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Abstract

Endothelial cell (EC) metabolism is important for health and disease.
Metabolic pathways, such as glycolysis, fatty acid oxidation, and amino acid
metabolism, determine vasculature formation. These metabolic pathways
have differentroles in securing the production of energy and biomass and the
maintenance of redox homeostasis in vascular migratory tip cells, proliferat-
ing stalk cells, and quiescent phalanx cells, respectively. Emerging evidence
demonstrates that perturbation of EC metabolism results in EC dysfunc-
tion and vascular pathologies. Here, we summarize recent insights into EC
metabolic pathways and their deregulation in vascular diseases. We further
discuss the therapeutic implications of targeting EC metabolism in various

pathologies.
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INTRODUCTION

Blood vessels are the largest interconnecting organ; they supply nutrition and oxygen to all tissues
(1). They comprise a thin layer of connected endothelial cells (ECs), which remain quiescent for
long periods. Under ischemia or inflammation, ECs can quickly shift to an angiogenic mode to
form new blood vessels. The process by which new blood vessels form involves EC differentiation
to migratory tip cells, the proliferation of stalk cells for sprout elongation and, when the vessel is
formed and perfused, lining the established perfused blood cells with quiescent phalanx cells (2).
Blood vessels are involved in vasomotor regulation, leukocyte and platelet adhesion and aggrega-
tion, the secretion of perivascular cell-stimulating angiocrine factors, the formation of new blood
vessels, and barrier function (3, 4).

Our understanding of the molecular mechanisms underlying the formation of blood vessels has
improved substantially over the past decades (5-7). Emerging evidence suggests that metabolic
pathways play a crucial role in EC adaptation to support particular functions. EC metabolic mal-
adaptations are observed in various pathologies, including atherosclerosis, diabetes, neovascular
eye disease, and cancer, and understanding the underlying metabolic perturbations is crucial to
identifying EC metabolism-centric therapeutics (8, 9). Accordingly, the major goals of this review
are (2) to describe EC-specific metabolic pathways and () to summarize recent evidence linking
particular diseases to metabolic pathway disruptions, with an emphasis on the therapeutic impli-
cations of these studies. Figure 1 provides an overview of the EC metabolic pathways discussed
in this review.

GLYCOLYSIS AND ITS SIDE PATHWAYS

ECs in normal healthy adults are quiescent in nature, but they can rapidly switch gears to an intense
proliferative mode during angiogenesis (5). EC proliferation relies on glycolysis, and 85% of ATP
is generated by converting glucose to lactate in ECs (10). In contrast to other healthy cell types, EC
glucose consumption by the glycolytic pathway is similarly high as in many cancer cells (10). Since
oxidative metabolism of a glucose molecule yields more ATP molecules than anaerobic glycolytic
metabolism (10), it is puzzling that quiescent ECs do not utilize oxygen, despite being in direct
contact in the blood. This might be a mechanism to protect ECs from oxidative damage by keeping
reactive oxygen species (ROS) levels in check (11). In addition, by utilizing anaerobic metabolism,
ECs facilitate oxygen diffusion to perivascular cells (11, 12). During sprouting, tip cells migrate
into a hypoxic microenvironment, where they cannot rely on oxidative metabolism, but instead
must utilize anaerobic metabolism. Additionally, glycolysis produces ATP faster, allowing rapid
neovascularization of hypoxic tissues (10).

During angiogenesis, the glycolytic pathway is initiated by glucose uptake into ECs via
membrane-bound glucose transporters (GLUT') (13). Glucose is then phosphorylated to glucose-
6-phosphate by hexokinase 2 (HK2), a rate-controlling enzyme (14). When ECs are exposed to
high-glucose levels, glycogen synthesis and the glycogen content increase, while under low-glucose
conditions, the glycogen content in ECs becomes depleted (15). EC migration and viability are
reduced by the inhibition of glycogen phosphorylase (GP), which catalyzes glycogen breakdown
(15), suggesting that ECs use glycogen as a reserve fuel when proliferating or migrating in a
low-glucose environment.

Endothelial glycolysis is activated by the key regulator 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3) by generating fructose-2,6-biphosphate, an allosteric activator of
phosphofructokinase 1 (PFK1), another rate-controlling enzyme of glycolysis (10). Both migra-
tory tip cell and proliferative stalk cell phenotypes rely on glycolysis. Interestingly, in quiescent
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Figure 1

Schematic representation of the metabolic pathways of an endothelial cell controlling its function, as discussed in this review. Individual
pathways and names are highlighted by specific colors, and enzymes are denoted by red fonts. Dashed arrows indicate the involvement
of additional intermediate reactions, which are not depicted for clarity. Abbreviations: ’KG, x-ketoglutarate; AR, aldose reductase;
ASNS, asparagine synthetase; CPT'la, carnitine palmitoyltransferase 1a; F1,6P;, fructose 1, 6-biphosphate; F2,6P,, fructose 2,
6-biphosphate; F6P, fructose 6-phosphate; FA, fatty acid; FAO, fatty acid oxidation; FATP, fatty acid transport protein; FASN, fatty
acid synthase; G1P, glucose 1-phosphate; G3P, glyceraldehyde 3-phosphate; G6P, glucose 6-phosphate; G6PD, glucose 6-phosphate
dehydrogenase; GFAT, glutamine fructose-6-phosphate aminotransferase; GIeN6P, glucosamine-6-phosphate; GLS, glutaminase;
GLUT, glucose transporter; GP, glycogen phosphorylase; GYS, glycogen synthase; HK2, hexokinase 2; LDH, lactate dehydrogenase;
MCT, monocarboxylate transporter; NADPY, oxidized nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide
adenine dinucleotide phosphate; NO, nitric oxide; OAA, oxaloacetate; OXPHOS, oxidative phosphorylation; PFK1,
phosphofructokinase 1; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; SLC1AS, solute carrier family A1 member
5; TCA, tricarboxylic acid; TKT, transketolase; UDP-Glc-NAc, uridine diphosphate-N-acetylglucosamine.

ECs, glycolysis occurs in the perinuclear cytosol, but once they start to migrate, glycolysis also
takes place in lamellipodia and filopodia, where it associates to the actin cytoskeleton to facili-
tate high local production of ATP needed for actin cytoskeleton remodeling during migration
(compartmentalization of glycolysis) (10). Quiescent phalanx cells, in contrast, have reduced lev-
els of glycolysis, in part through suppression by laminar shear stress from blood flow (see below).
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Pharmacological inhibition or genetic silencing of PFKFB3 in ECs impairs EC sprouting in vitro
and postnatal murine retinal vasculature development in vivo (10, 16). Conversely, overexpression
of PFKFB3 results in increased glycolysis with a protip cell phenotype in EC spheroids, even
overruling the prostalk cell cue NOTCHI1 during retinal vascular development, highlighting the
importance of glycolytic flux for the tip EC phenotype (15).

Pyruvate kinase (PK) is another rate-controlling enzyme of glycolysis, which converts phos-
phoenolpyruvate (PEP) to pyruvate. There are four distinct tissue-specific isoforms of PK. In
healthy adult and malignant cells and in embryonic cells, the M2 isoform (PKM2) can exist as a
dimer or a tetramer (17, 18). Tetrameric PKM2, which has a high affinity for PEP, drives glycolytic
ATP production, while dimeric PKM?2 has low affinity for PEP. This reduces its conversion to
pyruvate, pushing glycolytic intermediates to glycolytic side pathways in part for biomass synthesis
(17). Hence, in highly proliferative cells, PKM2 shifts to the dimeric form (18, 19), explaining
why silencing of PKM2 in ECs reduces EC sprouting in a spheroid assay (20). Furthermore,
PKM?2 interacts with Jumonji C domain—containing protein 8 (Jmjd8), and knockdown of Jmjd8
also reduces EC sprouting and network formation. However, the precise mechanism by which
Jmjd8 regulates PKM2 remains to be established (20). Because the PKM2 isoform is expressed in
embryonic tissues (21), its role in embryonic vascular development needs to be addressed.

Glycolysis levels are lowered in quiescent phalanx ECs, in response to transcriptional regula-
tion. Indeed, forkhead box protein O1 (FOXO1) maintains endothelial quiescence by suppressing
¢-MYC, a well-known regulator of anabolic metabolism and growth, resulting in decreased gly-
colysis (22). This finding indicates that FOXO1-MYC is an important transcriptional regulator
and a gatekeeper of endothelial growth and proliferation. In addition, the expression of glycolytic
regulatory genes, like PFKFB3 and HK2, is suppressed by activation of Kriippel-like factor 2
(KLF2), a transcription factor induced by blood flow—induced laminar shear stress (23). Accord-
ingly, mechanical clues influence angiogenesis in a metabolism-dependent manner (23). FOXO1
has additional context-dependent activities, as it promotes sprouting and migration of lymphatic
ECs by upregulating the purigenic receptor P2RY1 when exposed to ATP (24).

Glucose can be shunted to glycolytic side pathways for the production of macromolecules and
nicotinamide adenine dinucleotide phosphate (NADPH) for redox balance (25, 26). The pentose
phosphate pathway (PPP) is a side pathway of glycolysis that utilizes the glycolytic intermediate
glucose 6-phosphate to generate NADPH and ribose 5 phosphate (R5P). These PPP products
are utilized for nucleotide synthesis and redox homeostasis (NADPH is used for regeneration
of reduced glutathione, a key cellular antioxidant) (27). Additionally, NADPH is utilized for
fatty acid and nitric oxide (NO) generation, promoting angiogenic activity of the endothelium
(28). PPP has two rate-limiting enzymes, i.e., glucose 6-phosphate dehydrogenase (G6PD) in the
irreversible oxidation pathway and transketolase in the reversible nonoxidative pathway. Inhibition
of either pathway results in decreased EC survival (15), while G6PD overexpression stimulates
EC proliferation, migration, and tube formation due to increases in NO and NADPH production
(29). Genetic manipulation of G6PD results in embryonic lethality (30).

The hexosamine biosynthesis pathway (HBP), another side pathway of glycolysis, accounts
for a very small percentage of glucose metabolism and is associated with posttranslational
protein modifications via glycosylation and the synthesis of glycolipids, proteoglycans, and
glycosylphosphatidylinositol anchors (31, 32). Interestingly, VEGF receptor 2 (VEGFR2)
stability, membrane expression, and signaling activity are enhanced by N-glycosylation (33, 34),
while NOTCH signaling-related ligand interactions are affected by O-glycosylation. Glutamine
fructose-6-phosphate amidotransferase (GFAT) is a rate-controlling enzyme of the HBP and
requires fructose 6-phosphate (F6P) and glutamine to synthetize glucosamine-6-phosphate.
The precise role of the HBP in EC function remains poorly understood. However, a high
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concentration of glucosamine increases protein glycosylation and reduces EC tube formation
and migration. Additionally, in an aortic ring angiogenesis model, impaired sprouting of ECs is
associated with high levels of O-linked N-acetylglucosamine (O-GlcNAc). Conversely, inhibiting
protein glycosylation by overexpression of O-GlcNAcase (N-acetylglucosaminidase) increases EC
tube formation and migration (35, 36). Future studies should evaluate how these HBP-dependent
modifications affect EC activity.

FATTY ACID METABOLISM

The roles of fatty acid metabolism in ECs have gained recent interest. EC utilization of fatty
acid metabolism differs from that of many other cell types. It requires passive diffusion from the
blood or transport of fatty acid into the cell for fatty acid oxidation (FAO) (37). ECs metabolize
fatty acids to acetyl-CoA to sustain the tricarboxylic acid (T'CA) cycle, in conjunction with an
anaplerotic substrate, in order to facilitate deoxy nucleotide triphosphate (IN'TP) synthesis for EC
proliferation (38). Carnitine palmitoyltransferase 1a (CPT1a) is a rate-controlling enzyme of the
fatty acid metabolic pathway (39). Angiogenic stimuli induce the expression of fatty acid transport
protein (FATP) and fatty acid binding protein (FABP) to regulate EC activity (40, 41). DLL4 and
NOTCH signaling promoted by VEGF on ECs induces binding of the NOTCH intracellular
domain to the recombination signal binding protein for immunoglobulin «] region (RBPJk),
forming a transcription factor complex that activates FABP4 transcription (42). Silencing of FABP4
in ECs leads to decreased proliferation, migration, and sprouting in vitro (40, 41). Mechanistically,
FABP4 silencing results in an increased FAO rate in ECs, likely to remove unbound fatty acids, but
increased FAO promotes ROS production by boosting mitochondrial respiration (43). VEGF and
fibroblast growth factor 2 (FGF2) do not induce FABP4 or FABPS expression in ECs. However,
capillary ECs express FABP4 and FABPS, which facilitate the transport of fatty acids across the
endothelium and toward fatty acid-consuming tissues, such as the muscle and heart (44).

Interestingly, VEGF-B induces transendothelial fatty acid transport by FATP3 and FATP4,
and Vegf~b deletion in mice leads to accumulation of fatty acids in the heart and muscle (45).
However, the relationship between VEGF-B and insulin resistance remains debated (46, 47).
Lipoprotein lipase (LPL), secreted by muscle and fat cells, hydrolyzes triglyceride-rich lipopro-
tein in the capillary lumen. ECs support transendothelial fatty acid transport by facilitating the
transport of LPL from muscle and fat cells to the capillary lumen (48).

The CPT1a isoform of the CPT family is abundant in ECs. Pharmacological or genetic dele-
tion of CPT1a leads to reduced EC proliferation and sprouting defects both in vitro and in vivo,
without affecting EC migration (38). Supplementing CPT1a-depleted cells with acetate, a precur-
sor of acetyl-CoA, to fuel the T'CA cycle restores dNTP levels and rescues the vascular sprouting
defect (38). Interestingly, both glucose and glutamine metabolism fail to compensate for this
FAO metabolic defect. Thus, rather than using fatty acid metabolism for energy production,
proliferating ECs incorporate fatty acid-derived carbons in deoxyribonucleotides for DNA syn-
thesis to maintain EC proliferation during vessel sprouting (38). Furthermore, vessel leakage
caused by Cptla inhibition is associated with the disruption of Ca®* homeostasis (49). Addition-
ally, Cpt1a-driven FAO modulates lymphangiogenesis via epigenetic regulation. The transcription
factor Proxl, critical for venous-to-lymphatic EC differentiation, binds to the CPT'1a promoter,
thereby enhancing CPT1a gene transcription, FAO, and production of acetyl-CoA, which is then
used by the histone acetylase p300 to acetylate histones at lymphangiogenic genes, thereby pro-
moting lymphatic EC differentiation (50). Because p300 forms a complex with Prox1, this epigenic
regulation occurs more specifically at lymphangiogenic than angiogenic genes (50). Hence, Prox1
highjacks FAO to enhance its own transcriptional activity to induce lymphatic EC differentiation.

www.annualreviews.org o Endothelial Cell Metabolism

487



488

These findings suggest that different metabolic changes or differential activity levels of specific
pathways can drive the distinct EC subtype phenotypes. For example, boosting glycolysis supports
EC tip cell behavior, whereas reducing glycolysis by targeting Pfkfb3 impairs both tip and stalk
cell behavior (10). The blockage of FAO targets proliferating stalk cells by blocking de novo
synthesized nucleotides needed for cell division (38). Therefore, different EC subtypes are driven
by different metabolic changes.

AMINO ACID METABOLISM

In addition to glucose-derived carbons, the metabolism of glutamine, a nonessential amino acid,
can supply anaplerotic substrates for the T'CA cycle. Out of all amino acids, ECs consume the
most glutamine and sustain growth by proliferation and vascular expansion (51, 52). In fact,
glutamine is found in the circulating human plasma (accounting for 0.65 mM of the ~2.5 mM
of total free amino acids in the plasma) (53), and ECs from both venous and arterial vessels
express glutaminase (GLS), the first enzyme that catabolizes glutamine to glutamate and ammonia.
Glucose-deprived ECs can oxidize glutamine and glutamate (up to 68 nM/h/mg protein) as well as
alanine (35 nM/h/mg protein) ata high rate (54). In ECs, 30% of the T'CA carbons are derived from
glutamine, comparable to glycolysis and FAO-derived carbon (38). Glutathione produced by ECs
via glutamine is used for redox homeostasis, and depletion of glutamine makes ECs vulnerable to
ROS-induced damage (51, 55). Glutamate generated by catabolism of glutamine can be converted
to ornithine to generate proangiogenic factors, such as NO and polyamine (56, 57). Genetic
deletion of GisI in ECs and inhibition by CB-839 decrease EC proliferation and migration and
vessel sprouting (51). In chimeric EC spheroids, containing a mixture of GFP* G/s-silenced and
mCherryt wild-type ECs, G/sI-silenced ECs display reduced competitive behavior to reach the
tip position. These findings illustrate that glutamine metabolism plays a prominent role in tip and
stalk cell positioning during vessel sprouting (51).

Asparagine in combination with the anaplerotic substrate o-ketoglutarate rescues the defects
of glutamine-deprived ECs, while asparagine alone partially rescues proliferation of these ECs,
suggesting a key role of asparagine in the EC response to glutamine deprivation (51). Further
illustrating the importance of asparagine for vessel sprouting, EC proliferation is impaired by
silencing asparagine synthetase (ASNYS), the enzyme responsible for producing asparagine from
glutamine-derived nitrogen and aspartate (51). Mechanistically, decreased mTOR activity and
endoplasmic reticulum (ER) stress contribute to the decreased EC proliferation upon glutamine
depletion (51).

Interestingly, the amino acid arginine is a source for endothelial nitric oxide synthase (eNOS)
to generate vasoprotective NO (58, 59). In agreement, arginine depletion from EC cultures leads
to eNOS dysfunction (60). Increased arginase levels during vascular inflammation lead to the
depletion of L-arginine, resulting in decreased NO production with impaired EC-dependent
vasodilation. Inhibition of arginase or supplementation of L-arginine restores EC function (61,
62).

ECs can take up serine directly or produce this amino acid from the glycolytic interme-
diate 3-phosphoglycerate in a multistep enzymatic reaction controlled by phosphoglycerate
dehydrogenase (PHGDH) (63). Serine can be interconverted to glycine, which contributes
to one-carbon folate metabolism for nucleotide biosynthesis and redox homeostasis (64).
N5-methyl-tetrahydrofolate is used to generate methionine from homocysteine. EC-specific loss
of PHGDH leads to severe vascular defects due to reduced EC proliferation and survival, partly
from defective heme synthesis. These exciting results related to amino acid metabolism in EC
merit further investigation.
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Table 1  List of vascular diseases associated with endothelial cell (EC) metabolic deregulation

Vascular disease Metabolic perturbation Consequences
Aneurysm aortic dissection | tNOX activity, 1ROS production Inflammation, increased protease levels, vascular
remodeling

Atherosclerosis +ADMA, |NO, targinase, eNOS EC dysfunction, deregulation of vascular tone,
uncoupling, 1NOX, 1ROS plaque formation

Cancer +GLUT]I, 1PFKFB3, +LDH-B, tglycolysis, EC hyperproliferation, broken EC lining, leakage,
tnucleotide synthesis increased cancer cell intravasation

Diabetes 1Glucose levels, tNOX activity, 1ROS, EC dysfunction—oxidative damage, decreased ROS
tAGE levels, 1 protein glycosylation, scavenging, vessel leakage, pathological
Lglycolysis, 1 glycolysis side pathway activity angiogenesis

Neovascular eye disease 1PFKFB3-driven glycolysis, 1 CPT1a-driven | Acellular capillaries, inflammation, leaky endothelial
FAO barrier, pathological angiogenesis

Pulmonary arterial Mitophagy, 1glycolysis, 1PPP, +GLSI, Vascular remodeling, loss of vasodilative response,

hypertension {FAO, [NO excess angiogenesis

Abbreviations: ADMA, asymmetric dimethylarginine; AGE, advanced glycation end product; CPT'1a, carnitine palmitoyltransferase 1a; eNOS,
endothelial nitric oxide synthase; FAO, fatty acid oxidation; GLS1, glutaminase 1; GLUT, glucose transporter 1; LDH-B, lactate dehydrogenase B;
NADPH, reduced nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; NOX, NADPH oxidase; PFKFB3, 6-phosphofructo-2-kinase/

fructose-2,6-bisphosphatase 3; PPP, pentose phosphate pathway; ROS, reactive oxygen species.

ENDOTHELIAL METABOLISM DURING VASCULAR DYSFUNCTION

Quiescent ECs maintain vascular barrier integrity, tone, and redox homeostasis. However, these
otherwise quiescent vascular ECs can become dysfunctional in multiple vascular diseases, includ-
ing atherosclerosis, diabetes, pulmonary hypertension, cancer, ocular diseases, and aging. EC
metabolism is perturbed or maladapted in these vascular pathogeneses. Table 1 summarizes the
key metabolic perturbations in ECs during these diseases.

Atherosclerosis

Atherosclerosis is a chronic, inflammatory, fibroproliferative disease of arteries, fueled by lipid
accumulation; it is the leading cause of morbidity in Western society (65). EC dysfunction plays a
major role in the progression of atherosclerosis (66, 67). The generation of high levels of toxic ROS
with subsequent impairment of NO and hydrogen sulfide (H,S) production, which are needed for
vascular homeostasis, increases oxidative stress; this further promotes EC dysfunction with leuko-
cyte adhesion, platelet aggregation, and smooth muscle cell accumulation (68). Decreased NO
and citrulline levels result from eNOS uncoupling, which leads to ROS production in conditions
of limited availability of arginine and tetrahydrobiopterin (BHj) (69).

High plasma levels of asymmetric dimethylarginine (ADMA), an analogue of arginine and a
competitive inhibitor of NOS, are correlated with EC dysfunction in patients with atherosclerosis
(70). The ratio of arginine to ADMA is considered a sensitive risk factor for atherosclerosis (71,
72). Arginine methylation leads to the generation of ADMA and symmetric dimethylarginine.
Inactivation of the enzyme dimethylarginine dimethyl-aminohydrolase (DDAH) by oxidative
stress enhances ADMA accumulation (73, 74). Endothelial DDAHI is, however, not a critical
determinant of plasma ADMA, vascular reactivity, or hemodynamic homeostasis, though it stim-
ulates angiogenesis (75). Dietary delivery of L-arginine restores NO levels and attenuates high-fat
diet-induced atherogenesis in an animal model (76). However, other studies failed to show such
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a benefit, emphasizing the need for additional exploration (77). Endothelial FOXO1 increases
eNOS by inhibiting ADMA via downregulation of DDAH, responsible for ADMA degradation
(78). Additionally, NADPH oxidase (NOX) levels are downregulated in vessels of Ldl~'~ mice
lacking FOXO1 in ECs, highlighting the role of FOXO1 (79).

Elevated plasma levels of homocysteine and S-adenosyl-homocysteine (SAH) are associated
with DNA hypomethylation in vascular diseases, such as atherosclerosis (80). Increased SAH
levels cause ER stress, which promotes EC dysfunction by oxidative stress and inflammation
(81). Plasma levels of SAH and homocysteine might be sensitive biomarkers for EC dysfunc-
tion in atherosclerosis (82). Oxidized low-density lipoprotein (OXLDL), a major contributor to
atherosclerotic plaque formation, increases the expression of arginase and competes with eNOS
for the substrate arginine, thereby reducing NO availability, which explains why genetic dele-
tion of arginase restores EC function in an atherosclerotic model (83). Small-molecule inhibitors
have been identified for the pharmacological inhibition of arginase (84). Interestingly, in a recent
clinical trial, pharmacological arginase blockade improves endothelial function in patients with
familial hypercholesterolemia (61).

The transcription factor KLEF2 promotes EC quiescence, barrier function, and alignment in
the vascular flow axis (85). In atherosclerosis, LDL impairs endothelial KLEF2 expression, leading
to EC activation and dysfunction (86). KLF2 expression is suppressed by miR-92a and upreg-
ulated by OXLDL, while inhibition of miR-92a reduces EC inflammation and atherosclerotic
burden in mice (87). Interestingly, EC glucose metabolism is also regulated by KLF2. Indeed,
overexpression of KLE2 lowers glucose uptake by partially repressing PFKFB3 promoter activity
(23) and promotes EC quiescence, elucidating the impact of KLF2 on EC metabolism.

Aneurysms are associated with life-threatening complications, characterized by abnormally
weak protruding blood vessels due to EC injury, extracellular matrix remodeling, and a loss of
smooth muscle cells (88). Aneurysms are associated with oxidative stress and inflammation, re-
sulting from NOX-derived ROS produced by infiltrating macrophages, fibroblasts, and ECs (89).
Endothelial overexpression of NOX2 in mice leads to increased ROS, which enhances the sus-
ceptibility to aortic dissection in response to Ang II stimulation. Mechanistically, ECs enhance
the secretion of cyclophylin A, which triggers inflammation, protease expression, and vascular
remodeling. Thus, targeting EC ROS generation is a potential therapeutic approach to prevent
aortic dissection (90).

Diabetes

Diabetes is a metabolic disorder with a rapidly increasing global prevalence (91); it is charac-
terized by high blood glucose levels, which contribute to EC dysfunction and subsequently to
vascular inflammation (92). EC dysfunction during diabetes is complicated by excessive or im-
paired angiogenesis. Unwarranted angiogenesis contributes to diabetic retinopathy, nephropathy,
and atherosclerotic plaque disruption. Impaired angiogenesis prompts coronary artery disease, is-
chemic stroke, impaired wound healing, and skin ulcers (93). Early intervention studies have shown
that the development and progression of micro- and macrovascular complications can be decreased
by reducing hyperglycemia (94). Endothelial ROS levels during hyperglycemia are induced by
NOXs, the protein kinase C (PKC) pathway, endothelial xanthine oxidase, and eNOS uncoupling
(95). In agreement, inhibition of PKC reduces the levels of NOX protein subunits (p22phox,
p47phox, p67phox) in vessels from diabetic coronary artery patients (96). A metabolomics study
using streptozotocin-diabetic nephropathy rats established that hyperglycemia induces high levels
of xanthine oxidase and perturbs purine metabolism (97). In a peripheral neuropathy model (98)
and a diabetic mouse model (99), eNOS uncoupling induces EC dysfunction. The interrupted
metabolism of arginine and cofactors BHy and NADPH promotes endothelial insulin resistance
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(reviewed in 95), aberrant O-glycosylation (reviewed in 95), increased levels of advanced glycation
end products (AGEs) (100), and the restriction of PPP flux (78). In diabetic ECs, perturbed mi-
tochondria contribute to EC dysfunction through increased ROS formation and apoptosis (101).

During hyperglycemia, metabolic regulators, such as peroxisome proliferator-activated re-
ceptor gamma (PPARY), coactivator 1 alpha (PGCl«x), AMP-activated protein kinase (AMPK),
and nuclear factor erythroid 2-related factor 2 (Nrf2), counteract the effects of ROS. PGCl«,
upregulated by NO, protects ECs from ROS and regulates mitochondrial antioxidant defenses
in ECs. Activation of AMPK by rosiglitazone (a PPARYy agonist that activates AMPK) in hyper-
glycemic ECs reduces oxidative stress (102). Manganese superoxide dismutase (MnSOD), induced
by AMPK activation via metformin or 5-aminoimidazole-4-carboxamide-riboside (AICAR) allevi-
ates hyperglycemic oxidative stress (103) and induces mitochondrial biogenesis via PGC1x (104).
In vivo studies established the beneficial effects of AMPK activation for the prevention of EC
dysfunction in diabetes (105). Nrf2, a regulator of cellular redox homeostasis (106), regulates the
activity of the antioxidant enzyme glyoxalase 1 (GLOL1) in ECs exposed to hyperglycemia (107).
Indeed, overexpression of Glo1 reduces vascular AGE formation and normalizes impaired angio-
genesis in vitro and in hyperglycemia animal models (108). Additionally, evidence suggests that
the cross talk between Nrf2 and AMPK prevents cardiomyopathy (109). Nonetheless, antioxidant
therapies in clinical trials have not been effective, despite these promising findings.

Accumulating evidence indicates thata loss of insulin signaling promotes EC dysfunction (110).
In many tissues, insulin signaling promotes glucose uptake via intracellular trafficking of GLUTH4,
but ECs take up glucose via GLUT1, which is not altered by insulin. Instead, its expression is
regulated by the high glucose levels in circulation, thus explaining the susceptibility of ECs to
hyperglycemia-induced oxidative stress (111). How the excess uptake of glucose leads to aberrant
glucose metabolism in ECs is further discussed below.

The enzyme fatty acid synthase (FAS) induced by systemic insulin generates palmitate. It is in-
volved in the preferential S-acylation of eNOS to localize NO production to the plasma membrane
and to retain endothelial function (112). In diabetic animal models, reduced levels of endothelial
FAS decrease eNOS palmitoylation, impairing angiogenesis and promoting inflammation via in-
creased oxidative stress. However, EC insulin also regulates palmitoylation of proteins responsible
for insulin-induced EC migration and angiogenesis (113). A proteomic analysis could be useful
to identify novel insulin-dependent palmitoylation targets that are dysregulated by insulin resis-
tance in diabetes. Notably, branched amino acid metabolism has been linked to transendothelial
fatty acid transport and lipid accumulation in muscle, contributing to diabetes (114). Indeed, 3-
hydroxyisobutyrate (3-HIB), a catabolic intermediate of the branched amino acid valine that is
secreted from muscle cells, activates transendothelial flux of fatty acids, stimulates muscle fatty
acid uptake, and promotes lipid accumulation in muscle, leading to insulin resistance in mice.

Dietary fructose, which can be metabolized to glycolytic intermediates, increases the cardio-
vascular risk by promoting EC dysfunction, atherosclerosis, and cardiovascular complications in
diabetes (115, 116). In addition to glucose, elevated levels of fructose can promote hazardous
reactive protein modifications (peptide glycation by fructose).

Cancer

Aberrant angiogenesis in cancer is initiated by several angiogenic factors, including VEGF, FGF,
angiopoietins, and other molecules (6, 117). Low oxygen tension in tumors steers HIF1 o acti-
vation, which triggers the expression of several growth factors that promote tumor angiogenesis
(118). Compared to normal ECs (NECs), tumor ECs (TECs) have high proliferation rates and
are resistant to serum starvation—induced apoptosis (117); they also display certain genomic aber-
rations with higher rates of aneuploidy, which are intensified during tumor progression (95, 119).
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TEC metabolism has not been fully characterized. The metabolic profile of tumor tissues
is often characterized by high lactate levels (40 mM) and low glucose levels (0.12 mM). TECs
exhibit hyperglycolytic activity (95, 120) and upregulate glycolytic enzymes, such as lactate de-
hydrogenase B (LDH-B) (121). LDH-B catalyzes the generation of pyruvate from lactate, which
is taken up by monocarboxylate transporter 1 (MCT'1) (122), fueling the T'CA cycle. Moreover,
lactate uptake by ECs induces ROS-mediated NF-«B activation and interleukin-8 (IL-8) expres-
sion (122). Additionally, lactate also regulates levels of the putative tumor suppressor protein
N-Myc downstream-regulated gene 3 (NDRG3), which can stimulate angiogenesis during hy-
poxia. Depletion of NDRG3 in ECs reduces tube formation (123), suggesting that lactate can act
as a proangiogenic stimulus.

Compared to NECs, TECs from tumor-infiltrated livers display a distinct metabolic profile
(120); TECs exhibita hyperglycolytic metabolism, which they use for biomass production. Indeed,
in vitro tracing studies using '*C-glucose and '* C-glucose showed that TECs use glucose carbons
for nucleotide synthesis (120). EC-specific deletion of a single allele of the glycolytic regulator
Pfefb3 (Pflfb3+/2EC) in tumor-bearing mice lowers hyperglycolysis by 15-20%, which reduces
intravasation of cancer cells and metastasis without affecting tumor size. Interestingly, the tumor
vasculature in Pfkfb37/2*C mice displays vessel enlargement with reduced vessel tortuosity and
improves perfusion dynamics with continuous stable VE-cadherin adherens junctions and peri-
cyte coverage—structural hallmarks of a normalized vasculature (120). Pharmacological blockade
or cell autonomous endothelial deletion of Pfkfb3 promotes pericyte quiescence and adhesion by
enhancing the expression of N-cadherin, thus supporting tumor vessel normalization (95, 120).
Because glycolytic ATP production is required for endocytosis of junctional molecules in ECs,
Pfkfb3 inhibition promotes higher levels of the junctional molecule VE-cadherin on the EC sur-
face, thereby tightening the vascular barrier and impairing cancer cell intravasation (120). Thus,
targeting TEC metabolism might provide an alternative therapeutic strategy to reduce metastasis,
normalize the tumor vasculature, and improve chemo- and immunotherapy.

Notably, tumor-associated macrophages, genetically engineered to be highly glycolytic, out-
compete TECs for glucose usage, which thwarts vascular hyperactivation and promotes the for-
mation of a more quiescent, normalized tumor vasculature (124). Thus, targeting perivascular
cells in the tumor stroma may also offer novel therapeutic opportunities.

Neovascular Eye Diseases

Several ocular diseases are impacted by aberrant neovascularization, as in retinopathy of prematu-
rity (ROP), diabetic retinopathy (DR), neovascular age-related macular degeneration (NV-AMD),
and corneal neovascularization. These morphologically abnormal, leaky vasculatures due to a loss
of junctional integrity eventually end with fibrotic scar, a major cause of vision loss.

ROP accounts for 6-18% of childhood blindness and is associated with premature birth and
oxygen supplementation (125). In an ROP model, postnatal pups (postnatal day 7, or P7) are ex-
posed to hyperoxic environment for 5 days (P12), and the developing retinal endothelium is pruned
due to high oxygen tension. Upon exposure to a normoxic environment for 5 days (P12-P17),
the retina becomes hypoxic, promoting neovascularization in the retina (125). Treatment of ROP
mice with the small-molecule compound 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO),
an inhibitor of PFKFB3, mitigates pathological vascular tuft formation (16). Similarly, ROP pups
treated with etomoxir (an inhibitor of the mitochondrial enzyme carnitine palmitoyltransferase 1
(CPT1), regulating FAO) exhibit reduced vascular tuft formation (38). These results indicate the
impact of EC metabolism on vascular tuft development.

Choroidal neovascularization (CNV) in NV-AMD triggers irreversible blindness and is the
leading cause of visual impairment in the aged population. NV-AMD is projected to impact
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288 million individuals globally by 2040 (126). In a preclinical model of NV-AMD, CNV can be
induced by laser injury of Bruch’s membrane, resulting in hypoxia, tissue traction, and inflamma-
tion. A recent study established that glycolytic flux is a determinant of CNV. Indeed, targeting
Pfkfb3 by 3PO reduces CNV lesions and improves the efficiency of antiangiogenic therapy by
VEGFR2 inhibition (16).

In DR, early vascular cell death and acellular capillaries are instigated by abnormal glucose
metabolism (28). Elevated oxidative stress in hyperglycemic ECs leads to the accumulation of
glycolytic intermediates through inactivation of the glycolytic enzyme GAPDH. Excess glucose
is then shunted to the polyol pathway, which consumes NADPH and increases oxidative stress
(127). Glycolytic intermediates, such as F6P, activate GFAT of HBP, a pathway involved in the
glycosylation of Akt (35). The accumulation of intermediates and triosephosphates generates
methylglyoxal, glyoxal, and 3-deoxyglucosone, contributing to AGE formation, which results in
ROS (28). Dihydroxyacetone phosphate (DHAP) is converted to diacylglycerol (an activator of
PKC), which stimulates ROS production by NOX (95). Collectively, these findings demonstrate
the significance of EC metabolism in various aspects of neovascular eye diseases.

Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a progressive vasculopathy with significant morbidity
and mortality. PAH is characterized by increased resistance of pulmonary arteries and arterioles
(128). The pathophysiology of PAH includes aberrant angiogenesis due to excessive growth of
apoptosis-resistant ECs, extensive vascular remodeling, and pulmonary vascular lesion formation
(128, 129). These extensive changes lead to increased pulmonary arterial pressure (>25 mm Hg)
atrest and eventually to right ventricular cardiac failure and premature death (130). A key feature
of PAH is that mitochondrial remodeling and mitophagy result in suppressed glucose oxidation
and the secondary upregulation of glycolysis in ECs (95, 131).

As a consequence of EC apoptosis, residual ECs become hyperproliferative and apoptosis
resistant (95). The hyperproliferative EC phenotype can be partly attributed to the upregulation of
the PPP and polyamine biosynthesis pathway (95). Furthermore, pulmonary vascular remodeling
upregulates glutaminase 1 (GLS1), lactate dehydrogenase A (LDH-A), and pyruvate carboxylase
to promote glutamine metabolism in addition to glycolysis and glucose carbon anaplerosis to meet
the demands of hyperproliferative ECs (132). Importantly, PAH has recently been characterized
by intracellular lipid accumulation and decreased fatty acid consumption due to reduced FAO,
which results in right ventricular lipotoxicity and cardiac failure (133).

Oxidative stress in ECs plays an important role in vascular remodeling in PAH (95). Levels of
eNOS, a key regulator of vessel tone (134), and the bioavailability of NO are decreased in PAH,
with increasing levels of endothelin-1, a potent vasoconstrictor (134). Increased threonine (T495)
phosphorylation of eNOS via PKC is responsible for a reduction in NO levels (135). Interestingly,
NO bioavailability is restored in PAH-associated ECs by B-blocker—mediated inhibition of PKC
activity (135). Additionally, in a ratmodel of PAH, the application of eNOS-transduced endothelial
progenitor cells resulted in the regeneration of the pulmonary endothelium and significantly
improved survival (95).

METABOLIC CROSS TALK BETWEEN THE ENDOTHELIUM
AND OTHER CELL TYPES

Metabolite-based communication between ECs and other cell types is mediated by the uptake and
transport of nutrients, such as sugars, fatty acids, and amino acids. EC metabolism can be altered
by neighboring stromal or immune cells via various stimuli (VEGF, FGF, DLL4). Cancer cells
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can promote EC proliferation by secreting the T'CA cycle intermediate succinate or by stimulating
glucose uptake (25, 136). Lactate secreted in part by cancer cells or cancer-associated fibroblasts
can also promote EC proliferation (137) and angiogenesis by enhancing VEGF signaling via
HIF1« (6) and the PI3K/AKT pathway (2). Tumor-generated lactate enters ECs via MCT1 and
promotes tumor angiogenesis by stimulating the NF-kB/IL-8 pathway in a ROS- and IkBx-
dependent manner (122). The acidic microenvironment created by the accumulation of lactate
causes ER stress and induces an inflammatory response (138). Tumor-associated macrophages
(TAMs) secrete high amounts of VEGF, which promotes EC proliferation, but they also express
arginase 1, which reduces local arginine levels and impairs T cell function (76, 83, 117, 139).
The proangiogenic nature of TAMs is dependent on the enzyme glutamine synthetase. Targeting
glutamine synthesis in TAMs decreases glutamine levels, leading to tumor vessel normalization
and reduced tumor metastasis (140).

Upon anticancer treatment, metabolic cross talk in the tumor becomes more complex, leading
to compensatory mechanisms. For example, glycolytic cancer cells in the hypoxic tumor microen-
vironment consume glucose and generate lactate, which is then utilized as a substrate of oxidative
metabolism by neighboring cancer cells located in the proximity of blood vessels (2, 95). This sym-
biotic metabolism can cause resistance to antiangiogenic therapy, as cancer cells in oxygenated
areas are fed by cancer cells in hypoxic regions (141). Likewise, the antitumor effect of mTOR
inhibitors is partially hindered by positive effects on TAMs, which can promote tumor angiogen-
esis. Further investigations are needed to determine the overall efficacy of combination strategies
targeting metabolism.

EC-secreted lactate can induce a vasoactive signal in pericytes. This metabolite-based commu-
nication seems to be regulated in the context of cellular energy homeostasis. In low energy supply
conditions, lactate initiates vasodilation, whereas in abundant energy supply situations, lactate acts
asavasoconstrictor (95). Additionally, lactate can regulate gene transcription in skeletal muscle and
neurons (2, 142) and polarization of immune cells (95). By lowering the glycolytic activity of T cells
through downregulating Hk1 and inhibiting Pfk, lactate inhibits chronic inflammation, boosted by
IL-17A secretion by cytotoxic T cells (143). Lactate also activates HIF1« and thereby stimulates
tumor angiogenesis, and this mechanism is reduced by targeting MCT1 in ECs (122). Additional
investigations are needed to verify the efficacy of targeting the EC lactate transporter MCT'1.

An increasing number of studies have focused on extracellular vesicles (EVs). A broad variety
of cells communicates through these extracellular signals. EVs contain several factors, including
metabolites, proteins, and nucleic acids (nRNA, DNA, and miRNA), with the potential to stimu-
late targeted cells (144). Especially under glycemic changes, cardiomyocytes and cardiac ECs can
influence each other via EVs. Glucose-starved cardiomyocytes remodel the EV content and are
able to stimulate recipient EC proliferation and angiogenesis (145). These remodeled EVs from
cardiomyocytes increase the expression of glucose transporters (GLUTT1 and 4) of ECs (145).
Reciprocally, ECs secrete pyruvate in their microenvironment, likely to maintain cardiomyocyte
function (145). The EC-derived EV content might reflect the status of the cell and EVs can act
as diagnostic markers in vascular disorders.

THERAPEUTIC IMPLICATIONS

EC metabolism has emerged as a key regulator of angiogenesis and is becoming an attractive
therapeutic target. Anti-VEGF therapies in the clinical setting are limited by insufficient efficacy,
intrinsic refractoriness, and the development of resistance in the majority of patients (146). As
discussed above, recent studies deciphered how ECs rewire their metabolic network to promote
pathological vascular growth. PFKFB3 is a key activator of glycolysis, which provides the necessary
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ATP and promotes biomass synthesis to maintain the angiogenic switch. Thus, antiglycolytic
therapy using the PFKFB3 blocker 3PO reduces glycolysis and pathological tumor angiogenesis.
PFKFB3-targeted therapy is safer than anticipated, as it only transiently and partially lowers
glycolysis, without causing deleterious systemic effects on glycolysis-dependent healthy tissues
(16). Additionally, low-dose 3PO treatment is sufficient to reduce metastasis in tumor models by
normalizing the tumor vasculature, while normalized vessels improve the efficacy of chemotherapy
by ameliorating drug delivery (16). TECs are sensitive to the partial inhibition of glycolysis because
they rely on glycolysis more than do other cell types. However, the complete inhibition of glycolysis
by 2-deoxy-D-glucose (2DGQG) affects healthy quiescent vessels and other cell types that rely on it.
Patients with cancer undergoing 2DG treatment present adverse effects with disease progression.
The 3PO derivative PFK158 is being tested in a phase 1 clinical trial for patients with solid
malignancies (study NCT02044861).

Recent studies also demonstrated the beneficial therapeutic effect of CPT1 inhibition by eto-
moxir in pathological ocular angiogenesis (38). Etomoxir reduced tumor growth in an FAO-
dependent tumor model, though it remains to be determined if this is also due to tumor angio-
genesis inhibition (147). Perhexiline is another inhibitor of CPT'1 with limited efficacy (148). The
reliance of solid tumor cells and leukemia cells on glutamine provided a basis for the development
of GLS1 inhibitors. BPTES is an irreversible allosteric inhibitor of glutaminase but has a mod-
erate efficacy as a GLS1 inhibitor (51). Another noncompetitive allosteric inhibitor, compound
968, with an antiproliferative effect on glutamine-addicted cancer cells, has limited therapeutic
use owing to its hydrophobic properties (149). CB-839 is a potent selective and reversible in-
hibitor of human GLS1; it affects the progression of various preclinical tumor models (149, 150).
CB-839 is in phase 2 and phase 1/2 clinical studies with standard chemo-immunotherapeutic
agents and patients with renal carcinoma, melanoma, non-small-cell lung cancer, triple negative
breast cancer, and colorectal cancer (studies NCT03163667, NCT02771626, NCT02071862, and
NCT02861300). The effects of GLS1 inhibitors on tumor angiogenesis remain to be determined.

The EC metabolic link between glutamine and asparagine and the importance of endothelial
ASNS for angiogenesis raises the question whether inhibitors of the asparagine metabolism enzyme
ASNS (such as N-acylsulfonamide compound 6) could be useful to inhibit pathological angiogen-
esis. Adenylated sulfoximine also blocks human ASNS with an improved affinity (151). Efforts to
synthesize new sulfoximine derivatives with improved metabolic stability and bioavailability may
be useful in the future. Table 2 summarizes the current status of metabolic drug development.

Table 2  Endothelial cell metabolic pathways targeted by small molecules and current status of drug development

Metabolic pathway Enzyme targeted Inhibitors Current status
Glycolysis PFKFB3 3PO Preclinical
PFK-158 Clinical phase 1
Phenoxyindole Preclinical
Fatty acid oxidation CPT1 Etomoxir Preclinical
Perhexiline Preclinical
Amino acid metabolism GLS1 BPTES Preclinical
ASNS Compound 968 Preclinical
CB-839 Clinical phase 1/2
N-acylsufonamide 6 Preclinical
Adenylated sulfoximine Preclinical

Abbreviations: 3PO, 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one; ASNS, asparagine synthetase; CPT1, carnitine palmitoyltransferase 1; GLSI,
glutaminase 1; PFK-158, phosphofructokinase-158; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3.
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CONCLUSION AND PERSPECTIVES

Emerging evidence highlights the role of metabolic pathways in regulating both physiological and
pathological angiogenesis, and targeting EC metabolism can provide a new therapeutic strategy
for the treatment of cancer or ocular diseases, characterized by excessive angiogenesis (see above).
Recent studies have also demonstrated the impact of glycolysis, FAO, and amino acid metabolism
on the proliferation, migration, and survival of ECs. Few metabolic enzymes in ECs have been
characterized; studies of these enzymes have shed light on the critical role of metabolism in vascu-
lar biology, establishing a basis for the development of new antimetabolic drugs. Many questions
remain as to how ECs integrate the regulation of the multiple metabolic pathways, though few
regulators have been identified (such as FOXO1 and KLF2 that lower glycolysis, whereas hypoxia-
inducible factors upregulate glycolysis). The impact of the metabolic cross talk on the functions
of ECs and their neighboring cells is an outstanding question for future research, especially in EC
dysfunction-related pathologies, e.g., cancer, atherosclerosis, ocular pathologies, and diabetes.
Deregulated EC metabolism can be clarified via global untargeted metabolomics to determine
the metabolic signature of ECs from patients with disease and mice with abnormal vessel growth.
Metabolic profiling by utilizing multi-omics technologies and employing proteomics and tran-
scriptomics to analyze metabolic genes would represent a powerful approach, as it offers optimal
discovery potential to identify unsuspected and novel metabolic pathways involved in EC function.
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