
Central Role of Metabolism in
Endothelial Cell Function and Vascular
Disease

The importance of endothelial cell (EC) metabolism and its regulatory role in

the angiogenic behavior of ECs during vessel formation and in the function of

different EC subtypes determined by different vascular beds has been recog-

nized only in the last few years. Even more importantly, apart from a role of

nitric oxide and reactive oxygen species in EC dysfunction, deregulations of

EC metabolism in disease only recently received increasing attention. Al-

though comprehensive metabolic characterization of ECs still needs further

investigation, the concept of targeting EC metabolism to treat vascular dis-

ease is emerging. In this overview, we summarize EC-specific metabolic path-

ways, describe the current knowledge on their deregulation in vascular

diseases, and give an outlook on how vascular endothelial metabolism can

serve as a target to normalize deregulated endothelium.
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The Endothelium as an Organ:
More Than a Monolayer

Decades ago, the endothelium was considered a
monolayer that lines blood vessels with a mere
barrier function. Today, however, the endothelium
is recognized as a separate organ with manifold
functions including transfer of oxygen and nutri-
ents, vasomotor regulation, control of leukocyte as
well as platelet adhesion and aggregation, secre-
tion of angiocrine factors (5, 122) stimulating vas-
cular smooth muscle cells, fibroblasts and organ-
specific cells, formation of new blood vessels, in
addition to its barrier function (2). Already its size,
representing a surface area of �400 m2 and a
weight of �1 kg in an adult, and its ubiquitous
occurrence emphasize the particular role of the
endothelium (8, 14, 24).

Research during past decades has significantly
increased our understanding of the molecular
mechanisms underlying the formation and func-
tion of the blood vessels and their endothelium
(20, 40, 119). Only recently, the importance of the
specific metabolic pathways used by ECs and their
adaptations to sustain the specialized functions
have been recognized and raised great scientific
interest (33, 97, 131, 132), not in the least since
several diseases are associated with EC dysfunction
and evidence for metabolic maladaptation of the
endothelium in such diseases is accumulating. EC
dysfunction can be observed in various pathologies
like atherosclerosis, diabetes, or cancer, and the
understanding of the underlying mechanisms is

crucial to identify potential targeted treatment
strategies for clinical translation (41, 43, 94).

From a Quiescent Endothelium to
Vascular Sprouting

In the adult organism, ECs in healthy established
vessels remain quiescent for years. Under certain
conditions like ischemia or inflammation, ECs can
rapidly switch to an angiogenic state and start to
form new blood vessels. This process, termed an-
giogenesis, is a highly coordinated process that
relies on different regulatory systems. ECs undergo
a differentiation into specialized endothelial sub-
types during this process: the migratory tip cells, the
proliferating follower (stalk) cells elongating the
sprout, and, once the new vessel is established,
the quiescent phalanx cells, which line established
perfused blood vessels (20, 51, 119). When quies-
cent ECs sense an angiogenic signal like VEGF,
they stimulate the surrounding pericytes to detach,
and the intercellular tight junctions become loose.
Thereby, plasma proteins extravasate and build a
provisional extracellular matrix (ECM). The tip
cells, predestined through expression of the VEGF
receptor-2 (VEGFR2), migrate to this ECM surface
and lead the newly developing sprout. The activa-
tion of VEGFR2 in the tip cell induces expression of
delta-like 4 (Dll4), which activates the Notch sig-
naling pathway in the neighboring cells, thereby
inhibiting these follower cells to adopt a tip phe-
notype and yielding stalk cells in a process called
lateral inhibition (7, 33, 66, 115). Remarkably, the
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tip and stalk cell subtypes are not restricted to one
type and can change fluidly so that always the most
competitive EC leads the sprout (7, 119). Finally,
the new vessel will become lumenized, surrounded
by pericytes or vascular smooth muscle cells
(VSMCs) and become functional (7, 51, 119).

Traditional belief postulates that these processes
are coordinated solely by genetic signals, but re-
cent evidence indicates metabolism to be a key
co-determinant of EC subtype specification (153,
155). While the full repertoire of signaling path-
ways regulating angiogenesis has been reviewed
elsewhere (7, 73, 79, 119, 130), this review focuses
on EC metabolism. The current knowledge on met-
abolic pathways of ECs will be highlighted followed
by an overview of diseases affected by EC metab-
olism and its deregulation.

Endothelial Metabolism

As mentioned above, ECs have to perform multiple
actions during vessel formation or, once estab-
lished, in quiescent vessels. ECs therefore must
rely on different metabolic pathways to support
their activities (55, 153). Although this concept was
only recognized relatively recently, it has instigated
novel research into the metabolic signature of ECs
in different physiological conditions, as well as into
metabolic maladaptation of ECs in pathology, as
overviewed in this and the following sections.

Glycolysis

ECs Use Glycolysis for ATP Production. The
formation of new blood vessels is an energy- and
biomass-demanding process. ECs have a high gly-
colytic activity, which was shown to be their pri-
mary source of ATP (33). Glucose is metabolized to
pyruvate, which can be converted to lactate in
glycolysis or can enter the TCA cycle via acetyl-
CoA. Under physiological conditions, not all of the
pyruvate is oxidized in the TCA cycle. Activated
angiogenic ECs upregulate glycolysis even further
(33). Given that most ECs are located in a high-
oxygen environment, it seems paradoxical that
they use glycolysis as a main source for their
energy homeostasis rather than mitochondrial
oxidative metabolism. However, although glu-
cose oxidation produces 10 times more ATP per
mole of glucose, glycolysis enables fast production
of ATP for migration and proliferation to rapidly
form new sprouts, when sprouting needs to quickly
revascularize ischemic tissues (18, 41). In addition,
in migrating cells, ATP is needed at the site of active
remodeling of the actin cytoskeleton in the filopodia
and lamellipodia, i.e., thin structures from which the
relatively large mitochondria are excluded (33, 41).
Furthermore, when sprouting into avascular tissues,
i.e., under hypoxic conditions, ECs should be able to

generate energy independent of oxygen. In addition
to ATP generation, glycolysis intermediates can also
be used in side pathways producing macromolecules
needed during cell division [e.g., nucleotides via the
pentose phosphate pathway (PPP)] or reducing
agents for redox homeostasis (e.g., via the PPP and
serine biosynthesis pathway) (FIGURE 1) (116, 158).

PFKFB3 is a key regulator of glycolysis in ECs.
As mentioned above, angiogenic ECs rely on gly-
colysis for energy homeostasis. An important
activator is 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3). PFKFB3 regulates
the levels of fructose-2,6-bisphosphate, one of the
key drivers of glycolysis via activation of phospho-
fructokinase-1 (FIGURE 1) (33). Both pharmacolog-
ical and genetic inhibition of PFKFB3 results in
decreased vessel formation in vivo in the retina in
postnatal mice and reduced sprouting of cultured
EC spheroids, an in vitro model of angiogenesis
(33, 132, 166). VEGF-stimulated ECs upregulate the
expression of PFKFB3, resulting in increased gly-
colysis (33, 166). Increased glycolysis upon PFKFB3
overexpression promotes a tip cell phenotype both
in vitro and in vivo. This tip cell promotion was
observed even in the presence of opposite genetic
instruction (overexpression of constitutively active
Notch1 to induce a stalk phenotype) (33), empha-
sizing the role and importance of metabolism in
co-determining EC behavior and function. Phar-
macological blockade of PFKFB3 by 3-(3-pyridi-
nyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) causes
a partial and transient reduction of glycolysis in
vivo (by �40%), which, however, results in a sig-
nificant reduction of neovascularisation in differ-
ent models of injury- and inflammation-induced
pathological angiogenesis, without affecting the
quiescent vasculature or causing major systemic
side effects (132).

When ECs reach quiescence, they reduce their
glycolytic activity since high energy levels, such as
needed during migration and proliferation, are no
longer required (33). This reduction is regulated by
the transcriptional factor FOXO1, which sup-
presses the signaling by c-MYC, a well known reg-
ulator of anabolic metabolism and growth (160).
Furthermore, laminar shear stress, through the
flow-induced transcription factor Krüppel-like fac-
tor 2 (KLF2), also downregulates PFKFB3, resulting
in a decrease of glycolysis in ECs and induction of
quiescence (36).

Glycogen Metabolism

Glycogen is synthesized from the glycolysis interme-
diate glucose-6-phosphate (G6P) (142) (FIGURE 1).
ECs can accumulate glycogen but its function in ECs
is undetermined. It is known that ECs exposed to
high glucose increase glycogen synthesis and glyco-
gen content (6). In addition, glycogen stores in ECs
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are decreased in low-glucose conditions (158). Fur-
thermore, inhibition of glycogen phosphorylase (GP),
the enzyme catalyzing the first step of glycogen
breakdown (FIGURE 1), results in reduced EC mi-
gration and viability in vitro (158). In accor-
dance, pharmacological or genetic inhibition of
phosphorylase kinase subunit G1 (PhKG1), the
only known activator of glycogen phosphorylase,
inhibited intersomitic vessel sprouting from the
dorsal aorta in zebrafish and reduced migration,
proliferation, and tube formation by ECs in vitro
(17). Possibly, ECs use glycogen as a backup en-
ergy source when migrating in glucose-low
regions. Nevertheless, the role of glycogen

metabolism and synthesis in ECs needs further
investigation.

Fatty Acid Metabolism

Highly energy-demanding cells like cardiomyo-
cytes maintain their energy homeostasis by using
fatty acid oxidation (FAO) to generate ATP (106).
ECs are different, since proliferating ECs generate
their ATP through glycolysis, whereas the energy
derived from FAO is nominal (33, 131). Upon glu-
cose deprivation, however, ECs are able to switch
their metabolic flux toward increased FAO in an
AMP-activated protein kinase (AMPK)-dependent
manner (29, 47).

FIGURE 1. Overview of endothelial metabolism
Simplified scheme of the recently described metabolic pathways in endothelial cells and their known key regulators. 3PG, 3-phosphoglycerate;
�-KG, alpha-ketoglutarate; acetyl-CoA, acetylcoenzyme A; ARG, arginase; ATP, adenosine triphosphate; CPT1a, carnitine palmitoyltrans-
ferase 1a; eNOS, endothelial nitric oxide synthase; FAD�/FADH2, flavin adenine dinucleotide; F1,6P2, fructose-1,6-bisphosphate; F2,6P2,
fructose-2,6-bisphosphate; FA, fatty acid; F6P, fructose-6-phosphate; G1P, glucose-1-phosphate; G3P, glyceraldehyde-3-phosphate; G6P,
glucose-6-phosphate; G6PD, glucose-6- phosphate dehydrogenase; GFAT, glutamine fructose-6-phosphate aminotransferase; GlcN6P, glu-
cosamine-6-phosphate; GLS, glutaminase; GP, glycogen phosphorylase; GSH, glutathione; GSSG, glutathione disulphide; GYS, glycogen
synthase; LDH, lactate dehydrogenase; NAD(P)�/NAD(P)H, nicotinamide adenine dinucleotide (phosphate); NO, nitric oxide; OAA, oxaloac-
etate; PFK1, phosphofructokinase-1; PFKFB3, phosphofructokinase-2/fructose-2,6-bisphosphatase isoform 3; R5P, ribose-5-phosphate; ROS,
reactive oxygen species; TCA, tricarboxylic acid (cycle); TKT, transketolase; UDP-Glucose, uridine diphosphate glucose; UDP-GlcNAc, uri-
dine diphosphate-N-acetylglucosamine.
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A key regulator of FAO is carnitine palmitoyl-
transferase 1A (CPT1a), which transfers fatty acids
by a carnitine palmitoyl shuttle from the cytoplasm
into the mitochondria, where FAO takes place (27).
FAO comprises a cyclic series of reactions that
generates in each round acetyl-CoA that can enter
the TCA cycle, and NADH and FADH2, reducing
agents that become oxidized in the electron trans-
port chain (ETC) (FIGURE 1) (21, 153). Pharmaco-
logical or genetic blocking of CPT1a results in
reduced EC proliferation in vitro and in vivo
(FIGURE 2). More particularly, proliferating ECs
were found to incorporate fatty acid-derived car-
bons in deoxyribonucleotides for DNA synthesis to
sustain EC proliferation during vessel sprouting
(131). Remarkably, such a role for FAO is unique
for ECs and fibroblasts, since DNA synthesis using
fatty acid carbons, via aspartate, a side-product of
the TCA cycle and a precursor for nucleotide syn-
thesis, was not observed in various other healthy or
malignant cell types (131). The importance of FAO
for the endothelium was further underlined by the
finding that blockage of CPT1a causes vessel leak-
age, which was linked to disrupted Ca2� homeo-
stasis (111). In cancer cells, FAO can be used for
the preservation of redox homeostasis via in-
creased NADPH production (21, 80), but such a
role of FAO has not been described for ECs (142).

The findings above indicate that different meta-
bolic changes and/or differential activity levels of
particular pathways may drive the different EC
subtype phenotypes (tip vs. stalk cell). For in-
stance, whereas increasing glycolysis favors EC tip
cell behavior, reducing glycolysis by blockage of
PFKFB3 affects both tip and stalk cells (33). In
contrast, blockage of FAO affects only proliferating
stalk cells, by depriving them of de novo synthe-
sized nucleotides required for cell division (131).
Hence, the different EC subtypes are driven by
distinct metabolic changes.

Pentose Phosphate Pathway

Some of the glycolytic intermediates can enter dif-
ferent metabolic pathways, i.e., side-pathways of
glycolysis. One of these is the pentose phosphate
pathway (PPP) into which glucose carbons enter
via glucose-6-phosphate to generate 5-carbon-
sugar (pentose) and fuel the production of nucle-
otides for nucleic acid synthesis. The PPP involves
two different phases: the irreversible oxidative PPP
with the rate-limiting enzyme glucose-6-phos-
phate dehydrogenase (G6PD) and the reversible
non-oxidative pathway with the key enzyme trans-
ketolase (TKT) producing the glycolytic intermedi-
ates fructose-6-phosphate and glyceraldehyde-3-
phosphate, but working in the reverse direction in
ribose-demanding conditions (FIGURE 1). Blocking

each of these pathways results in reduced EC via-
bility and migration (60, 141, 158).

The common end-product of the PPP, ribose-5-
phophate (R5P), is used for nucleotide synthesis,
but interestingly only the oxidative PPP produces
NADPH (FIGURE 1). NADPH is used for the reduc-
tion of oxidized glutathione, and therefore the ox-
idative PPP plays a role in scavenging reactive
oxygen species (ROS) for antioxidative defense
(FIGURE 1) (69, 139). This is reflected in situations
of oxidative stress when the flux of glucose to the
PPP can be raised up to 80% compared with phys-
iological conditions (41, 139).

A second utilization of NADPH is for the synthe-
sis of lipid, nucleotides, and nitric oxide (NO),
which leads to more angiogenic activity of the en-
dothelium (48), and, hereby, a higher oxidative PPP
could increase EC proliferation. Indeed, overex-
pression of G6PD increases NADPH and NO and
promotes EC proliferation, migration, and tube
formation, whereas blocking G6PD has opposite
effects and increases intracellular ROS levels
(FIGURE 3) (81, 83). Similarly, activation of protein
kinase A in hyperglycemic conditions downregu-
lates G6PD and decreases survival of ECs (53, 171).

Hexosamine Biosynthesis Pathway

Protein O- and N-linked glycosylation is neces-
sary for protein functionality in ECs. One of the

FIGURE 2. EC proliferation depends on FAO for nucleotide
synthesis
Schematic overview of the functional role of oxidation of fatty acid (FAO) in
EC proliferation. ECs used FAO to synthesize nucleotides to maintain the pro-
liferating state. Upon uptake of fatty acids by the cell, they are transported by
CPT1a into the mitochondria, where FAO takes places. The end-product
(acetyl-CoA) can enter the TCA cycle and contribute to nucleotide synthesis,
generating ribonucleotide triphosphate (rNTPs) and deoxynucleotide triphos-
phates (dNTPs), or to amino acid synthesis. By inhibiting FAO in ECs via
blockade of the rate-limiting enzyme CPT1a, the dNTP pool decreases, lead-
ing to reduced proliferation. CPT1a, carnitine palmitoyltransferase 1a; TCA,
tricarboxylic acid (cycle).
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sources needed is uridine diphosphate N-acetyl-
glucosamine (UDP-GlcNAc), the major end-prod-
uct of the hexosamine biosynthesis pathway (HBP)
(107). Under physiological conditions, only 2-5% of
the glucose is entering the HBP (59, 114). The rate-
limiting enzyme of the HBP is glutamine fructose-
6-phosphate aminotransferase (GFAT), which
needs fructose-6-phophate and glutamine to build
glucosamine-6-phosphate (FIGURE 1). In the fol-
lowing steps, UDP-GlcNAc is generated from glu-
cosamine-6-phosphate, acetyl-CoA, and ATP (92,
161). The role of the HBP for the functionality of
ECs is not well characterized. High glucosamine
concentrations increase protein glycosylation in
vitro and thereby reduce migration and tube for-
mation of ECs. Also, high levels of O-linked N-
acetylglucosamine (O-GlcNAc) in the aortic ring
model are associated with impaired angiogenesis
in vitro. Overexpression of O-GlcNAcase (N-
acetylglucosaminidase) removes glycosylation
modification of proteins and thereby increases EC
migration and tube formation (88, 107). Interest-
ingly, N-glycosylation enhances VEGFR2 stability,
surface expression, and signaling activity (26, 123),
whereas O-glycosylation affects Notch signaling
activity by influencing Notch/ligand interaction
(26). But how the net result of these HBP-
dependent modifications affects the angiogenic ac-
tivity of ECs needs to be studied further.

Amino Acid Metabolism

Glutamine. The role of amino acid metabolism in
ECs is understudied. One of the well characterized
amino acids in cancer cells is glutamine, but its role
in ECs is not yet fully understood. Glutamine can
either be taken up from the diet or synthetized from
glutamate by glutamine synthetase, expressed by ECs
(74). Glutamine can positively modulate the viability
of ECs in hyperglycemic conditions by attenuating
the mitochondrial stress via downregulation of apo-
ptogenic proteins (cytochrome c), and by reversing
the hyperglycemia-induced cell permeability of ECs
(127). ECs have glutaminase (GLS) activity, which
catalyses the first step of glutamine catabolism to
�-ketoglutarate, which can then enter the TCA cycle
and is used for anaplerosis (FIGURE 1). Pharmaco-
logical blockage of GLS reduces EC proliferation and
induces senescence (150). Glutamine is a key carbon
and nitrogen source for nucleotide and protein syn-
thesis, and is involved in the de novo serine synthesis
in the serine biosynthesis pathway, polyamine syn-
thesis, and glucosamine synthesis through GFAT (41,
55). Glutamine inhibits eNOS through production of
glucosamine, which inhibits the oxPPP and thereby
reduces levels of NADPH, a cofactor of eNOS, leading to
reduced NO production (162). Reduced NO is generally
believed to contribute to EC dysfunction in various
cardiovascular disorders and diabetes (70). GFAT is
modulated by hyperglycemia and glutamine, and

FIGURE 3. Implications of endothelial ROS on vascular disorders
Scheme depicting intracellular sources of endothelial ROS, e.g., mediated via high glucose levels and
eNOS uncoupling, which can mediate endothelial dysfunction and thereby promote different vascular dis-
eases, including atherosclerosis, ischemic disease, aneurysm, diabetic vasculopathy, etc. (for detail see text
and Table 1). GSH, gluthatione; GSSG, oxidized gluthatione; NADP�/NADPH, nicotinamide adenine dinu-
cleotide phosphate; G6PD, glucose-6-phosphate dehydrogenase; DAG, diacylglycerol; PKC, protein kinase
C; NO, nitric oxide; NOX, NO synthase; oxLDL, oxidized low-density lipoprotein; BH4, tetrahydrobiopterin;
ADMA, asymmetric dimethyl arginine; AGEs, advanced glycation end products.
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glucosamine synthesis is increased in diabetes (162).
This suggests a role of glutamine metabolism in the
regulation of the endothelial response to pathological
conditions like hyperglycemia and as a potential target
for therapeutic interventions.

Arginine. Arginine is a precursor for proteins,
urea, creatine, polyamines, proline, and glutamate
(117, 163, 164). In ECs, this amino acid is required
as a source for endothelial NO synthase (eNOS)
to produce the important vasoprotective NO
(FIGURE 1) (58, 101). Increased extracellular argi-
nine concentrations in EC cultures are correlated
with a dose-dependent increase of NO production,
and in vivo supplementation of arginine enhances
vascular NO production (163). Depletion of argi-
nine in EC cultures is accompanied with eNOS
dysfunction (110). The use of L-arginine for NO
production stands in competition with the func-
tion of arginase, which uses arginine as a substrate
to produce urea and ornithine (FIGURE 1), which
are needed for nitrogen metabolism. In systemic in-
flammation, mesenteric arteries of rats have higher
activity of arginase, which depletes the available
L-arginine for eNOS and results in decreased NO
production, increased ROS, and impaired endotheli-
al-dependent vasodilation. Exogenous application of
L-arginine or inhibition of arginase recovers EC func-
tion (76, 156). The role of the metabolism of other
amino acids in ECs awaits further investigation.

Role of Endothelial Metabolism in
Vascular Diseases

It is plausible that many diseases affecting ECs are
accompanied by metabolic perturbations of ECs.
Insight therein may open avenues for innovative
therapeutic interventions. Here, we will give exam-
ples of diseases, in which metabolic deregulation
may represent a therapeutic target (Table 1).

Atherosclerosis and Hypercholesterolemia

Atherosclerosis is accompanied by a reduced flex-
ibility to adapt vascular tone (41, 71, 129). This is
mediated by metabolic disturbances including the
generation of NO. The eNOS-mediated conversion
of arginine to citrulline provides NO (FIGURE 1). This
reaction depends on several cofactors such as fla-
vin adenine dinucleotide (FAD), flavin mononucle-
otide (FMN), NADPH, tetrahydrobiopterin (BH4)
and Ca2�/calmodulin (100, 104). Uncoupling and
reduction of eNOS leads to a dysbalance of pro-
atherogenic superoxides vs. the protective mole-
cule NO (71). Impaired NO generation disturbs
vasodilation needed for vessel homeostasis and
promotes atherosclerosis by supporting oxidative
stress as well as platelet aggregation, leucocyte ad-
hesion, and smooth muscle cell migration and pro-
liferation (32). In pathological situations of

insufficient availability of arginine and BH4, eNOS
uncoupling leads to ROS production rather than to
physiological provision of NO and citrulline (FIG-
URES 1 AND 3) (71, 144). In atherosclerotic pa-
tients, EC dysfunction correlates with the plasma
levels of the naturally occurring arginine analog
asymmetric dimethylarginine (ADMA), a competi-
tive inhibitor of NOS (Table 1) (103). NO bioavail-
ability can be restored by dietary substitution of
L-arginine, which also attenuated high-fat-diet- or
cholesterol-induced atherogenesis in several stud-
ies in rats and rabbits (9, 103, 120), whereas other
studies could not show such benefit, warranting
caution regarding this effect (86).

So far, no studies in human patients are available
that analyzed the effect of L-arginine supplemen-
tation on the formation of atherosclerotic lesions.
Nevertheless, beneficial effects on endothelial dys-
function were observed in patients at risk of vas-
cular disease that is associated with increased
ADMA such as hypercholesterolemia but not hy-
pertension or diabetes (120). On the other hand,
enhancing NO availability by L-arginine supple-
mentation in established atherosclerosis, charac-
terized by high ROS levels and increased inducible
NOS (iNOS), can also elicit deleterious effects via
the formation of excess NO by iNOS, leading to
formation of peroxynitrite in the presence of high
ROS and thereby increasing oxidative stress (86).

A major contributor to atherosclerotic plaque for-
mation, oxidized low-density lipoprotein (oxLDL),
enhances the expression of arginase, which com-
petes with eNOS for the substrate arginine and
reduces NO bioavailability, thereby promoting ath-
erosclerosis progression (FIGURE 3) (121). In mu-
rine models of atherosclerosis, gene knockout of
arginase improves endothelial function (121).
Plant-derived and small-molecule inhibitors of ar-
ginase are becoming available for evaluation of
pharmacological arginase inhibition (143). A recent
clinical trial demonstrated improved endothelial
function in patients with familial hypercholester-
olemia upon pharmacological arginase inhibi-
tion independent of additional lipid-lowering
therapy (76).

Ischemic Disease

Under hypoxic conditions, such as in ischemic
heart disease, progressive atherosclerosis, or em-
bolic events, ECs switch to hypoxic metabolism,
leading to the production of ROS. In low-oxygen
conditions, mitochondrial respiration is impaired.
Furthermore, the capacity of cytochrome c to trap
oxygen is reduced, a phenomenon leading to the
accumulation of electrons inducing ROS formation
(112). These metabolic alterations under hypoxic
conditions lead to endothelial dysfunction, e.g., in
ischemic complications in diabetes. Increased

REVIEWS

PHYSIOLOGY • Volume 32 • March 2017 • www.physiologyonline.org 131

Downloaded from www.physiology.org/journal/physiologyonline by ${individualUser.givenNames} ${individualUser.surname} (158.093.006.018) on April 29, 2018.
Copyright © 2017 American Physiological Society. All rights reserved.

qma
Highlight



oxidative stress and loss of eNOS is also a frequent
phenomenon during reperfusion injury (126). Isch-
emia also leads to increased activity of the hypoxia-
inducible transcription factor 1 (HIF-1�), which
promotes neovascularization of ischemic tissue
(89, 90, 105). In different cell types, including ECs,
hypoxia or HIF-1� overexpression induces numer-
ous genes, including vascular endothelial growth
factors, and several metabolic genes, including gly-
colytic and PPP genes (90, 105, 133). In accordance,
glycolysis is increased in ECs in hypoxia or upon
HIF-1� overexpression (19, 89). However, the met-
abolic changes in ECs under hypoxic conditions
and their consequences for EC responses in isch-
emic disease need further investigation.

Despite new therapeutic approaches, coronary
artery disease (CAD) is one of the most common
causes of death globally (102). Conventional
therapeutic intervention of CAD via stent im-
plantation suffers from a high rate of restenosis
due to increased smooth muscle cell (SMC) pro-
liferation (39). Targeting the SMC metabolism
with the pyruvate dehydrogenase kinase 2
(PDK2) inhibitor dichloroacetate results in

impaired SMC proliferation and leads to decreased
myointima formation in various arterial injury
models (35). Although the effect of dichloroacetate
on the metabolism of ECs remains unknown, its
administration did not impair EC migration in
vitro or reendothelialization in vivo in this study
(35), although anti-angiogenic effects of dichloro-
acetate have been reported as well (146). Further
studies are needed to explore potential therapeutic
strategies based on modulation of cell metabolism
in cardiovascular disease.

Aneurysm and Aortic Dissection

Aneurysms are localized, blood-filled, balloon-like
bulges in the wall of macrovessels, such as the
abdominal aorta, or smaller vessels, for example in
the brain. The high incidence and life-threatening
complications of aneurysm ruptures underlines
the seriousness of this vascular disorder. Both cra-
nial and abdominal aortic aneurysms are charac-
terized by endothelial damage, extracellular matrix
degradation, and smooth muscle cell loss (135,
147). Aneurysm formation is largely based on in-
flammatory processes associated with oxidative
stress. Possible sources of ROS are infiltrating

Table 1. Overview of vascular diseases and current knowledge of associated endothelial metabolic deregulation

Disease EC Metabolic Perturbation Consequences Reference(s)

Atherosclerosis
Hypercholesterolemia

Increased ADMA, decreased
NO, increased arginase,
eNOS un-coupling,
increased ROS

Endothelial dysfunction, deregulation
of vascular tone, atherosclerotic
plaque formation

9, 32, 41, 71, 76, 86,
100, 103, 104, 120,
121, 143, 144

Ischemic disease (stroke,
heart attack)

Accumulation of electrons
leading to increased ROS
levels

Oxidative stress 112

Aneurysm
Aortic dissection

Higher NOX activity leads to
higher ROS production,
metabolic changes in EC
unknown

Induction of inflammation, MMP
secretion, structural changes in the
vessel wall

45, 96, 148, 165

Diabetes High glucose levels increase
NOX activity and increase
ROS, increased AGE levels,
hyperglycemia leads to
reduced PPP flux, increased
protein glycosylation,
increased VEGF and PlGF

Oxidative stress leads to oxidative
damage, less ROS scavenging
capacity, EC dysfunction, micro-
aneurysmata, vessel leakage,
pathological neovascularisation

1, 12, 28, 38, 46, 49,
52, 54, 63, 64, 67,
72, 77, 83, 88, 91,
98, 99, 108, 124,
125, 134, 136, 137,
157, 159, 170

Pulmonary hypertension Increased fatty acid
synthesis

Loss of vasodilative response 84, 95, 138

Ocular disease Activated polyol pathway,
mitochondrial dysfunction

Leaking endothelial cell barrier,
pathologic angiogenesis

85, 93, 134

Nephrotic syndrome eNOS deficiency Endothelial dysfunction and
increased glycocalyx damage

128, 145

Cancer Hyperglycolytic, increased
GLUT1, upregulation of
LDH-B

EC hyperproliferation, discontinuous
EC lining, massive leakage, increased
cancer cell intravasation

13, 20, 87, 140, 151,
167

Chronic venous disease Underlying metabolic
changes unknown

Vessel tortuosity, deregulated blood
flow, endothelial and glycocalyx
dysfunction

118

Vascular aging ADMA, increased glycation,
eNOS inactivation

EC senescence, EC dysfunction 15, 22, 31, 37, 68,
149
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macrophages, smooth muscle cells, fibroblasts,
and ECs, with increasing evidence for an impor-
tant role of NADPH oxidase (NOX)-derived ROS
(Table 1) (96).

A specific role of endothelial ROS was recently
shown in aortic dissection, a life-threatening con-
dition when the endothelial lining (tunica intima)
ruptures and blood flows between the tunica in-
tima and tunica media, tearing them apart. In
transgenic mice with EC-specific overexpression of
NOX2, increased endothelial ROS enhances the
susceptibility to aortic dissection in response to
Ang II stimulation (45). Endothelial ROS produc-
tion enhances the secretion by ECs of cyclophylin
A, a member of the immunophilin family, which in
turn induces vascular inflammation, MMP secre-
tion, and vascular wall remodeling, leading to dis-
section. Endothelial ROS production may thus
represent a therapeutic target in the prevention of
aortic dissection (45). However, so far, nothing is
known about potentially underlying metabolic
changes in ECs within aneurysms or aortic
dissection.

Endothelial Dysfunction in Diabetes

Diabetes is characterized by dysfunctional endothe-
lium, resulting in vessel inflammation, perturbed va-
sodilation and perfusion, and prothrombotic state
(50, 56). In smaller vessels and capillaries, this pro-
motes microvascular disease, including microangi-
opathy in the heart (causing heart failure), kidneys
(resulting in kidney failure), nerves (leading to neu-
ropathy), skin (promoting ulcerations; impairing
wound healing), and brain (inducing encephalop-
athy). On the other hand, in part by promoting
atherosclerosis, diabetes also causes macrovascu-
lar disease that leads to coronary artery disease
(culminating in myocardial infarction), peripheral
vascular disease (leading to claudication), and
cerebrovascular disease (causing ischemic stroke)
(50, 56). Elevated glucose levels cause intra-endo-
thelial ROS production, among others, by activa-
tion of NADPH-dependent oxidases (NOX) (64).
This occurs due to increased synthesis of diacyl-
glycerol in high glucose, which then activates the
protein kinase C pathway, leading again to in-
creased NOX activation and ROS production (64,
67). In other cell types, like the arterial smooth
muscle cells, hyperglycemia-induced vascular cell
damage is a consequence of increased NOX-de-
pendent ROS production resulting from increased
NADPH production from an overstimulated PPP
flux (113). Moreover, ECs exposed to high glucose
levels suffer from oxidative damage through ele-
vated levels of glucose and mitochondrial superox-
ide production, which further activates protein
kinase C. In addition, this leads to activation of the
sorbitol pathway and formation of advanced

glycation end-products (AGEs) (108). Metabolic
deregulation in hyperglycemia also involves down-
regulation of glucose-6-phosphate dehydrogenase
(G6PD), with a subsequent reduction in the PPP
flux. By lowering the PPP flux, high glucose levels
deplete NADPH pools and contribute to ROS ac-
cumulation (FIGURE 3) (54), given that the PPP
represents a key source of intracellular NADPH,
which in turn regenerates GSH as a critical ROS
scavenger (Table 1) (82, 170).

Another phenomenon in ECs challenged with an
overload of glucose is the deviation of glycolytic
intermediates to side pathways, which overall results
in enhanced oxidative stress. Accumulation of the
glycolytic intermediate fructose-6-phosphate (F6P),
for example, increases the flux through the HBP,
leading to increased UDP-GlcNac, a precursor of gly-
cosylation reactions (38). Although glycosylation is
important for physiological EC performance, exces-
sive hyperglycemia-induced protein glycosylation
can paralyze angiogenesis (38, 46, 88). Diversion of
glycolytic intermediates into the polyol and methyl-
glyoxal pathways also leads to ROS and AGE pro-
duction (54). AGEs evoke oxidative stress and
inflammation, and reduce NO availability in ECs
associated with vascular complications in dia-
betic patients (FIGURE 3) (12, 54, 91, 98, 159).

In diabetic macrovascular complications such as
peripheral vascular disease or coronary disease,
collateral growth and neovascularization are also
impaired. On the other hand, diabetic microvascu-
lar disease such as diabetic retinopathy is caused
by vessel overgrowth, triggered by ischemia, a po-
tent angiogenic stimulus (124, 157). Initially, vessel
disintegration due to vascular cell death, leakage
due to loss of junctional integrity, and bleeding
upon microaneurysm rupture lead to hypoperfu-
sion causing retinal ischemia (125). Death of ECs
and other vascular cells can be caused by excessive
oxidative stress by an activated polyol pathway and
mitochondrial dysfunction (85, 134). In conclu-
sion, further unravelling the metabolic reprogram-
ming in diabetic ECs of different vascular beds is
warranted to facilitate development of therapeutic
interventions.

Hyperactive Endothelial Cells in Cancer

The tumor vasculature is characterized by exces-
sive formation of neovessels, which are tortuous
and have a discontinuous EC lining and basement
membrane with sparse pericyte coverage, causing
vessel leakage (20) (FIGURE 4, LEFT). Tumor ECs
(TECs) differ from healthy ECs in several ways and
express across several tumor types a subset of spe-
cific genes (140). TECs express pro-angiogenic
genes, have higher proliferation rates, and are re-
sistant to serum starvation-induced apoptosis (13,
65, 78, 87). TECs also exhibit certain genomic
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aberrations with higher rates of aneuploidy, the
severity of which being dependent on the tumor
stage, with angiogenic capacity and rate of aneu-
ploidy being amplified during tumor progression
(4, 57, 61, 62).

Comprehensive studies on TEC-specific metab-
olism are still lacking, and genes fueling TEC me-
tabolism have not been documented extensively.
One study reported hyperglycolytic activity (see
also below) (18), and another documented an up-
regulation of lactate dehydrogenase B (LDH-B)
(Table 1) without giving functional validation
(151). LDH-B catalyzes the conversion from lactate
to pyruvate. Since lactate is actively taken up via
MCT1 (154), it may contribute to TEC metabolism
via conversion to pyruvate and subsequent fueling
of the TCA cycle, although this remains to be
determined.

The pro-angiogenic signature of TECs suggests a
growth factor-driven upregulation of key metabolic
pathways, and even deregulation thereof, consid-
ering the genetic instability of TECs and the nutri-
ent-deprived tumor microenvironment. GLUT1
expression, driving glucose uptake, is induced in
normal ECs by VEGF secreted from cancer cells
(167). Proliferating ECs use FAO for dNTP synthesis
but not or only minimally for redox balance and
ATP synthesis. Given that TECs are even more pro-
liferative, it remains an interesting question
whether FAO also is deregulated to match the

requirements for increased proliferation. Another
unanswered question is whether TECs actively
engage in FAO for redox balance as well, since this
might additionally equip them with higher reduc-
ing power and increase survival in the tumor mi-
croenvironment. We recently observed that TECs
are hyperglycolytic compared with normal ECs
from the same organ and divert more glycolytic
intermediates into the PPP and serine biosynthesis
pathway for nucleotide synthesis (FIGURE 5) (19).
When studying the effect of lowering glycolysis in
the hyperproliferative, hyperglycolytic TECs in a
subcutaneous melanoma, Lewis lung carcinoma
model, and an orthotopic pancreatic adenocarci-
noma model, we observed a striking effect on the
tumor vasculature. The reduction of TEC glycolysis
(by 10 –15%) in ECs, when mice are treated with a
low dose of the PFKFB3 blocker 3PO or when using
mice with haplodeficiency of the glycolytic activator
PFKFB3 in ECs, led to tumor vessel normaliza-
tion with an increased delivery and response to
chemotherapy and a reduction of metastasis
(FIGURE 4, RIGHT) (19). Tumor vessel normaliza-
tion was promoted in part via reducing endocyto-
sis of the junctional protein VE-cadherin (an actin
remodeling-mediated process requiring ATP), con-
tributing to tightening the vessel barrier
(FIGURE 6). Reduced expression of cancer cell ad-
hesion molecules upon PFKFB3 blockade
together with the improved barrier function

FIGURE 4. Induction of tumor vessel normalization upon glycolysis inhibition in TECs
Schematic representation of untreated tumor vasculature (left) with highly leaky vessels and poor pericyte cover-
age, leading to badly perfused tumor tissue and facilitated intravasation of tumor cells. Upon reduction of endothe-
lial glycolysis via PFKFB3 blockade, the hyperproliferative and hyperglycolytic phenotype of tumor blood vessels is
normalized (right), leading to smoothly aligned ECs with functional VE-cadherin junctions and matured vasculature
containing tightly attached pericytes, and reduced expression by the TECs of cancer adhesion molecules. These
mechanisms improve perfusion and chemotherapy delivery (not shown), and limit intravasation and subsequent me-
tastasis. PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3.
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contributed to reduced cancer cell intravasation
and subsequent metastasis (FIGURE 4, RIGHT).
These promising findings merit further consider-
ation of blocking TEC glycolysis for innovative an-
ti-cancer therapies in the future (19).

Other Diseases

There are additional vascular pathologies in which
a role of endothelial metabolic deregulation only
starts to be unravelled. Among these is hyperten-
sion in general and more specifically pulmonary
hypertension, which leads to increased endothelial
de novo fatty acid synthesis. Blocking fatty acid
synthase led to normalization of pulmonary hyper-
tension and reduced cardiac complications (138).
Another condition of extreme high prevalence is
chronic venous disease, which leads to EC dys-
function as a consequence of abnormal blood flow
in dilated and tortuous veins together with in-
creased venous pressure (118). The process of ag-
ing itself causes changes that also translate into
differences of the metabolic phenotype and leads
to EC senescence and 10-fold decreased ATP levels
(42). Aged ECs are faced with increased glycative
and oxidative stress, and it is known that different
interplayers, e.g., glyoxalase 1 (GLO1), inactivated
eNOS (reduced arginine availability and increased
ADMA), or increased mitochondrial stress via the
pro-oxidant adaptor protein p66Sh are involved in
the age-related endothelial deregulating (Table 1)

(15, 16, 31, 68, 149). Interestingly, mice lacking
p66sh show reduced ROS production and thereby
an increased lifespan and enhanced endothelial
function (15). Other key regulators of vascular
aging are members of the sirtuin family of
NAD�-dependent protein deacetylases and ADP-
ribosyltransferases (10). In particular, it was
shown that aged ECs showed decreased SIRT1
expression, resulting in increased eNOS acetyla-
tion leading to inactivation and EC dysfunction
(37).

A characteristic part of the endothelium is the
luminal endothelial surface glycocalyx (ESG), a
thin gel-like layer of membrane-bound proteogly-
cans and glycosaminoglycans, and critically
involved in the homeostatic functions of the endo-
thelium (30). Only during the last years, the poten-
tial role of damage to the glycocalyx underlying
different pathologies like the capillary leak syn-
drome in sepsis (23, 75), hepatic ischemia/reper-
fusion injury (152), and diabetes mellitus (11, 44) is
becoming illuminated. It was recently shown that
the ESG itself can act as a mechanosensor and
regulate the flow-induced NO production via the
induction of eNOS in microvessels, thereby influ-
encing vascular tone (168). The exact composition
and synthesis of the glycocalyx components and its
preservation is still not fully understood, but recent
studies showed that sphingosine 1-phosphate
(S1P)-induced synthesis of the ESG is mediated via

FIGURE 5. Metabolism of normal endothelial cells vs. tumor endothelial cells
Schematic overview to highlight the differential regulation of key metabolic pathways in normal endo-
thelial cells (NECs) vs. tumor endothelial cells (TECs). NECs (left) can produce nucleotides using the
pentose phosphate pathway (PPP) and the serine biosynthesis pathway (SBP), which can be fuelled
from glycolytic intermediates (respectively, G6P and 3PG); however, only a minor part is shuttled
through the PPP and SBP to generate nucleotides. Serine can be converted to glycine and contribute,
in addition to the one carbon metabolism (1-C), to purine synthesis. In contrast, TECs (right) are highly
glycolytic and divert more glycolytic intermediates into side pathways including the PPP and SBP for
nucleotide synthesis. 3PG, 3-phosphoglycerate; G6P, glucose-6-phosphate; PRPP, phosphoribosyl pyro-
phosphate; R5P, ribose 5-phosphate.
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the PI3K pathway (168). The underlying metabolic
processes need further investigation. Further
diseases accompanied by metabolic alterations of
the endothelium are, e.g., eNOS deficiency and
ESG damage in nephrotic syndrome (128, 145)
(Table 1).

Conclusion and Perspectives

Although there is evidence for EC heterogeneity
in different vascular beds, translating to differ-
ences in function and phenotypes, metabolism
of ECs derived from different tissues still remains
to be comprehensively characterized. Transcrip-
tomic profiling of ECs from different tissues in-
deed revealed distinct gene expression profiles
depending on vascular beds of origin (25, 109).
These seem to be mainly regulated by the tran-
scription factors of the ETS family (34). However,
the endothelial phenotype does not seem to be
fixed by deterministic mechanisms but able to
flexibly respond to environmental stimuli (169).
In this context, it would be of great interest to
also study metabolic characteristics of ECs de-
rived from different vascular beds and to define
their metabolic profile and, in the next step, the
deregulation thereof in different diseases. For
this purpose, animal models of the different dis-
eases with a pathophysiological correlate of en-
dothelial dysfunction need to be further
developed. This could help to identify new
targets and potentially integrate them into future

treatment strategies aiming at targeting the en-
gine (metabolism) rather than the driver (genet-
ic/molecular instructions) of the EC to modulate
EC responses (55). Besides the different vascular
beds, also differences between arterial, venous,
and lymphatic ECs, between macro- and micro-
vasculature, and between EC subtypes (e.g., tip/
stalk) likely is reflected in metabolic differences
adjusted to the different functions (3).

Today, only a part of EC metabolism is under-
stood. Its further characterization is highly war-
ranted, not only in healthy ECs but also ideally in
patient-derived disease ECs, to obtain a detailed
understanding of the metabolic regulation/dereg-
ulation linked to function/dysfunction of ECs.
Metabolic profiling using multi-omics technolo-
gies, applying proteomics and transcriptomics of
metabolic genes combined with metabolomics,
would represent a powerful approach since it of-
fers optimal discovery potential to identify unsus-
pected and novel metabolic pathway involvement
in EC function, as exemplified by the detailed de-
lineation of deregulated genes encoding key met-
abolic enzymes in TECs (19). Metabolism is
becoming an attractive target in different diseases
affecting the omnipresent endothelium. Gaining
further knowledge about the metabolic patterns in
different vascular beds, and especially in the vari-
ous pathologies affecting ECs, should open valu-
able opportunities for entirely novel treatment
approaches. �
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FIGURE 6. Glycolysis is crucial for maintaining energy levels necessary for endocytosis of
VE-cadherin
Graphical summary of the underlying processes of VE-cadherin endocytosis in ECs. VE-cadherin is a component of
endothelial cell-to-cell adherens junctions and has a key role in the maintenance of vascular integrity. In the tumor
environment (left), the endothelial cell barrier becomes loosened in part by increased endocytosis of VE-cadherin
(low membranal VE-cadherin). Endocytosis, requiring actin remodelling, is a high-energy (ATP)-demanding process.
ATP generation in ECs is primarily generated during the breakdown of glucose to pyruvate (glycolysis). Inhibition of
glycolysis through the blockade of PFKFB3 (right) decreases VE-cadherin endocytosis (higher membranal VE-cad-
herin) and thereby promotes ECs barrier tightness.
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