contributes to cancer, tissue
fibrosis, pulmonary arterial hypertension (PAH), and atherosclerosis [32,33]. In cancer, EndoMT is
a source (up to 40%) of cancer-associated fibroblasts (CAFs) which promote tumor growth and
Key Table

Table 1. Key Metabolic Pathways and Metabolites That Maintain the Different Endothelial Cell
Phenotypes
EC phenotype Metabolic pathways Key metabolites Roles in maintaining the EC phenotype Refs

Quiescent
'phalanx' ECs

Glycolysis ATP Basal energy level to sustain EC function [10,22]

Oxidative pentose
phosphate pathway

NADPH Redox homeostasis, barrier integrity [22]

FAO NADPH Redox homeostasis, barrier integrity [22,28–31,33,38]

Acetyl-CoA Maintenance of the endothelial
phenotype

Organ-specific
metabolic pathways

Various Depends on the function and metabolic
demands of the tissues

[39–42]

Migratory 'tip'
ECs

Glycolysis
(filopodia/lamellipodia)

ATP Actin remodeling for cell motility [6,11,16,46,48,49,52,53]

Glutamine breakdown Various Necessary for EC migration [12]

Proline biosynthesis Proline Collagen synthesis and modification [5,6]

Fatty acid
biosynthesis

Malonyl-CoA Membrane fluidity [14]

Cholesterol transport Cholesterol Lipid raft formation [15]

Proliferative
'stalk' ECs

Glycolysis (perinuclear) ATP Energy for cell proliferation [6,11,16,53]

TCA cycle intermediates, dNTPs, rNTPs,
amino acids

DNA replication, RNA and protein
synthesis

Pentose phosphate
pathway

dNTPs, rNTPs DNA replication and RNA synthesis [22,54]

Glutamine breakdown TCA cycle intermediates, dNTPs, rNTPs DNA replication, RNA and protein
synthesis

[12,13,65–67]

Amino acids Protein biosynthesis, ER stress
inhibition

Serine biosynthesis Serine, dNTPs, rNTPs DNA replication and RNA synthesis [6,68]

Glycine, heme Redox homeostasis, maintenance of
mitochondrial function

FAO TCA cycle maintenance (in conjunction
with an anaplerotic substrate), dNTPs,
rNTPs, amino acids

DNA replication, RNA and protein
synthesis

[18,70]

Fatty acid synthesis FASN substrate (malonyl-CoA) Prevention of malonyl-CoA accumulation
and protein malonylation (FASN activity)

[19]

Mitochondrial
respiration

NAD+, aspartate Amino acid biosynthesis [6,20]
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Figure 1. Metabolism of Quiescent 'Phalanx' Endothelial Cells (ECs). (A) Quiescent ECs (QECs) display a lower rate of glycolysis but increased fatty acid β-
oxidation (FAO) relative to proliferating ECs (PECs). (B) QECs are characterized by a high rate of FAO, secondary to Notch activation by Dll4 and NICD-dependent
CPT1A overexpression. Acetyl-CoA produced by FAO enters the tricarboxylic acid (TCA) cycle, resulting in NADPH production that exerts antioxidative effects for the
maintenance of barrier integrity. The oxidative pentose phosphate pathway (oxPPP) generates more NADPH that can also be used to regenerate antioxidant reduced
glutathione (GSH) from its oxidized form (GSSG). Abbreviations: NICD, Notch intracellular domain; ROS, reactive oxygen species.

Trends in Endocrinology &Metabolism
spread [34]. Moreover, as a source of myofibroblasts, EndoMT promotes tissue fibrosis by pro-
ducing extracellular matrix (ECM) molecules and by increasing tissue stiffness [35]. In PAH,
EndoMT is partly responsible for the accumulation of neointimal smooth muscle-like cells,
which occludes pulmonary arteries, and inhibiting EndoMT improves PAH [36,37]. EndoMT is
also common in atherosclerosis where it is associated with neointima formation and plaque insta-
bility [37]. Transforming growth factor (TGF)-β is a key regulator of EndoMT by lowering FAO and
acetyl-CoA levels, thereby impairing SMAD7 acetylation and signaling [31,33]. Furthermore,
during the developmental transdifferentiation of venous ECs (VECs) into lymphatic ECs (LECs),
the master transcription factor PROX1 upregulates CPT1a expression and hence FAO levels,
which results in elevated acetyl-CoA levels [38]. Acetyl-CoA is then used as a substrate by histone
acetyltransferase p300, which forms a complex with PROX1 and acetylates histones at
lymphangiogenic genes (i.e., VEGFR3, PROX1), thereby favoring chromatin decondensation
and promoting lymphatic gene expression [38].

Interestingly, recent studies on the (metabolic) transcriptome of QECs at single-cell resolution
unraveled the tissue-specific profile of ECs [39] (Figure 2A). For instance, quiescent brain ECs up-
regulate glucose, amino acid, and fatty acid transporters [39] (Figure 2B). Genes involved in cho-
lesterol metabolism are particularly enriched in splenic ECs, and lung ECs show upregulated
expression of genes implicated in cAMP levels [39] (Figure 2B). Furthermore, cardiac and muscle
ECs display an enriched gene signature related to lipid uptake andmetabolism [39] (Figure 2B). In
line with these findings, bulk RNA sequencing of cardiac ECs revealed TCF2- and MEOX2-
dependent enriched expression of the CD36 and FABP4 genes that encode fatty acid trans-
porters necessary for fatty acid uptake [40]. Metabolic heterogeneity of ECs isolated from
heart, lung, liver, and kidney was further interrogated in vitro, revealing higher glycolysis and
OXPHOS in cardiac ECs [41]. In addition to the observed inter-tissue ECmetabolic heterogeneity,
arterial, capillary, and venous ECs, as well as other EC phenotypes within a single tissue also
demonstrate different expression levels of metabolic genes [39] (Figure 2B). For instance, ECs
from the choroid plexus in the brain display lower expression of transporters relative to other
Trends in Endocrinology & Metabolism, August 2020, Vol. 31, No. 8 583
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(A) Inter- and intra-tissue heterogeneity of EC metabolism
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Figure 2. Heterogeneity of Quiescent 'Phalanx' Endothelial Cells (ECs). (A) Quiescent ECs (QECs) from different tissues show distinct transcriptome profiles. The
plot shows the dimensionality reduction of the transcriptome profiles of QECs isolated from five hypothetical tissues/organs. Dots represent either pools of QECs or single
ECs, according to the transcriptomic method used (for bulk or single-cell RNA-seq respectively). Dimensions 1 and 2 contain the most differentially expressed genes
between the different samples/cells. They vary according to the dimensionality reduction method used. (B) Metabolic heterogeneity of QECs between and within
tissues. Quiescent brain ECs upregulate glucose, amino acid, and fatty acid transporters; lung ECs upregulate genes involved in cAMP levels; splenic ECs increase the
expression of cholesterol metabolism genes; cardiac and muscle ECs show an enriched gene expression signature for lipid uptake and metabolism. ECs from arteries,
capillaries, and veins within the same organ also show differential metabolic gene expression. Abbreviation: OXPHOS, oxidative phosphorylation.
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brain EC phenotypes [39]. In another example, ECs from the renal medulla upregulate OXPHOS
to survive to the rise in extracellular osmolarity induced by water deprivation [42]. These results
suggest that QEC metabolism is likely driven by the function and metabolic demands of each tis-
sue. Moreover, the metabolic plasticity of QECs is crucial as an adaptive response to changes in
the microenvironment.

Migratory Endothelial 'Tip' Cells: The Glucose-Powered Locomotive
In sprouting angiogenesis, tip ECs guide the emerging vessel sprout to vascularize oxygen-
deprived tissue regions. They project filopodia at their front to sense proangiogenic signals
such as VEGF in the microenvironment, and lamellipodia that allow their migration up the growth
factor gradient [1]. Cell motility is a highly energy-demanding process, but tip ECs have limited ac-
cess to nutrients and oxygen in avascular regions. To move, tip ECs must adapt their metabolism
(Figure 3). Recent single-cell studies revealed that tip ECs can be resolved into migratory (former
'tip' ECs) and basement-membrane remodeling ('breach' ECs) phenotypes [5,6]. By expressing
genes involved in podosome rosette formation, breach cells may pave the way for the tip cell to
migrate [43]. Interestingly, tip cells constituted the only conserved EC phenotype that was con-
gruent across diseases (tumor, choroid neovascularization), species (human, mouse), tissues
(lung, eye), and models (freshly isolated vs cultured ECs) [5,6]. Further studies will be necessary
to determine the metabolic specificities of each of these phenotypes. In the following we focus
on the metabolic pathways that are relatively well characterized in tip ECs (Figure 3A and Table 1).

Glycolysis
Tip ECs exploit glycolysis to rapidly produce ATPwithout oxygen consumption. This is instrumen-
tal because oxygen levels drop faster than glucose levels over a similar distance from perfused
blood vessels [44]. Because glycolysis generates ATP faster than OXPHOS, ECs can rapidly
584 Trends in Endocrinology & Metabolism, August 2020, Vol. 31, No. 8
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F2,6BP, fructose-2,6-bisphosphate; F6P, fructose-6-phosphate.
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vascularize ischemic tissues, thereby avoiding tissue necrosis [45]. The migratory process con-
sumes a large amount of ATP for active remodeling of the cellular cytoskeleton. While QECs
and PECs mainly concentrate ATP production in the perinuclear cytosol, tip ECs must generate
high amounts of ATP locally at filopodial and lamellipodial protrusions to facilitate cell movement
(Figure 3B) [46]. However, the small size of these structures (a diameter of 0.1–0.3 μm for
filopodia) limits the access of bulky mitochondria, and thus precludes in situ ATP generation
through OXPHOS [47]. Local glycolysis-derived ATP production in filopodia or lamellipodia regu-
lates migratory speed and directionality (Figure 3B) [48]. It requires translocation of the glycolytic
machinery from a perinuclear location to the actin filaments in the vicinity of the cell membrane
Trends in Endocrinology & Metabolism, August 2020, Vol. 31, No. 8 585
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protrusions. Importantly, binding of glycolytic enzymes to actin stabilizes tetramerization, and this
increases their enzymatic activity [49]. Moreover, construction of an 'assembly line' of glycolytic
enzymes optimizes the local generation of large amounts of ATP (Figure 3B) [49]. This
'assembly line', whereby the product of one glycolytic enzyme becomes the substrate for the
next glycolytic enzyme (i.e., metabolic channeling of glycolytic intermediates), includes phospho-
fructokinase (PFK), fructose 1,6-bisphosphate aldolase (aldolase), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) that are directly bound to F-actin, and other glycolytic en-
zymes such as the key glycolysis-stimulating enzyme, 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3 (PFKFB3), may possibly associate with these glycolytic complexes
[16,50]. Other glycolytic enzymes piggyback on these actin-bound glycolytic enzymes to further
increase the assembly line [51]. Upon exposure to growth factors (VEGF, FGF) and/or hypoxia,
PFKFB3 is upregulated and promotes EC differentiation into the tip cell phenotype [11,46,52].
Reduced VEGFR signaling together with increased Notch signaling results in reduced expression
of PFKFB3 and downregulation of glycolysis [16]. Importantly, silencing of PFKFB3 expression in
ECs alone sufficed to impair tip cell competitivity in mosaic EC spheroids in vitro and in zebrafish
in vivo [53], whereas PFKFB3 overexpression overrules the pro-stalk activity of Notch [16],
highlighting the primary role of EC metabolism in vessel sprouting.

Other glycolytic enzymes are also necessary for tip cell phenotype acquisition and function, for
example, hexokinase 2 (HK2). Endothelial Hk2 deletion in embryos and neonatal mice triggers
defects in angiogenesis and impairs the development of the retinal vasculature, decreasing the
number of both tip cells and branch points [11]. In addition to external glucose, ECs can also
use internal glucose, stored as glycogen, that is synthesized from the glycolytic intermediate
glucose-6-phosphate (G6P) and degraded by glycogen phosphorylase, when they are exposed
to a microenvironment completely deprived of glucose and oxygen [54].

Amino Acid Metabolism
Sprouting angiogenesis is not only limited by glucose deprivation but also by glutamine removal
from the extracellular milieu [12]. Inhibition of glutaminase 1 (GLS1), a crucial enzyme for gluta-
mine catabolism, as well as glutamine starvation, both impair EC migration (Figure 3C) [12].
Conditional EC Gls1 knockout in mouse pups leads to the formation of fewer distal sprouts with
filopodia [12]. Furthermore, GLS1 promotes tip cell competitivity in vitro in a chimeric EC spheroid
assay [12]. Glutamine is used as a precursor for the production of other nonessential amino acids,
such as glutamate, asparagine, and aspartate, provides substrates for anaplerosis, and partici-
pates in redox homeostasis (through glutathione synthesis). Glutamine-derived asparagine is re-
quired for vessel sprouting, and a role for asparagine synthase (ASNS) has been highlighted.
When ASNS is inhibited in ECs, fewer distal sprouts with filopodia are observed and vessel
formation is impaired. Conversely, ECs may use asparagine when ASNS expression levels are
augmented; although an effect of ASNS silencing on EC migration has not yet been reported,
ASNS silencing impairs vessel sprouting in vitro [12] (see below for more information about the
role of ASNS in angiogenic ECs). Although glutamine catabolism is also necessary for themigration
of non-EC types [55–58], the precise mechanism for how glutamine may regulate EC motility
independently of ATP production remains unknown [12,57–59], and the involvement of glutamine
catabolism in EC migration requires further clarification [13].

Even though they are continuously exposed to abundant blood levels of glutamine, ECs express
glutamine synthetase (GS), the enzyme that produces glutamine from glutamate and ammonia
[60]. Nonetheless, in the absence of endothelial GS, vessel growth is defective because EC
migration is impaired. Although ECs upregulate GS when the extracellular level of glutamine is
decreased, this results in only modest glutamine production, suggesting an additional role for
586 Trends in Endocrinology & Metabolism, August 2020, Vol. 31, No. 8
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GS that may be related to its newly discovered palmitoyl-acyltransferase activity (Figure 3C) [60].
During EC migration, submembrane GS interacts with RhoJ, an endothelial member of the Cdc42
small GTPase family, resulting in its palmitoylation and promoting its membrane localization and
hence activation (Figure 3C). Activated RhoJ controls, among others, the activity of the RHOA–
ROCK–MLC signaling pathway that is known to regulate ECmotility by affecting stress-fiber forma-
tion (Figure 3C) [60–62]. Overall, GS controls EC migration and hence tip cell motility (Figure 3C).

Single-cell profiling studies have revealed that endothelial tip cells upregulate genes involved in
collagen biosynthesis as well as collagen-modifying enzymes (Figure 3C) [5]. Proline biosynthesis
is necessary for collagen biosynthesis and modification, which is involved in endothelial basal
lamina deposition and mechanotransductive signaling during cell migration (Figure 3C) [5].
Knockdown of ALDH18A1, encoding Δ1-pyrroline-5-carboxylate synthetase (P5CS), a key
enzyme for proline and collagen biosynthesis, inhibits tip cell phenotype acquisition and EC mi-
gration and proliferation [6]. Mechanistically, ALDH18A1 knockdown lowers proline and
hydroxyproline levels, the twomajor components of collagens, thus highlighting the role of proline
biosynthesis in sprouting angiogenesis (Figure 3C) [6].

Fatty Acid Metabolism and Cholesterol Transport
Lipids are the main components of cell membranes, and regulate their fluidity as well as the for-
mation and maintenance of lipid rafts, signaling platforms for membrane receptors. ECs can pro-
duce and store fatty acids in triglyceride-rich lipid droplets, as well as catabolize these lipids into
acetyl-CoA through FAO [63]. Inhibition of the acetyl-CoA carboxylase (ACC), the first and rate-
limiting step in the fatty acid biosynthesis pathway, leads to alterations of the ECmembrane com-
position (imbalance between polyunsaturated fatty acids and phosphatidylglycerol), resulting in
decreased membrane fluidity, filopodia formation, and overall impaired EC migration [14]. Thus,
lipid synthesis is essential for adequate tip cell motility (Figure 3D). In zebrafish embryos,
tip cells exhibit a higher content of lipid rafts than stalk cells [15]. Cholesterol, a major constituent
of lipid rafts, is exported from ECs through ATP-binding cassette (ABC) transporters to
apolipoprotein A-I (ApoA-I) and ApoA-I-containing high-density lipoprotein (HDL), to maintain
cholesterol homeostasis and EC function (Figure 3D) [15]. Cholesterol depletion by increasing
its efflux induces lipid raft reduction, likely interfering with VEGFR2 membrane localization,
dimerization, and signaling, and thereby impairing VEGFR2-induced angiogenesis in vitro and
in vivo (Figure 3D) [15].

Proliferating 'Stalk' Endothelial Cells: Biomass Generators for Vessel Building
PECs in the stalk EC population are crucial for elongating the newly formed sprouts. This requires
the production of high amounts of biomass such as nucleotides and amino acids, as well as ATP,
that are necessary for cell division (Figure 4A and Table 1).

Glycolysis
Proliferative stalk ECs rely primarily on glycolysis for ATP production, more than many other cell
types and, surprisingly, even more than some cancer cell types (Figure 4B) [16]. Notably, in situ-
ations of biomass and energy demand, ECs can raise their glycolytic flux by increasing PFKFB3
expression [16]. Pharmacological inhibition or genetic silencing of PFKFB3 in ECs impairs angio-
genesis [16,53]. Accordingly, freshly isolated mouse angiogenic ECs show upregulation of glyco-
lytic genes in proliferating ECs [6]. Pyruvate kinase (PK) is a rate-limiting enzyme for glycolysis and
catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate. Although the M2 isoform
(PKM2) is dispensable for energy homeostasis in ECs, it is involved in the maintenance of EC
growth (via NF-kB/p53 suppression) and vascular barrier stability, independently of its enzymatic
function [17,64].
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Figure 4. Metabolism of Proliferative 'Stalk' Endothelial Cells (ECs). (A) Proliferative 'stalk' ECs display high glycolysis, fatty acid oxidation, and glutamine
breakdown, and moderate oxidative phosphorylation (OXPHOS). (B) Proliferative ECs show high glycolytic activity. A side-pathway of glycolysis, the pentose
phosphate pathway (PPP), allows the production of ribose-5-phosphate (R5P) via both its oxidative (glucose-6-phosphate dehydrogenase-dependent, G6PD) and
nonoxidative branches (transketolase-dependent, TK). R5P and 5-phospho-D-ribose α-1-pyrophosphate (PRPP) are precursors of ribonucleoside triphosphate (rNTP)
and deoxynucleotide triphosphate (dNTP), the building blocks for RNA and DNA synthesis. Acetyl-CoA produced from the conversion of pyruvate generated by
glycolysis enters the TCA cycle, ultimately generating rNTPs, dNTPs, and amino acids to sustain EC proliferation. (C) Proliferative ECs show high rates of glutamine
breakdown. Synthesis of α-ketoglutarate from glutamate and glutamine via the glutaminolysis pathway, also sustains TCA cycle activity. In addition, proliferative ECs
metabolize serine that can be either taken up from the extracellular milieu or produced from the glycolytic intermediate 3-phosphoglyceric acid (3PG) by
phosphoglycerate dehydrogenase (PHGDH) and phosphoserine aminotransferase 1 (PSAT1). Serine is metabolized in the 1C metabolic pathway to generate rNTP and
dNTP precursors. Glycine generated by the 1C metabolic pathway is further used as a precursor for heme and glutathione (GSH) synthesis, both serving to neutralize
mitochondrial reactive oxygen species (ROS) that possibly leak from the electron transport chain (ETC). (D) In proliferative ECs, activation of fatty acid β-oxidation (FAO)
provides acetyl-CoA to sustain the TCA cycle in conjunction with anaplerotic substrates, ultimately producing rNTPs, dNTPs, and amino acids, the key building blocks
for DNA, proteins, and membrane lipids that are necessary for efficient EC proliferation and sprout elongation. Stalk cells produce extremely high amounts of biomass
and ATP to sustain the proliferative process. This ATP is mainly produced by glycolysis and only minimally through the OXPHOS pathway, which plays another role in
regenerating the pool of NAD+ for the synthesis of amino acids. Abbreviations: 1C: one-carbon; F1,6BP, fructose-1,6-bisphosphate; F2,6BP, fructose-2,6-
bisphosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate.
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Amino Acid Metabolism
Amino acids are gaining increasing interest as a fuel in ECs. In this respect, glutamine is the amino
acid that ECs metabolize the most [12]. The first reaction of glutamine catabolism, catalyzed by
GLS1, not only contributes to anaplerotic replenishment of carbons into the TCA cycle but also
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provides nitrogen for the biosynthesis of proteins and nucleotides (Figure 4C). An absence of glu-
tamine induces an important loss of TCA intermediates that cannot be compensated by glucose-
derived anaplerosis in ECs [12,13]. Therefore, it is not surprising that GLS1 inhibition or depletion
of glutamine not only impairs ECmigration, biomass synthesis, and EC proliferation, but also pro-
motes EC senescence [65], reduces mTOR activity, and increases the expression of genes re-
lated to endoplasmic reticulum (ER) stress [12,13,66,67]. Furthermore, glutamine contributes
to asparagine synthesis by providing nitrogen. Notably, asparagine was the only amino acid
that could rescue the phenotype induced by glutamine deprivation, when used in combination
with an anaplerotic substrate. Asparagine utilization was initially confined to protein synthesis,
but cellular levels of asparagine are among the lowest of all nonessential amino acids in prolifer-
ating cells, and asparagine amination exclusively relies on glutamine, suggesting that asparagine
synthesis plays a role as a rheostat in sensing the availability of TCA cycle intermediates and the
supply of reduced nitrogen [12,67]. Asparagine can be taken up by ECs from the extracellular mi-
lieu, produced de novo by asparagine synthetase (ASNS) under specific conditions, or can be de-
rived from macropinocytosis followed by lysosome-mediated protein breakdown [13].
Remarkably, however, even when asparagine is present in the medium, inhibition of ASNS im-
pairs vessel formation, suggesting that the endogenous asparagine synthesis plays an essential
role, independently of extracellular availability – a phenomenon that requires further study [12].

Serine is another important amino acid utilized by ECs. Similarly to asparagine, it can be taken up
from the milieu or synthesized de novo. Notably, serine interconnects glucose and glutamine me-
tabolism because it is synthesized from α-nitrogen of glutamate, and 3-phosphoglycerate from
the glycolytic pathway under the control of the rate-limiting enzyme phosphoglycerate dehydro-
genase, PHGDH. ECs use serine for the production of the pyrimidine nucleotide dTTP and the
purine nucleotides dATP and dGTP (Figure 4C) [68]. Accordingly, in vivo proliferative ECs upreg-
ulate genes involved in one-carbon metabolism (Figure 4C) [6]. Unexpectedly, and unlike other
non-EC cell types [69], PHGDH inhibition also indirectly impairs dCTP production as a result of
reduced mitochondrial respiration. Indeed, PHGDH silencing impairs glycine production as
a consequence of serine depletion. Glycine is required for heme synthesis in ECs (this has not
been documented in other cell types) (Figure 4C). Because heme is crucial for the proper func-
tioning of several enzymes, including the complexes II, III, and IV of OXPHOS, mitochondrial res-
piration is impaired [68]. As a result, the activity of mitochondrial dihydroorotate dehydrogenase
(DHODH), an enzyme that catalyzes a key step in the production of dCTP and requires active mi-
tochondrial respiration, is reduced, explaining impaired dCTP production upon PHGDH silencing
[68]. Because of dysfunctional mitochondrial respiration, together with reduced glutathione pro-
duction, both resulting from the reduced pool of glycine, PHGDH silencing leads to severe oxida-
tive stress and mitochondriopathy (Figure 4C) [68].

Fatty Acid Metabolism
In addition to glucose and amino acids, fatty acids represent another fuel for proliferating stalk
ECs (Figure 4D). Proliferating blood vascular and lymphatic ECs sustain the TCA cycle in a partic-
ular manner because a considerable fraction of acetyl-CoA entering the TCA cycle is acquired
from fatty acids via FAO (Figure 4D) [18]. Sustaining the TCA cycle leads to the production of
aspartate, a precursor of nucleotides that are essential for DNA replication during EC proliferation –

a reliance seldom observed in other cell types [18,70]. The TCA cycle in ECs is not replenished by
a net contribution of fatty acid-derived carbons in the classical connotation of anaplerosis.
Indeed, even though 13C-labeled acetyl-CoA acquired from palmitate enters the TCA cycle and la-
bels oxaloacetate, there is no net formation of oxaloacetate from acetyl-CoA derived from fatty
acids [18,70]. Instead, FAO provides acetyl-CoA in conjunction with an anaplerotic substrate to
sustain the TCA cycle. In agreement, inhibition of CPT1a, the FAO rate-controlling enzyme,
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reduces the pools of TCA cycle intermediates, nucleotide precursors, and dNTPs (Figure 4D),
thereby impairing EC proliferation and vascular sprouting in vitro, and in mice lacking endothelial
Cpt1a in vivo [18]. Notably, neither glucose nor glutamine metabolism compensated for the defect
in nucleotide synthesis upon FAO blockade, suggesting that FAO plays a crucial role in EC nucle-
otide synthesis (Figure 4D) [18]. Other players such as fatty acid transport protein (FATP) and fatty
acid binding protein (FABP) also control endothelial FAO [71,72]. Moreover, FAO inhibition in lym-
phatic ECs impairs lymphangiogenesis, a phenotype that can be rescued by acetate supplemen-
tation, supporting the importance of acetyl-CoA for lymphatic ECs as well [73]. Consistently, the
use of ketone bodies, an alternative source of acetyl-CoA, promotes lymphatic EC proliferation, mi-
gration, and vessel sprouting [73]. Silencing ofOXCT1, encoding the rate-controlling enzyme of the
ketone body oxidation pathway, in lymphatic ECs lowers acetyl-CoA levels, TCA cycle metabolite
pools, and nucleotide precursor and dNTP levels that are required for lymphatic EC proliferation
[73]. Thus, ketone body supplementation could be used as a metabolic dietary approach for the
treatment of diseases involving lymphatic dysfunction, a strategy currently being tested in a
Phase II clinical trial for the treatment of lymphedema.

In the context of fatty acids, the role of the fatty acid synthase (FASN) in ECs is also noteworthy.
This enzyme catalyzes the production of palmitate, using malonyl-CoA as substrate. Inhibition of
FASN increases the levels of its substrate malonyl-CoA without substantially lowering cellular
Box 1. Transcription Factors Orchestrate EC Quiescence and Angiogenesis

Metabolic adaptations during EC proliferation, migration, and differentiation are controlled by transcription factors.
Glycolysis is under the control of key transcription factors such as forkhead box protein O1 (FoxO1) and the growth and
anabolic metabolism regulator MYC [10]. MYC blockade by FoxO1 decreases glycolysis and maintains EC quiescence
(see Figure 5A in main text) [10]. FoxO1–MYC acts as a transcriptional regulator and gatekeeper of EC proliferation and
growth [10]. FoxO1 decreases oxidative metabolism, and this may constitute a protective strategy against excessive
ROS production in endothelial mitochondria (see Figure 5A in main text) [10]. Importantly, loss of endothelial FoxO1 pro-
motes vessel enlargement and vascular hyperplasia as a result of increased EC proliferation [10].

Other transcription factors regulate glycolysis, such as Krüppel-like factor 2 (KLF2). Laminar shear stress induced by blood
flow promotes binding of KLF2 to the promoter of PFKFB3 (PFKFB3 catalyzes the production of F2,6BP, an allosteric acti-
vator of the rate-limiting glycolytic enzyme PFK1) to suppress its transcription, shifting ECs from a proliferative to a quiescent
state, and reducing ATP usage tomaintain energy homeostasis (see Figure 5B inmain text) [92]. KLF2-dependent downreg-
ulation of PFKFB3 favors shuttling of glycolytic intermediates to the hexosamine and glucuronic acid pathway, generating
substrates of hyaluronan synthase 2 (HAS2), which is upregulated by KLF2 (see Figure 5B in main text) [93]. Hence, in-
creased HAS2-dependent production of the EC glycocalyx reduces vascular permeability, thrombosis, inflammation,
and angiogenesis (see Figure 5B in main text) [93].

Notch is another crucial signaling pathway that is upregulated when proliferating ECs switch to quiescence [22]. Notch is neg-
atively regulated by the NAD+-dependent deacetylase sirtuin 1 (SIRT1), which is activated by nutrient deprivation. SIRT1 func-
tions as a deacetylase of the Notch intracellular domain (NICD, the transcriptionally active domain of Notch), which opposes
acetylation-induced NICD stabilization. Consequently, ECs exhibit impaired growth and sprouting, and enhanced Notch target
gene expression, in response to DLL4 stimulation in the absence of SIRT1 activity, thereby inducing a stalk phenotype [94].
Notch/Dll4 interaction also promotesCPT1a expression, thereby stimulating FAOwhile lowering glycolysis [22]. Notch signaling
also regulates fatty acid transport in ECs by modulating the expression of endothelial lipase, CD36, and FABP4 [23,95].

The Hippo signaling transducer, Yes-associated protein (YAP1), is another example of transcription coactivator that reg-
ulates metabolism. YAP1 binds to the TEA domain (TEAD1) transcription factor and promotes mitochondrial biogenesis
and oxygen consumption by activating the endothelial peroxisome proliferator-activated receptor gamma coactivator
1α (PGC-1α) [96]. Notably, YAP/TAZ plays an important role in vascular barrier formation, sprouting angiogenesis, and co-
ordination of endothelial proliferation and metabolism by MYC activation [97].

EC metabolism is also regulated by hypoxia, and multiple examples can be listed in this regard. For instance, hypoxia-
inducible factor (HIF)-2α lowers MYC expression in pulmonary artery ECs (PAECs) and suppresses the mitochondrial
transcription factor A (TFAM), whereas HIF-1α and HIF-2α suppress the transcriptional coactivator PGC-1β, an
upstream regulator of TFAM [98]. In addition, accelerated glycolysis in hypoxic ECs is induced by ROS-driven HIF-1α
accumulation as well as by protein kinase C (PKC) and PI3K signaling [99].
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palmitate levels, likely because ECs can readily take up palmitate from the milieu [19]. Elevated
levels of malonyl-CoA increase general protein malonylation, a recently discovered and poorly un-
derstood post-translational protein modification, including malonylation of mTOR, which reduces
its activity and impairs EC growth [74]. In agreement, angiogenesis is impaired in mice lacking
FASN in ECs, and treatment with a pharmacological FASN blocker inhibits pathological ocular
neovascularization by reducing EC proliferation [19].

Mitochondrial Respiration
Inhibition of the respiratory chain complex III impairs mitochondrial respiration and EC proliferation
in vitro, without affecting EC migration, owing to insufficient regeneration of NAD+ that is
necessary for the synthesis of amino acids (Figure 4D) [20]. In vivo, loss of the ubiquinone-
binding protein QPC (a subunit of the mitochondrial complex III) in ECs diminishes EC proliferation
and impairs retinal and tumor angiogenesis as a result of reduced levels of amino acids [20].
Consistently, genes encoding OXPHOS complexes are upregulated in proliferating ECs in vivo
[6]. EC deletion of Vegf in vivo results in mitochondrial fragmentation and suppression of glucose
metabolism, secondary to increased expression of the transcription factor FoxO1 [75].

Because metabolic adaptations during EC proliferation and migration, as well as in QECs, are
controlled by transcription factors, we briefly summarize the transcriptional control of the meta-
bolic pathways in ECs (Box 1), with special focus on the regulation of QECs by FoxO1/Myc
(Figure 5A) and Klf2 (Figure 5B).

Perturbed EC Metabolism in Disease: Some Examples
Cancer and Ocular Neovascular Diseases
In cancer, excessive tumor vessels are formed, but these display structural and functional abnor-
malities characterized by, among others, a leaky barrier that facilitates extravasation and
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Figure 5. Transcriptional Regulation of the Metabolism of Quiescent 'Phalanx' Endothelial Cells (ECs). (A) FoxO1-dependentMYC repression inhibits glycolysis and
the electron transport chain (ETC) of the oxidative phosphorylation (OXPHOS) pathway in quiescent ECs (QECs). (B) In QECs, the rate of glycolysis is maintained at a lower level
than in angiogenic activated ECs, mainly because of the binding of the laminar shear stress-dependent KLF2 transcription factor to the PFKFB3 promoter, thus suppressing
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) expression and consequently the formation of the fructose-2,6-bisphosphate (F2,6BP), a potent activator
of phosphofructokinase (PFK)1. As a consequence, early glycolytic intermediates are shunted into side-pathways, such as the hexosamine and glucuronic acid pathways,
which yield uridine diphosphateN-acetylglucosamine (UDP-GlcNAc) and uridine diphosphate glucuronic acid (UDP-GlcA), substrates for hyaluronan synthase 2 (HAS2). Moreover,
KLF2 upregulates HAS2, leading to increased hyaluronan synthesis and glycocalyx production. Abbreviations: F6P, fructose-6-phosphate; G6P, glucose-6-phosphate.
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dissemination of cancer cells and reduced perfusion [76,77]. Tumor ECs are characterized by in-
creased glucose uptake, glycolysis, and diversion of glycolytic intermediates to the pentose
phosphate and serine biosynthesis pathways, that all promote energy production and the synthe-
sis of biomass (nucleotides) [77,78]. Lowering glycolysis by 15–20% in tumor ECs by treating
tumor-bearing mice with the PFKFB3 inhibitor 3-(3-pyridinyl)-1-(4-pyridinyl)2-propen-1-one
(3PO) sufficed to induce tumor vessel normalization, and secondarily reduced metastasis
(by tightening the vascular barrier) and improved chemotherapy responses (by improving the
delivery of chemotherapeutics) [77]. By contrast, treatment with a maximally tolerable dose of
3PO lowered EC glycolysis to the extent that it caused EC demise and vessel disintegration,
in fact promoting rather than counteracting cancer cell extravasation and dissemination [79].
These results emphasize that, by contrast to cancer cell metabolism-targeted therapies, targeting
EC metabolism should aim at restoring the perturbed metabolic pathways to their normal levels
(as observed in healthy QECs) rather than eliminating them – because this will likely cause general
toxicity and undesired effects. In addition to glycolysis, tumor ECs show alterations of fatty acid
and serine biosynthesis pathways (upregulation of FASN, PHGDH, and phosphoserine amino-
transferase 1, PSAT1), although further studies will be necessary to determine the potential of
targeting these pathways for tumor vessel normalization [19,68]. Similarly, in neovascular ocular
diseases such as retinopathy of prematurity (ROP), treatment with low-dose 3PO decreased ret-
inal neovascularization [53]. Targeting FAO by inhibiting CPT1awith etomoxir also showed benefit
in a model of retinal neovascularization [18].

Single-cell studies showed that tip and proliferating tumor ECs represent b10% of all tumor ECs
in human lung tumors, and at least 13 tumor EC phenotypes have been identified [5]. Similarly,
sprouting ECs from murine choroids display additional phenotypes beyond the traditional tip
and proliferating EC phenotypes [6]. Thus, EC heterogeneity in tumors and in other diseases
should be taken into consideration for the development of new effective antiangiogenic therapies.

Pulmonary Arterial Hypertension (PAH)
PAH is characterized by an increase in pulmonary arterial pressure and vascular resistance,
ultimately leading to right ventricular failure and death [80]. PAH is associated with intense
remodeling of pulmonary arterioles involving excessive EC proliferation, apoptosis resistance,
and EC dysfunction [81]. PAH ECs display global metabolic reprogramming in which imbalance
between increased glycolysis versus reduced OXPHOS secondary to upregulation of pyruvate
dehydrogenase kinase (PDK), an inhibitor of pyruvate dehydrogenase (PDH), leads to impaired
entry of glucose-derived carbons into the TCA cycle [82–84]. Pharmacological PDK inhibition
by dichloroacetate reverts this glycolysis/TCA cycle uncoupling and improves PAH in a subset
of patients [85]. Moreover, PAH ECs upregulate the expression of PFKFB3, a key regulator of
glycolysis [86]. The resulting increase in glycolytic metabolites, such as pyruvate, stabilizes the
hypoxia signaling molecule hypoxia-inducible factor (HIF)-2α in PAH-ECs, further stimulating
the production of growth and inflammatory factors, and enhancing proliferation and inflammation
of the pulmonary vessels [86]. Both pharmacological PFKFB3 blockade and EC-specific
knockout of Pfkfb3 reduce PAH development in rodent models [86]. In PAH ECs, downregulation
of miR-124 and its target, splicing factor polypyrimidine tract binding protein (PTBP1), results in
alternative splicing of pyruvate kinasemuscle isoforms 1 and 2 (PKM1 and 2) leading to increased
PKM2 expression and contributing to the metabolic and proliferation abnormalities of PAH ECs
[87]. In addition, stiffening of the extracellular matrix in PAH leads to mechanoactivation of endo-
thelial glycolysis and glutamine breakdown in a Yes-associated protein (YAP)/TAZ-dependent
manner, resulting in higher EC proliferation and migration [88]. Glutamine metabolism is further
affected in PAH ECs. Indeed, glutamine uptake in BMPR2-mutated PAH ECs is increased [89],
whereas inhibition of GLS1 reduces PAH-EC proliferation and migration, and alleviates PAH in
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Outstanding Questions
ECs are highly glycolytic, even more
than some cancer cells, and display an
unusual profile of metabolic pathways
that are not used by non-ECs. To
what extent is EC metabolism distinct,
or even unique? – which would make
targeting ECmetabolic pathways thera-
peutically attractive.

During sprouting angiogenesis, tip
and stalk ECs rewire their metabolism,
but there are other modes of vessel
formation: which metabolic adaptations
underlie intussusceptive angiogenesis,
vessel cooption, and resident endothelial
stem cell-mediated vessel repair or
formation?

Can we target specific disease EC
phenotypes, newly identified in single-
cell RNA-seq studies, with metabolic
strategies?

Single-cell RNA-seq studies yield
atlases of innumerable marker genes,
but the true challenge is to design
strategies to select and prioritize func-
tionally relevant angiogenic candi-
dates. Will an integrated multiomic
approach, combined with computa-
tional genome-scale metabolic model-
ing (GEM), as we recently developed,
allow more accurate prediction of met-
abolic candidates that fuel EC growth?

Tuning down glycolysis with a
PFKFB3 inhibitor induces tumor
vessel normalization: could other
metabolic pathways be targeted to
achieve the same outcome?

Are EC metabolic pathways a target-
able vulnerability of tumor ECs upon
treatment with clinically approved
antiangiogenic or anticancer therapies?

Can (dietary) metabolite supplementation
stimulate or inhibit vessel growth in
disease?

Trends in Endocrinology &Metabolism
a rat model [88]. Thus, the landscape of metabolic alterations in ECs, that promotes the
remodeling of the pulmonary vessels in PAH, offers metabolic candidates for putative therapeutic
interventions.

Concluding Remarks and Future Perspectives
Accumulating evidence over the past 10 years has highlighted the versatility of EC metabolism in
health and disease. While ECs adapt their metabolism to fulfill particular functions [5,41], they
often present a metabolic profile different from that of other cell types. This distinct (unique?)
EC 'engine' may allow therapeutic targeting, and in particular, inhibition, or promotion of specific
EC phenotypes (see Outstanding Questions). In cancer, preclinical studies have paved the way
for low-dose metabolism-targeting agents that normalize tumor blood vessels [77]. Thus, com-
bining antiangiogenic metabolic treatment with chemotherapeutic agents or others (i.e., anti-
VEGF therapy, radiotherapy, immunotherapy) might warrant further exploration. Of note, to
avoid toxic effects, antiangiogenic metabolic therapies should not completely abrogate key met-
abolic pathways in ECs [79]. Multiomic analyses in freshly isolated ECs, preferably at single-cell
level, can also bring new insights into how EC metabolism is rewired in disease conditions
(such as in cancer) and in specific EC phenotypes, thereby allowing the identification of new po-
tential metabolic targets [5,6]. Genome-scale metabolic modeling, tuned from multiomic data,
could prioritize metabolic candidates for targeting disease-specific EC subpopulations [6].
Single-cell profiling techniques have already revealed extensive EC heterogeneity in health and
disease, but exhaustive analysis of all EC subpopulations and their congruency among tissues
in health versus disease is warranted. A database grouping all published EC transcriptomic
data should facilitate target discoveries [90]. In addition, manipulating EC metabolism to promote
angiogenesis in the perspective of vascular regenerativemedicine (organoid vascularization), or to
limit tissue ischemia, also deserves further attention. In this respect, metabolic characterization of
the recently identified tissue-resident endothelial stem cells that display self-renewal capacity and
vascular regeneration potential would be valuable for identifying key metabolic pathways and
would be applicable to regenerative medicine [91]. Studies analyzing the metabolism of single
ECs in disease and in tissue regeneration would pave the way for the development of a new gen-
eration of EC subtype-specific metabolic therapies.
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