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Eelen G, de Zeeuw P, Treps L, Harjes U, Wong BW, Carmeliet P. Endothelial Cell
Metabolism. Physiol Rev 98: 3–58, 2018. Published November 22, 2017; doi:
10.1152/physrev.00001.2017.—Endothelial cells (ECs) are more than inert blood
vessel lining material. Instead, they are active players in the formation of new blood
vessels (angiogenesis) both in health and (life-threatening) diseases. Recently, a new

concept arose by which EC metabolism drives angiogenesis in parallel to well-established angio-
genic growth factors (e.g., vascular endothelial growth factor). 6-Phosphofructo-2-kinase/fructose-
2,6-bisphosphatase-3-driven glycolysis generates energy to sustain competitive behavior of the ECs at
the tip of a growing vessel sprout, whereas carnitine palmitoyltransferase 1a-controlled fatty acid
oxidation regulates nucleotide synthesis and proliferation of ECs in the stalk of the sprout. To maintain
vascular homeostasis, ECs rely on an intricate metabolic wiring characterized by intracellular compart-
mentalization, use metabolites for epigenetic regulation of EC subtype differentiation, crosstalk through
metabolite release with other cell types, and exhibit EC subtype-specific metabolic traits. Importantly,
maladaptation of EC metabolism contributes to vascular disorders, through EC dysfunction or excess
angiogenesis, and presents new opportunities for anti-angiogenic strategies. Here we provide a com-
prehensive overview of established as well as newly uncovered aspects of EC metabolism.
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I. INTRODUCTION

Even though cellular metabolism has been studied for over
a century, endothelial cell (EC) metabolism has been receiv-
ing growing attention only during the last few years. Blood
vessel forming ECs display a remarkable behavioral plastic-
ity; while quiescent for years, ECs can switch almost instan-
taneously to an activated, highly proliferative, and migra-
tory state in response to growth factor stimuli, primarily
through vascular endothelial growth factor (VEGF) signal-
ing (436). It has long been overlooked if this angiogenic
switch (angiogenesis is the broad term for the formation of
new blood vessels) is reflected by a metabolic switch and if
so whether the altered metabolism is a key driver or merely
a subsequent bystander adaptation. Recent papers on gly-
colysis and fatty acid oxidation (FAO) in ECs reveal that
metabolism drives vessel sprouting in parallel to well-estab-

lished growth factor-based (genetic) signaling (114, 481).
These seminal findings have paved the way towards a more
in-depth understanding of EC metabolism, which gains fur-
ther importance in light of limited overall successes of
growth factor-centric therapies in treating pathological an-
giogenesis (38, 151, 583). Indeed, the endothelium, either
by dysfunctionality or by excessive vessel sprouting, can be
at the origin of devastatingly lethal disorders (145). Proof-
of-principle studies demonstrate how targeting EC metab-
olism can be exploited as an alternative for growth factor-
based approaches, with an advantageous reduction in resis-
tance and escape mechanisms [as they occur for example in
tumor vasculature upon anti-VEGF treatment (70); see sect.
VIII]. This review aims to provide emerging insights in various
aspects of EC metabolism both in health and disease and dis-
cusses our current knowledge on intricate topics such as het-
erogeneity and compartmentalization of EC metabolism and
metabolic crosstalk between ECs and other cell types. Thor-
ough understanding of metabolic programming of ECs in qui-
escent versus angiogenic state and in normal developmental
and physiological angiogenesis versus dysfunctional and path-
ological angiogenesis promises to offer novel opportunities for
future EC metabolism-centric therapeutics.

II. ANGIOGENESIS: GENERAL PRINCIPLES
AND CONCEPTS

The vasculature is a truly remarkable organ. It is one of the
first functional organs to form during embryogenesis and
matures into a closed cardiovascular system to conduct

Physiol Rev 98: 3–58, 2018
Published November 22, 2017; doi:10.1152/physrev.00001.2017

30031-9333/18 Copyright © 2018 the American Physiological Society
Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.

http://doi.org/10.1152/physrev.00001.2017


blood flow through an intricate network of large- to medi-
um-size vessels extending into micrometer-size capillaries,
adding up to an astonishing 90,000 km in total length in
adults (436, 588). Apart from some exceptions (e.g., carti-
lage and cornea are avascular), all tissues rely on blood
vessels for a continuous supply of nutrients and oxygen,
and on lymphatic vessels to drain and filter interstitial flu-
ids. In addition, blood vessels take part in controlling sys-
temic pH and temperature homeostasis and in mediating
immune responses (reviewed in Ref. 588).

During early embryo development, a primitive vascular
plexus is formed in a process termed vasculogenesis. In
brief, mesodermal angioblasts (EC progenitors) aggregate
to form primitive vessel-like endothelial tubes lacking mu-
ral cell coverage (167, 424) (FIGURE 1). The hemangioblast,
a precursor shared by ECs and hematopoietic cells, has also
been proposed as another source to form endothelium dur-
ing development (reviewed in Ref. 565). Subsequent exten-
sive remodeling and growth of the primary plexus occurs
through different mechanisms of vessel formation such as
vessel splitting (intussusception) and vessel sprouting (gen-
erally known as angiogenesis). Vessel splitting or intussus-
ceptive growth expands the capillary bed literally by “split-
ting” a capillary into two adjacent vessels. The opposite
walls of the capillary project into the capillary lumen and
have their ECs contact each other to locally form an endo-
thelial bilayer, which is then holed by reorganization of
intracellular junctions. Pericytes and myofibroblasts cover
the resulting hollow transcapillary pillar, which increases in
circumference to split the capillary in two parallel vessels
(341) (FIGURE 1).

Sprouting angiogenesis, whereby new capillaries sprout
from a preexisting vessel, is the more frequently studied and
better-understood form of vessel formation, and typically
entails a series of highly orchestrated processes driven by
identified pro-angiogenic stimuli. Driving this phenomenon
is the surrounding tissue’s need for oxygen and nutrients,
which incites production of VEGF, fibroblast growth fac-
tors (FGFs), and other pro-angiogenic stimuli by nonvascu-
lar cells (70). Upon reaching the existing vessel, VEGF binds
to its receptor VEGF receptor 2 (VEGFR2 also known as
Flk1 or KDR) on ECs and, locally, the preexisting vessel
“relaxes” to allow a new vessel sprout to arise: endothelial
cell-cell contacts untighten, pericytes detach, and the base-
ment membrane is broken down. The formation of the new
sprout has been studied recently intensely in the context of
retinal angiogenesis and occurs in a highly coordinated
manner (reviewed in Ref. 436) whereby one EC, the one
that was exposed to the highest VEGF level, is selected to
become the “tip cell” and to migrate and guide the new
sprout towards the very source of the growth factor (567).
While migrating, the sprout needs to elongate by multiply-
ing the number of “stalk cells” following immediately be-
hind the tip cell (FIGURE 2A).

Even though originating from the same preexisting vessel,
tip and stalk cells in the nascent vessel differ both function-
ally and morphologically. Tip cells have numerous filopo-
dia and protrusions corresponding to their highly motile
behavior, whereas stalk cells have relatively few filopodia
(192). Tip versus stalk specification is highly dynamic and
as such allows selection of the fittest EC for the tip position
to lead the sprout at every given moment. ECs compete for
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the tip cell position in a process termed “tip cell overtaking”
and “EC shuffling” (17, 255). Intriguingly, the tip cell itself
maintains neighboring ECs in a stalk cell phenotype by
expressing the Notch ligand Delta-like 4 (Dll4). In adjacent
ECs, Dll4 binds Notch receptors, causing the Notch intra-
cellular domain (NICD) to be released and to drive expres-
sion of the high-affinity/low-activity “decoy” VEGF recep-
tor 1 (VEGFR1 also known as Flt1) (179) while reducing
VEGFR2 expression. The increased VEGFR1/VEGFR2 ra-
tio lowers EC responsiveness to VEGF and imposes a stalk
cell phenotype (432) (FIGURE 2A). Continuous “cell shuf-

fling” at the utmost leading end of the sprout allows the EC
with the lowest VEGFR1/VEGFR2 ratio (this is the fittest
EC in terms of VEGF sensing) to obtain the tip position (17,
255). The shuffling causes continuous changes in cellular
neighboring interactions, disrupting the Dll4-Notch lateral-
inhibition feedback mechanism. However, in the new
sprout, Dll4 levels fluctuate dynamically in individual cells,
leading to a salt-and-pepper organization along the sprout
of Dll4high and Dll4low ECs. This pattern guarantees that for
every given tip-stalk configuration, the correct between-
neighbors Dll4-Notch signaling can take place to support
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FIGURE 2. General concepts in angiogenesis: tip versus stalk specification and anastomosis. A: in sprouting

angiogenesis, a pro-angiogenic growth factor gradient induces tip and stalk cell formation in a preexisting

vessel to form a new sprout. In the tip cell, VEGF binds and activates its receptor VEGFR2, which induces Dll4

expression. In the neighboring ECs, Dll4 binds Notch receptors, which drive expression of the “decoy” VEGF

receptor 1 (VEGFR1) while reducing VEGFR2 expression. Ultimately, this increases the VEGFR1/VEGFR2 ratio

and lowers EC responsiveness to VEGF, causing the EC to adopt a stalk cell phenotype. Other genetic signals

are involved in tip/stalk specification but are not included in the figure for reasons of clarity. B: newly formed

sprouts from neighboring vessels meet and fuse through a process termed anastomosis. To allow blood flow,

a fully functional, interconnected lumen needs to form in the new sprout; the hemodynamic force of the blood

flow itself can cause lumen expansion by causing inverse blebbing of the ECs’ apical membrane. VEGF, vascular

endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; Dll4, Delta like 4.
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the differential behavior between two neighboring ECs
(255, 549). Based on findings that tip cell overtaking rates
were not altered upon VEGF addition or Dll4-Notch sig-
naling inhibition (17), a recent computational modeling
study proposes that tip cell overtaking is a side effect arising
from normal stochastic motion of ECs during sprout for-
mation. The VEGF-Dll4-Notch signaling then ensures that
the EC that has randomly acquired the tip position indeed
adopts tip cell behavior, rather than dictating which EC
takes the tip position (43).

Expression of Dll4 itself is under transcriptional control of
the Tel-CtBP repressor complex, which is disassembled
from the Dll4 promoter by a VEGF stimulus to allow a
transient rise in Dll4 levels (467). The Wnt-�-catenin sig-
naling pathway, another important player in angiogenesis
(reviewed in Ref. 456), can also affect Dll4 transcription
(94). Next to Dll4, Jagged1 is another Notch ligand in-
volved in tip versus stalk specification; in vitro data show
how Jagged1 opposes Dll4 by acting as a negative regulator
of Notch activity and promotes EC proliferation and
sprouting (37). In addition, the PTEN (phosphatase and
tensin homolog) tumor suppressor is crucial to establish the
Notch-mediated stalk cell proliferation arrest and to pro-
cure normal vessel density and patterning in vivo (490). The
VEGF-Dll4-Notch signaling cascade is a major control
mechanism of tip-stalk specification, but other signaling
axes codetermine this complex mechanism in vessel sprout-
ing and patterning (reviewed in Refs. 149, 279, 436, 445).

The more mature, cobblestone-like “phalanx cells” (360)
connect the growing sprout with the preexisting vessel and
start forming a lumen to allow blood flow. To form a closed
system, neighboring sprouts meet and their tip cells fuse
(anastomosis); macrophages, through pro-angiogenic fac-
tors they secrete, act as linkers between two anastomosing
tip cells (161). A key event after anastomosis is the devel-
opment of an interconnected lumen to allow functional

blood flow. A number of different mechanisms have been
suggested to drive lumen formation and extension (re-
viewed in Ref. 41). Recent findings show that the hemody-
namic force of the blood flow itself can drive lumen forma-
tion in the newly forming sprout, by a mechanism termed
“inverse blebbing”; blood flow pressure stimulates the api-
cal membrane of ECs to form bleblike deformations causing
local contraction of actomyosin, allowing lumen expansion
(190) (FIGURE 2B). A fully functional vessel is finally estab-
lished and stabilized by the recruitment of platelet-derived
growth factor (PDGF) receptor � (PDGFR�) expressing
perivascular cells through excretion of PDGF-B by the ECs
(180).

III. ENDOTHELIAL CELL METABOLISM
DRIVING ANGIOGENESIS

The following paragraphs aim to provide a comprehensive
overview of normal (i.e., under nondiseased circumstances)
EC metabolism confined to glucose, amino acids (AAs), and
fatty acids (FAs), the three major substrates for energy and
biomass production in ECs, as they have been most exten-
sively studied (for schematic overview, see FIGURE 3). Even
though they have greatly enhanced our insights into EC
metabolism, most of the data discussed originate from ECs
(often derived from specific vascular beds; see sect. VI for
more details on EC heterogeneity) cultured in vitro in two-
dimensional monolayers, which do not fully match the
plethora of in vivo three-dimensional environmental cues
and which have been shown to lead to differences in cellular
metabolism in other cell types (112). Additionally, the tra-
ditional culture media in which ECs are grown fail to mimic
the in vivo metabolite composition and might substantially
rewire the EC’s metabolism (67). Still, phenotyping of mice
lacking the metabolic target specifically in ECs, employed
only since very recently, supports the basic relevance of the
in vitro findings. Future in vivo EC metabolic studies (see

FIGURE 3. General overview of metabolic pathways in healthy ECs. Schematic representation of metabolic pathways in normal ECs (A,

glycolysis; B, TCA cycle; C, pentose phosphate pathway; D, hexosamine biosynthesis pathway; E, polyol pathway; F, uronic cycle; G, glutamine

and glutamate metabolism; H, arginine metabolism; I, fatty acid metabolism); to prevent overcrowding of the figure, not all individual steps in

each pathway are shown. For the same reason, one-carbon metabolism, the mevalonate pathway, and cysteine-to-H2S metabolism are omitted

from this figure and described in detail in FIGURES 10 AND 11. Pathways with minimal activity in healthy ECs have lower opacity in the figure.
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F2,6BP, fructose-2,6-bisphosphate; F6P, fructose-6-phosphate; FA, fatty acid; FAD, flavin adenine dinucleotide; FAO, fatty acid oxidation; FASN,

fatty acid synthase; FMN, flavin mononucleotide; G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; glucosamine-6-P, glucosamine-

6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GABA, �-aminobutyric acid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

GAD, glutamic acid decarboxylase; GDH, glutamate dehydrogenase; GFAT1, glutamine fructose-6-phosphate amidotransferase; GLS, glutam-
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sect. XI) will further reinforce, complement, or adjust these
data.

A. Glucose Metabolism: All About
Glycolysis?

ECs prefer not to maximize energy (ATP) production by
shunting all glucose they take up into oxidative phosphor-
ylation (OXPHOS) but rely on glycolysis instead (FIGURE

3A) (114, 291). Indeed, in rat coronary microvascular ECs,
~98% of glucose is being metabolized to lactate while only
a mere 0.04% was oxidized in the tricarboxylic acid (TCA)
cycle (FIGURE 3B) (291). Similarly, in human umbilical vein

ECs (HUVECs), glycolytic flux (~1.5 �mol glucose·h-1·mg

protein-1) was estimated to be �200-fold higher than glu-

cose oxidation fluxes (114). This is in line with the relatively

small mitochondrial volume in ECs (209) but seemingly

contradicts the assumption that ECs could directly use the

high oxygen levels in blood (e.g., arterial ECs are exposed to

a partial oxygen pressure of ~100 mmHg; Ref. 148). Select-

ing glycolysis over oxidative phosphorylation lowers the

net ATP yield per mole glucose (approximately 20-fold

lower), but might offer ECs a number of payoffs. First, high

glycolysis rates sustain lactate production, which functions

as a pro-angiogenic signaling molecule (243, 471, 506,

557). Second, reactive oxygen species (ROS, typically gen-
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erated by oxidative phosphorylation in ECs) are kept at a
minimum, whereas amounts of oxygen available for trans-
fer to surrounding cells and tissues are maximally preserved
since they are not consumed by oxidative phosphorylation.
Third, reliance on glycolysis preconditions ECs for sprout-
ing into an avascular, hypoxic environment where intersti-
tial glucose levels are not rate-limiting but oxygen levels are
(58, 188). In addition, when external glucose is nonlimiting,
high glycolysis rates can be even quicker in producing ATP
than oxidative phosphorylation. As such, a direct compar-
ison between pulmonary microvascular ECs (PMVECs;
highly glycolytic, rapid growth) and pulmonary arterial
ECs (PAECs, more oxidative, slower growth) revealed two-
fold higher total cellular ATP content in PMVECs versus
PAECs in spite of twofold higher oxygen consumption rates
in the latter (423). Finally, high glycolysis rates sustain mac-
romolecule synthesis by feeding glucose carbons into glyco-
lytic side branches (see below in this section).

VEGF stimulation causes ECs to elevate their glycolytic flux
and to increase expression levels of the glucose transporter
1 [GLUT1/SLC2A1; by activating phosphoinositide 3-ki-
nase (PI3K)-Akt signaling (627)] and of glycolytic enzymes,
such as lactate dehydrogenase-A (LDH-A) and the bifunc-
tional 6-phosphofructo-2-kinase/fructose-2,6-bisphospha-
tase-3 (PFKFB3) (114, 423, 430). Whereas glycolytic cell
types often express the monocarboxylate transporter 4
(MCT4) for adequate efflux of glycolysis-derived lactate
(429), it remains to be substantiated if VEGF induces
MCT4 expression/activity in ECs. Besides the glycolytic up-
regulation in response to VEGF, the effects of other key
angiogenic growth factors promoting EC growth, such as
for example angiopoietin-1, on glycolytic metabolism are
not well documented at present and warrant future re-
search. Conversely, Dll4 reduces PFKFB3 protein levels and
lowers glycolytic flux in HUVECs (114). PFKFB3 is a gly-
colysis regulator and uses its kinase activity (which is in-
creased 700-fold over its phosphatase activity) to generate
fructose-2,6-bisphosphate (F2,6BP), which allosterically
activates the rate-limiting glycolytic enzyme phosphofruc-
tokinase-1 (PFK1). Even though genetic silencing or chem-
ical inhibition of PFKFB3 only partially (by 40%) reduces
glycolytic flux, probably inherent to its function as a regu-
lator of glycolysis rather than a truly rate-limiting enzyme,
it suffices to substantially impair in vitro EC sprouting as
well as in vivo vessel branching and outgrowth (114, 483,
608). Additional compelling evidence for a prominent role
of PFKFB3 in vessel sprouting derives from loss of tip cell
behavior in PFKFB3-silenced HUVECs, even when geneti-
cally primed to acquire tip cell position by simultaneous
Notch knock-down (114). Conversely, PFKFB3 overex-
pression overrules the pro-stalk signal from simultaneous
NICD overexpression (114). Importantly, similar findings
were obtained when mosaically overexpressing PFKFB3
and/or NICD selectively in ECs in zebrafish embryos, i.e.,
NICD transgene expressing ECs were usually observed at

the stalk position, while ECs expressing both the NICD and
PFKFB3 transgene moved to the tip position (114). Further-
more, computational modeling, confirmed by experimenta-
tion, on tip-stalk behavior in EC sprouting, predicted that
glycolytic ATP is indeed a driver for EC rearrangements in
the sprout by enhancing filopodia formation and by de-
creasing intercellular adhesion (102). Furthermore, the
computational approach accurately predicted that distorted
EC rearrangements in the sprout caused by elevated VEGF
stimulation (as in pathological angiogenesis; see sect. VIII)
can be normalized by PFKFB3 inhibition (102). Not only
the growing sprout but the fully lumenized, more mature,
and quiescent endothelium too relies on tight PFKFB3 reg-
ulation. Indeed, the laminar shear stress, exerted on the
quiescent endothelium by blood flow, induces the flow-
responsive transcription factor Krüppel-like factor 2
(KLF2) to repress PFKFB3 expression through binding to a
KLF2-binding site in the PFKFB3 promoter (126). The re-
sulting reduced glycolysis rate, together with lower glucose
uptake but also reduced mitochondrial content, ensures a
metabolically quiescent state in the mature endothelium.

B. Glycolytic Side Branches: Pentose
Phosphate Pathway and Hexosamine
Synthesis

Glucose-6-phosphate (G6P), the first glycolytic intermediate
after glucose, can shunt into the pentose-phosphate pathway
(PPP) (FIGURE 3C) to be oxidized, albeit for pentose produc-
tion for anabolic nucleotide and nucleic acid synthesis rather
than for catabolic purposes (461). G6P dehydrogenase
(G6PD) is the rate-limiting enzyme of the irreversible oxida-
tive branch (oxPPP) that generates ribulose-5-phosphate,
whereas transketolase (TK) rate-limits the reversible non-
oxidative branch (non-oxPPP) in which ribose-5-phosphate
(a substrate for nucleotide synthesis) is generated and, when
the reaction occurs in the reverse direction, the glycolytic
intermediates fructose-6-phosphate (F6P) and glyceralde-
hyde-3-phosphate (G3P) are produced. Inhibiting either of
both enzymes lowers EC viability and migration (563, 638).
The oxPPP produces NADPH, a crucial cofactor for (endo-
thelial) nitric oxide synthase [(e)NOS]-driven nitric oxide
(NO) synthesis (see below in this section). Additionally,
NADPH is required for lipid and nucleotide synthesis, and
used by glutathione reductase to convert oxidized glutathi-
one disulfide (GSSG) to reduced glutathione (GSH), thereby
controlling intracellular redox homeostasis (reviewed in
Refs. 84, 425, 489).

Bovine aortic ECs overexpressing G6PD have higher NADPH
levels, retain GSH levels, and as a result better withstand
oxidative insult. Additionally, these cells display increased
eNOS activity (313). The resulting increase in NO availabil-
ity might partially underlie the enhanced angiogenic behav-
ior in G6PD-overexpressing ECs upon VEGF treatment.
Conversely, G6PD-silencing reduces migration, prolifera-
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tion, and tube formation in response to VEGF (312). Addi-
tionally, VEGFR2, Akt, and eNOS (tyrosine) phosphoryla-
tion are induced upon G6PD overexpression by mecha-
nisms requiring further elucidation, while being reduced by
G6PD silencing, possibly further contributing to the above
findings (312). Reciprocally, VEGF induces G6PD tyrosine
phosphorylation and plasma membrane localization/activ-
ity in an Src tyrosine kinase-dependent manner (411). Of
note, aortic rings from G6PD-deficient “Pretsch” mice, hav-
ing only ~15% residual G6PD activity in homozygotes
(437) and ~32% remaining NADPH levels (as measured in
the kidneys) (609), show reduced vessel outgrowth in com-
parison with control animals (312).

One step further down the glycolytic pathway, fructose-6-
phosphate (F6P) can be shunted into the hexosamine bio-
synthesis pathway (HBP) (FIGURE 3D). The HBP is often
considered a “nutrient sensing pathway” given the require-
ment of glucose, glutamine, acetyl-CoA, uridine, and ATP
to form the end product UDP-N-acetylglucosamine [UDP-
GlcNAc; at �40 nmol/g tissue, the second most abundant
nucleotide form in the organism after ATP (�100 nmol/g
tissue) (117)] of which the GlcNAc group is used in O- and
N-linked protein glycosylation (26). Glutamine:fructose-6-
phosphate aminotransferase 1 (GFAT1) is the first and rate-
limiting enzyme in the pathway and condenses glutamine
and F6P into glucosamine-6-P. GFAT1 was shown to be
under transcriptional control of the spliced X-box binding
protein 1 (XBP1s) and as such links the HBP with endoplas-
mic reticulum (ER) stress and the unfolded protein response
(UPR) (576). Activating transcription factor 4 (ATF4), an-
other UPR effector, induces GFAT1 expression upon glu-
cose shortage and amino acid deprivation (76). By virtue of
its nutrient sensing role, the HBP could be of vital impor-
tance in ECs when sprouting into avascular, nutrient-scarce
surroundings. Nevertheless, the precise metabolic role of
the HBP in ECs, beyond glycosylating and thereby sustain-
ing proper functioning of key angiogenic regulators like
VEGFR2 and Notch (37, 551), remains unknown and is
likely highly contextual. For instance, supplying HUVECs
and EA.hy926 ECs with glucosamine increases protein O-
GlcNAc-ation and reduces EC migration and vascular tube
formation, while reducing glycosylation by overexpressing
O-GlcNAcase has opposite effects (335). If and how exactly
these findings relate to the effect of glucosamine on the PPP
flux and subsequently on eNOS activity (see below in this
section) or other angiogenic factors, or to the role of glyco-
sylation as a modifier of the “histone code,” thereby trans-
lating nutrient status into chromatin dynamics (117) (see
sect. IX), remains to be determined.

2-Deoxy-D-glucose (2-DG) is best known as a glycolytic
inhibitor: hexokinase phosphorylates 2-DG, which then
competitively inhibits phosphoglucose isomerase, the next
enzyme in the glycolytic pathway. Additionally, as a man-
nose-mimetic, 2-DG also reduces N-glycosylation by com-

peting with mannose to build dolichol-pyrophosphate-
linked oligosaccharides, precursors for N-glycosylation (re-
viewed in Ref. 299). Low-dose 2-DG treatment disturbs
endothelial N-glycosylation and reduces EC proliferation,
migration, and in vitro capillary formation through
VEGFR2 hypoglycosylation and ER stress resulting in re-
duced ERK and Akt levels (287, 369). EC-specific deletion
of Nogo-B-interacting protein (NgBr), involved in the syn-
thesis of dolichol (the anchor for oligosaccharides for pro-
tein glycosylation), causes embryonic vascular development
defects with an underlying reduction in glycosylation of
VEGFR2, CD31, and VE-cadherin (421), thus highlighting
the importance of dolichol synthesis for angiogenesis.

C. Other Glucose Metabolism Pathways

Under physiological conditions, ~3% of glucose is diverted
into the polyol pathway (FIGURE 3E), a two-step pathway in
which cytosolic aldose reductase (ALR2) reduces glucose to
sorbitol (at the expense of NADPH and ultimately GSH
redox cycling) and sorbitol dehydrogenase (SORD) subse-
quently converts sorbitol to fructose (331, 347). Fructose,
also a common source of sugar in natural foods, is a pre-
cursor of the noxious and highly reactive dicarbonyl com-
pound 3-deoxyglucosone (3-DG) (260), which contributes
to the nonenzymatic production of highly toxic advanced
glycation end products (AGEs; see sect. VII) (577). Whether
fructose can be metabolized to intermediates entering gly-
colysis, as occurs in hepatocytes (281), is unknown. Inter-
estingly, an in vitro study indicated ALR2-related enzyme
expression in rat retinal capillary ECs; however, sorbitol
levels were barely detectable under basal conditions (618).
These results are in line with the low baseline activity of the
endogenous polyol pathway in ECs. Yet, in diabetic and
atherogenic conditions, the deregulation of the polyol path-
way accounts for disease progression, as discussed in sec-
tion VII.

The uronic/glucuronate pathway (FIGURE 3F) is another al-
ternative glucose metabolism pathway, accountable for
~5% of the total glucose catabolized per day in humans
(68). Instead of generating ATP, it uses G6P to produce
UDP-glucose (used in glycogen synthesis or galactose me-
tabolism), which is subsequently oxidized to UDP-glucu-
ronic acid (UDP-GlcUA) (3, 68). Through a stepwise pro-
cess, UDP-GlcUA is converted to uronic acid, xylitol, and
xylulose-5-phosphate to finally generate ribulose-5-phos-
phate, the end product of the oxPPP (see above in this section)
(3). Moreover, the xylulose-5-phosphate can be converted
back to F6P by TK and as such connects to the HBP or to
glycolysis. Alternatively, UDP-GlcUA is used in glucuronida-
tion, a detoxification pathway involving the UDP-glucuronyl-
transferase (UGT)-mediated covalent binding of glucuronic
acid to drugs, xenobiotics, and endogenous compounds in-
cluding bilirubin, bile acids, fatty acids (FAs) and steroid
hormones (468). UGT isoforms are expressed in human
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brain microvascular ECs, thereby contributing to the pro-
tection of the brain to toxic substances (408). Interestingly,
UGT expression was also increased in a primary culture of
epileptic brain ECs, suggesting the induction of a protective
program upon pathological drivers (193).

D. Oxidative Metabolism: Too Few
Mitochondria?

The dogmatic view on the mitochondrion as the cell’s
“powerhouse” does not fully reconcile with the EC’s glyco-
lytic nature. ECs rely only minimally on mitochondrial
OXPHOS for ATP generation (114). Concurrently, endo-
thelial mitochondrial volume is only 2–6% of the total
cellular volume, whereas 28 and 32% have been reported
for hepatocytes and cardiomyocytes, respectively (reviewed
in Ref. 529). Still, mitochondria in ECs are not dysfunc-
tional and remain fully coupled to ATP synthesis, implying
normal flow through the electron transport chain (ETC)
(129, 288). As such, and notwithstanding a low respiratory
capacity, ECs triple their oxygen consumption upon switch-
ing from quiescence to proliferation during angiogenesis,
although it remains to be determined for which purposes
exactly this increase in respiration is used. This allows the
mitochondrial uncoupling benzoquinone embelin to estab-
lish an anti-angiogenic effect in tumor xenografts and
wound healing in vivo (101). Furthermore, ECs display the
Crabtree effect, whereby lower glucose levels (~1 mM)
cause mitochondrial respiration to increase, with opposite
effects (growth inhibition and reduced respiration) in high
glucose (e.g., 25 mM) (288, 291).

Beyond an obvious function in cellular metabolism, mito-
chondria in ECs are increasingly being recognized for their
role in signaling events. Whereas the focus has mainly been
on mitochondrial ROS as a signaling element, other mito-
chondrial factors may play a role, although this requires
further study. For instance, coupling factor 6 (CF6) is a
component of mitochondrial ATP synthase but is also pres-
ent on the EC surface and released into the circulation. Even
though this event is not merely a consequence of cellular
damage (suggestive instead of an active transport system,
Ref. 405), plasma CF6 levels might be indicative of EC
dysfunction (see sect. VII) and inflammation (404, 406).
The role of other mitochondria-derived signaling factors in
ECs has been reviewed in References 265, 584.

Compared with ECs in other vascular beds, the mitochon-
drial volume in cerebrovascular ECs (CECs) at the blood-
brain barrier (BBB) is almost double (401). The BBB is a
highly dynamic yet selective interface between the blood
and the central nervous system and rigorously safeguards
neuronal environment homeostasis by controlling influx
and efflux of substances to and from the brain. CECs turn to
aerobic respiration to meet the energetic demands for sus-
taining multiple transport systems; additionally, it has been

hypothesized that oxidative stress from exposure to xeno-
biotic substances might be counteracted by the reducing
equivalents generated through oxidative metabolism (104).
Strikingly, shear stress-mediated induction of an endothe-
lial BBB phenotype in vitro causes human brain microvas-
cular ECs to have higher expression levels of TCA cycle
enzymes, whereas glycolytic genes are downregulated, a
finding that requires further study in light of the above
(negligible) role of mitochondria in ECs (104). In vivo as
well as in vitro, mitochondrial crisis in CECs severely com-
promises BBB function (127). Finally, heightened expres-
sion of miR-34a in CECs inhibits mitochondrial OXPHOS
causing BBB breakdown probably through lowering of mi-
tochondrial cytochrome C expression (59).

E. Amino Acid Metabolism

Amino acids (AAs) are traditionally classified as nonessen-
tial (NEAA) or essential (EAA), based on the organism’s
own ability of de novo synthesizing the AA or the need for
dietary uptake, respectively. NEAAs can become condition-
ally essential under specific developmental or pathophysio-
logical conditions; furthermore, whether an AA is essential
or not differs between species. Apart from constituting
building blocks for proteins, AAs can enter the TCA cycle as
keto acids after transaminase-mediated removal of the
amino group.

1. Glutamine and glutamate

Glutamine (single letter code: Q) and its deamidated deriv-
ative glutamate (single letter code: E) are both NEAAs,
although glutamine becomes conditionally essential during
severe trauma, and during chemo- or radiotherapy when
excessive consumption outruns its synthesis (531). While
glutamine is the most abundant extracellular AA (with
physiological levels around 0.65 mM of the total ~2.5 mM
free AA concentration in plasma), glutamate is the most
abundant intracellular AA (at reported concentrations
ranging from 2 to 20 mM) (390). Both glutamine and glu-
tamate are readily being oxidized by microvascular ECs (up
to 68 nM·h-1·mg protein-1 under glucose deprivation) and,
together with alanine, rank in the class of high oxidation
rate AAs (�35 nM·h-1·mg protein-1) (291). In HUVECs,
~30% of the TCA carbons is glutamine-derived, a share
comparable to glycolysis- and FA-derived carbon (481).
Radioactive flux measurements from the early 1990s have
even suggested that glutamine oxidation, together with
palmitate oxidation, would be the main energy source in
liver ECs (507), although it is unclear whether this finding is
restricted to liver ECs, given that other studies documented
opposite findings, at least in relation to the role of palmitate
as energy source (see below in this section). Glutamate en-
ters the TCA cycle via a single enzymatic conversion [to
�-ketoglutarate; catalyzed by glutamate dehydrogenase
(GDH)], whereas glutamine needs one additional prior en-
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zymatic conversion into glutamate [catalyzed by glutami-
nases (GLS)] (FIGURE 3G). Alanine requires three enzymatic
conversions (to pyruvate by alanine aminotransferase, py-
ruvate to acetyl-CoA by pyruvate dehydrogenase and fi-
nally to citrate by citrate synthase-mediated condensation
of acetyl-CoA and oxaloacetate) before entering the TCA
cycle. In addition, in ECs the above enzymes are highly
active; GLS activity for example is 20-fold higher in bovine
pulmonary ECs than in cell types with established high
glutaminolysis rates such as lymphocytes (308), although
this finding requires additional confirmation in other EC
subtypes and using different techniques. GLS inhibition
causes HUVECs to adopt a senescence-like phenotype
(550), further underscoring the role of EC glutamine me-
tabolism. Most recently, endothelial glutamine metabolism
was shown to be crucial for vessel sprouting in angiogenesis
both in vitro and in vivo (using EC-specific knockout mice
for the rate limiting enzyme GLS). Blocking endothelial glu-
tamine metabolism perturbs tip/stalk dynamics and lowers
EC proliferation. Mechanistically, glutamine in ECs con-
tributes to TCA cycle anaplerosis and drives asparagine
synthesis through asparagine synthetase (ASNS) activity,
which by itself proves indispensable for vessel sprouting
(242).

Mammalian cells generally express two different GLS
isozymes, kidney-type GLS1 and liver-type GLS2, possibly
serving two distinct functions. While glutamine carbons are
driven into the TCA cycle by GLS1, GLS2 shunts glutamine
carbon and nitrogen into glutathione for redox homeosta-
sis. In cancer cells at least, this duality in function is reflected
by a difference in transcriptional regulation: c-MYC con-
trols GLS1 expression, whereas GLS2 expression is p53
driven (184, 241, 590). Whether a similar functional differ-
ence between GLS1 and GLS2 exists in ECs is not known at
present, but, strikingly, in the mouse retinal microvascula-
ture, tip cells display increased GLS2 expression in compar-
ison with stalk cells (513).

Glutamine supplies the EC’s central metabolism with car-
bon but also with nitrogen. Glutamine’s �-nitrogen is cru-
cial for nucleotide synthesis and is incorporated into both
the purine and the pyrimidine ring structure. In the purine
nucleobases adenine and guanine, the nitrogens on position
3 and 9 are donated by glutamine, and guanine’s amino
group is additionally derived from glutamine. Glutamine
phosphoribosylpyrophosphate amidotransferase catalyzes
the rate-limiting step in purine synthesis by transferring
NH3 released from glutamine onto 5-phosphoribosyl-1-py-
rophosphate (PRPP) to form 5-phosphoribosyl-1-amine
(PRA); the amino group introduced (on position 9) will
form the N-glycosidic bond of the nucleotide. 5=-Phospho-
ribosylformylglycinamidine synthetase uses glutamine to
introduce the nitrogen at position 3. In de novo pyrimidine
synthesis, cytosolic carbamoyl phosphate synthetase II in-
troduces glutamine’s amide nitrogen at position 3 of the

uracil, cytosine, and thymine nucleobases (reviewed in Ref.
95). Interestingly, a recent elaborate labeling study in non-
small cell lung cancer cell lines revealed that glutamine,
exhibiting the highest consumption rates together with glu-
cose, primarily contributes to protein production, whereas
the majority of cellular carbon mass originates from AAs
other than glutamine that display significantly lower con-
sumption rates (239). These data imply that high consump-
tion rates of a given substrate do not necessarily correlate
with their use for cell carbon mass production; whether this
holds true specifically for ECs too remains to be determined.

The GFAT-mediated rate-limiting step in the HBP (FIGURE

3D) condenses F6P and glutamine’s amino group into glu-
cosamine-6-phosphate (GlcN6P) (505). In rat coronary mi-
crovascular ECs, increasing doses of glutamine have been
reported to increase GFAT activity and GlcN6P levels. In-
creasing glucose levels (as precursor for F6P) similarly re-
sulted in higher GlcN6P production, which was completely
abrogated upon full glutamine deprivation. In ECs, the
amount of glutamine used in the HBP has been estimated to
account for only 0.3% of total glutamine metabolized
(596). Of note, this value might be context-dependent given
that GFAT activity can be �10-fold higher in cultured than
in freshly isolated ECs (possibly reminiscent of a differenti-
ation effect on GFAT) (596).

Both human umbilical venous and aortic ECs express glu-
tamic acid decarboxylase (GAD) to produce �-aminobu-
tyric acid (GABA) from glutamate (487) (FIGURE 3G). Strik-
ingly, GAD inhibition reduces cellular ATP levels, and
GABA itself increases pyruvate oxidation and fatty acid
oxidation. The mechanism behind the increased oxidative
fluxes is not known yet. However, GABA dose-dependently
increases palmitate uptake by mitochondria, thereby en-
hancing fatty acid oxidation (487). Even though the exact
role of EC-produced GABA is not clear, it protects the en-
dothelium from ROS and has anti-inflammatory effects on
ECs. Possibly even more important, GABA reduces blood
pressure, most likely in an autonomic ganglia-dependent
way (487).

2. Arginine and urea cycle intermediates

Even though the liver is the main site for arginine metabo-
lism and is generally believed to be the only tissue to express
a complete urea cycle, arginine and urea cycle intermediates
play important roles in ECs as well (FIGURE 3H). Much like
glutamine, arginine is a conditionally EAA with plasma
concentrations ranging from 0.095 to 0.250 mM (530) and
intracellular levels varying between 0.1 and 0.8 mM in cul-
tured ECs and 2 and 4 mM in freshly isolated ECs (reviewed
in Ref. 346). In ECs, arginine is mainly competed for as a
substrate by either arginase or by (e)NOS. Hydrolysis of
arginine by arginases yields urea and ornithine, which can
subsequently be used for polyamine, glutamate, or proline
synthesis. Mammalian arginase comes in two different iso-
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forms (coded for by two genes located on different chromo-
somes) displaying tissue-specific expression and distinct
subcellular localization (258). Arginase I (arg I) is cytoplas-
mic and abundantly expressed by hepatocytes where it cat-
alyzes the final step of the urea cycle. In contrast, arginase II
(arg II) is a mitochondrial protein expressed in a wider
variety of cell types. Both arg I- and arg II-derived ornithine
can be used in polyamine synthesis, whereas additionally,
arg II-derived ornithine can be used for glutamate and pro-
line synthesis in a urea cycle-independent manner. HUVECs
express both arg I and II, but specific isoform expression in
ECs differs between species (detection of arg I and II iso-
forms in ECs from human, rat, mouse, pig, and cow origin
has been reviewed in Ref. 379) and the specific role of either
isoform in EC subtypes requires further study.

On the other hand, NOS converts arginine to citrulline,
thereby producing NO and as such directly competing with
arginases for arginine availability. In addition to this obvious
substrate competition, N�-hydroxy-L-arginine (L-NOHA), an
intermediate in the NOS reaction, potently inhibits arginase
activity (51, 108). In mammals, three different NOS
isozymes exist, sharing 50–60% protein homology: neuro-
nal (nNOS/NOS1), inducible (iNOS/NOS2), and endothe-
lial (eNOS). nNOS is constitutively expressed in neurons,
whereas eNOS is predominantly expressed in ECs. Under
basal conditions, iNOS is normally not expressed, yet dif-
ferent stimuli including immunologic and inflammatory
cues can induce iNOS expression in various cell types (174,
450). iNOS further differs from the other NOS isoforms in
calmodulin binding (required for NOS activity): nNOS and
eNOS require increased levels of Ca2� for calmodulin bind-
ing, whereas high-affinity iNOS-calmodulin binding occurs
independently of Ca2� (174). nNOS and iNOS are predom-
inantly cytosolic, whereas eNOS can be both cytosolic or
localized in membrane caveolae (22). nNOS, iNOS, and
eNOS all require NADPH, tetrahydrobiopterin (BH4), fla-
vin mononucleotide (FMN), and flavin adenine dinucle-
otide (FAD) as cofactors for their activity (174). nNOS-
derived NO is involved in synaptic plasticity as well as the
control of blood pressure and can act as a neurotransmitter,
whereas iNOS-derived NO controls various inflammation-
linked symptoms and is causal in blood pressure falls upon
septic shock (174).

eNOS-derived NO is widely known for its role as an impor-
tant vasorelaxant and for sustaining cardiovascular homeo-
stasis and vasoprotection (175). However, under certain
(pathological) conditions (see sects. VII and VIII), NOS ac-
tivity goes awry and the enzyme loses its ability to convert
arginine into citrulline. In this “uncoupled” state, an elec-
tron from NADPH is being donated to molecular oxygen to
produce superoxide (O2

�) instead of NO (599), which im-
pacts cardiovascular function. As such, eNOS uncoupling is
a source of oxidative stress as it produces O2

�, which yields
peroxynitrite (ONOO�) upon reaction with residual NO or

can induce oxidation of the eNOS cofactor BH4 into the
biologically inactive dihydrobiopterin (BH2). Both actions
ultimately reduce overall NO bioavailability. Although fas-
cinating and intensely studied, the mechanism of action of
(e)NOS and its regulation (e.g., through posttranslational
modifications) are beyond the scope of this review and have
been excellently reviewed elsewhere (25, 332, 443, 464).
From an EC metabolism point of view, it should be noted
that in ECs, fatty acid synthase (FAS)-mediated de novo
lipid synthesis is required to sustain eNOS palmitoylation
(palmitate is a lipid product), membrane association, and
activity (579). Furthermore, glutamine and glucosamine
(derived from glutamine through GFAT activity, see above
in this section) inhibit endothelial NO production by low-
ering PPP activity-coupled NADPH production, required
for eNOS activity (595). The highly increased GFAT ex-
pression in cultured ECs warrants thoughtful interpretation
of these findings. Both cationic (ornithine, lysine, ho-
moarginine) and neutral AAs (glutamine, leucine, serine) in
the extracellular environment were found to lower endothe-
lial NO production in the EA.hy926 EC line by reducing
intracellular arginine levels (through a combination of re-
duced arginine uptake and increased arginine efflux) (267).
Finally, NO itself might have a crucial role in keeping EC
mitochondrial respiration at a low rate by inhibiting cyto-
chrome c oxidase (56, 86).

Through an abbreviated urea cycle, arginine can be resyn-
thesized from citrulline by the consecutive action of the urea
cycle enzymes argininosuccinate synthase (ASS) and argini-
nosuccinate lyase (ASL) with argininosuccinate as an inter-
mediate metabolite. In ECs, this citrulline to arginine flux
has been estimated to vary between 0.7 and 1.9 nmol argi-
nine produced·106 cells-1·h-1 (reviewed in Ref. 346) and
serves to maintain arginine levels in spite of continuous NO
release (372). The relevance of this recycling mechanism is
underscored by reduced endothelial NO production and
significantly elevated blood pressure in ASL-deficient mice
and humans (156).

3. Branched-chain amino acids

With a characteristic branch in their aliphatic side chains,
branched chain amino acids (BCAAs) make up a distinct
class of AAs. Of the proteinogenic BCAAs, leucine and
valine in particular play an unexpected role in EC metabo-
lism. Leucine induces GFAT activity [possibly by increasing
mammalian target of rapamycin (mTOR)-mediated GFAT
protein synthesis (reviewed in Ref. 625)] to produce more
glucosamine, which, as mentioned above, lowers NO pro-
duction from arginine (595, 625). In several cell types, leu-
cine was found to allosterically activate GDH, thereby en-
hancing glutamine catabolism (reviewed in Refs. 319, 621);
whether the same occurs in ECs remains undetermined.
Valine, or more in particular its catabolic intermediate
3-hydroxyisobutyrate (3-HIB), is crucial for transendothe-
lial FA transport. Indeed, muscle-secreted 3-HIB promotes
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transendothelial FA transport, thereby increasing FA up-
take and accumulation in muscle with insulin resistance as a
final outcome (257). Whether 3-HIB also affects FA oxida-
tion within ECs remains unknown. Finally, deletion of the
large neutral amino acid transporter 1 (LAT1/SLC7A5)
from ECs at the BBB perturbs the normal AA profile in the
brain, lowering leucine and isoleucine levels in particular,
thereby causing aberrant cap-dependent mRNA translation
and leading to autism spectrum disorder-related neurobe-
havioral alterations (533). The above-mentioned role for
leucine as a GDH activator seems less involved in this phe-
nomenon as brain glutamate levels were only minimally
affected.

F. Fatty Acid Metabolism

In general, FAs enter the cell by passive diffusion (flip-flop;
referring to the complete reorientation of the FA carboxyl
head group when moving from the outer to the inner
plasma membrane leaflet) or by fatty acid translocase
(FAT)/CD36-mediated transfer (facilitated diffusion) (221,
352) (FIGURE 3I). Very-long-chain FAs are preferentially
being transported by fatty acid transport protein (FATP) 1
or other FATPs. For an in-depth overview of cellular FA
uptake mechanisms and related controversies, the follow-
ing review is suggested (201). Their low aqueous solubility
(estimated 1–10 nM; Ref. 566) causes FAs to be mostly
protein (or membrane) bound. Therefore, in the cytoplasm,
FAs are either free or rely on binding to FA binding proteins
(FABPs) for transportation to their destination. Expression
of FAT/CD36, FATP3 and 4, and FABP3, 4, and 5 has been
demonstrated in ECs (reviewed in Ref. 221).

bFGF and VEGF-VEGFR2 signaling induces FABP4 ex-
pression in ECs, the latter in a Dll4-Notch signaling depen-
dent manner (152, 153, 220). Loss of FABP4 expression
impairs EC proliferation and migration and increases apo-
ptosis susceptibility. Angiogenic sprouting is hampered in
ex vivo aortic rings from FABP4�/� mice (152, 153). Fur-
thermore, FABP4 silencing causes ECs to heighten their
fatty acid oxidation (FAO) rate, presumably to remove un-
bound FAs (which lost their FABP4 “chaperone”) (219,
602). In such conditions, increased FAO leads to ROS pro-
duction, presumably by enhancing mitochondrial respira-
tion (219). Whereas FABP4 is predominantly expressed in
microvascular endothelium, FABP5 expression is seen in
both micro- and macrovascular ECs, but seems not to be
induced by VEGF-A or bFGF. Like FABP4, FABP5 silencing
reduces EC proliferation and chemotactic migration but,
unlike FABP4 silencing, confers resistance to apoptotic cell
death (630), suggesting contextual roles for these FA bind-
ing chaperones. In FA consuming tissues (e.g., muscle and
heart), FABP4 and FABP5 in capillary ECs transport FAs
across the endothelium and towards the tissue (252). In
vitro, FATP3 and FATP4 expression in ECs is induced by
muscle-released VEGF-B, suggesting a VEGF-B-mediated

transendothelial transport of FAs into muscle tissues. Not-
withstanding a reduced FA uptake and accumulation in
heart and muscle in VEGF-B�/� mice (215, 216), the pos-
sible implications for insulin resistance (and its possible
treatment by targeting the VEGF-B axis) remain debated
(276). Of note, to ensure their own uptake of FAs, muscle
and fat cells release lipoprotein lipase (LPL), which hydro-
lyzes triglyceride-rich lipoproteins, in the capillary lumen.
Capillary ECs aid in the transendothelial FA transport by
facilitating transport of LPL from these parenchymal cells
to the capillary lumen (113).

Once FAs are taken up, they can either be fueled into cata-
bolic processes or esterified and stored. Lipid droplets (LDs)
are specialized intracellular organelles, in which excess lip-
ids are stored. They contain triglycerides and sterol esters,
thereby providing a reservoir for energy fuel and membrane
synthesis (538). The abundance of intracellular LDs in-
creases in response to increasing amounts of extracellular
FAs, indicating that exogenous FAs, when in excess, are
incorporated into LDs (340) that can potentially be ac-
cessed via lipolytic enzymes in times of nutrient scarcity.
ECs contain LDs (21, 219, 340) and express hormone-sen-
sitive lipase, a key enzyme required for the lipolytic break-
down of triglycerides from LDs (219). Furthermore, non-
adjacent ECs can be connected by thin membrane bridges,
which form tunneling nanotubes (TNT). TNTs permit in-
tercellular exchange of signals or various components such
as ions, proteins, and organelles (FIGURE 3I). Interestingly,
LDs have been shown to be a cargo of TNTs, and the extent
of LD transport via TNT was increased in response to
VEGF (21). Although the functional significance is yet to be
validated, this observation provides evidence for a potential
nutrient exchange between ECs under a pro-angiogenic cue.

With accessible FA sources in their immediate vicinity (i.e.,
in the blood) and equipped with various FA uptake mech-
anisms, it remains enigmatic why ECs express the key en-
zymes for de novo FA synthesis. Indeed, ECs express acetyl-
CoA carboxylase and FA synthase (FASN) required for con-
version of acetyl-CoA into malonyl-CoA and production of
long-chain FAs (e.g., palmitate) from acetyl- and malonyl-
CoA, respectively (reviewed in Ref. 221). Whether endothe-
lial FA synthesis is used to generate lipids for membrane or
signaling is not known, but endothelial FA synthesis might
serve additional purposes. Indeed, FASN silencing reduces
posttranslational palmitoylation and subsequent mem-
brane localization of eNOS (see above in this section). As a
result, EC sprouting (in aortic rings) is compromised while
EC permeability is increased (579). Given the number of
possible palmitoylation targets in ECs (580), it is tempting
to speculate that FASN silencing affects additional EC func-
tions.

Endothelial FAO plays a rather unexpected role in vessel
sprouting. EC-specific deletion of carnitine palmitoyltrans-
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ferase 1a (CPT1a), which imports FAs into mitochondria
and thereby rate-limits FAO flux, decreases EC prolifera-
tion (not migration) and causes sprouting defects both in
vitro and in vivo (481). Even though ECs have been shown
to increase their FAO flux to cope with nutrient scarcity
(e.g., glucose deprivation) in an AMP-activated protein ki-
nase (AMPK)-dependent way (107), the observed sprouting
defect is unlikely to be caused by energy distress given the
minimal contribution (~5%) of FAO to total cellular ATP
production in ECs (114, 481). By virtue of its indirect con-
tribution to cellular NADPH production (reviewed in Ref.
220), endothelial FAO could also sustain redox homeosta-
sis; however, CPT1a-silenced ECs do not display significant
levels of redox imbalance nor oxidative stress (483). Strik-
ingly, and contrasting cancer cell types that mainly rely on
glucose and glutamine as carbon sources for TCA cycle
intermediates (555), stable isotope tracing in ECs revealed
that the TCA cycle intermediate citrate incorporated com-
parable amounts of carbons from palmitate as from glucose
and glutamine (481). FAO in ECs regulates biomass synthe-
sis and more in particular deoxyribonucleotide (dNTP) pro-
duction required for DNA synthesis during EC prolifera-
tion (FIGURE 3I). Notably, this process does not rely on net
replenishment (anaplerosis), but palmitate contributes to
sustaining TCA cycling for biomass synthesis in conjunc-
tion with (an)other anaplerotic substrate(s) (480). Hence,
endothelial CPT1a silencing depletes dNTP levels without
affecting RNA levels, even though [14C]palmitate labeling
showed incorporation of palmitate carbons into ribonucle-
otides for RNA synthesis; most probably, RNA salvage
pathways sustain RNA homeostasis upon CPT1a silencing.
Protein synthesis is not affected by blocking FAO either,
likely again because of compensatory mechanisms. Re-
markably, however, the dNTP synthesis defect was not
compensated by glucose or glutamine metabolism, possibly
implying specific usage of carbons from different nutrients
for particular cellular processes in ECs. Also, ECs turn out
to be rather unique in the use of the above metabolic path-
way; out of an array of different (normal and malignant)
cell types assayed, only fibroblasts show a similar use of
FAO for DNA synthesis (481). One could wonder why
other (especially rapidly proliferating) cells do not use this
pathway given that 1 molecule palmitate can contribute 16
carbons, whereas glucose and glutamine only have a 6- and
5-carbon backbone to contribute, respectively. Perhaps,
ECs sprouting into the avascular tissue rely on internal lipid
sources when other nutrients become more scarce.

IV. COMPARTMENTALIZATION OF
ENDOTHELIAL CELL METABOLISM

From the unicellular to multicellular level, all organisms
display a complex structural and functional organization.
Organs, tissues, cell types, and subcellular organelles exem-
plify different layers of functional specification and com-
partmentalization. Interestingly, spatial organization also

occurs at the metabolite level, where metabolic pathways
are organized in specific intracellular compartments.

A. Glycolytic Compartmentalization

When vessels start to sprout, quiescent ECs become highly
motile and face increased energy demands to support the
ATP-consuming process of actin remodeling by the contrac-
tile force generating actomyosin ATPase (105). In quiescent
ECs, glycolytic enzymes are detectable primarily in the pe-
rinuclear cytosol (114). In contrast, when these ECs become
motile and start to form lamellipodia and filopodia to mi-
grate, they relocate their glycolytic machinery also to these
projecting cell extensions (114). In agreement, biosensing
techniques reveal high levels of ATP at membrane ruffles in
lamellipodia of motile ECs, which disappear upon PFKFB3
silencing, thus indicating a glycolytic origin (114). Bulky
mitochondria on the other hand are excluded from these
thin and motile structures, most likely because of size in-
compatibility (reviewed in Refs. 114, 144). Poisoning mito-
chondrial respiration does not affect EC sprouting, under-
scoring that highly localized glycolytic but not mitochon-
drial ATP generation primarily drives EC motility (114).

Moreover, PFKFB3 coimmunoprecipitates with �-actin and
is enriched in the filamentous (F-) actin fraction in migrating
versus quiescent ECs (114). Given that it is a conserved
mechanism, the ability to bind glycolytic enzymes to actin
during migration provides organisms (cells) an evolution-
ary advantage (303). By connecting with the cytoskeleton,
and particularly with F-actin, glycolytic enzymes cluster
into “glycolytic hubs” (FIGURE 4A). Such multienzymatic
complexes (also known as metabolons) offer several advan-
tages: 1) increased catalytic efficiency by channeling inter-
mediary metabolites from one enzyme to the next neighbor,
2) increased kinetic constant, 3) enhanced coordination of
enzymatic actions in the same pathway, 4) retention of po-
tentially toxic metabolic intermediates, 5) circumvention of
enzymatic inhibition or degradation, and 6) prevention of
ATP depletion from other cellular subcompartments (11,
71, 356). As such, in erythrocytes and skeletal muscle, the
association with F-actin increases the flux through aldolase
and promotes the tetrameric conformation of PFK (454,
569). Furthermore, increasing glycolysis-derived ATP pro-
duction on the same spot of high demand prevents the cell
from suffering global (possibly life-threatening) ATP deple-
tion. Noteworthy, in mammary epithelial MCF10A cells,
insulin disrupts the actin cytoskeleton and thereby releases
aldolase from its F-actin-bound state. This PI3K signaling-
driven mechanism procures sufficient levels of cytosolic al-
dolase and glycolytic activity to meet the cell’s demand for
macromolecule synthesis during increased growth and pos-
sibly involves fueling the non-oxPPP for biomass synthesis
(240). If and to which extent a similar mechanism is also
present in ECs remains to be determined.
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Compartmentalization of glycolytic enzymes is not a sole
privilege of the actin cytoskeleton. Fast axonal transport of
vesicles in neurons requires large amounts of ATP to fuel
the molecular motors (dynein, kinesin) that drive vesicle
movement (632). Intriguingly, this process too does not rely
on mitochondrial respiration but requires the activity of the
glycolytic enzyme GAPDH. In a huntingtin-dependent
manner, GAPDH associates with the vesicles and provides
on-board energy (ATP) for vesicle transport (632). Interest-
ingly, in ECs, glycolytic ATP is required for VE-cadherin
endocytosis and thus remodeling of cell-cell junctions (66).
Whether a similar compartmentalization of glycolytic en-
zymes occurs on VE-cadherin containing endocytic vesicles
in ECs remains to be determined. Glycolytic hubs also co-
exist with and directly supply ATP to membrane ion trans-
porters and pumps (Ca2�-ATPase and Na�-K�-ATPase),
exchangers (Na�/H�), and channels (ATP-sensitive K�) in
vascular and other cell types (reviewed in Ref. 120) (FIGURE

4B). The above data suggest that mitochondrial oxidative
phosphorylation is crucial to maintain long-term steady-
state metabolism, whereas local, and short-term, high-en-
ergy demands are met by compartmentalized glycolysis
(155, 500).

In addition to its lamellipodial compartmentalization,
PFKFB3 has also been shown to localize in the nucleus. Two
specific carboxy-terminal lysines (K472; K473) are in-
volved in PFKFB3=s nuclear localization. Even though this

nuclear PFKFB3 generates F2,6BP within the nucleus and
activates PFK1, it does not lead to an increase in glycolytic
flux (613, 614). Instead, F2,6BP enhances cyclin-dependent
kinase (Cdk)-mediated phosphorylation of the Cdk inhibi-
tor p27Cip/Kip (a potent blocker of G1-to-S cell cycle phase
transition) leading to its proteasomal degradation; as a re-
sult, cellular proliferation is increased (613). F2,6BP within
the nuclear compartment reflects the rate of glucose uptake
and might thus translate glucose availability into cell pro-
liferation. Whether nuclear F2,6BP is also important for the
proliferation control of glycolysis-addicted ECs remains
unknown (FIGURE 4C). One could hypothesize that, in line
with the high expression of PFKFB3 in malignant cells (79),
tumor-derived ECs (see sect. VIII) in particular may have
high nuclear PFKFB3 expression to connect glycolytic flux
to high cell proliferation rates.

B. The Arginine Paradox: A Matter of
Compartmentalization?

As outlined above, eNOS-mediated production of NO
makes arginine metabolism a highly studied topic, mostly
because of its direct link with the pathophysiology of ath-
erosclerosis (see sect. VII). Also, endothelial arginine me-
tabolism features an intriguing yet controversial compart-
mentalization. In order of abundance, eNOS predomi-
nantly localizes to specific microdomains of the plasma
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membrane (including caveolae and lipid rafts), the cis-Golgi
and then the cytosol, nucleus, and mitochondria (77). The
same ranking holds for the enzyme’s activity with a 9- to
10-fold increased activity in caveolae over the EC plasma
membrane, and a 7-fold increased activity in plasma mem-
brane fraction over the cytosolic fraction (493). Further
underscoring the location-activity relationship is the reduc-
tion in NO production in intact HEK 293 cells expressing a
palmitoylation- and myristoylation-defective eNOS mutant
(abolishing its sequential localization to Golgi and cave-
olae), while this mutant proved catalytically competent in
cell-free assays (491). Intriguingly, in ECs, eNOS interacts
at the plasma membrane with the arginine transporter
CAT-1 (SLC7A1) and with ASS and ASL, both enzymes
involved in recycling arginine from citrulline (reviewed in
Ref. 77). This is suggestive of another endothelial metabo-
lite channeling (cfr glycolysis), whereby substrate (arginine)
delivery from extracellular sources (CAT-1), conversion of
substrate to end product (NO by eNOS), and recycling of
end product (NO) into substrate (arginine by ASS, ASL) are
spatially clustered.

Arginases on the other hand compete with eNOS for argi-
nine and are mainly localized in the cytosol (arg I) or mito-
chondria (arg II), distant from the major site of eNOS ac-
tivity (258, 380). Despite evidence showing decreased NO
production upon arginase overexpression and, conversely,
induction of NO synthesis after arginase inhibition, this
seemingly logical one to one equation gets troubled when
one takes substrate concentrations and enzyme kinetics into
account. ECs in culture have intracellular arginine levels
ranging from 0.1 to 0.8 mM, which would amply suffice to
guarantee near-maximal eNOS activity given eNOS’ high
arginine affinity (Km � 1–5 �M). Arginase has a rather low
affinity for arginine (Km � 1–20 mM); simple comparison
of the Km values precludes efficient competition between
both enzymes for the substrate they share. A possible expla-
nation for the above competition has been proposed to
relate to the higher catalysis rate (Vmax) of arginase than
eNOS (475); similarly, in activated macrophages arginase
has a higher Vmax than iNOS (378). The above numbers
reveal another feature of endothelial arginine/eNOS metab-
olism, commonly known as the “arginine paradox”: even
though under physiological conditions, eNOS would be
fully saturated with intracellular arginine levels, both in
vitro and in vivo data show that increasing extracellular
arginine further induces NO production.

C. Compartmentalization of Reducing Power

NADPH provides reducing power in different cellular com-
partments, yet the NADPH pool is rather limited, certainly
in light of the high fluxes through pathways that use it
[�25% of all reactions listed in the KEGG database involve
the use of NAD(P)H (403)]. Remarkably, none of the
NAD(P)H forms is known to be transported across intracellu-

lar membranes, which suggests a highly optimized compart-
mental organization (392, 434). Two distinct subcellular
pools of NADPH have been documented: cytosolic NADPH
regenerated by the oxPPP and the mitochondrial fraction
(434). While not fully established yet, NAPDH compart-
mentalization is likely to occur in ECs too. A recently de-
veloped method with deuterium (2H)-labeled metabolites to
trace hydrogen in compartmentalized reactions that use
NADPH as a cofactor, would allow more detailed analysis
of the different NADPH pools in ECs (315).

Further evidence for NADPH compartmentalization in ECs
derives from the finding that the endothelial NADPH
oxidase (NOX) system is compartmentalized. NOXs use
NADPH to produce ROS, and the human vasculature ex-
presses isoforms NOX1, NOX2, NOX4 (predominant iso-
form in ECs), and NOX5, which are sources of ROS in the
vessel wall (130, 367). NOX expression is induced by an
armamentarium of signals including proinflammatory cyto-
kines, growth factors (i.e., VEGF, thrombin), hypoxia, hy-
perglycemia (see sect. VII), elevated FFA levels, and athero-
prone-perturbed shear stress (see sect. VII) (123, 204, 244,
248, 367, 492, 504). While NOX1, 2, and 5 increase oxi-
dative stress and reduce NO bioavailability and promote
EC dysfunction (see sect. VII), NOX4-produced H2O2 can
have a vasoprotective role by maintaining endothelial func-
tion (see sect. VII and FIGURE 5) (300). It is not entirely
uncommon for moderate endothelial ROS levels to have a
beneficial rather than a detrimental effect in angiogenesis.
The pro-angiogenic VEGF stimulus uses ROS as signaling
molecules downstream of VEGFR2, a phenomenon involv-
ing PI3K and Rac1 activity as upstream regulators (89).
ROS can also mediate angiogenesis by VEGF-independent
mechanisms, for example, through the oxidation of lipids,
thereby generating pro-angiogenic species (e.g., �-carboxy-
ethylpyrrole), or by activating ataxia-telangiectasia mu-
tated kinase, which promotes pathological angiogenesis
(275). Under physiological conditions, NOX2 is mainly ex-
pressed in the membranes of the nucleus and ER at rela-
tively low levels, to contribute to intracellular redox signal-
ing pathways (130). In contrast, under diseased conditions,
NOX2 mainly associates in clusters at the plasma mem-
brane, generating excess levels of (extracellular) superox-
ides (130) (FIGURE 5). In normoxic human pulmonary arte-
rial ECs, NOX4 mainly resides in the nucleus; strikingly,
hyperoxia-induced motility and tube formation in these
cells depends on NOX4-generated ROS and is accompa-
nied by increased levels of cytoplasmic NOX4 (427).

Whether metabolite channeling is broadly conserved and
generally applies to metabolic pathways is currently un-
known, but is definitely important to better apprehend the
fine-tuned regulations of metabolic fluxes in ECs. However,
setting up the required and relevant in vitro models to study
this aspect of EC metabolism is a highly challenging en-
deavor (138).
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V. CHANGES IN METABOLISM DURING
ENDOTHELIAL CELL DIFFERENTIATION

During vertebrate development, after fertilization, the vas-
cular system is one of the first organ systems to form, en-
suring rapid delivery of nutrients and oxygen to tissues in
the growing embryo. In contrast to angiogenesis, which
involves the formation of new blood vessels from preexist-
ing ones as a result of the balance of pro- and anti-angio-
genic signals, vasculogenesis occurs from the de novo for-
mation of a primary capillary plexus from mesodermal cell
precursors (see sect. II).

Changes in cellular metabolism of stem cells have been de-
scribed to be modulated in a number of ways: 1) extrinsic
signals such as growth factors and cytokines or intrinsic
signals such as transcription factors and signaling pathways
can direct changes in cell cycle and differentiation, leading
to changes in metabolic demand (i.e., for biosynthesis of
building blocks) and metabolic flux (i.e., signal-mediated
activation of metabolic pathways); 2) differentiation leads
to parallel changes in metabolic enzyme expression/activity,
leading to metabolic rewiring reflected by altered metabolic
demands of differentiated cells; and 3) changes in metabolic
flux lead to alterations in the activation of signaling path-

ways, epigenetic modifications, and the availability of me-
tabolites as substrates or “signals” (5).

Embryonic and induced pluripotent stem cells have been
reported to have higher rates of glycolysis compared with
more differentiated cells such as cardiomyocytes and fibro-
blasts. It is believed that stem cells are preferentially glyco-
lytic due to an immature mitochondrial network, with few
mitochondria and reduced oxidative capacity (157, 438).

ECs and the vascular system develop from the mesoderm.
Soon after gastrulation, signals from the visceral endoderm
pattern the underlying mesoderm to form the mammalian
extraembryonic yolk sac (35, 564). As described above,
VEGFR2 is a key signaling receptor in ECs (402), and
VEGFR2-positive mesodermal progenitor cells can serve as
vascular progenitors (617). Metabolic traits of progenitors
during differentiation need further characterization, but
seem to be dynamic. VEGFR2-positive mesodermal pro-
genitor cells have lower oxygen consumption rates than
their VEGFR2-negative counterparts, and temporarily un-
dergo suppression of (glucose) metabolism during meso-
derm differentiation (647). Of note, a more oxidative-prone
metabolism has been described to sustain embryonic stem
cell differentiation (619). It is not clear if and to what extent
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this also occurs during differentiation towards ECs which,
as mentioned above, are highly glycolytic and rely on
PFKFB3-driven glycolysis for generation of ATP (114). This
would mean that in the further differentiation from the
mesoderm lineage to ECs, the cellular metabolism switches
back from oxidative to glycolysis. Furthermore, the exact
transcriptional regulators that control this effect during dif-
ferentiation remain to be determined. However, key regu-
lators of endothelial function might be prime candidates
such as the VEGF-VEGFR2 signaling axis (114, 128) in
proliferating ECs and the Dll4-Notch (268) and FoxO1-
MYC (586) signaling pathways in quiescent ECs.

Human and mouse embryonic stem cells can be differenti-
ated to ECs in vitro (199, 314). Furthermore, arterial versus
venous EC differentiation is possible (509), as well as dif-
ferentiation to lymphatic ECs (323) (see sect. VI). These in
vitro models would be useful to determine the exact molec-
ular controls for the changes in EC metabolism during their
differentiation.

VI. ENDOTHELIAL CELL HETEROGENEITY,
REFLECTED BY DIFFERENCES IN
METABOLISM?

ECs are found throughout all tissues of the body and are
comprised of three main systems: arterial (delivering oxy-
gen-rich blood and nutrients to tissue), venous (removing
deoxygenated blood and waste products from tissues), and
lymphatic (involved in the regulation of interstitial fluid
balance, serving as a route for immune cell extravasation
and regulation of intestinal lipid uptake via the lacteals) (2).
The further differentiation into specialized arterial, venous,
and lymphatic subtypes is driven by a combination of envi-
ronmental, mechanical, and transcriptional factors (348).

EC metabolism is emerging as a determining factor in these
processes too.

Arteriovenous differentiation is controlled in part by Notch
signaling (540), which has also been reported to modulate
EC metabolism (268). While a molecular signature of key
transcription factors involved in arterial specification
(Prdm16, ROX2, NKX2.3, EMX2, MSX1, Sox17, Hey2,
Aff3) was recently reported, transcriptomic data suggest
increased expression of the glucose transporters GLUT1/
GLUT3 in human umbilical arterial ECs (15). However,
these arterial ECs have been reported to have a similar
glycolytic flux as their venous EC (114, 591) counterparts
and, conversely, PAECs have even been shown to have
lower glucose consumption rates than PMVECs (see sect.
III) (423). These seemingly contradictory findings might
further exemplify the metabolic heterogeneity of ECs resid-
ing in different tissues. FAO flux may be higher in arterial
than in venous ECs (481) but exactly which signals regulate
increased FAO flux in arterial ECs remains unknown. Pos-
sible candidates involve other key factors and phenomena
regulating arterial EC phenotypes such as flow/shear-stress
as well as vasoactive and growth factor/signaling interac-
tions with smooth muscle cells (SMCs) (i.e., PDGF-B/D,
PDGFR�, Ang1/Tie2, S1P, transforming growth factor-�,
Notch, Eph/ephrin, connexin) (324). In other cell types, loss
of Prdm16 results in mitochondrial fragmentation and de-
creased oxidative phosphorylation (88, 124, 334), but the
exact link between Prdm16 and cellular metabolism in ECs
remains largely unstudied.

As mentioned above, specification into tip or stalk cells also
entails differences in EC metabolism (FIGURE 6A). Lowering
glycolytic flux through PFKFB3 silencing compromises
both tip cell competitiveness and stalk cell proliferation
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(114). Remarkably, the defect in tip cell behavior is main-
tained under a strong pro-tip cell cue created by simultane-
ous Notch knock-down (FIGURE 6B). Conversely, ECs that
were instructed to assume stalk cell behavior by overexpres-
sion of NICD regained tip cell behavior upon overexpres-
sion of PFKFB3, even in vivo (114) (FIGURE 6C). Inhibition
of endothelial FAO (see sect. III) selectively affects stalk cell
proliferation without impeding tip cell behavior (481).
These data imply the existence of a tip versus stalk meta-
bolic signature acting in parallel or even overriding genetic
instructions. Whether and how metabolic pathways, other
than glycolysis and FAO, complete this metabolic signature
needs further research (FIGURE 6A). Nearly nothing is
known about how amino acid metabolism, glutamine me-
tabolism in particular, differs between tip and stalk cells. In
T-ALL cells, Notch signaling supports growth by promot-
ing glutamine metabolism and injection of glutamine-de-
rived carbons into the TCA cycle (227). Whether Notch, as
a pro-stalk cue, has similar effects on glutamine metabolism
in ECs is not fully understood. In case tip and stalk ECs
feature different glutamine metabolism-related traits, it will
be of key importance to determine if glutamine metabolism
and genetic signals co-define the tip-stalk identity (as is the
case for PFKFB3).

Lymphatic EC (LEC) differentiation in vertebrates occurs
primarily from venous ECs (VECs) (12), although some
lymphatic beds develop from non-venous EC origins (278,
351, 391, 511), and is mainly driven by VEGF-C/VEGFR3
signaling and the transcription factors Sox18 (177) and
prospero homeobox protein 1 (Prox1) (238, 431, 585,
624). Lymphatic biology is less well studied than blood
vascular biology and only most recently was the first char-
acterization of LEC metabolism performed (591). LECs
have higher FAO flux compared with venous or other vas-
cular ECs, and the VEGF-C/VEGFR3 signaling axis is im-
portant in the activation of FAO (591). Furthermore,
Prox1, a transcription factor which is essential for LEC
differentiation and maintenance of LEC identity (431),
binds the CPT1a (rate-controlling in FAO, see sect. III)
promoter. The resulting upregulation in FAO is required for
Prox1-mediated VEC-to-LEC differentiation through the
regulation of lymphatic gene expression, particularly
VEGFR3 (591). Strikingly, this Prox1-mediated increase in
FAO affects LEC differentiation and function, not via the
regulation of energy or redox homeostasis, but rather
through the production of acetyl-CoA, which fuels epige-
netic modifications (histone acetylation) preferentially at
lymphatic genes over blood vascular genes (591). This spec-
ificity stems from the interaction of the histone acetyltrans-
ferase p300 with Prox1, which specifically binds promoters
of genes involved in lymphangiogenesis. These novel find-
ings extend the dogmatic view that only transcription and
growth factors regulate VEC-to-LEC differentiation, and
now show that Prox1 not only functions as a transcription
factor solely driving pure lymphangiogenic genes, but is

also driving FAO and acetyl-CoA production to sustain
histone acetylation of its target genes (591) (FIGURE 7).
Since histone acetylation makes the promoter region of
these target genes more accessible to transcription factors,
Prox1 enhances its own transcriptional effect to induce LEC
differentiation by “hijacking” FAO metabolism through
this epigenetic mechanism.

Even though the role of epigenetics in EC differentiation
was previously recognized [for example, histone demethyl-
ation at the VEGFR2 and VE-cadherin promoter in the
differentiation of embryonic stem cells to ECs (597)], the
involvement of specific metabolic pathways herein remains
unclear. As such, the above findings provide evidence for
FAO-mediated regulation of histone acetylation in cellular
differentiation, whereas glucose metabolism and other
pathways have been previously shown to impact histone
acetylation in other cell types (306, 362, 382, 582). Al-
though LECs have lower levels of glycolytic flux compared
with VECs or other blood vascular EC types (591), the role
of glycolysis and other metabolic pathways in LEC activa-
tion and function remains to be explored.

Of note, LECs also utilize FAO to regulate nucleotide syn-
thesis for proliferation (591), akin to blood vascular ECs
(see sect. III). Also, the effect of FAO to upregulate
VEGFR3 in LECs renders these cells more responsive to the
promigratory effect of VEGF-C (342), the ligand activating
VEGFR3, possibly explaining why silencing of CPT1a im-
pairs LEC migration. These combined effects may explain
why selective loss of CPT1a in LECs causes lymphatic de-
fects during embryonic development and why pharmaco-
logical blockade of CPT1 by etomoxir treatment inhibits
pathological injury-induced lymphangiogenesis (591). The
therapeutic implications of these seminal findings are dis-
cussed in more detail further below.

Investigation of the metabolic characteristics of other or-
gan-specific vascular beds is still in its infancy, although one
would expect a degree of vascular specialization in accor-
dance with the differences in local microenvironments of
such specialized tissues as the heart, brain, liver, kidneys,
etc. Indeed, transplantation of “generic” ECs into various
tissues results not only in engraftment, but these ECs also
acquire some features of organotypic ECs (393), raising the
question whether organ-specific features may also alter the
metabolic properties of these specialized ECs. For example,
it was recently demonstrated that Meox2/Tcf15 het-
erodimers program heart capillary endothelium for cardiac
FA uptake (93), which is important in regulating the trans-
port of FFAs and very-low-density lipoprotein (VLDL)
across the endothelium to provide FAs for cardiac energy
metabolism. Future efforts directed towards the character-
ization and understanding of the metabolic characteristics
of organotypic EC types could pave the way for tailored
therapeutics in specific vascular beds.
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VII. ENDOTHELIAL CELL METABOLISM IN
VASCULAR DISORDERS: ENDOTHELIAL
CELL DYSFUNCTION

In healthy individuals, the endothelium maintains vascular
tone, structure, and homeostasis. In contrast, EC dysfunc-
tion results in the development of several pathologies, in-
cluding diabetes and atherosclerosis (a frequent complica-
tion of diabetes). Metabolic aberrations in ECs can mediate
vascular complications associated with the pathogenesis of
the above-mentioned disorders.

A. Diabetes and the Endothelium

Diabetes has a high and incessantly increasing prevalence of
8.8% globally (in adults, in 2015) (250a). Diabetes is hall-
marked by hyperglycemia [excessive levels of blood glu-
cose, attributable to a deficiency of (type 1) or resistance to
(type 2) insulin], which contributes to EC dysfunction. The
EC dysfunction arises early and plays a key role in the

pathogenesis of diabetes-associated micro- and macrovas-

culopathies. Moreover, it causes the acceleration of athero-

sclerosis (33, 61, 479, 603) (see below in this section). While

diabetic EC dysfunction tilts the physiological balance to-

wards vasoconstrictive, proinflammatory, and prothrombotic

effects, the resulting vascular disease phenotype can be para-

doxically tainted by either excessive or impaired angiogenesis

(282, 285, 350, 604). Excessive angiogenesis contributes to

diabetic retinopathy, early stage nephropathy, and atheroscle-

rotic plaque destabilization. Insufficient angiogenesis, on the

other hand, plays a role in macrovascular disorders (coronary

artery disease, peripheral vascular disease, and ischemic

stroke), impaired wound healing and skin ulcers (diabetic foot

ulcers), embryonic vasculopathies, and transplant rejection in

diabetic subjects. Lastly, peripheral neuropathy is a microvas-

culopathy linked to reduced nutritive blood flow (secondary to

diabetes) to the sensory nerve fibers (512).

The integrity of the endothelium is also highly dependent on

endothelial repair and regeneration, which are partly co-

TRADITIONAL MODEL ADAPTED MODEL

VEC to LEC

differentiation

VEGFR3

LEC differentiation

PROX1

PROX1

mitochondria

CPT1A
FAs

VEGFR3

LEC differentiation

p300

PROX1

Ac

Ac-CoA

Ac-CoA
CoA

PROX1

FIGURE 7. Novel role for fatty acid oxidation in differentiation of lymphatic ECs. The dogmatic view on

lymphangiogenesis states that at the onset of VEC to LEC differentiation, the transcription factor Prox1 induces

the expression of typical lymphangiogenic genes such as VEGFR3. In light of recent findings, this traditional

model has been adapted and refined. The binding of Prox1 in the promoter region of lymphangiogenic genes

involves an interaction between Prox1 and the histone acetyltransferase p300 to acetylate histones and

remodel chromatin. The required acetyl groups are supplied by acetyl-CoA which derives from CPT1a-mediated

fatty acid oxidation. Prox1 directly induces the expression of CPT1a to enhance fatty acid oxidation flux. As

such, the transcription factor Prox1 teams up with central metabolism to drive lymphatic differentiation. VEC,

venous endothelial cell; LEC, lymphatic endothelial cell; Prox1, prospero homeobox protein 1; VEGFR3,

vascular endothelial growth factor receptor 3; FAs, fatty acids; CPT1a, carnitine palmitoyltransferase 1a; Ac,

acetylated; Ac-CoA, acetyl coenzyme A.
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determined by migration and proliferation of surrounding
mature vessel wall-resident ECs. Circulating bone marrow-
derived endothelial progenitor cells (EPCs) may also con-
tribute to endothelial regeneration and mitigate EC dys-
function (20, 142, 233, 453). Diabetic patients present with
reduced numbers of circulating EPCs, which are linked to
reduced endothelial regeneration and to the severity of pe-
ripheral vascular disease and as such may serve as a bio-
marker of vasculopathy in diabetic patients (146, 158, 202,
247, 330, 466, 536). Rather than hyperglycemia, (pre-dia-
betic) insulin resistance (see below in this section) is sug-
gested to be the culprit in adversely affecting EPC-mediated
repair (103, 385, 447).

The time and severity of exposure to hyperglycemia highly
influences the progression of diabetes-associated vasculopa-
thies (10, 263). In early intervention studies, reduction of
hyperglycemia decreases the development and progression
of micro- and macrovascular complications (388a, 514,
549a, 593). However, the efficacy of glycemic control in
patients with long-standing hyperglycemia is less pro-
nounced for macrovascular complications, and very strin-
gent glycemic control (via insulin treatment) can even ag-
gravate cardiovascular disease (1, 4, 136, 183). This indi-
cates that in long-term diabetic patients, besides an aberrant
metabolic memory (see sect. IX), additional factors such as
insulin resistance and dyslipidemia may also play a domi-
nant role in the development of diabetic vasculopathies.
Here below, we focus on the effects of hyperglycemia and

insulin resistance on EC metabolism and how this leads to
EC dysfunction (FIGURE 8). Many of the reports discussed
below are observations from in vitro experiments; while
these have shed light on underlying mechanisms, in vivo
verification is necessary in the prospect of clinical transla-
tion.

B. Hyperglycemia

1. Hyperglycemia and cytosolic/mitochondrial ROS

Hyperglycemia-induced increases in endothelial cytosolic
ROS levels mainly derive from NADPH oxidases (NOXs;
see sect. IV) via the protein kinase C (PKC)-dependent path-
way (130, 213), from endothelial xanthine oxidase (27,
118, 359, 465) and from eNOS uncoupling (see sect. IV).
Both veins and arteries of diabetic coronary artery bypass
patients show increased levels and activity of NOX protein
subunits (p22phox, p67phox, p47phox), which are nor-
malized by PKC inhibition (213). Endothelial xanthine ox-
idase, one of the two isoforms of xanthine oxidoreductase
(a key enzyme in purine metabolism) is another enzymatic
source of ROS linked to diabetic vascular disease, causing
vascular inflammation and atherogenesis (27, 118, 359,
465). A recent metabonomics study confirmed that hyper-
glycemia-induced elevated levels of xanthine oxidase and
perturbed purine metabolism promote diabetic nephropa-
thy in streptozotocin (STZ)-treated diabetic rats (326).

glucose

G6P

F6P

F1,6P2

G3P

1,3 BPG

GAPDH

ROS

PARP1

Polyol pathway

Hexosamine pathway

Protein Kinase C pathway

AGE formation pathway

DIVERSION TO ALTERNATIVE PATHWAYSDEREGULATED GLYCOLYSIS PATHOLOGICAL MANIFESTATIONS

Uronic/Glucuronate pathway

sorbitol

UDP-GlcUA uronic acid xylitol xylulose 

fructose 
ALR2

3-DG 

glucosamine-6-P
GFAT1

UDP-GlcNAc

methylglyoxal

DHAP

glyoxal 3-DG

PKC activation

AGES

AGES 

G6PD

NADP+NADPH
vasculopathies 

retinopathy 

atherosclerosis 

nephropathy 

Pentose Phosphate

Pathway

ADP

ribosylation

low

antioxidant

defense

de novo DAG synthesis

NADPADP++NADPH

FIGURE 8. Pathological glycolytic side branches in hyperglycemic dysfunctional ECs. In diabetic ECs, hyper-

glycemia-induced ROS accumulation (for example caused by impairment of G6PD-mediated PPP flux) causes

glycolysis to stall at GAPDH. Upstream glycolytic intermediates pile up and are diverted into pathological

glycolytic side branches giving rise to further increases in ROS levels and the formation of noxious AGEs all

contributing to the different vascular disease manifestations. 1,3BPG, 1,3-bisphosphoglycerate; 3-DG, 3-de-

oxyglucosone; ALR2, aldose reductase 2; AGES, advanced glycation end products; DAG, diacylglycerol; DHAP,

dihydroxyacetone phosphate; F1,6P2, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; G3P, glyceral-

dehyde-3-phosphate; G6P, glucose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GAPDH, glyc-

eraldehyde-3-phosphate dehydrogenase; GFAT1, glutamine fructose-6-phosphate amidotransferase; gluco-

samine-6-P, glucosamine-6-phosphate; NADPH, nicotinamide adenine dinucleotide phosphate; PARP1, poly-

ADP-ribose polymerase 1; PKC, protein kinase C; UDP-GlcUA, UDP-glucuronic acid; UDP-GlcNAc, uridine

diphosphate N-acetylglucosamine.

EC METABOLISM

21Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



Likewise, eNOS uncoupling was shown to contribute to EC
dysfunction in diabetic mouse models (63, 476, 523), and to
mediate peripheral neuropathy in Zucker diabetic rats
(496). The increase in eNOS uncoupling-derived oxidative
stress in diabetic vessels was alleviated by BH4 supplemen-
tation (213). Mechanisms contributing to eNOS uncoupling-
derived oxidative stress in diabetes include interrupted metab-
olism of arginine and cofactors BH4 and NADPH, resulting
in their decreased availability, endothelial insulin resistance
(203, 217, 251, 446, 498), aberrant O-glycosylation (24,
134, 165), increased levels of advanced glycation end prod-
ucts (AGEs) (515, 516), and hyperglycemia-induced restric-
tion of PPP flux (310, 638) (see below in this section; FIG-

URE 8).

High intracellular glucose levels in ECs also cause mito-
chondriopathy featuring dysfunctional mitochondrial bio-
genesis and autophagy (causing damaged mitochondria to
pile up), impaired mitochondrial function, and increased
mitochondrial fission (reviewed in Refs. 420, 469, 495). In
general, increased fission is associated with mitochondrial
ROS production, while reducing mitochondrial DNA con-
tent and the activity of metabolic processes, including the
ETC and ATP synthesis. The hyperglycemia-induced mito-
chondrial fission is driven by rho-associated protein kinase
(ROCK)-1-mediated dynamin-related protein-1 (Drp1) re-
cruitment to the mitochondria, previously established as a
key event in fission (572). Since healthy mitochondria in
ECs are presumably important for Ca2� homeostasis, to
generate physiological ROS levels, and to initiate apoptosis
(with energy production relying primarily on glycolysis),
dysfunctional mitochondria may promote EC dysfunction
or apoptosis through Ca2� overload or by exacerbating
oxidative stress (529).

In health, damaging insults, such as oxidative stress, are
often counterbalanced by protective (antioxidant) mecha-
nisms to maintain vascular homeostasis; these are especially
important for quiescent ECs that are continuously exposed
to a high oxygen environment in the peripheral blood. The
metabolic regulators peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC1�), AMP-acti-
vated protein kinase (AMPK), and NF-E2-related factor-2
(Nrf2) are candidates to counter hyperglycemia-induced
ROS. For instance, NO mediates ROS protection via up-
regulation of PGC1� (50, 325), and PGC1� regulates mi-
tochondrial antioxidant defenses in ECs (552). However,
the effects of high glucose on these molecular orchestrators
are complex and contextual, since high glucose induces en-
dothelial PGC1� expression, blunting activation of eNOS,
and impairing EC migration and vasculogenesis; moreover,
the antioxidant N-acetylcysteine (NAC) blocks the induc-
tion of PGC1� (478).

Pharmaceutical activation of AMPK in ECs can alleviate
oxidative stress in hyperglycemic ECs. For instance, rosigli-

tazone (PPAR� agonist that activates AMPK) reduces NOX
activity in hyperglycemic ECs (72). Activation of AMPK by
metformin or 5-aminoimidazole-4-carboxamide-riboside
(AICAR) also alleviates oxidative stress by inducing mRNA
expression of manganese superoxide dismutase (MnSOD;
with mitochondrial antioxidant function) (574) and induc-
ing mitochondrial biogenesis via PGC1� (294), although it
remains unclear how the latter process alleviates oxidative
stress (possibly via replacing damaged ROS-producing mi-
tochondria with new healthy ones). This overall beneficial
effect has been confirmed in vivo: EC-specific AMPK acti-
vation prevented diabetes-induced EC dysfunction (317).

Nrf2 is considered to play a prominent role in the mainte-
nance of structural and functional integrity of mitochon-
dria, and to be a principal regulator of cellular redox ho-
meostasis (125). In ECs exposed to hyperglycemia, Nrf2
regulates the activity of antioxidant enzymes such as glyox-
alase I (GLO1; key enzyme in detoxifying methylglyoxal,
see below in this section) (611). There is even evidence of
cross talk between Nrf2 and AMPK resulting in the preven-
tion of cardiomyopathy in diabetic mouse models (373,
575, 639). Despite these promising findings, outcomes of
clinical trials using antioxidant therapies have been rather
disappointing (309).

2. Hyperglycemia and diversion of glycolytic
intermediates into alternative metabolic pathways

In the nucleus, elevated levels of ROS and reactive nitro-
gen species contribute to the activation of the DNA re-
pair mechanism enzyme poly(ADP-ribose) polymerase 1
(PARP1) upon hyperglycemia-induced DNA single-strand
break formation, resulting in subsequent inhibition of
GAPDH through PARP1-dependent ribosylation and intra-
cellular NAD� depletion (119, 133, 135). GAPDH is a key
glycolytic enzyme whose activity is essential for maintain-
ing glycolytic flux. As such, GAPDH inhibition stalls glyco-
lysis, and accumulated upstream glycolytic intermediates
subsequently divert into several alternative metabolic path-
ways (FIGURE 8) known to be altered in ECs by glucotoxic-
ity: 1) the polyol pathway, 2) the glucuronate cycle, 3) the
HBP, and 4) the glycation pathway. Competitive PARP1
antagonists, inhibiting PARP1 activity in aortic ECs, can
abolish the hyperglycemia-induced activation of each of
these pathways (133). Therefore, oxidative stress is often
considered an initial event in EC dysfunction, which also
fits with the notion of hyperglycemia-induced Nrf2-depen-
dent transcription of antioxidant enzymes and its preven-
tion of diabetes-associated vascular complications.

Excess glucose, not being metabolized because of stalled
glycolysis, is diverted into the polyol pathway to produce
sorbitol and fructose, which promotes nonenzymatic gen-
eration of noxious AGEs (195, 347, 479, 577). In HUVECs,
high concentrations of fructose also provoke a prothrom-
botic phenotype (85). Overexpression of an ALR2 trans-
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gene in ECs from diabetic mouse models promotes athero-
sclerosis, whereas its inhibition reduces ROS levels and EC
proliferation (396, 527, 556, 612). In the db/db mouse
model of diabetes, the early events in diabetic retinopathy
were linked to increased ALR2 levels (82).

Theoretically, elevated G6P levels can feed into the glucu-
ronate cycle, but comprehensive studies on the glucuronate
cycle in diabetic ECs are lacking. However, increased glu-
cose metabolism via glucuronate and L-xylulose has been
reported in diabetic murine models and patients, resulting
in diabetes-associated renal dysfunction (68, 547, 589). In-
hibitors targeting the enzyme L-xylulose reductase, catalyz-
ing a NADPH-linked reduction of L-xylulose into xylitol,
have been proposed for the treatment of long-term compli-
cations in diabetes (68).

F6P overload causes increased flux into the HBP, where it is
converted into GlcN6P and subsequently into UDP-
GlcNAc by GFAT (see sect. III). Under physiological con-
ditions, UDP-GlcNAc is crucial for reversible posttransla-
tional protein O-glycosylation; however, under hyperglyce-
mic conditions, aberrant protein glycosylation results in
altered protein activity, EC dysfunction, and accelerated
pathogenesis of diabetes-associated atherosclerosis (165,
343, 349, 501). Aberrant O-glycosylation deregulates en-
dothelial insulin signaling by obstructing key phosphoryla-
tion sites on insulin receptor substrate (IRS)-1 and eNOS,
thereby impairing eNOS activity and interfering with NO
synthesis (24, 134, 165). Lastly, expression of O-GlcNA-
case, which reverses protein O-glycosylation, is decreased
in coronary ECs from diabetic mice (343).

In a similar fashion, other accumulated glycolytic interme-
diates, i.e., G3P and dihydroxyacetone phosphate (DHAP),
are diverted towards the production of highly reactive di-
carbonyl compounds such as methylglyoxal, glyoxal, and
3-DG in the glyoxalase system. These reactive aldehydes
modify (through glycation) DNA and (cytosolic and mi-
tochondrial) proteins, resulting in the nonenzymatic for-
mation of toxic AGEs. Also, excess G3P and DHAP fuel
de novo diacylglycerol (DAG) synthesis, which subse-
quently activates PKC, resulting in vascular abnormali-
ties via increased levels of NOXs and eNOS uncoupling
(111, 248, 250). DAG-dependent PKC activation occurs
under conditions of excessive circulating levels of glucose
and FFAs.

As end products of dysfunctional EC metabolism, elevated
levels of AGEs promote oxidative stress in the endothelium
via several detrimental mechanisms (see sect. III), further
exacerbating diabetes-associated vasculopathies. First, they
modify intracellular protein signaling after posttransla-
tional modifications of lysine and arginine residues of pro-
teins (459). Second, they render the endothelium dysfunc-
tional by altering collagen-type proteins through protein

cross-linking, causing decreased vessel elasticity, cell adhe-
sion, and matrix-matrix interaction (357). Additionally,
AGEs can adversely affect other cells types, mediated at
least in part through interaction of AGEs with their receptor
(RAGE; present on several cell types) and subsequent PKC
and nuclear factor-kappa B (NF�B) activation (357, 626).
While NF�B promotes endothelin-1-mediated vasocon-
striction and inflammation (441), elevated levels of PKC
can disturb insulin signaling pathways and glucose metab-
olism in skeletal muscle cells (370) or result in the dephos-
phorylation of PDGFR� and subsequent apoptosis of
perivascular mural pericytes (191). Notably, loss of pericyte
coverage, resulting in leaky endothelium, is one of the ear-
liest signs of diabetic retinopathy (494).

In ECs, methylglyoxal is considered to be the main reactive
aldehyde formed under hyperglycemic conditions (52,
497). Elevated methylglyoxal levels in diabetic patients are
linked to diabetes-associated vasculopathies (365, 387,
397, 488). In vitro, methylglyoxal triggers eNOS uncou-
pling; however, the exact mechanism remains poorly de-
fined (515). It was recently suggested that methylglyoxal
exposure may also lead to alterations in EC redox status,
via the inhibition of NADPH-generating enzymes,
thereby depleting GSH levels and intensifying overall ox-
idative stress (377). Rats overexpressing GLO1, a key
enzyme detoxifying methylglyoxal (regulated by Nrf2;
see above in this section), showed signs of reduced endo-
thelial glycative and oxidative stress and alleviated EC
dysfunction (262). Of note, normalization of glucose lev-
els in diabetic patients did not entirely prevent elevation
of methylglyoxal levels and subsequent diabetic vascu-
lopathies, and progressive ROS production and AGE ac-
cumulation persisted after glucose normalization (73,
171), begging for a better understanding of EC metabo-
lism perturbation in diabetes.

3. Hyperglycemia and restricted PPP flux

Hyperglycemia has also been reported to impair G6PD-
mediated entry of glucose into the PPP (638), resulting in
reduced availability of NADPH. As NADPH is a critical
cofactor of eNOS, this ultimately results in increased oxi-
dative stress and decreased NO bioavailability (310). Re-
storing the oxPPP flux, possibly through activation of
G6PD, could promote NADPH and GSH redox cycling and
is therefore an attractive target to reduce overall oxidative
stress in the context of hyperglycemia. Noteworthy, under
hyperglycemic conditions and subsequent stalled glycolysis,
increasing the activity of the non-oxPPP enzyme TK with
benfotiamine treatment diverts excess glycolytic triosephos-
phates (F6P and G3P) into the non-oxPPP, rather than into
the alternative toxic metabolic pathways (discussed above).
Benfotiamine treatment prevented diabetic nephropathy in
STZ-treated rats (23, 218, 610).
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C. Insulin Resistance

Since inhibition of hyperglycemia-induced oxidative stress,
pharmacologically or via endogenous antioxidant mecha-
nisms, prevents the hyperglycemia-associated activation of
the above-mentioned pathways, oxidative stress is consid-
ered to be a key initial event in EC dysfunction. However,
apart from hyperglycemia, insulin resistance has recently
emerged as another major precursor of atherothrombotic
events and poor cardiovascular outcome (34, 414). Insulin
resistance is the prediabetic state of glucose intolerance
(early stages of diabetes type 2) and is characterized by
impaired insulin sensitivity and hyperinsulinemia (state of
increased secretion and decreased clearance of insulin). Pre-
viously, insulin resistance was primarily linked to target
tissues like liver, skeletal muscle, and adipose tissue, but
emerging evidence indicates that insulin resistance also oc-
curs in ECs (417).

While insulin signaling stimulates glucose uptake in target
tissues mainly via intracellular trafficking of GLUT4, ECs
display insulin-independent glucose uptake via GLUT1
(other GLUTs are less abundantly expressed in ECs) and
intraendothelial glucose levels are therefore independent of
insulin sensitivity (266). Furthermore, ECs do not down-
regulate GLUT1 expression in response to high extracellu-
lar glucose concentrations, causing glucose concentrations
in ECs to reflect glucose levels in the blood, which can
explain why ECs are particularly susceptible to hyperglyce-
mia. Still, there exists extensive literature on EC dysfunc-
tion secondary to insulin resistance in vascular endothelium
(132, 181, 223, 283, 292, 320, 452, 559). While hypergly-
cemia-induced oxidative stress is now generally accepted to
trigger vascular complications in both diabetes type 1 and 2,
endothelial insulin resistance may explain the incidence of
EC dysfunction predating the onset of diabetes type 2 (in
the absence of hyperglycemia). Yet, targets of insulin sig-
naling in ECs and their metabolism remain incompletely
understood.

Insulin signals via MAPK- and PI3K-dependent pathways
with different downstream effector proteins in the endothe-
lium versus other target tissues (168, 375). The insulin-
induced MAPK signaling (the “mitogenic/pro-atherogenic
arm of insulin signaling”), which stimulates inflammation,
vasoconstriction, and apoptosis, is not affected when ECs
become insulin resistant (261). As a counter balance, PI3K-
Akt signaling (the “metabolic arm” of insulin signaling)
activates eNOS, resulting in NO-dependent vasodilation
(633). Obesity-associated endothelial insulin resistance im-
pairs eNOS activation, resulting in oxidative stress and re-
duced vasodilation and capillary recruitment (132, 139,
181, 261, 292). The latter causes a progressive decline of
peripheral insulin distribution and subsequent glucose dis-
posal in the skeletal muscle (292). As such, insulin resis-
tance creates an imbalance between the metabolic and mi-
togenic/pro-atherogenic arms of insulin signaling (376), re-

sulting in EC dysfunction with a subsequent net increase in
vasoconstriction (hypertension and systemic insulin resis-
tance) and a pro-inflammatory/thrombotic state (athero-
sclerosis) (16). Endothelial insulin resistance may therefore
be causally linked to cardiovasculopathies preceding and
following the onset of diabetes type 2 that are additionally
exacerbated by the compensatory hyperinsulinemia (447,
545).

Forkhead box O (FoxO) proteins regulate endothelial insu-
lin resistance. Indeed, endothelial deletion of the three ma-
jor FoxO isoforms (FoxOECKO) attenuates endothelial in-
sulin resistance, increases NO bioavailability, and protects
low-density lipoprotein receptor knockout (Ldlr�/�) mice
from atherosclerosis (546) (FIGURE 9). Downstream of the
PI3K-Akt pathway, these FoxO proteins (encoded by
FoxO1, FoxO3a, and FoxO4) inhibit insulin signaling and
eNOS expression while enhancing iNOS expression upon
oxidative stress, causing ONOO� production and EC dys-
function (284, 389, 528, 542, 546, 628). For these reasons,
endothelial FoxO inhibition has been postulated as a poten-
tial therapeutic target to tackle endothelial insulin resis-
tance and cardiovascular disease in diabetes type 2 patients
(270, 452). However, subsequent experiments with Fox-
OECKO mice demonstrated that, while increased levels of
EC-derived NO have a favorable effect on EC dysfunction
in Ldlr�/� mice (with advanced insulin resistance), they also
impair insulin-dependent suppression of glucose produc-
tion in hepatocytes of healthy mice (with early stage insulin
resistance) (545). This suggests that the therapeutic value of
vascular insulin sensitization via FoxOs may depend on the
degree of metabolic disease or may only be beneficial for
atherosclerosis-prone vessels (270). Furthermore, another
reason for caution is that FoxO1 couples EC metabolic
activity with vascular expansion and acts as a gatekeeper of
endothelial quiescence by reducing glycolysis and mito-
chondrial respiration (586). Hence, EC-specific FoxO1 de-
letion results in EC hyperplasia and vessel enlargement
(586). The FoxO1-induced reduction of endothelial oxida-
tive metabolism may be a protective mechanism against
excessive mitochondria-derived ROS in ECs, and therefore
its inhibition (expected to increase ROS levels) may not
directly benefit diabetic type 2 patients after all.

While hyperglycemia has been clearly connected to in-
creased oxidative stress in ECs, the link between endothelial
insulin resistance and oxidative stress is less well established
to date. One possible mechanism relates to the increased
circulating FFA levels, linked to obesity-associated dyslipi-
demia and insulin resistance in type 2 diabetics. Indeed,
elevated FFA levels increase oxidative stress in ECs via
NOX activation and eNOS inactivation, concomitant with
PKC activation and de novo DAG synthesis (248, 273).
DAG and PKC levels are elevated in diabetic animal models
and contribute to diabetes-related vasculopathies, as excess
levels of DAG negatively affect blood flow and vasodila-
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tion, and increase fibrosis and vascular permeability (111,
248, 250). Another candidate possibly involved in endothe-
lial insulin resistance-mediated oxidative stress and EC dys-
function is NOX2 (131, 181).

Systemic insulin induces endothelial FASN, required for
eNOS palmitoylation and subsequent localization to cave-
olae where sources of arginine and BH4 are optimal to
produce NO (579). Diabetic animal models showed re-
duced endothelial FASN levels and decreased eNOS palmi-
toylation resulting in increased oxidative stress, inflamma-
tion, and impaired angiogenesis (579). Whether the diabetic
vascular dysfunction can be rescued via FASN signaling
remains unstudied. Nonetheless, insulin also regulates pal-
mitoylation of proteins in ECs required for insulin-induced
angiogenesis and EC migration (580). Proteomics could
therefore be useful to identify novel insulin-dependent pal-
mitoylation targets, possibly dysregulated by insulin resis-
tance in diabetes, related to endothelial function and angio-
genesis.

Lastly, endothelial insulin resistance can also lead to in-
creased oxidative stress via eNOS uncoupling by interrupt-
ing the metabolism of the NO-precursor arginine and co-
factor BH4, resulting in their decreased availability (203,
217, 251, 446, 498). Thus endothelial insulin resistance and
hyperglycemia can both influence EC dysfunction via oxi-
dative stress, however, while hyperglycemia causes a variety
of both micro- and macrovasculopathies, insulin resistance
primarily promotes cardiovascular disorders, including ath-
erosclerosis (562).

D. Atherosclerosis

Representing more than 80% of the cardiovascular deaths
in 2013, atherosclerosis is another leading cause of morbid-
ity in the Western society (383). EC dysfunction is a main
contributor to this chronic disease, which develops in large
and small arteries of various organs (198, 322). The patho-
genesis of atherosclerosis is a multistep process: upon acti-
vation, ECs increase the expression of adhesion molecules
[i.e., intercellular adhesion molecule (ICAM-1), vascular
cell adhesion molecule 1 (VCAM-1), E-selectin], which pro-
motes monocyte recruitment within the vascular wall. Mac-
rophages derived from these monocytes engulf modified
lipoproteins, accumulate intracellular cholesterol, and be-
come foam cells (121, 322). The ECs on the other hand
become progressively more dysfunctional, causing uncon-
trolled generation of toxic ROS with a concomitant drop in
the production of the anti-atherogenic cues NO and hydro-
gen sulfide (H2S), further exacerbating vascular perturba-
tion and inflammation, increasing oxidative stress and driv-
ing overall progression of the disease.

E. eNOS Uncoupling and Pro-atherosclerotic
Effect of ROS Generation

As discussed above, NO is a master switch in cardiovascular
homeostasis by virtue of its vasorelaxant, antihypertensive,
and antithrombotic properties. NO causes vascular smooth
muscle cells (SMCs) to relax and prevents a number of proath-
erosclerotic events like platelet aggregation, SMC prolifera-
tion and migration, leukocyte adhesion, and oxidative stress
(182, 259, 318, 543). In atherogenesis, when NADPH and
BH4 are limiting, eNOS becomes “uncoupled” and switches
from NO production (atheroprotective) to generation of su-
peroxide anions and ONOO�, further amplifying eNOS un-
coupling (36, 198) (FIGURE 10).

In the ApoE�/� mouse model of atherosclerosis, supple-
mentation with BH4 indeed partially rescues the NO defect,
decreases superoxide production, and improves endotheli-
um-dependent vasodilation (36, 302). In ECs, BH4 is gen-
erated via two pathways: de novo synthesis from GTP by
GTP cyclohydrolase I (GTPCH-1) or regeneration from
BH2 by dihydrofolate reductase (DHFR). DHFR also con-
verts dihydrofolate (DHF) to tetrahydrofolate (THF),
thereby linking eNOS uncoupling to the folate one-carbon
metabolism. Indeed, THF accepts one carbon from serine to
generate 5,10-methylene-THF (meTHF) and glycine. Meth-
ylenetetrahydrofolate reductase (MTHFR) then reduces
meTHF to 5-methyl-THF (mTHF), which gives a one-car-
bon unit to homocysteine to generate methionine (and to
recycle THF) and the methyldonor S-adenosylmethionine
(SAM) required for various methylation reactions (DNA,
histone, other proteins) (36).

One peculiar target for methylation in this context is the
eNOS substrate arginine itself. Arginine methylation yields
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asymmetric/symmetric dimethylarginines (ADMA, SDMA)
(FIGURE 10). Unlike arginine, ADMA and SDMA cannot be
used by eNOS to generate NO, but rather compete with
arginine for NO production, representing another level of
eNOS uncoupling (40). Oxidative stress enhances ADMA
accumulation by inactivating the ADMA eliminating en-
zyme dimethyl-arginine dimethyl-aminohydrolase (DDAH)
(253, 435). Being elevated in atherosclerotic patient sera
(up to 10-fold) (44), ADMA and more precisely the argi-
nine-to-ADMA ratio is considered a cardiovascular risk
factor (28, 394). Of note, SDMA induces oxidative stress
and increases superoxide anion production in glomerular
kidney ECs (166). Clinically, plasma levels of SDMA posi-
tively correlate with mortality in patients with stable coro-
nary heart disease (502).

FoxO1 in ECs increases levels of the eNOS inhibiting
ADMA in vivo through downregulation of the ADMA de-
grading enzyme DDAH, thereby adding an additional layer
of FoxO-mediated regulation of endothelial NO levels (see
above and FIGURE 9) (368). Furthermore, in the aorta from
FoxOECKO/Ldlr�/� mice, levels of NOXs are downregu-
lated, suggesting a protective effect of FoxO ablation on the

endothelium (546). Moreover, in cultured HUVECs,
FoxO1 induces the expression of the proapoptotic molecule
BIM (327). Even though these data are in favor of thera-
peutically inhibiting endothelial FoxO1 in atherosclerosis,
this will be extremely challenging given the above-men-
tioned crucial role for FoxO1 in fine-tuning EC metabolism
(586). Furthermore, complete inhibition of FoxO1 might be
harmful given its role in regulating endothelial oxidative
stress and decreasing eNOS levels. Instead, fine-tuning
FoxO1 levels by targeting posttranslational modifications
(i.e., acetylation) might be an option that requires however
further study (57, 440).

In methyltransferase reactions, SAM is converted to S-ad-
enosylhomocysteine (SAH), which is further hydrolyzed to
homocysteine and adenosine by SAH hydrolase (SAHH).
Hyperhomocysteinemia (HHcy) causes EC dysfunction and
is an independent risk factor for cardiovascular disease by
reducing the levels of available NO and S-nitrosylated pro-
teins important for EC homeostasis (80, 517). While the
exact mechanism involved is not fully understood, HHcy
causes accumulation of homocysteine-thiolactone and im-
munogenic and toxic N-homocysteinylated proteins. These
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two compounds might mediate the pro-atherogenic effect
of HHcy by altering gene expression in ECs. According to
transcriptome analysis in HUVECs, they mainly affect the
expression of genes in one-carbon, sulfur amino acid and
lipid metabolism, and in epigenetic/chromatin organization
regulation (211). Several studies reveal that plasma SAH
and homocysteine levels are associated with DNA hypom-
ethylation in atherosclerosis and vascular disease (623,
644). In line with this, increased SAH levels, again via mod-
ulation of histone methylation, cause ER stress, which plays
an important role in EC dysfunction by inducing oxidative
stress and inflammation (598, 600, 601). Furthermore, ho-
mocysteine-mediated ROS production promotes EC death
by disturbing the mitochondrial membrane potential (an
early event in apoptosis) leading to caspase activation (539,
548, 620). Taken together, SAH and homocysteine levels
may serve as sensitive and comprehensive biomarkers for
EC dysfunction in atherosclerosis (635).

F. Mevalonate Pathway in ECs

In addition to one-carbon metabolism and folate/methio-
nine cycling, the endothelial mevalonate or isoprenoid
pathway (using acetyl-CoA to produce cholesterol) plays a
significant part in atherogenesis (45, 160). In the meval-
onate pathway, acetyl-CoA is first converted to 3-hydroxy-
3-methylglutaryl (HMG)-CoA by HMG synthase, and then
to mevalonate by HMG-CoA reductase (HMGR). Iso-
prenoid intermediates further downstream the pathway,
such as geranylgeranylpyrophosphate (GGPP) and the cho-
lesterol-backbone farnesylpyrophosphate (FPP), posttrans-
lationally modify various proteins, including small GTPases
such as RhoA and Rac1 (399). RhoA’s activity to regulate
cytoskeletal dynamics requires GGPP prenylation and sub-
sequent EC plasma membrane localization, essential for EC
homeostasis (236, 237). However, when active, RhoA also
may contribute to EC dysfunction, in part by promoting the
degradation of eNOS mRNA transcripts (301, 518) as well
as by stimulating leukocyte recruitment and vascular in-
flammation during atherogenesis (374) (FIGURE 10). Serum
lipid-lowering statins inhibit HMGR and are widely used to
reduce cholesterol levels. A non-lipid-lowering effect of st-
atins involves the reduction of GGPP pools and the subse-
quent inhibition of RhoA activation, preventing excessive
inflammation and degradation of eNOS transcripts. How-
ever, these beneficial effects (reduced RhoA prenylation)
have only been observed at doses far above clinical applica-
bility. Furthermore, statins also lower FPP levels required to
produce the mitochondrial cofactor CoQ10 (involved in
eNOS coupling) and can therefore have adverse effects on
the endothelium (83, 384, 544) (FIGURE 10).

G. NOX Control and NADPH Levels

As mentioned above, NADPH pools sustain eNOS coupling
but can be depleted by ROS-generating NOXs (FIGURE 10),

which show prominent expressions in vascular diseases and
are induced in atherosclerotic arteries exposed to turbulent
blood flow (212, 249, 264, 472). Of the different isoforms
expressed in ECs, NOX2 is a major source of ROS produc-
tion (367). Its expression is upregulated in aortic endothe-
lium of ApoE�/� mice and occurs before the emergence of
atherosclerotic plaques, whereas loss of NOX2 expression
attenuates ROS generation in ECs and monocytes and in-
creases NO availability (264, 558). Interestingly, the poly-
phenol drug resveratrol decreases NOX2 expression in
cerebromicrovascular ECs (541) and protects against mito-
chondrial-derived ROS by upregulating PGC1� (645) (see
above in this section). Not all NOX-derived ROS are harm-
ful; some can repress inflammation and lead to atheropro-
tection instead, as is the case for NOX4 (207, 300). Rather
than indiscriminatively inhibiting all NOXs, the develop-
ment of isoform-specific NOX inhibitors will be the key in
optimizing clinical applicability (534). As such, the peptidic
NOX2 selective inhibitor gp91ds-tat reverses insulin resis-
tance-induced reduction of EC-mediated vasorelaxation
(519). Yet, the important role of NOX2 in the innate im-
mune system might hinder further clinical applications of
this inhibitor (256).

H. Cysteine Metabolism and H2S Production

The gaso-transmitter H2S has long been considered to lack
any physiological function and to be no more than a highly
toxic and malodorous gas. In contrast, H2S is an important
cue in the regulation of EC and cardiovascular homeostasis
by inducing blood vessel relaxation and cardioprotection
(439). H2S is produced by ECs and SMCs by three enzymes
using cysteine: cystathionine-�-lyase (CSE), cystathionine-
�-synthase (CBS), and the tandem of cysteine aminotrans-
ferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-
MST). CSE is the predominant H2S-producing enzyme in
ECs and converts cysteine to pyruvate, ammonia, and H2S
(439, 571). CBS catalyzes two main reactions: first the di-
rect transformation of cysteine to H2S and homocysteine,
and second the condensation of serine with the latter to
generate cystathionine (571) (FIGURE 11).

The beneficial effects of H2S on the vascular endothelium
include 1) inhibition of vascular inflammation, via repres-
sion of the NF�B pathway and the shear stress-induced
binding of activated monocytes on vessel walls; 2) increased
oxidative stress defense by favoring the production of re-
duced glutathione and by inducing antioxidant gene expres-
sion (i.e., catalase, MnSOD); 3) reduction of SMC prolifer-
ation; 4) increased angiogenesis and EC self-repair process-
es; and 5) reduced atherogenic modification of LDL and
macrophage-derived foam cell formation (439, 571). Of
interest, high-fat-fed mice with CSE deficiency suffer a
higher risk to develop atherosclerotic lesions with high LDL
and homocysteine levels, which is attenuated by treatment
with the NaHS H2S-donor (345, 605). Also in the context

EC METABOLISM

27Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



of atherosclerosis-associated HHcy, homocysteine is re-
ported to inactivate CSE by homocysteinylation, further
aggravating the disease (439, 571) (FIGURE 11).

There is also a reciprocal interaction between H2S and NO.
Indeed, eNOS inhibition lowers H2S-stimulated vasorelax-
ation, whereas CSE silencing abolishes NO-driven angio-
genesis (91). This intertwined interaction is not fully under-
stood, but is in part mediated by posttranslational modifi-
cations. By inducing eNOS S-sulfhydration, H2S facilitates
eNOS dimerization and stabilization, leading to NO pro-
duction (13, 91). Interestingly, the H2S-dependent sulf-
hydration of cysteine residues in pancreatic �-cells ex-
posed to ER stress promotes aerobic glycolysis and re-
duces OXPHOS (185). Whether or not H2S-driven
sulfhydration contributes to metabolic reprogramming to-
wards glycolysis in sprouting ECs too is not known yet.

I. Blood Flow Influencing EC Metabolism

Atherosclerotic plaques preferentially develop in areas sub-
ject to low and turbulent shear stress, whereas arteries ex-
posed to uniform laminar shear stress are less prone to
plaque formation (522). The effect of shear stress can be
attributed to mechano-activated signaling pathways that
instruct ECs to react to the external milieu but, interest-
ingly, also impact EC metabolism. The transcription factor
KLF2 is upregulated in ECs subject to atheroprotective lam-
inar shear stress (422, 477). Genetic overexpression of
KLF2 causes ECs to adopt a more quiescent behavior
through several mechanisms, including increased VE-cad-
herin expression (KLF2 induces expression of the mRNA
binding protein quaking, which enhances VE-cadherin

mRNA translation) and tightening of the vascular barrier
(115, 126), promotion of EC alignment in the flow axis
(48), reduction of the pro-inflammatory state, and control
of vascular homeostasis (395) (FIGURE 12). Of particular
interest is how KLF2 links the biomechanical stimulus of
shear stress to EC glucose metabolism. Indeed, increased
KLF2 expression reduces glucose uptake and glycolysis, in
part by repressing PFKFB3=s promoter activity (126). Given
that lowering glycolysis (by silencing PFKFB3) enhances EC
quiescence (114), this KLF2-driven mechanism ensures that
an adequate (lower) level of glycolytic flux sustains EC qui-
escence under laminar flow (FIGURE 12).

In atheroprone regions, low shear stress and oxidized
LDL (oxLDL) induce miR-92a expression to repress en-
dothelial KLF2 and phosphatidic acid phosphatase type
2B (PPAP2B) expression (81, 296, 333, 594) (FIGURE 12).
Under normal atheroprotective flow, PPAP2B dephospho-
rylates lysophosphatidic acid (LPA) to prevent it from bind-
ing to its receptor (LPAR1) and inducing pro-inflammatory
signaling (594). As such, EC-specific PPAP2B-deficient mice
feature enhanced local and systemic inflammation associ-
ated with increased vascular permeability (412). Genome-
wide association studies show that a single-nucleotide poly-
morphism (rs17114036) lowers PPAP2B expression in hu-
man ECs and is predictive of a higher risk for coronary
artery disease independently of traditional risk factors, such
as cholesterol and diabetes (484).

C-reactive protein (CRP) also participates in atherogenic
effects of lipoproteins. Indeed, as shown in vitro in HU-
VECs, CRP increases the transcytosis of LDL across ECs,
thereby enhancing LDL retention in vascular walls and
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ROS generation (42). Moreover, the pro-atherogenic effect
of CRP has also been demonstrated in ApoE�/� mice (173).
CRP therefore represents an important cardiovascular dis-
ease risk factor (154, 173, 254). Interestingly, the inflam-
matory cytokine IL-6 is a major inducer of CRP in ECs in
vitro, in mice models of thrombosis, and in patients with
cardiovascular disease (97, 460, 473). Furthermore, IL-1�

can induce CRP levels, directly or indirectly via induction of
IL-6 (62, 277). In atherosclerotic lesions, macrophages se-
crete IL-6 and IL-1�, dependently on glycolytic activity
(499). Moreover, glycolytic enzymes such as the pyruvate
kinase M2 (PKM2) also control IL-1� induction in macro-

phages (410). Therefore, targeting glycolysis in endothe-
lium and/or in atherosclerotic-plaque infiltrating immune
cells might offer new opportunities.

Another mechanism linking blood flow to EC metabolism
relates to the endothelial glycocalyx layer (EGL), a thick
gel-like layer composed of glycoproteins, sulfated pro-
teoglycans (e.g., syndecan-1), and associated glycosamino-
glycans (GAGs) at the luminal surface of ECs (110, 532). If
intact, the EGL is atheroprotective; in ECs, the EGL con-
stituent glypican-1 (GPC1) colocalizes with eNOS in cave-
olae and lipid rafts to mediate its activity in response to
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shear stress (143). Moreover, the EGL tightens the endothe-
lial barrier and limits vascular permeability and prevents
thrombosis and vessel wall inflammation (through inhibi-
tion of respectively platelet and leukocyte adhesion to ECs)
(110). Laminar shear stress promotes EGL deposition. In
contrast, pro-atherosclerotic insults like hyperglycemia, ox-
LDL, and ROS drive EGL damage and shedding (30, 280,
409, 503) (FIGURE 12). At the clinical level, patients with
acute coronary syndrome display EGL damage with ele-
vated levels of plasma syndecan-1, reminiscent of EGL
shedding (371). Conversely, EGL degradation also pro-
motes ROS generation, sustaining a vicious circle (295).
Given that the EGL consists of glycoproteins and glycos-
aminoglycan chains (such as hyaluronan), its production is
likely somehow linked to EC glucose metabolism. As dis-
cussed above, the HBP pathway produces UDP-GlcNAc for
protein glycosylation. In addition, the GAG hyaluronan is
made up by disaccharide units of glucuronic acid (GlcUA)
and GlcNAc (122). Hyaluronan synthases use UDP-GlcUA
and UDP-GlcNAc as rate-limiting substrates, synthesis of
which is an energy-consuming process requiring glycolytic
intermediates (560). Indeed, the uronic/glucuronate path-
way is an alternative pathway for glucose oxidation that
uses the glycolytic metabolite G6P to produce UDP-GlcUA,
while the HBP uses the glycolytic intermediate (F6P) to
produce UDP-GlcNAc (see section III and FIGURE 3). How
ECs regulate these metabolic pathways to produce the EGL
in response to atheroprotective/susceptible flow requires
further study.

VIII. ENDOTHELIAL CELL METABOLISM IN
VASCULAR DISORDERS: EXCESS
ANGIOGENESIS

While diabetes and atherosclerosis are tainted by vascular
complications as a result of early EC dysfunction, other
life-threatening diseases including cancer and pulmonary
arterial hypertension are mainly characterized by excessive
angiogenesis, which likewise appears to be driven by endo-
thelial metabolic aberrations.

A. Cancer

Excess angiogenesis in cancer is caused by 1) aberrant an-
giogenic growth factor signaling due to gene mutations in
cancer cells, 2) angiogenic growth factor secretion by infil-
trating immune cells and stromal cells, 3) a pro-angiogenic
make-up of the tumor microenvironment due to aberrant
cancer cell metabolism, and 4) dysfunctional blood vessels
and amplification of hypoxia and low pH due to a lack of
oxygen supply and waste removal.

Activation of oncogenes or inhibition of tumor suppressor
genes (e.g., k-Ras, v-Src, v-Raf, and p53) leads to aberrant
secretion of pro-angiogenic factors by cancer cells and con-

sequently stimulates the growth of new blood vessels into

the tumor (448). In addition, infiltrating platelets, immune

cells, and stromal cells secrete factors that promote angio-

genesis. As such, the tumor microenvironment is enriched

with pro-angiogenic factors, including VEGF, bFGF,

chemokines, and PDGF (581). Nutrient and oxygen depri-

vation contributes to the induction of tumor angiogenesis.

Even tumors of �1 mm in size can show substantial levels of

hypoxia (321). The subsequent stabilization of HIF-1� and

induction of its target genes leads to further excessive secre-

tion of VEGF and other angiogenesis promoting factors,

and incites ECs to sprout and form new vessels (222). Once

tumors grow to a diameter of 1–4 mm, hypoxia is reduced,

because tumors become vascularized (321). Still, the excess

production of pro-angiogenic signals leads to continuous

stimulation of aberrant, even nonproductive tumor angio-

genesis resulting in abnormal vessels. Pericytes, which pro-

mote maturation and vessel stabilization, associate with

tumor endothelium but more loosely and to a far lesser

extent than with normal endothelium (19, 176). The vessel

walls of the tumor vasculature are spotted with gaps due to

irregular shape and size of ECs, abnormal tight junction

formation, and EC hyperproliferative activity and motility,

leading to reduced blood flow and vessel perfusion. These

properties amplify aggressive tumor growth and create a

nutrient-deprived microenvironment, from where cancer

cells attempt to escape; the leaky tumor vascular barrier

facilitates cancer cell dissemination and metastatic spread-

ing (137).

The metabolic profile of tumor tissues is most frequently

characterized by low glucose concentrations (even as low as

0.12 mM) (234) and high lactate concentrations (as high as

40 mM) (568). The second most increased metabolite in

tumor tissue is glutamate, derived from extracellular glu-

tamine (205). Moreover, tumors are acidic, partly caused

by higher glycolytic activity, in addition to higher general

metabolic activity leading to increased CO2 and H� pro-

duction, and lack of metabolic waste removal due to insuf-

ficient blood perfusion (363). Most of these characteristics

have been described to promote tumor angiogenesis. As

such, VEGF transcription and/or secretion are increased by

glucose deprivation and acidic pH (631, 636). Increased

lactate stimulates angiogenic growth, since high intracellu-

lar lactate concentrations in ECs stimulate 1) a pro-angio-

genic, autocrine NF�B/IL8 loop (557) and 2) normoxic sta-

bilization of HIF-1�, thereby promoting VEGFR2 expres-

sion, VEGF-A secretion, and EC migration and sprouting

(243, 506). This occurs through competition of lactate with

2-oxoglutarate, a cofactor for the prolyl hydroxylase do-

main protein 2 (PHD2); as a result, degradation of HIF-1�

in normoxia is inhibited (116, 557). ECs import lactate via

monocarboxylate transporter 1 (MCT1), expressed in tu-

mor-associated vasculature (286), and can be targeted to

reduce tumor angiogenesis.
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In general, tumor ECs (TECs) can display cytogenetic ab-
normalities (6, 229, 230) and have a different epigenetic
profile (336) and gene expression signature than normal
ECs (NECs) (336, 407, 486, 510, 553, 615). TECs are more
angiogenic, more responsive to paracrine and autocrine
pro-angiogenic signaling, have better survival strategies
than NECs (14, 60, 298, 358, 615), and are often more
resistant to chemotherapeutic and anti-angiogenic drugs (7,
9, 228, 231). Furthermore, TECs can be heterogeneous
within one and the same cancer type (231, 232, 398). For
example, TECs from high-metastatic melanomas have
higher pro-angiogenic capacities than those from low-met-
astatic melanomas (398). Additionally and in contrast to
those in low-metastatic melanoma, TECs from high-meta-
static melanoma secrete biglycan, which further promotes
metastasis (339). TECs can also adopt cancer cell-specific
characteristics through horizontal DNA transfer (147);
they can share certain genomic aberrations with cancer cells
(641, 646) or even derive directly from cancer stem-like
cells, as shown for glioblastoma (458).

TEC metabolism has long remained unchartered territory.
Several features point towards a hyperactive glycolytic me-
tabolism of TECs: 1) their overstimulated angiogenic be-
havior, 2) the partial resemblances they bear to cancer cells
at least in certain aspects (147, 458, 646), and 3) the obser-
vation that they overexpress the glucose transporter
GLUT1 (486). RNA sequencing analyses of TECs isolated
from B16 melanoma-infested livers shows that TECs and
NECs have distinct metabolic gene signatures (66), with the
TEC metabolic gene signature indeed confirming a hyper-
glycolytic phenotype leading to increased glucose-depen-
dent biomass production, which is further validated by in
vitro studies involving [14C]glucose and [13C]glucose trac-
ing techniques (66). EC-specific heterozygous deletion of
the glycolytic activator PFKFB3 (PFKFB3�/�EC) in tumor-
bearing mice reduces the hyperglycolysis in TECs, even
though not more than by 15–20%. While primary tumor
size is not affected, cancer cell intravasation and meta-
static spread are substantially reduced. Strikingly, tumor
vessels in PFKFB3�/�EC mice are enlarged and better cov-
ered with pericytes, display better perfusion dynamics,
and have increased VE-cadherin junctions than in con-
trols, all hallmarks of a normalized vasculature. Indeed,
morphologically, PFKFB3�/�EC tumor vessels appear regu-
lar and orderly formed, in contrast to the typically chaotic
appearance of tumor vasculature in control mice (66) (FIG-

URE 13).

Mechanistically, glycolysis inhibition reduces the amount
of ATP required for VE-cadherin endocytosis, leaving more
VE-cadherin at the plasma membrane and thereby increas-
ing endothelial barrier integrity (66). Furthermore, lower-
ing glycolytic flux decreases intracellular lactate levels and
attenuates NF�B signaling (66), thereby counteracting the
lactate-dependent, pro-angiogenic signaling loop described

above (557). This decrease in NF�B signaling lowers ex-
pression of cancer cell adhesion molecules in TECs, pre-
venting cancer cells from transmigrating (66). Of note, gly-
colysis inhibition in pericytes renders these mural cells more
quiescent and adhesive by upregulating N-cadherin levels,
allowing them to better cover and support newly formed
vasculature favoring tumor vessel normalization (66).

Importantly, tumor vascularization can also occur via non-
angiogenic mechanisms, in which cancer cells use preexist-
ing blood vessels, rather than inducing the growth of new
ones. The process of vessel co-option, for it is less dependent
on pro-angiogenic signaling, is associated with resistance to
anti-angiogenic therapy in patients with colorectal liver me-
tastasis (178, 293). Whether ECs of co-opted vessels change
their metabolic phenotype to maintain functionality when
associated with cancer cells will be an exciting avenue to
pursue.

B. Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a progressive and
life-threatening pathology characterized by lung EC dys-
function and adverse vascular remodeling. Excessive angio-
genesis in the form of excessive EC proliferation and sup-
pressed apoptosis (141, 355), resulting in aberrant vascular
remodeling and lumen-obliterative pulmonary vascular le-
sions (311), are now considered to underlie the pathophys-
iology of PAH, rather than only vasoconstriction (another
PAH characteristic) as thought previously (521). Such ab-
errant lung endothelial phenotypes lead to increased pul-
monary arterial pressure (�25 mmHg) at rest and height-
ened pulmonary vascular resistance (162, 364, 537), ulti-
mately leading to right ventricular cardiac failure and
premature death.

PAH is no longer considered a disease exclusively affecting
pulmonary arteries, but involves several other (extrapulmo-
nary) organs as well (reviewed in Refs. 426, 521). PAEC
dysfunction, typified by excessive proliferation, decreased
apoptosis, and an obliterative vascular repair program, is
considered as an early event in the pathogenesis of PAH;
however, at later stages of the disease many more vascular
cell types, such as SMCs, pericytes, and (myo)fibroblasts,
become involved as well (457, 521). One key feature of
PAH-associated vascular cells studied is mitochondrial re-
modeling resulting in suppressed glucose oxidation and sec-
ondary upregulation of glycolysis (described further below)
(426, 521). The latter is in line with the increased prolifer-
ative phenotype, considering that under physiological con-
ditions, glycolysis stimulates angiogenesis (114). Finally,
the infiltration and presence of activated inflammatory and
immune circulating cells indicate that inflammation may
also play a significant role in PAH’s pathogenesis (537). It
becomes clear that the pathogenesis of PAH involves mul-
tiple pathways rather than one single mechanism. Despite
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the role of PAECs early on in the pathogenesis of PAH,
SMCs have been most extensively investigated, leaving
questions on how metabolic aberrations specifically affect
PAECs in PAH largely unanswered.

eNOS is the key regulator of basal vessel tone in the lungs
(74, 159). As mentioned above in the sections on diabetes

and atherosclerosis, aberrant production of eNOS-derived
NO is a hallmark of EC dysfunction present in several vas-
culopathies and results in overall oxidative stress and vaso-
constriction. Oxidative stress also plays a central role in
vascular remodeling in PAH (53, 354, 578). Total body and
pulmonary bioavailability of NO is reduced in PAH pa-
tients (87, 163, 200, 337, 606), while levels of the potent
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prone tumor. In addition, tumor vessels are leaky which grants cancer cells easy access to the systemic

circulation to establish distant metastases. Transcriptomic analysis of ECs isolated from normal vessels

(normal ECs or NECs) versus ECs from tumor vessels (tumor ECs or TECs) and subsequent correlation

heatmap analysis and hierarchical clustering of 1,255 metabolic genes (bottom left, color coding: high degree

of correlation in red; lower degree of correlation in blue; numbers at the bottom and on the right indicate

individual samples) shows differential metabolic wiring between NECs and TECs. Further analysis revealed that

specifically glycolysis is induced in TECs and has the highest percentage of upregulated enzymes of all central

metabolism pathways analyzed (bottom right, green coding indicates increased expression; gray coding

indicates unaltered expression levels). Reverting hyperglycolysis in TECs in endothelial PFKFB3 haplodeficient

mice leads to tumor vessel normalization featuring restored endothelial barrier function, increased pericyte

coverage, and normalized blood flow which sustains tumor perfusion and renders the tumor more benign and

less metastasis-prone (top right). [Correlation heatmap (bottom left) and pathway analysis (bottom right) as

well as scanning electron microscopy images in the top panels are adapted from Cantelmo et al. (66), with

permission from Elsevier.]
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vasoconstrictor ET-1 are increased (197, 444, 463). Previ-
ously, contradictory reports on eNOS expression levels in
lungs of PAH patients made it unclear as to how eNOS-
derived NO concentrations were lower in PAH patients
than healthy controls (196, 353, 606). However, it was
recently reported that this reduction in NO is due to in-
creased threonine (T495) phosphorylation of eNOS via
PKC with inhibitory functional consequences for eNOS,
rather than decreased eNOS expression levels (194, 520).
ET-1 is responsible for eNOS uncoupling by PKC-mediated
phosphorylation at T495 and translocation of eNOS from
the plasma membrane to mitochondria, where the eNOS-
derived superoxide and ONOO� reduce respiratory capac-
ity and as such disrupt mitochondrial bioenergetics in
PAECs. Furthermore, the mitochondrial ROS induces
HIF-1 activity and the subsequent switch to glycolysis
(520). �-Blockers, pharmacologically inhibiting PKC activ-
ity, have been shown to restore NO bioavailability in PAH-
associated pulmonary ECs (194). Interestingly, administra-
tion of eNOS-transduced endothelial progenitor cells to
rats with established PAH resulted in regeneration of pul-
monary endothelium and markedly improved their survival
(640).

Decreased levels of arginine and BH4 may be another cause
of diminished eNOS-derived NO bioavailability in this dis-
ease. While there are sufficient levels of the eNOS cofactor
BH4 (194), others previously reported higher arg II expres-
sion and lower NO production in pulmonary ECs derived
from PAH patients, indicating aberrant arginine metabo-
lism (606). Similar results were reported in vitro in pulmo-
nary ECs under hypoxic conditions (as a model for PAH),
implicating hypoxia as well in the pathophysiology of PAH
and vascular remodeling (69, 290). Even though arg II in-
hibitors are commercially available, their use should be ad-
dressed with caution as PAECs have elevated protein levels
of arg II upon its pharmacological inhibition, partially due
to increased protein half-life (289).

Increased EC mitophagy is a critical initiating event in PAH
pathogenesis and results in EC loss due to inadequate bio-
synthesis of new mitochondria (225). This is in line with
reports on early PAH-associated EC apoptosis and subse-
quent selection for ECs with excessive proliferative and ap-
optosis-resistant phenotypes (474). A decrease in EC mito-
chondrial biogenesis [also characterized by decreased
PGC1� expression (225)] and subsequent reduction in the
number of fully functional endothelial mitochondria may
provide an explanation for the PAH-associated metabolic
phenotype, i.e., a shift from oxidative phosphorylation
(glucose oxidation) to glycolysis. Furthermore, PAH-asso-
ciated ECs display increased expression and activity of HIF-
1�, caused by oxidative stress (via decreased mitochondrial
MnSOD expression) and lower levels of NO, ultimately
downregulating the number of mitochondria (170, 607).
The increased HIF-1� levels, even under normoxic condi-

tions, induce transcription of hypoxia-responsive genes (46,
344) and thereby contribute to the metabolic shift from
oxidative to glycolytic metabolism. Transcriptomic and
metabolomic analysis of PMVECs from PAH patients con-
firmed increased gene expression of key glycolytic enzymes
and GLUT1 and global activation of the glycolytic pathway
(169).

However, increased glycolysis alone seems insufficient to
sustain the total metabolic needs of a hyperproliferative
phenotype. Indeed, the hyperproliferative phenotype of
PAH-associated ECs has also been attributed to upregula-
tion of the PPP, nucleotide salvage pathway, and the mito-
genic polyamine biosynthesis pathway (169, 381). More-
over, stiffening of the pulmonary vascular extracellular ma-
trix in PAH induces upregulation of glutaminase 1 (GLS1),
pyruvate carboxylase (PC), and lactate dehydrogenase A
(LDH-A) metabolic enzymatic activity, in part to promote
glutamine metabolism in addition to glycolysis to meet the
metabolic demands of increased proliferation and vascular
remodeling (39). Finally, PAH-associated pulmonary ECs
also display decreases in carnitine and FAO pathways, fur-
ther highlighting their reduced oxidative metabolic nature
(169). Noteworthy, PAH has recently been characterized
further by intracellular lipid accumulation (upregulation of
FA transporter molecule CD36) and reduced FA consump-
tion in myocardium of PAH patients, due to reduced FAO,
resulting in right ventricular lipotoxicity and ultimately
right cardiac failure and death (55, 525, 526). Whether
similar lipotoxicity also occurs in ECs specifically has not
been reported yet.

C. Ocular Neovascularization

Ocular neovascularization is a feature of many eye diseases
with diverse etiologies and is characterized by excess angio-
genesis in one of the ocular tissues (retina, cornea, optic
disk, and iris). Much like tumor vessels (see above in this
section), the neovessels are structurally abnormal and leaky
with blinding hemorrhages and fibrosis as a final outcome
(307). In proliferative diabetic retinopathy (PDR) for exam-
ple, excess angiogenesis occurs in response to hypoxic le-
sions that result from EC dysfunction and lack of efficient
blood supply (449, 561). The resulting retinal neovessels
are nonfunctional, lack pericyte coverage, and display in-
creased vessel leakiness and as such aggravate the vascular
undersupply of the retina and affect vision due to frequent
vitreous hemorrhaging (451). The metabolic maladapta-
tions in diabetic dysfunctional ECs have been discussed
above and should further be explored as therapeutic targets,
given that PDR accounts for ~5% of blindness cases world-
wide.

Retinopathy of prematurity (ROP) is a blinding disorder
that affects premature infants and involves excess oxygen-
induced retinal neovascularization. In the mouse ROP
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model, mice are exposed to increased oxygen tension, for a
limited amount of time during which the retinal vasculature
is still developing (P7–P12), causing retinal vaso-oblitera-
tion. Upon exposure to room air, the retina of the mice then
becomes relatively hypoxic, leading to activation of angio-
genesis and pathological vascular tuft formation (485).
PFKFB3 blockade by 3PO in ROP mice at P12–17 attenu-
ates vascular tuft formation (483). Likewise, treatment of
ROP pups with etomoxir to inhibit FAO reduces vascular
tuft formation (481) (FIGURE 14).

The novel concept of targeting EC metabolism has also been
applied in other preclinical models for pathological ocular
neovascularization. Mouse choroidal neovascularization
(CNV) is a preclinical model of wet age-related macular
degeneration (AMD) and can be induced in mice by laser
injury of the Bruch’s membrane. CNV in wet AMD is ini-
tiated by hypoxia and local inflammation and can be inhib-
ited by targeting the angiogenic growth factors VEGF and
PIGF (554). Experimental evidence shows that glycolytic
flux is a determining factor in CNV in mice, since treatment
of mice with 3PO reduces CNV lesions (483) and even
amplifies the efficiency of VEGFR2 inhibition (483). To-
gether, these findings illustrate the importance of EC me-

tabolism in different aspects of ocular diseases character-
ized by excessive neovessel formation.

IX. METABOLIC MEMORY OF
ENDOTHELIAL CELLS: ENDOTHELIAL
CELL METABOLISM AND EPIGENETICS

A peculiar trait of EC metabolism is the presumed existence
of a so-called “metabolic memory.” In the context of dia-
betes, both biological and clinical data suggest that hyper-
glycemia-induced oxidative stress exerts long-lasting detri-
mental effects on vascular function, even after restoration
of glycemic levels. In addition to the role of additional dia-
betes-related factors, a metabolic/hyperglycemic memory
[with hyperglycemia driving stable molecular modifica-
tions, via (aberrant) epigenetic mechanisms, and perpetuat-
ing EC dysfunction despite normalization of glucose levels]
may explain the poor reversibility of hyperglycemia-in-
duced metabolic modifications (75, 98, 99, 470). Accumu-
lating evidence supports such hypothesis that hyperglyce-
mic stress (constant or transient), driven by a self-sustaining
cycle of oxidative stress, has persistent effects on the vascu-
lature (reviewed in Refs. 245, 246, 271, 419).
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FIGURE 14. Blocking glycolysis or FAO mitigates

pathological ocular neovascularization. In a mouse

model for retinopathy of prematurity (ROP), treatment

of the mice with 70 mg/kg of the PFKFB3 blocker

3PO significantly reduces the formation of pathologi-

cal vascular tufts (yellow arrowheads). In the same

model, blocking FAO with the CPT1a blocker etomoxir

also attenuates tuft formation. The retinal microvas-

culature is stained with isolectin B4. Pictures and

corresponding quantifications of vascular tuft area

are from Schoors et al. (481), with permission from

Macmillan Publishers Ltd., and Schoors et al. (483),

with permission from Elsevier. The drawings at the top

of this figure provide schematic overviews to recapit-

ulate these findings. 3PO, 3-(3-pyridinyl)-1-(4-pyridi-

nyl)-2-propen-1-one; eto, etomoxir.

EELEN ET AL.

34 Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



Mitochondrial DNA damage, for example, persists despite

restoration of normoglycemia (338). Moreover, hypergly-

cemia-induced oxidative stress promotes a pro-inflamma-

tory memory in ECs, as elevated levels of PKC-activated

NOX subunit p47phox persist upon lowering glucose levels

(246). The mitochondrial adaptor protein p66Shc, a key

redox enzyme, plays a pivotal role in this oxidative stress-

dependent metabolic and vascular memory. Its hyperglyce-

mia-induced upregulation persists after glucose normaliza-

tion and is associated with mitochondrial oxidative stress,

reduced NO availability, and reduced ROS scavenging via

MnSOD, NF�B-induced inflammation, and cellular death

as well as insulin resistance in ECs (64, 78, 96, 415, 416,

418). The persistent upregulation of p66Shc in ECs also

sustains increased methylglyoxal levels and eNOS inhibi-

tion, thereby promoting endothelial dysfunction (100, 418,

643) (FIGURE 15). In line with this, deficiency of p66shc in

mice (though not EC-specific) protects against hyperglyce-

mia-induced endothelial dysfunction and high-fat diet-in-
duced atherosclerosis (65, 637).

Hyperglycemic memory is closely linked to persistent epi-
genetic modification. As such, the sustained overexpression
of p66Shc upon glycemic normalization in ECs is dependent
on promoter CpG hypomethylation and histone 3 acetyla-
tion (418). Increased acetylation of histone 3 in ECs ex-
posed to high glucose can be relieved by overexpression of
deacetylase SIRT1, thereby inhibiting p66Shc expression
and protecting against hyperglycemia-induced EC dysfunc-
tion in vitro and in vivo (419, 643). Overexpression of
endothelial SIRT1 also restores hyperglycemia-perturbed
activity and expression levels of AMPK and MnSOD, re-
spectively (592, 642). In this context, it is also interesting to
note that mice overexpressing SIRT1 in the endothelium
show improved endothelial vasodilation and less athero-
sclerotic lesions on a high-fat diet (637, 643). Additional
evidence reports that p53 may be a critical intermediate
between SIRT1 and p66Shc (272, 328). p53 gets acetylated
and transcriptionally active upon reduction of SIRT1
deacetylase activity and has p66Shc as one of its transcrip-
tional targets (reviewed in Ref. 419). Overall, the SIRT1-
p53-p66Shc pathway may be responsible for the sustained
EC dysfunction after glucose normalization. Interestingly,
the methyltransferase Set7/9 is activated by hyperglycemic
signals and inhibits SIRT1 activity. Set7/9 further leads to
histone methylation of over 8,000 gene promoters, includ-
ing the NF�B promoter leading to its activation and there-
fore contributing to endothelial dysfunction (271, 417).
Taken together, epigenetic modification events seem to be
critical for sustained EC dysfunction after glucose normal-
ization and influence long-term complications of metabolic
disease (FIGURE 15).

A body of evidence suggests that oxidative stress in the
diabetic and atherosclerotic vasculature influences epige-
netic modifications (150, 400, 413, 433, 524, 573), impact-
ing expression of key pro-inflammatory and pro-atheroscle-
rotic targets (VCAM-1, E-selectin, ICAM-1), and resulting
in the self-maintenance of a harmful metabolic memory and
EC dysfunction (172, 455). Furthermore, hyperglycemia
and the diabetic state trigger a metabolic memory via epi-
genetic modulations in SMCs and macrophages (reviewed
in Ref. 271), key cell types involved in the pathogenesis of
atherosclerosis. Further investigating the mechanisms un-
derlying this metabolic memory, including mapping the
epigenome of diabetic ECs, and looking for means to revert
this to the normal state, will be key in minimizing long-term
diabetic vascular complications.

Of note, the anti-diabetic drug metformin was recently put
forward as a promising therapeutic drug against the devel-
opment of a metabolic memory, independent of its glucose-
lowering activity via the following mechanism. Indeed,
short-term high glucose treatment causes persistent EC se-
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nescence (metabolic memory) by reducing SIRT1 deacety-
lase activity and inducing p300 acetyltransferase activity.
Similarly to the findings described above, this causes p53 to
become hyperacetylated and active, thereby driving p53/
p21-mediated senescence. As a potent SIRT1 activator,
metformin reduces the occurrence of this memory pheno-
type (634).

X. METABOLIC CROSSTALK

Intra- and intercellular communications provide important
cues to ensure adequate tissue biogenesis and orchestrate
physiological processes. Upon external stimuli (e.g., inflam-
mation, hypoxia, tumorigenesis), these interactions may de-
rail and become implicated in the etiology and evolution of
several pathologies. One of the most fundamental ways of
metabolite-based communication between ECs and other
cell types in the body is by controlling endothelial uptake
and transport of nutrients such as glucose and FAs. Addi-
tionally, surrounding mural or immune cells produce a wide
variety of external stimuli (i.e., Dll4/Notch, VEGF/
VEGFR2, FGF/FGFR; see sects. II and III) that can alter EC
metabolism. Subsequent alterations in the levels of endothe-
lial lactate production and excretion, for example, then im-
pact the surrounding cells creating a metabolic crosstalk
loop. Whether other metabolic intermediates of glycolysis,
the TCA cycle, or FA metabolism participate in an intercel-
lular crosstalk remains largely to be elucidated.

With glycolysis being the primary metabolic pathway for
energy production in ECs (114), and lactate being the major
end product of glycolysis, ECs excrete large amounts of
lactate (423). Physiological lactate concentrations range
from 1.5 to 3 mM in blood and tissues at baseline condi-
tions (508) and can rise to �10 mM in disease settings such
as atherosclerosis, rheumatoid arthritis, and cancer (90,
214, 235). Endothelial production of lactate and extracel-
lular export can act as a vasoactive signal for pericytes. This
interaction appears to be dynamically regulated based on
the cellular energy status: when energy supplies are low,
lactate causes vasodilation, whereas when energy supplies
are abundant, lactate acts as a vasoconstrictor (616). In
addition, lactate has diverse functions in a variety of cell
types, including direct regulation of global gene transcrip-
tion in skeletal muscle and neurons (224, 622) and polar-
ization of immune cells (90, 214). Lactate has further been
shown to inhibit glycolytic activity in T-cells, possibly
through downregulation of HK1 or direct inhibition of
PFK, and to inhibit cytotoxic T-cell responses and cause
chronic inflammation through enhanced IL-17A secretion,
which activates Th17 cells (31). In cancer cells, lactate has
various functions (235), including stimulating cell migra-
tion and progression (29, 47), promoting glutamine uptake
and metabolism (428), and direct binding to n-MYC down-
stream-regulated gene 3 protein (NDRG3), a PHD2-bind-
ing protein, resulting in the stabilization and activation of

Raf-ERK1/2 signaling, thereby promoting hypoxia re-
sponses in cancer cells and angiogenesis (305). The wide
variety of responses to lactate in other cells types warrants
further investigation and consideration; strategies targeting
EC glycolysis may yield secondary benefit through limiting
lactate production (FIGURE 16).

Conversely, lactate produced by other cell types has been
shown to have numerous effects on ECs. For example, lac-
tate promotes an “angiogenic switch” in ECs, through the
upregulation of VEGF and VEGFR2 (297), and promotes
EC migration (32). Furthermore, lactate activates PI3K/Akt
signaling in ECs via ligand-mediated activation of the ty-
rosine kinases Axl, Tie2, and VEGFR2, promoting angio-
genesis (471) (FIGURE 16). In the tumor context (see above
in this section), lactate influx in ECs through MCT1 leads to
stimulation of the NF�B/IL8 pathway in a ROS- and I�B�-
dependent manner, promoting tumor angiogenesis (557).
Targeting MCT1 in ECs rescues lactate-mediated HIF1�

activation and reduces tumor angiogenesis (506). Further
investigation on the efficacy of targeting EC lactate trans-
porters in other disease settings will be of future interest.

Over the last decade, the study of extracellular vesicles (EVs)
has received growing interest. This less conventional mode of
communication involves a broad variety of cells and is partic-
ularly modulated by extracellular signals. EVs can contain a
number of factors including metabolites, nucleic acids
(mRNA, DNA, miRNA), and proteins (soluble and trans-
membrane), all of which can directly stimulate target cells
(92). Cardiomyocytes and ECs, the two main cell types in the
heart, directly influence each other, particularly upon glycemic
changes. Indeed, under in vitro glucose starvation conditions,
the EV content of cardiomyocytes is remodeled and stimulates
angiogenesis and proliferation in recipient ECs (187). Starved
cardiomyocyte-derived EVs enhance glucose transporter ex-
pression (GLUT1 and 4) along with the glycolytic activity in
ECs (186). Interestingly, in response to these vesicles, ECs
secrete pyruvate in their microenvironment, presumably to
sustain cardiomyocyte function (187). Finally, given that the
contents of EC-derived EVs may reflect cellular stress or dis-
ease state, it merits further attention whether these EVs could
act as diagnostic markers in vascular disorders (FIGURE 16).

XI. THERAPEUTIC OPPORTUNITIES AND
FUTURE PERSPECTIVES

As evidenced above, ECs rewire their central metabolism
when becoming dysfunctional and during pathological ves-
sel overgrowth. This obvious connection between meta-
bolic maladaptation in ECs and illness calls for the explo-
ration of novel metabolism-centric treatment strategies.
Growing interest in and deeper understanding of the most
detailed features of EC metabolism will advance translation
into therapeutics. As such, by targeting ECs in their very
core, metabolism-centric therapies might offer novel thera-
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peutic opportunities, as compared with current growth fac-
tor-centric anti-angiogenic approaches that suffer from ac-
quired resistance and escape mechanisms (reviewed in Ref.
583). Also, unlike current anti-angiogenic therapies, which
block a single target (such “targeted” strategies regularly
fail in the clinic because of the induction of compensatory
mechanisms), targeting EC metabolism is a more global
approach, as angiogenic factors converge onto EC metabo-
lism and ECs need energy, biomass, and redox control to
form new vessel sprouts, and, as explained below in this
section, it is possible to target key metabolic players without
inciting compensatory feedback mechanisms.

Of utmost importance for future research is the quest for
additional specific, perhaps even unique, metabolic features
that distinguish ECs from other cell types. From a therapeu-
tic point of view, such unique targets will be key to success-
ful metabolism-centric anti-angiogenic strategies. As men-
tioned above (see sect. III), ECs are highly glycolytic and use
FAO for a rather unique purpose (114, 481). Whether glu-
tamine (or other amino acids) is used to serve a metabolic
purpose that is unique for ECs, remains to be determined.
Apart from unique traits, the search for synthetic lethality
will most probably be in the limelight of future EC metab-

olism research. Inhibition of one particular metabolic target
might cause ECs to re-route their metabolism and to over-
come the initial blockade. Identification and subsequent
targeting of the compensatory metabolic pathway creates
opportunities for more efficient therapeutic strategies. For-
ward and unbiased metabolomics approaches (see further
below in this section) should facilitate identification of such
synthetically lethal metabolic rewiring.

Initial proof-of-principle for metabolism-centric treatment of
pathological angiogenesis is provided by (pharmacological)
inhibition of PFKFB3 (482, 483, 608). Revoking the dogmatic
view that successful antimetabolic therapies require complete
and permanent glycolysis inhibition proved crucial in this mat-
ter. Indeed, the PFKFB3 inhibitor tool compound 3-(3-pyridi-
nyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) causes EC glycoly-
sis only to drop transiently and by no more than 40%. In vivo,
this matches the surplus in glycolysis needed for quiescent ECs
to start forming new sprouts and apparently suffices to miti-
gate pathological angiogenesis (482, 483). ECs, especially tu-
mor ECs, are so sensitive to partial glycolysis inhibition (be-
cause they are so glycolysis addicted and critically rely on this
metabolic pathway, more than other cell types), which thereby
also offers greater selectivity to paralyze ECs without neces-
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sarily inducing toxic effects in other cell types. Complete gly-
colysis inhibition on the other hand affects healthy quiescent
vessels as well as other cell types, relying on glycolysis too. In
contrast to ECs, which cannot adapt to (deep) glycolysis
blockade, other cell types can switch to other (oxidative) met-
abolic pathways to survive (482). More complete and sus-
tained inhibition of glycolysis with 2DG indeed causes toxicity
in ECs in vitro (483) and cancer patients under 2DG treatment
present adverse effects and the disease still progresses (206,
442). The advantages 3PO brings over 2DG relate to dosing
and mode of action and have been discussed previously (206,
483). PFK158, a novel, more potent derivative of 3PO (535),
successfully made it through a phase 1 multicenter clinical trial
in patients with solid malignancies (http://www.advancedcan-
certherapeutics.com/clinical-trials.html). Whether it can be
used as a novel anti-angiogenic drug will need further investi-
gation. Additional screens for novel PFKFB3 inhibitors have
been undertaken (54), yet await further testing in (pre)clinical
settings.

Other novel strategies can come from unexpected sources.
Propranolol, a nonselective �-adrenergic receptor-blocking
agent, is successfully being used to treat infantile hemangio-
mas (IH, most common vascular tumor in children) (304). A
possible mechanism by which propranolol stops the growth
and induces involution of IHs is the upregulation of PTEN and
subsequent inhibition of AKT activity, as shown in the heman-
gioma-derived endothelial cell line XPTS-1 (316). Given that
Akt activity affects glycolysis (and other metabolic pathways)
(462), the potential impact of propranolol on EC metabolism
could be exploited for therapeutic options in vascular disor-
ders (with a hyperglycolysis component).

As discussed above, tumor vessels are abnormal and their
ECs display a hyperglycolytic metabolism, a reduction of
which through partial PFKFB3 inactivation normalized the
affected vasculature, reduced metastasis, and improved che-
motherapy, even of a standard dose (66). Overall, precisely
because ECs are so glycolysis addicted and tumor ECs even
more so, they also become more sensitive to glycolysis in-
hibition, even by very low amounts. In fact, available pre-
clinical evidence suggests that the “less is more” principle
might well be a key paradigm-shifting objective in treating
pathological angiogenesis with perturbed vascular cell me-
tabolism. In a way, the hyperglycolysis in TECs bears re-
semblance to an overheated car engine; it suffices to cool the
overheated engine down to normal levels to prevent acti-
vated ECs to form excess vessels and restore normalized
vessel structure and function. In addition, precisely because
3PO blocks an “activator of an activator” of glycolysis and
lowers glycolysis by no more than 35% in vivo, this treat-
ment regimen does not evoke metabolic compensatory
mechanisms (114, 482, 483), although further clinical eval-
uation will be necessary. Since vascular pericytes are also
highly glycolytic, like ECs, a low dose of 3PO rendered
these mural cells also more quiescent and increased their

adhesiveness to ECs (by upregulating N-CAM adhesion
molecule), thereby promoting pericyte coverage and tumor
vessel normalization (66). Lastly, targeting endothelial
PFKFB3 with 3PO may possibly be a valuable strategy in
treating atherosclerosis too, as the resulting dampened gly-
colytic flux could maintain EC quiescence even under tur-
bulent shear stress conditions, similar to atheroprotective
KLF2-induced repression of PFKFB3 under uniform lami-
nar shear stress conditions (126).

In vascular disorders with an endothelial hyperglycolysis com-
ponent, metabolic inhibitors might offer an additional advan-
tage in terms of routes of administration. Wet age-related mac-
ular degeneration (AMD), a leading cause of blindness in the
elderly, is treated with anti-VEGF therapy administered by
intraocular injection. This leaves the patient with local side
effects and personal discomfort originating from the (re-
peated) needle injections in the eye, in addition to resistance in
a formidable fraction of treated patients. In a preclinical
mouse model for AMD, systemic delivery of the glycolytic
inhibitor 3PO reduces choroidal neovascularization without
any need for intraocular injections (483). Along the same lines,
systemic treatment of mice with the FAO inhibitor etomoxir
reduced pathological vascular tuft formation in an ROP model
(see sect. VIII) and inhibited lymphatic neovessels from vascu-
larizing the cornea after corneal cauterization (591), an estab-
lished model for blinding corneal neovascularization (591). In
line with the above discussed newly uncovered role for FAO-
derived acetyl-CoA in histone acetylation in LECs and how
this drives lymphangiogenesis, supplying the mice with acetate
to restore acetyl-CoA fully abolished the inhibitory effects of
etomoxir on lymphatic neovascularization (591). These in
vivo findings may offer novel therapeutic opportunities to-
wards blocking lymphangiogenesis in a cancer setting or con-
versely towards restoring lymphangiogenesis in lymphedema,
for which currently no efficient therapies are available.

We have illustrated that metabolic adaptations resulting in
EC dysfunction in both diabetes and atherosclerosis are
mainly caused by oxidative stress. Despite the promising
findings from studies targeting metabolic regulators [i.e.,
AMPK (72), PARP1 antagonists (133)] to decrease this ox-
idative stress, outcomes of clinical trials using antioxidant
therapies have been rather disappointing (309). Also, di-
etary BH4 and arginine supplementation to avert eNOS
uncoupling showed no benefits in patients (106, 587). As
such, a “prophylaxis rather than cure” approach or combi-
nation therapy may be required. A promising metabolic
target is aldose reductase (enzyme converting excess glucose
into sorbitol in the polyol pathway), which has several in-
hibitors currently undergoing clinical trials for diabetic vas-
cular complications (208).

Even though specific targeting of the endothelium for thera-
peutic purposes remains challenging, some new strategies are
arising. For instance, polymeric nanoparticles consisting of
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low-molecular-weight polyamines and lipids deliver siRNAs
to lung ECs without reducing target gene expression in hepa-
tocytes or pulmonary/peritoneal immune cells (109). Taking
advantage of diseased EC-specific gene expression to guide
drug carriers towards the desired site of delivery might possi-
bly become a promising approach, which, on top, would re-
quire lower drug concentrations. As such, nanoparticles
equipped to recognize and bind EC-expressed inflammation
markers might be a tool for delivering metabolic drugs specif-
ically to the atherosclerotic region (reviewed in Ref. 329). An-
other example involves the higher expression of the apelin
receptor APJ in tumor versus healthy ECs; apelin-conjugated
liposomes were efficiently taken up by tumor ECs in tumor-
bearing mice (269). Likewise, integrin ���3-targeted nano-
particles carrying cytotoxic doxorubicin accumulated at and
induced apoptosis at integrin ���3 expressing tumor vessels
(386). In case these approaches become better validated and
withstand scrutiny of clinical trials, loading the nanocarriers
with metabolic inhibitors could become a means to specifically
target derailed EC metabolism in disease.

Finally, the near future will bring a logic yet necessary change
to the EC metabolism field in the way new metabolic targets
will be identified. Indeed, genotype-to-phenotype studies,
characterizing the angiogenic role of a preselected metabolic
enzyme (reverse approach), have provided seminal insights
into EC metabolism. Given that the metabolome represents
the final product of the (epi)genome, and complements tran-
scriptomics and proteomics (18, 140), increasingly more stud-
ies engage in unbiased and untargeted omics approaches (for-
ward approach), using ECs from healthy and diseased tissues,
also of patients (18, 205, 570, 648). The integration of such
omics data, for example through in silico genome-scale meta-
bolic modeling (GEM), enables a forward, data-driven, and
all-encompassing omics approach to identify new metabolic
targets as possible disease-drivers or -modifiers (49, 274, 629).
In contrast to the cancer metabolism field, the EC metabolism
field is in its early infancy and has yet to apply such forward
approaches (189, 366). With the current advances in isolation
and culturing techniques of ECs from different tissues and/or
disease states (e.g., TEC vs. NEC, diabetes, atherosclerosis,
and arterial hypertension; see sects. VII and VIII), the stage is
all set to explore and exploit forward omics approaches (66).
The advent and general applicability of techniques to study in
vivo EC metabolism, for example by in vivo metabolic tracing
and metabolic imaging (112, 226, 388), will greatly deepen
our current understandings, especially given the substantial
influence of the microenvironment on cellular metabolism (67,
112).

XII. CONCLUDING SUMMARY

Here, we comprehensively reviewed the existing literature
on EC metabolism, both the more basic aspects by listing
and describing the different metabolic pathways and its
determinative role in developmental and pathological an-

giogenesis. Indeed, EC metabolism stretches far beyond the
dogmatic view of simply fueling cell growth and activity.
Several metabolic pathways act in parallel with genetic/
growth factor signaling to sustain appropriate EC behavior.
This concept substantially gains importance when derailed
metabolism renders ECs dysfunctional and causes some of
the most life-threatening disorders known to humans.

With seminal findings on endothelial glycolysis and FAO be-
ing translated towards possible targets in these disorders,
other metabolic pathways still require further insight into their
exact roles in angiogenesis. Does glutamine metabolism hold
the key to further unlock EC metabolism-centric anti-angio-
genic strategies? It is undoubtedly a highly attractive target
both because of already gathered knowledge on its role in ECs
(see sect. III) and the recent development of inhibitors with
high specificity for rate-limiting enzymes in glutamine metab-
olism (361). What is the role of other AAs (like serine, aspar-
agine, aspartate,�), the metabolism of which is hardly being
studied in ECs, let alone in vessel sprouting?

Emerging evidence suggests that diseases affect EC subtypes
in a vascular bed-specific pattern. For instance, diabetes
causes EC dysfunction in skin, peripheral nerves, heart, and
kidney but stimulates EC growth in the retina (see sects. VII
and VIII). Yet, current anti-angiogenic therapies do not dis-
criminate between different EC types in different vascular
beds. This then raises the question if future anti-angiogenic
therapy should be “tailored” to EC subtype and vascular
bed. The observations that EC heterogeneity is indeed par-
alleled by differences in metabolism (see sect. VI) create
both the opportunity and the formidable challenge to ac-
complish such “tailored” strategies.

Developing further knowledge on the most intricate aspects
of EC metabolism such as metabolic compartmentalization,
metabolic cross talk with other cell types, and EC subtype-
specific metabolic traits is another future challenge in this
young field and a prerequisite to the development of novel
therapeutic strategies.
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280. Kolářová H, Ambrůzová B, Svihálková Šindlerová L, Klinke A, Kubala L. Modulation of
endothelial glycocalyx structure under inflammatory conditions. Mediators Inflamm

2014: 694312, 2014. doi:10.1155/2014/694312.

281. Kolderup A, Svihus B. Fructose Metabolism and Relation to Atherosclerosis, Type 2
Diabetes, and Obesity. J Nutr Metab 2015: 823081, 2015. doi:10.1155/2015/823081.

282. Kolluru GK, Bir SC, Kevil CG. Endothelial dysfunction and diabetes: effects on angio-
genesis, vascular remodeling, and wound healing. Int J Vasc Med 2012: 918267, 2012.

283. Kondo T, Vicent D, Suzuma K, Yanagisawa M, King GL, Holzenberger M, Kahn CR.
Knockout of insulin and IGF-1 receptors on vascular endothelial cells protects against
retinal neovascularization. J Clin Invest 111: 1835–1842, 2003. doi:10.1172/
JCI200317455.

284. Kops GJ, Dansen TB, Polderman PE, Saarloos I, Wirtz KW, Coffer PJ, Huang TT, Bos
JL, Medema RH, Burgering BM. Forkhead transcription factor FOXO3a protects
quiescent cells from oxidative stress. Nature 419: 316–321, 2002. doi:10.1038/
nature01036.

285. Kota SK, Meher LK, Jammula S, Kota SK, Krishna SV, Modi KD. Aberrant angiogenesis:
the gateway to diabetic complications. Indian J Endocrinol Metab 16: 918–930, 2012.
doi:10.4103/2230-8210.102992.

286. Koukourakis MI, Giatromanolaki A, Harris AL, Sivridis E. Comparison of metabolic
pathways between cancer cells and stromal cells in colorectal carcinomas: a metabolic
survival role for tumor-associated stroma. Cancer Res 66: 632–637, 2006. doi:10.
1158/0008-5472.CAN-05-3260.

287. Kovács K, Decatur C, Toro M, Pham DG, Liu H, Jing Y, Murray TG, Lampidis TJ,
Merchan JR. 2-Deoxy-Glucose Downregulates Endothelial AKT and ERK via Interfer-
ence With N-Linked Glycosylation, Induction of Endoplasmic Reticulum Stress, and
GSK3� Activation. Mol Cancer Ther 15: 264–275, 2016. doi:10.1158/1535-7163.
MCT-14-0315.

288. Koziel A, Woyda-Ploszczyca A, Kicinska A, Jarmuszkiewicz W. The influence of high
glucose on the aerobic metabolism of endothelial EA.hy926 cells. Pflugers Arch 464:
657–669, 2012. doi:10.1007/s00424-012-1156-1.

289. Krotova K, Patel JM, Block ER, Zharikov S. Endothelial arginase II responds to phar-
macological inhibition by elevation in protein level. Mol Cell Biochem 343: 211–216,
2010. doi:10.1007/s11010-010-0515-5.

290. Krotova K, Patel JM, Block ER, Zharikov S. Hypoxic upregulation of arginase II in
human lung endothelial cells. Am J Physiol Cell Physiol 299: C1541–C1548, 2010.
doi:10.1152/ajpcell.00068.2010.

291. Krützfeldt A, Spahr R, Mertens S, Siegmund B, Piper HM. Metabolism of exogenous
substrates by coronary endothelial cells in culture. J Mol Cell Cardiol 22: 1393–1404,
1990. doi:10.1016/0022-2828(90)90984-A.

292. Kubota T, Kubota N, Kumagai H, Yamaguchi S, Kozono H, Takahashi T, Inoue M, Itoh
S, Takamoto I, Sasako T, Kumagai K, Kawai T, Hashimoto S, Kobayashi T, Sato M,
Tokuyama K, Nishimura S, Tsunoda M, Ide T, Murakami K, Yamazaki T, Ezaki O,
Kawamura K, Masuda H, Moroi M, Sugi K, Oike Y, Shimokawa H, Yanagihara N,
Tsutsui M, Terauchi Y, Tobe K, Nagai R, Kamata K, Inoue K, Kodama T, Ueki K,
Kadowaki T. Impaired insulin signaling in endothelial cells reduces insulin-induced
glucose uptake by skeletal muscle. Cell Metab 13: 294–307, 2011. doi:10.1016/j.cmet.
2011.01.018.

293. Kuczynski EA, Yin M, Bar-Zion A, Lee CR, Butz H, Man S, Daley F, Vermeulen PB,
Yousef GM, Foster FS, Reynolds AR, Kerbel RS. Co-option of Liver Vessels and Not
Sprouting Angiogenesis Drives Acquired Sorafenib Resistance in Hepatocellular Car-
cinoma. J Natl Cancer Inst 108: djw030, 2016. doi:10.1093/jnci/djw030.

294. Kukidome D, Nishikawa T, Sonoda K, Imoto K, Fujisawa K, Yano M, Motoshima H,
Taguchi T, Matsumura T, Araki E. Activation of AMP-activated protein kinase reduces
hyperglycemia-induced mitochondrial reactive oxygen species production and pro-
motes mitochondrial biogenesis in human umbilical vein endothelial cells. Diabetes 55:
120–127, 2006. doi:10.2337/diabetes.55.01.06.db05-0943.

295. Kumagai R, Lu X, Kassab GS. Role of glycocalyx in flow-induced production of nitric
oxide and reactive oxygen species. Free Radic Biol Med 47: 600–607, 2009. doi:10.
1016/j.freeradbiomed.2009.05.034.

296. Kumar A, Kumar S, Vikram A, Hoffman TA, Naqvi A, Lewarchik CM, Kim YR, Irani K.
Histone and DNA methylation-mediated epigenetic downregulation of endothelial
Kruppel-like factor 2 by low-density lipoprotein cholesterol. Arterioscler Thromb Vasc

Biol 33: 1936–1942, 2013. doi:10.1161/ATVBAHA.113.301765.

297. Kumar VB, Viji RI, Kiran MS, Sudhakaran PR. Endothelial cell response to lactate:
implication of PAR modification of VEGF. J Cell Physiol 211: 477–485, 2007. doi:10.
1002/jcp.20955.

298. Kurosu T, Ohga N, Hida Y, Maishi N, Akiyama K, Kakuguchi W, Kuroshima T, Kondo
M, Akino T, Totsuka Y, Shindoh M, Higashino F, Hida K. HuR keeps an angiogenic
switch on by stabilising mRNA of VEGF and COX-2 in tumour endothelium. Br J

Cancer 104: 819–829, 2011. doi:10.1038/bjc.2011.20.

299. Kurtoglu M, Maher JC, Lampidis TJ. Differential toxic mechanisms of 2-deoxy-D-
glucose versus 2-fluorodeoxy-D-glucose in hypoxic and normoxic tumor cells. Antioxid

Redox Signal 9: 1383–1390, 2007. doi:10.1089/ars.2007.1714.

300. Langbein H, Brunssen C, Hofmann A, Cimalla P, Brux M, Bornstein SR, Deussen A,
Koch E, Morawietz H. NADPH oxidase 4 protects against development of endothelial
dysfunction and atherosclerosis in LDL receptor deficient mice. Eur Heart J 37: 1753–
1761, 2016. doi:10.1093/eurheartj/ehv564.

301. Laufs U, La Fata V, Plutzky J, Liao JK. Upregulation of endothelial nitric oxide synthase
by HMG CoA reductase inhibitors. Circulation 97: 1129–1135, 1998. doi:10.1161/01.
CIR.97.12.1129.

302. Laursen JB, Somers M, Kurz S, McCann L, Warnholtz A, Freeman BA, Tarpey M, Fukai
T, Harrison DG. Endothelial regulation of vasomotion in apoE-deficient mice: impli-
cations for interactions between peroxynitrite and tetrahydrobiopterin. Circulation

103: 1282–1288, 2001. doi:10.1161/01.CIR.103.9.1282.

303. Le Clainche C, Carlier MF. Regulation of actin assembly associated with protrusion
and adhesion in cell migration. Physiol Rev 88: 489–513, 2008. doi:10.1152/physrev.
00021.2007.

304. Léauté-Labrèze C, Hoeger P, Mazereeuw-Hautier J, Guibaud L, Baselga E, Posiunas
G, Phillips RJ, Caceres H, Lopez Gutierrez JC, Ballona R, Friedlander SF, Powell J,
Perek D, Metz B, Barbarot S, Maruani A, Szalai ZZ, Krol A, Boccara O, Foelster-Holst
R, Febrer Bosch MI, Su J, Buckova H, Torrelo A, Cambazard F, Grantzow R, Wargon
O, Wyrzykowski D, Roessler J, Bernabeu-Wittel J, Valencia AM, Przewratil P, Glick S,
Pope E, Birchall N, Benjamin L, Mancini AJ, Vabres P, Souteyrand P, Frieden IJ, Berul
CI, Mehta CR, Prey S, Boralevi F, Morgan CC, Heritier S, Delarue A, Voisard JJ. A
randomized, controlled trial of oral propranolol in infantile hemangioma. N Engl J Med

372: 735–746, 2015. doi:10.1056/NEJMoa1404710.

305. Lee DC, Sohn HA, Park ZY, Oh S, Kang YK, Lee KM, Kang M, Jang YJ, Yang SJ, Hong
YK, Noh H, Kim JA, Kim DJ, Bae KH, Kim DM, Chung SJ, Yoo HS, Yu DY, Park KC,
Yeom YI. A lactate-induced response to hypoxia. Cell 161: 595–609, 2015. doi:10.
1016/j.cell.2015.03.011.

306. Lee JV, Carrer A, Shah S, Snyder NW, Wei S, Venneti S, Worth AJ, Yuan ZF, Lim HW,
Liu S, Jackson E, Aiello NM, Haas NB, Rebbeck TR, Judkins A, Won KJ, Chodosh LA,
Garcia BA, Stanger BZ, Feldman MD, Blair IA, Wellen KE. Akt-dependent metabolic
reprogramming regulates tumor cell histone acetylation. Cell Metab 20: 306–319,
2014. doi:10.1016/j.cmet.2014.06.004.

307. Lee P, Wang CC, Adamis AP. Ocular neovascularization: an epidemiologic review.
Surv Ophthalmol 43: 245–269, 1998. doi:10.1016/S0039-6257(98)00035-6.

308. Leighton B, Curi R, Hussein A, Newsholme EA. Maximum activities of some key
enzymes of glycolysis, glutaminolysis, Krebs cycle and fatty acid utilization in bovine
pulmonary endothelial cells. FEBS Lett 225: 93–96, 1987. doi:10.1016/0014-
5793(87)81137-7.

EELEN ET AL.

48 Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.

https://doi.org/10.1182/blood-2002-06-1762
https://doi.org/10.1038/nature14483
https://doi.org/10.12703/P7-26
https://doi.org/10.1155/2014/694312
https://doi.org/10.1155/2015/823081
https://doi.org/10.1172/JCI200317455
https://doi.org/10.1172/JCI200317455
https://doi.org/10.1038/nature01036
https://doi.org/10.1038/nature01036
https://doi.org/10.4103/2230-8210.102992
https://doi.org/10.1158/0008-5472.CAN-05-3260
https://doi.org/10.1158/0008-5472.CAN-05-3260
https://doi.org/10.1158/1535-7163.MCT-14-0315
https://doi.org/10.1158/1535-7163.MCT-14-0315
https://doi.org/10.1007/s00424-012-1156-1
https://doi.org/10.1007/s11010-010-0515-5
https://doi.org/10.1152/ajpcell.00068.2010
https://doi.org/10.1016/0022-2828(90)90984-A
https://doi.org/10.1016/j.cmet.2011.01.018
https://doi.org/10.1016/j.cmet.2011.01.018
https://doi.org/10.1093/jnci/djw030
https://doi.org/10.2337/diabetes.55.01.06.db05-0943
https://doi.org/10.1016/j.freeradbiomed.2009.05.034
https://doi.org/10.1016/j.freeradbiomed.2009.05.034
https://doi.org/10.1161/ATVBAHA.113.301765
https://doi.org/10.1002/jcp.20955
https://doi.org/10.1002/jcp.20955
https://doi.org/10.1038/bjc.2011.20
https://doi.org/10.1089/ars.2007.1714
https://doi.org/10.1093/eurheartj/ehv564
https://doi.org/10.1161/01.CIR.97.12.1129
https://doi.org/10.1161/01.CIR.97.12.1129
https://doi.org/10.1161/01.CIR.103.9.1282
https://doi.org/10.1152/physrev.00021.2007
https://doi.org/10.1152/physrev.00021.2007
https://doi.org/10.1056/NEJMoa1404710
https://doi.org/10.1016/j.cell.2015.03.011
https://doi.org/10.1016/j.cell.2015.03.011
https://doi.org/10.1016/j.cmet.2014.06.004
https://doi.org/10.1016/S0039-6257(98)00035-6
https://doi.org/10.1016/0014-5793(87)81137-7
https://doi.org/10.1016/0014-5793(87)81137-7


309. Leopold JA. Antioxidants and coronary artery disease: from pathophysiology to pre-
ventive therapy. Coron Artery Dis 26: 176–183, 2015. doi:10.1097/MCA.
0000000000000187.

310. Leopold JA, Cap A, Scribner AW, Stanton RC, Loscalzo J. Glucose-6-phosphate de-
hydrogenase deficiency promotes endothelial oxidant stress and decreases endothe-
lial nitric oxide bioavailability. FASEB J 15: 1771–1773, 2001.

311. Leopold JA, Maron BA. Molecular Mechanisms of Pulmonary Vascular Remodeling in
Pulmonary Arterial Hypertension. Int J Mol Sci 17: E761, 2016. doi:10.3390/
ijms17050761.

312. Leopold JA, Walker J, Scribner AW, Voetsch B, Zhang YY, Loscalzo AJ, Stanton RC,
Loscalzo J. Glucose-6-phosphate dehydrogenase modulates vascular endothelial
growth factor-mediated angiogenesis. J Biol Chem 278: 32100–32106, 2003. doi:10.
1074/jbc.M301293200.

313. Leopold JA, Zhang YY, Scribner AW, Stanton RC, Loscalzo J. Glucose-6-phosphate
dehydrogenase overexpression decreases endothelial cell oxidant stress and in-
creases bioavailable nitric oxide. Arterioscler Thromb Vasc Biol 23: 411–417, 2003.
doi:10.1161/01.ATV.0000056744.26901.BA.

314. Levenberg S, Golub JS, Amit M, Itskovitz-Eldor J, Langer R. Endothelial cells derived
from human embryonic stem cells. Proc Natl Acad Sci USA 99: 4391–4396, 2002.
doi:10.1073/pnas.032074999.

315. Lewis CA, Parker SJ, Fiske BP, McCloskey D, Gui DY, Green CR, Vokes NI, Feist AM,
Vander Heiden MG, Metallo CM. Tracing compartmentalized NADPH metabolism in
the cytosol and mitochondria of mammalian cells. Mol Cell 55: 253–263, 2014. doi:
10.1016/j.molcel.2014.05.008.

316. Li D, Li P, Guo Z, Wang H, Pan W. Downregulation of miR-382 by propranolol inhibits
the progression of infantile hemangioma via the PTEN-mediated AKT/mTOR path-
way. Int J Mol Med 39: 757–763, 2017. doi:10.3892/ijmm.2017.2863.

317. Li FY, Lam KS, Tse HF, Chen C, Wang Y, Vanhoutte PM, Xu A. Endothelium-selective
activation of AMP-activated protein kinase prevents diabetes mellitus-induced impair-
ment in vascular function and reendothelialization via induction of heme oxygenase-1
in mice. Circulation 126: 1267–1277, 2012. doi:10.1161/CIRCULATIONAHA.112.
108159.

318. Li H, Horke S, Förstermann U. Vascular oxidative stress, nitric oxide and atheroscle-
rosis. Atherosclerosis 237: 208–219, 2014. doi:10.1016/j.atherosclerosis.2014.09.001.

319. Li M, Li C, Allen A, Stanley CA, Smith TJ. Glutamate dehydrogenase: structure,
allosteric regulation, and role in insulin homeostasis. Neurochem Res 39: 433–445,
2014. doi:10.1007/s11064-013-1173-2.

320. Li Q, Park K, Li C, Rask-Madsen C, Mima A, Qi W, Mizutani K, Huang P, King GL.
Induction of vascular insulin resistance and endothelin-1 expression and acceleration
of atherosclerosis by the overexpression of protein kinase C-� isoform in the endo-
thelium. Circ Res 113: 418–427, 2013. doi:10.1161/CIRCRESAHA.113.301074.

321. Li XF, O’Donoghue JA. Hypoxia in microscopic tumors. Cancer Lett 264: 172–180,
2008. doi:10.1016/j.canlet.2008.02.037.

322. Libby P, Bornfeldt KE, Tall AR. Atherosclerosis: Successes, Surprises, and Future
Challenges. Circ Res 118: 531–534, 2016. doi:10.1161/CIRCRESAHA.116.308334.

323. Liersch R, Nay F, Lu L, Detmar M. Induction of lymphatic endothelial cell differenti-
ation in embryoid bodies. Blood 107: 1214–1216, 2006. doi:10.1182/blood-2005-08-
3400.

324. Lilly B. We have contact: endothelial cell-smooth muscle cell interactions. Physiology

(Bethesda) 29: 234–241, 2014.

325. Lira VA, Brown DL, Lira AK, Kavazis AN, Soltow QA, Zeanah EH, Criswell DS. Nitric
oxide and AMPK cooperatively regulate PGC-1 in skeletal muscle cells. J Physiol 588:
3551–3566, 2010. doi:10.1113/jphysiol.2010.194035.

326. Liu J, Wang C, Liu F, Lu Y, Cheng J. Metabonomics revealed xanthine oxidase-induced
oxidative stress and inflammation in the pathogenesis of diabetic nephropathy. Anal

Bioanal Chem 407: 2569–2579, 2015. doi:10.1007/s00216-015-8481-0.

327. Liu W, Wang T, He X, Liu X, Wang B, Liu Y, Li Z, Tan R, Ding C, Wang H, Zeng H.
CYP2J2 Overexpression Increases EETs and Protects Against HFD-Induced Athero-
sclerosis in ApoE-/- Mice. J Cardiovasc Pharmacol 67: 491–502, 2016. doi:10.1097/FJC.
0000000000000371.

328. Liu X, Wang D, Zhao Y, Tu B, Zheng Z, Wang L, Wang H, Gu W, Roeder RG, Zhu
WG. Methyltransferase Set7/9 regulates p53 activity by interacting with Sirtuin 1
(SIRT1). Proc Natl Acad Sci USA 108: 1925–1930, 2011. doi:10.1073/pnas.
1019619108.

329. Lobatto ME, Fuster V, Fayad ZA, Mulder WJ. Perspectives and opportunities for
nanomedicine in the management of atherosclerosis. Nat Rev Drug Discov 10: 835–
852, 2011. doi:10.1038/nrd3578.

330. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de Boer HC,
Verhaar MC, Braam B, Rabelink TJ, van Zonneveld AJ. Endothelial progenitor cell
dysfunction: a novel concept in the pathogenesis of vascular complications of type 1
diabetes. Diabetes 53: 195–199, 2004. doi:10.2337/diabetes.53.1.195.

331. Lorenzi M. The polyol pathway as a mechanism for diabetic retinopathy: attractive,
elusive, and resilient. Exp Diabetes Res 2007: 61038, 2007. doi:10.1155/2007/61038.

332. Lorin J, Zeller M, Guilland JC, Cottin Y, Vergely C, Rochette L. Arginine and nitric
oxide synthase: regulatory mechanisms and cardiovascular aspects. Mol Nutr Food Res

58: 101–116, 2014. doi:10.1002/mnfr.201300033.

333. Loyer X, Potteaux S, Vion AC, Guérin CL, Boulkroun S, Rautou PE, Ramkhelawon B,
Esposito B, Dalloz M, Paul JL, Julia P, Maccario J, Boulanger CM, Mallat Z, Tedgui A.
Inhibition of microRNA-92a prevents endothelial dysfunction and atherosclerosis in
mice. Circ Res 114: 434–443, 2014. doi:10.1161/CIRCRESAHA.114.302213.

334. Luchsinger LL, de Almeida MJ, Corrigan DJ, Mumau M, Snoeck HW. Mitofusin 2
maintains haematopoietic stem cells with extensive lymphoid potential. Nature 529:
528–531, 2016. doi:10.1038/nature16500.

335. Luo B, Soesanto Y, McClain DA. Protein modification by O-linked GlcNAc reduces
angiogenesis by inhibiting Akt activity in endothelial cells. Arterioscler Thromb Vasc Biol

28: 651–657, 2008. doi:10.1161/ATVBAHA.107.159533.

336. Luo W, Hu Q, Wang D, Deeb KK, Ma Y, Morrison CD, Liu S, Johnson CS, Trump DL.
Isolation and genome-wide expression and methylation characterization of CD31�

cells from normal and malignant human prostate tissue. Oncotarget 4: 1472–1483,
2013. doi:10.18632/oncotarget.1269.

337. Machado RF, Londhe Nerkar MV, Dweik RA, Hammel J, Janocha A, Pyle J, Laskowski
D, Jennings C, Arroliga AC, Erzurum SC. Nitric oxide and pulmonary arterial pres-
sures in pulmonary hypertension. Free Radic Biol Med 37: 1010–1017, 2004. doi:10.
1016/j.freeradbiomed.2004.06.039.

338. Madsen-Bouterse SA, Mohammad G, Kanwar M, Kowluru RA. Role of mitochondrial
DNA damage in the development of diabetic retinopathy, and the metabolic memory
phenomenon associated with its progression. Antioxid Redox Signal 13: 797–805,
2010. doi:10.1089/ars.2009.2932.

339. Maishi N, Ohba Y, Akiyama K, Ohga N, Hamada J, Nagao-Kitamoto H, Alam MT,
Yamamoto K, Kawamoto T, Inoue N, Taketomi A, Shindoh M, Hida Y, Hida K.
Tumour endothelial cells in high metastatic tumours promote metastasis via epige-
netic dysregulation of biglycan. Sci Rep 6: 28039, 2016. doi:10.1038/srep28039.

340. Majzner K, Chlopicki S, Baranska M. Lipid droplets formation in human endothelial
cells in response to polyunsaturated fatty acids and 1-methyl-nicotinamide (MNA);
confocal Raman imaging and fluorescence microscopy studies. J Biophotonics 9: 396–
405, 2016. doi:10.1002/jbio.201500134.

341. Makanya AN, Hlushchuk R, Djonov VG. Intussusceptive angiogenesis and its role in
vascular morphogenesis, patterning, and remodeling. Angiogenesis 12: 113–123, 2009.
doi:10.1007/s10456-009-9129-5.

342. Mäkinen T, Veikkola T, Mustjoki S, Karpanen T, Catimel B, Nice EC, Wise L, Mercer
A, Kowalski H, Kerjaschki D, Stacker SA, Achen MG, Alitalo K. Isolated lymphatic
endothelial cells transduce growth, survival and migratory signals via the VEGF-C/D
receptor VEGFR-3. EMBO J 20: 4762–4773, 2001. doi:10.1093/emboj/20.17.4762.

343. Makino A, Dai A, Han Y, Youssef KD, Wang W, Donthamsetty R, Scott BT, Wang H,
Dillmann WH. O-GlcNAcase overexpression reverses coronary endothelial cell dys-
function in type 1 diabetic mice. Am J Physiol Cell Physiol 309: C593–C599, 2015.
doi:10.1152/ajpcell.00069.2015.

344. Manalo DJ, Rowan A, Lavoie T, Natarajan L, Kelly BD, Ye SQ, Garcia JG, Semenza GL.
Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1.
Blood 105: 659–669, 2005. doi:10.1182/blood-2004-07-2958.

345. Mani S, Untereiner A, Wu L, Wang R. Hydrogen sulfide and the pathogenesis of
atherosclerosis. Antioxid Redox Signal 20: 805–817, 2014. doi:10.1089/ars.2013.5324.

EC METABOLISM

49Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.

https://doi.org/10.1097/MCA.0000000000000187
https://doi.org/10.1097/MCA.0000000000000187
https://doi.org/10.3390/ijms17050761
https://doi.org/10.3390/ijms17050761
https://doi.org/10.1074/jbc.M301293200
https://doi.org/10.1074/jbc.M301293200
https://doi.org/10.1161/01.ATV.0000056744.26901.BA
https://doi.org/10.1073/pnas.032074999
https://doi.org/10.1016/j.molcel.2014.05.008
https://doi.org/10.3892/ijmm.2017.2863
https://doi.org/10.1161/CIRCULATIONAHA.112.108159
https://doi.org/10.1161/CIRCULATIONAHA.112.108159
https://doi.org/10.1016/j.atherosclerosis.2014.09.001
https://doi.org/10.1007/s11064-013-1173-2
https://doi.org/10.1161/CIRCRESAHA.113.301074
https://doi.org/10.1016/j.canlet.2008.02.037
https://doi.org/10.1161/CIRCRESAHA.116.308334
https://doi.org/10.1182/blood-2005-08-3400
https://doi.org/10.1182/blood-2005-08-3400
https://doi.org/10.1113/jphysiol.2010.194035
https://doi.org/10.1007/s00216-015-8481-0
https://doi.org/10.1097/FJC.0000000000000371
https://doi.org/10.1097/FJC.0000000000000371
https://doi.org/10.1073/pnas.1019619108
https://doi.org/10.1073/pnas.1019619108
https://doi.org/10.1038/nrd3578
https://doi.org/10.2337/diabetes.53.1.195
https://doi.org/10.1155/2007/61038
https://doi.org/10.1002/mnfr.201300033
https://doi.org/10.1161/CIRCRESAHA.114.302213
https://doi.org/10.1038/nature16500
https://doi.org/10.1161/ATVBAHA.107.159533
https://doi.org/10.18632/oncotarget.1269
https://doi.org/10.1016/j.freeradbiomed.2004.06.039
https://doi.org/10.1016/j.freeradbiomed.2004.06.039
https://doi.org/10.1089/ars.2009.2932
https://doi.org/10.1038/srep28039
https://doi.org/10.1002/jbio.201500134
https://doi.org/10.1007/s10456-009-9129-5
https://doi.org/10.1093/emboj/20.17.4762
https://doi.org/10.1152/ajpcell.00069.2015
https://doi.org/10.1182/blood-2004-07-2958
https://doi.org/10.1089/ars.2013.5324


346. Mann GE, Yudilevich DL, Sobrevia L. Regulation of amino acid and glucose transport-
ers in endothelial and smooth muscle cells. Physiol Rev 83: 183–252, 2003. doi:10.
1152/physrev.00022.2002.

347. Mapanga RF, Essop MF. Damaging effects of hyperglycemia on cardiovascular func-
tion: spotlight on glucose metabolic pathways. Am J Physiol Heart Circ Physiol 310:
H153–H173, 2016. doi:10.1152/ajpheart.00206.2015.

348. Marcelo KL, Goldie LC, Hirschi KK. Regulation of endothelial cell differentiation and
specification. Circ Res 112: 1272–1287, 2013. doi:10.1161/CIRCRESAHA.113.
300506.

349. Marsh SA, Collins HE, Chatham JC. Protein O-GlcNAcylation and cardiovascular
(patho)physiology. J Biol Chem 289: 34449–34456, 2014. doi:10.1074/jbc.R114.
585984.

350. Martin A, Komada MR, Sane DC. Abnormal angiogenesis in diabetes mellitus. Med Res

Rev 23: 117–145, 2003. doi:10.1002/med.10024.

351. Martinez-Corral I, Ulvmar MH, Stanczuk L, Tatin F, Kizhatil K, John SW, Alitalo K,
Ortega S, Makinen T. Nonvenous origin of dermal lymphatic vasculature. Circ Res 116:
1649–1654, 2015. doi:10.1161/CIRCRESAHA.116.306170.

352. Mashek DG, Coleman RA. Cellular fatty acid uptake: the contribution of metabolism.
Curr Opin Lipidol 17: 274–278, 2006. doi:10.1097/01.mol.0000226119.20307.2b.

353. Mason NA, Springall DR, Burke M, Pollock J, Mikhail G, Yacoub MH, Polak JM. High
expression of endothelial nitric oxide synthase in plexiform lesions of pulmonary
hypertension. J Pathol 185: 313–318, 1998. doi:10.1002/(SICI)1096-
9896(199807)185:3�313::AID-PATH93�3.0.CO;2-8.

354. Masri FA, Comhair SA, Dostanic-Larson I, Kaneko FT, Dweik RA, Arroliga AC, Er-
zurum SC. Deficiency of lung antioxidants in idiopathic pulmonary arterial hyperten-
sion. Clin Transl Sci 1: 99–106, 2008. doi:10.1111/j.1752-8062.2008.00035.x.

355. Masri FA, Xu W, Comhair SA, Asosingh K, Koo M, Vasanji A, Drazba J, Anand-Apte B,
Erzurum SC. Hyperproliferative apoptosis-resistant endothelial cells in idiopathic pul-
monary arterial hypertension. Am J Physiol Lung Cell Mol Physiol 293: L548–L554,
2007. doi:10.1152/ajplung.00428.2006.

356. Masters C. Interactions between glycolytic enzymes and components of the cytom-
atrix. J Cell Biol 99: 222s–225s, 1984. doi:10.1083/jcb.99.1.222s.

357. Matafome P, Sena C, Seiça R. Methylglyoxal, obesity, and diabetes. Endocrine 43:
472–484, 2013. doi:10.1007/s12020-012-9795-8.

358. Matsuda K, Ohga N, Hida Y, Muraki C, Tsuchiya K, Kurosu T, Akino T, Shih SC,
Totsuka Y, Klagsbrun M, Shindoh M, Hida K. Isolated tumor endothelial cells maintain
specific character during long-term culture. Biochem Biophys Res Commun 394: 947–
954, 2010. doi:10.1016/j.bbrc.2010.03.089.

359. Matsumoto S, Koshiishi I, Inoguchi T, Nawata H, Utsumi H. Confirmation of super-
oxide generation via xanthine oxidase in streptozotocin-induced diabetic mice. Free

Radic Res 37: 767–772, 2003. doi:10.1080/1071576031000107344.

360. Mazzone M, Dettori D, de Oliveira RL, Loges S, Schmidt T, Jonckx B, Tian YM,
Lanahan AA, Pollard P, de Almodovar CR, De Smet F, Vinckier S, Aragonés J, De-
backere K, Luttun A, Wyns S, Jordan B, Pisacane A, Gallez B, Lampugnani MG, Dejana
E, Simons M, Ratcliffe P, Maxwell P, Carmeliet P. Heterozygous deficiency of PHD2
restores tumor oxygenation and inhibits metastasis via endothelial normalization. Cell

136: 839–851, 2009. doi:10.1016/j.cell.2009.01.020.

361. McDermott LA, Iyer P, Vernetti L, Rimer S, Sun J, Boby M, Yang T, Fioravanti M,
O’Neill J, Wang L, Drakes D, Katt W, Huang Q, Cerione R. Design and evaluation of
novel glutaminase inhibitors. Bioorg Med Chem 24: 1819–1839, 2016. doi:10.1016/j.
bmc.2016.03.009.

362. McDonnell E, Crown SB, Fox DB, Kitir B, Ilkayeva OR, Olsen CA, Grimsrud PA,
Hirschey MD. Lipids Reprogram Metabolism to Become a Major Carbon Source for
Histone Acetylation. Cell Reports 17: 1463–1472, 2016. doi:10.1016/j.celrep.2016.10.
012.

363. McIntyre A, Harris AL. The Role of pH Regulation in Cancer Progression. Recent

Results Cancer Res 207: 93–134, 2016. doi:10.1007/978-3-319-42118-6_5.

364. McLaughlin VV, McGoon MD. Pulmonary arterial hypertension. Circulation 114:
1417–1431, 2006. doi:10.1161/CIRCULATIONAHA.104.503540.

365. McLellan AC, Thornalley PJ, Benn J, Sonksen PH. Glyoxalase system in clinical diabe-
tes mellitus and correlation with diabetic complications. Clin Sci (Lond) 87: 21–29,
1994. doi:10.1042/cs0870021.

366. Meller S, Meyer HA, Bethan B, Dietrich D, Maldonado SG, Lein M, Montani M, Reszka
R, Schatz P, Peter E, Stephan C, Jung K, Kamlage B, Kristiansen G. Integration of tissue
metabolomics, transcriptomics and immunohistochemistry reveals ERG- and gleason
score-specific metabolomic alterations in prostate cancer. Oncotarget 7: 1421–1438,
2016. doi:10.18632/oncotarget.6370.

367. Menden H, Welak S, Cossette S, Ramchandran R, Sampath V. Lipopolysaccharide
(LPS)-mediated angiopoietin-2-dependent autocrine angiogenesis is regulated by NA-
DPH oxidase 2 (Nox2) in human pulmonary microvascular endothelial cells. J Biol

Chem 290: 5449–5461, 2015. doi:10.1074/jbc.M114.600692.

368. Menghini R, Casagrande V, Cardellini M, Ballanti M, Davato F, Cardolini I, Stoehr R,
Fabrizi M, Morelli M, Anemona L, Bernges I, Schwedhelm E, Ippoliti A, Mauriello A,
Böger RH, Federici M. FoxO1 regulates asymmetric dimethylarginine via downregu-
lation of dimethylaminohydrolase 1 in human endothelial cells and subjects with ath-
erosclerosis. Atherosclerosis 242: 230–235, 2015. doi:10.1016/j.atherosclerosis.2015.
07.026.

369. Merchan JR, Kovács K, Railsback JW, Kurtoglu M, Jing Y, Piña Y, Gao N, Murray TG,
Lehrman MA, Lampidis TJ. Antiangiogenic activity of 2-deoxy-D-glucose. PLoS One 5:
e13699, 2010. doi:10.1371/journal.pone.0013699.

370. Miele C, Riboulet A, Maitan MA, Oriente F, Romano C, Formisano P, Giudicelli J,
Beguinot F, Van Obberghen E. Human glycated albumin affects glucose metabolism in
L6 skeletal muscle cells by impairing insulin-induced insulin receptor substrate (IRS)
signaling through a protein kinase C alpha-mediated mechanism. J Biol Chem 278:
47376–47387, 2003. doi:10.1074/jbc.M301088200.

371. Miranda CH, de Carvalho Borges M, Schmidt A, Marin-Neto JA, Pazin-Filho A. Eval-
uation of the endothelial glycocalyx damage in patients with acute coronary syn-
drome. Atherosclerosis 247: 184–188, 2016. doi:10.1016/j.atherosclerosis.2016.02.
023.

372. Mitchell JA, Hecker M, Anggård EE, Vane JR. Cultured endothelial cells maintain their
L-arginine level despite the continuous release of EDRF. Eur J Pharmacol 182: 573–576,
1990. doi:10.1016/0014-2999(90)90058-E.

373. Mo C, Wang L, Zhang J, Numazawa S, Tang H, Tang X, Han X, Li J, Yang M, Wang Z,
Wei D, Xiao H. The crosstalk between Nrf2 and AMPK signal pathways is important
for the anti-inflammatory effect of berberine in LPS-stimulated macrophages and
endotoxin-shocked mice. Antioxid Redox Signal 20: 574–588, 2014. doi:10.1089/ars.
2012.5116.

374. Molina-Sánchez P, Chèvre R, Rius C, Fuster JJ, Andrés V. Loss of p27 phosphorylation
at Ser10 accelerates early atherogenesis by promoting leukocyte recruitment via
RhoA/ROCK. J Mol Cell Cardiol 84: 84–94, 2015. doi:10.1016/j.yjmcc.2015.04.013.

375. Montagnani M, Chen H, Barr VA, Quon MJ. Insulin-stimulated activation of eNOS is
independent of Ca2� but requires phosphorylation by Akt at Ser(1179). J Biol Chem

276: 30392–30398, 2001. doi:10.1074/jbc.M103702200.

376. Montagnani M, Golovchenko I, Kim I, Koh GY, Goalstone ML, Mundhekar AN, Johan-
sen M, Kucik DF, Quon MJ, Draznin B. Inhibition of phosphatidylinositol 3-kinase
enhances mitogenic actions of insulin in endothelial cells. J Biol Chem 277: 1794–1799,
2002. doi:10.1074/jbc.M103728200.

377. Morgan PE, Sheahan PJ, Davies MJ. Perturbation of human coronary artery endothe-
lial cell redox state and NADPH generation by methylglyoxal. PLoS One 9: e86564,
2014. doi:10.1371/journal.pone.0086564.

378. Mori M. Regulation of nitric oxide synthesis and apoptosis by arginase and arginine
recycling. J Nutr 137, Suppl 2: 1616S–1620S, 2007.

379. Morris SM Jr. Recent advances in arginine metabolism: roles and regulation of the
arginases. Br J Pharmacol 157: 922–930, 2009. doi:10.1111/j.1476-5381.2009.
00278.x.

380. Morris SM, Jr, Bhamidipati D, Kepka-Lenhart D. Human type II arginase: sequence
analysis and tissue-specific expression. Gene 193: 157–161, 1997. doi:10.1016/S0378-
1119(97)00099-1.

381. Morrison RF, Seidel ER. Vascular endothelial cell proliferation: regulation of cellular
polyamines. Cardiovasc Res 29: 841–847, 1995. doi:10.1016/S0008-6363(96)
88621-4.

EELEN ET AL.

50 Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.

https://doi.org/10.1152/physrev.00022.2002
https://doi.org/10.1152/physrev.00022.2002
https://doi.org/10.1152/ajpheart.00206.2015
https://doi.org/10.1161/CIRCRESAHA.113.300506
https://doi.org/10.1161/CIRCRESAHA.113.300506
https://doi.org/10.1074/jbc.R114.585984
https://doi.org/10.1074/jbc.R114.585984
https://doi.org/10.1002/med.10024
https://doi.org/10.1161/CIRCRESAHA.116.306170
https://doi.org/10.1097/01.mol.0000226119.20307.2b
https://doi.org/10.1002/(SICI)1096-9896(199807)185:3&lt;313::AID-PATH93&gt;3.0.CO;2-8
https://doi.org/10.1002/(SICI)1096-9896(199807)185:3&lt;313::AID-PATH93&gt;3.0.CO;2-8
https://doi.org/10.1111/j.1752-8062.2008.00035.x
https://doi.org/10.1152/ajplung.00428.2006
https://doi.org/10.1083/jcb.99.1.222s
https://doi.org/10.1007/s12020-012-9795-8
https://doi.org/10.1016/j.bbrc.2010.03.089
https://doi.org/10.1080/1071576031000107344
https://doi.org/10.1016/j.cell.2009.01.020
https://doi.org/10.1016/j.bmc.2016.03.009
https://doi.org/10.1016/j.bmc.2016.03.009
https://doi.org/10.1016/j.celrep.2016.10.012
https://doi.org/10.1016/j.celrep.2016.10.012
https://doi.org/10.1007/978-3-319-42118-6_5
https://doi.org/10.1161/CIRCULATIONAHA.104.503540
https://doi.org/10.1042/cs0870021
https://doi.org/10.18632/oncotarget.6370
https://doi.org/10.1074/jbc.M114.600692
https://doi.org/10.1016/j.atherosclerosis.2015.07.026
https://doi.org/10.1016/j.atherosclerosis.2015.07.026
https://doi.org/10.1371/journal.pone.0013699
https://doi.org/10.1074/jbc.M301088200
https://doi.org/10.1016/j.atherosclerosis.2016.02.023
https://doi.org/10.1016/j.atherosclerosis.2016.02.023
https://doi.org/10.1016/0014-2999(90)90058-E
https://doi.org/10.1089/ars.2012.5116
https://doi.org/10.1089/ars.2012.5116
https://doi.org/10.1016/j.yjmcc.2015.04.013
https://doi.org/10.1074/jbc.M103702200
https://doi.org/10.1074/jbc.M103728200
https://doi.org/10.1371/journal.pone.0086564
https://doi.org/10.1111/j.1476-5381.2009.00278.x
https://doi.org/10.1111/j.1476-5381.2009.00278.x
https://doi.org/10.1016/S0378-1119(97)00099-1
https://doi.org/10.1016/S0378-1119(97)00099-1
https://doi.org/10.1016/S0008-6363(96)88621-4
https://doi.org/10.1016/S0008-6363(96)88621-4


382. Moussaieff A, Rouleau M, Kitsberg D, Cohen M, Levy G, Barasch D, Nemirovski A,
Shen-Orr S, Laevsky I, Amit M, Bomze D, Elena-Herrmann B, Scherf T, Nissim-Rafinia
M, Kempa S, Itskovitz-Eldor J, Meshorer E, Aberdam D, Nahmias Y. Glycolysis-
mediated changes in acetyl-CoA and histone acetylation control the early differenti-
ation of embryonic stem cells. Cell Metab 21: 392–402, 2015. doi:10.1016/j.cmet.
2015.02.002.

383. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, Das SR, de
Ferranti S, Després JP, Fullerton HJ, Howard VJ, Huffman MD, Isasi CR, Jiménez MC,
Judd SE, Kissela BM, Lichtman JH, Lisabeth LD, Liu S, Mackey RH, Magid DJ, McGuire
DK, Mohler ER III, Moy CS, Muntner P, Mussolino ME, Nasir K, Neumar RW, Nichol
G, Palaniappan L, Pandey DK, Reeves MJ, Rodriguez CJ, Rosamond W, Sorlie PD,
Stein J, Towfighi A, Turan TN, Virani SS, Woo D, Yeh RW, Turner MB; Writing Group
Members; American Heart Association Statistics Committee; Stroke Statistics Sub-
committee. Heart Disease and Stroke Statistics-2016 Update: A Report From the
American Heart Association. Circulation 133: e38–e360, 2016. doi:10.1161/CIR.
0000000000000350.

384. Mugoni V, Postel R, Catanzaro V, De Luca E, Turco E, Digilio G, Silengo L, Murphy
MP, Medana C, Stainier DY, Bakkers J, Santoro MM. Ubiad1 is an antioxidant enzyme
that regulates eNOS activity by CoQ10 synthesis. Cell 152: 504–518, 2013. doi:10.
1016/j.cell.2013.01.013.

385. Murphy C, Kanaganayagam GS, Jiang B, Chowienczyk PJ, Zbinden R, Saha M, Rahman
S, Shah AM, Marber MS, Kearney MT. Vascular dysfunction and reduced circulating
endothelial progenitor cells in young healthy UK South Asian men. Arterioscler Thromb

Vasc Biol 27: 936–942, 2007. doi:10.1161/01.ATV.0000258788.11372.d0.

386. Murphy EA, Majeti BK, Barnes LA, Makale M, Weis SM, Lutu-Fuga K, Wrasidlo W,
Cheresh DA. Nanoparticle-mediated drug delivery to tumor vasculature suppresses
metastasis. Proc Natl Acad Sci USA 105: 9343–9348, 2008. doi:10.1073/pnas.
0803728105.

387. Nakayama K, Nakayama M, Iwabuchi M, Terawaki H, Sato T, Kohno M, Ito S. Plasma
alpha-oxoaldehyde levels in diabetic and nondiabetic chronic kidney disease patients.
Am J Nephrol 28: 871–878, 2008. doi:10.1159/000139653.

388. Nardo G, Favaro E, Curtarello M, Moserle L, Zulato E, Persano L, Rossi E, Esposito G,
Crescenzi M, Casanovas O, Sattler U, Mueller-Klieser W, Biesalski B, Thews O,
Canese R, Iorio E, Zanovello P, Amadori A, Indraccolo S. Glycolytic phenotype and
AMP kinase modify the pathologic response of tumor xenografts to VEGF neutraliza-
tion. Cancer Res 71: 4214–4225, 2011. doi:10.1158/0008-5472.CAN-11-0242.

388a.Nathan DM, Genuth S, Lachin J, Cleary P, Crofford O, Davis M, Rand L, Siebert C;
Diabetes Control and Complications Trial Research Group. The effect of intensive
treatment of diabetes on the development and progression of long-term complica-
tions in insulin-dependent diabetes mellitus. N Engl J Med 329: 977–986, 1993. doi:
10.1056/NEJM199309303291401.

389. Nemoto S, Finkel T. Redox regulation of forkhead proteins through a p66shc-depen-
dent signaling pathway. Science 295: 2450–2452, 2002. doi:10.1126/science.
1069004.

390. Newsholme P, Procopio J, Lima MM, Pithon-Curi TC, Curi R. Glutamine and gluta-
mate–their central role in cell metabolism and function. Cell Biochem Funct 21: 1–9,
2003. doi:10.1002/cbf.1003.

391. Nicenboim J, Malkinson G, Lupo T, Asaf L, Sela Y, Mayseless O, Gibbs-Bar L, Send-
erovich N, Hashimshony T, Shin M, Jerafi-Vider A, Avraham-Davidi I, Krupalnik V,
Hofi R, Almog G, Astin JW, Golani O, Ben-Dor S, Crosier PS, Herzog W, Lawson ND,
Hanna JH, Yanai I, Yaniv K. Lymphatic vessels arise from specialized angioblasts within
a venous niche. Nature 522: 56–61, 2015. doi:10.1038/nature14425.

392. Nikiforov A, Dölle C, Niere M, Ziegler M. Pathways and subcellular compartmenta-
tion of NAD biosynthesis in human cells: from entry of extracellular precursors to
mitochondrial NAD generation. J Biol Chem 286: 21767–21778, 2011. doi:10.1074/
jbc.M110.213298.

393. Nolan DJ, Ginsberg M, Israely E, Palikuqi B, Poulos MG, James D, Ding BS, Schachterle
W, Liu Y, Rosenwaks Z, Butler JM, Xiang J, Rafii A, Shido K, Rabbany SY, Elemento O,
Rafii S. Molecular signatures of tissue-specific microvascular endothelial cell hetero-
geneity in organ maintenance and regeneration. Dev Cell 26: 204–219, 2013. doi:10.
1016/j.devcel.2013.06.017.

394. Notsu Y, Yano S, Shibata H, Nagai A, Nabika T. Plasma arginine/ADMA ratio as a
sensitive risk marker for atherosclerosis: Shimane CoHRE study. Atherosclerosis 239:
61–66, 2015. doi:10.1016/j.atherosclerosis.2014.12.030.

395. Novodvorsky P, Chico TJ. The role of the transcription factor KLF2 in vascular de-
velopment and disease. Prog Mol Biol Transl Sci 124: 155–188, 2014. doi:10.1016/
B978-0-12-386930-2.00007-0.

396. Obrosova IG, Minchenko AG, Vasupuram R, White L, Abatan OI, Kumagai AK, Frank
RN, Stevens MJ. Aldose reductase inhibitor fidarestat prevents retinal oxidative stress
and vascular endothelial growth factor overexpression in streptozotocin-diabetic
rats. Diabetes 52: 864–871, 2003. doi:10.2337/diabetes.52.3.864.

397. Odani H, Shinzato T, Matsumoto Y, Usami J, Maeda K. Increase in three alpha,beta-
dicarbonyl compound levels in human uremic plasma: specific in vivo determination of
intermediates in advanced Maillard reaction. Biochem Biophys Res Commun 256: 89–
93, 1999. doi:10.1006/bbrc.1999.0221.

398. Ohga N, Ishikawa S, Maishi N, Akiyama K, Hida Y, Kawamoto T, Sadamoto Y, Osawa
T, Yamamoto K, Kondoh M, Ohmura H, Shinohara N, Nonomura K, Shindoh M, Hida
K. Heterogeneity of tumor endothelial cells: comparison between tumor endothelial
cells isolated from high- and low-metastatic tumors. Am J Pathol 180: 1294–1307,
2012. doi:10.1016/j.ajpath.2011.11.035.

399. Ohkawara H, Ishibashi T, Saitoh S, Inoue N, Sugimoto K, Kamioka M, Uekita H,
Kaneshiro T, Ando K, Takuwa Y, Maruyama Y, Takeishi Y. Preventive effects of
pravastatin on thrombin-triggered vascular responses via Akt/eNOS and RhoA/Rac1
pathways in vivo. Cardiovasc Res 88: 492–501, 2010. doi:10.1093/cvr/cvq221.

400. Okabe J, Orlowski C, Balcerczyk A, Tikellis C, Thomas MC, Cooper ME, El-Osta A.
Distinguishing hyperglycemic changes by Set7 in vascular endothelial cells. Circ Res

110: 1067–1076, 2012. doi:10.1161/CIRCRESAHA.112.266171.

401. Oldendorf WH, Cornford ME, Brown WJ. The large apparent work capability of the
blood-brain barrier: a study of the mitochondrial content of capillary endothelial cells
in brain and other tissues of the rat. Ann Neurol 1: 409–417, 1977. doi:10.1002/ana.
410010502.

402. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor signalling: in
control of vascular function. Nat Rev Mol Cell Biol 7: 359–371, 2006. doi:10.1038/
nrm1911.

403. Opitz CA, Heiland I. Dynamics of NAD-metabolism: everything but constant.
Biochem Soc Trans 43: 1127–1132, 2015. doi:10.1042/BST20150133.

404. Osanai T, Nakamura M, Sasaki S, Tomita H, Saitoh M, Osawa H, Yamabe H, Mu-
rakami S, Magota K, Okumura K. Plasma concentration of coupling factor 6 and
cardiovascular events in patients with end-stage renal disease. Kidney Int 64: 2291–
2297, 2003. doi:10.1046/j.1523-1755.2003.00334.x.

405. Osanai T, Okada S, Sirato K, Nakano T, Saitoh M, Magota K, Okumura K. Mitochon-
drial coupling factor 6 is present on the surface of human vascular endothelial cells and
is released by shear stress. Circulation 104: 3132–3136, 2001. doi:10.1161/hc5001.
100832.

406. Osanai T, Sasaki S, Kamada T, Fujiwara N, Nakano T, Tomita H, Matsunaga T, Magota
K, Okumura K. Circulating coupling factor 6 in human hypertension: role of reactive
oxygen species. J Hypertens 21: 2323–2328, 2003. doi:10.1097/00004872-
200312000-00021.

407. Osawa T, Ohga N, Akiyama K, Hida Y, Kitayama K, Kawamoto T, Yamamoto K,
Maishi N, Kondoh M, Onodera Y, Fujie M, Shinohara N, Nonomura K, Shindoh M,
Hida K. Lysyl oxidase secreted by tumour endothelial cells promotes angiogenesis and
metastasis. Br J Cancer 109: 2237–2247, 2013. doi:10.1038/bjc.2013.535.

408. Ouzzine M, Gulberti S, Ramalanjaona N, Magdalou J, Fournel-Gigleux S. The UDP-
glucuronosyltransferases of the blood-brain barrier: their role in drug metabolism and
detoxication. Front Cell Neurosci 8: 349, 2014. doi:10.3389/fncel.2014.00349.

409. Pahwa R, Nallasamy P, Jialal I. Toll-like receptors 2 and 4 mediate hyperglycemia
induced macrovascular aortic endothelial cell inflammation and perturbation of the
endothelial glycocalyx. J Diabetes Complications 30: 563–572, 2016. doi:10.1016/j.
jdiacomp.2016.01.014.

410. Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy FJ, Gleeson LE,
van den Bosch MW, Quinn SR, Domingo-Fernandez R, Johnston DG, Jiang JK, Israel-
sen WJ, Keane J, Thomas C, Clish C, Vander Heiden M, Xavier RJ, O’Neill LA.
Pyruvate kinase M2 regulates Hif-1� activity and IL-1� induction and is a critical
determinant of the warburg effect in LPS-activated macrophages. Cell Metab 21:
65–80, 2015. doi:10.1016/j.cmet.2014.12.005.

EC METABOLISM

51Physiol Rev • VOL 98 • JANUARY 2018 • www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.

https://doi.org/10.1016/j.cmet.2015.02.002
https://doi.org/10.1016/j.cmet.2015.02.002
https://doi.org/10.1161/CIR.0000000000000350
https://doi.org/10.1161/CIR.0000000000000350
https://doi.org/10.1016/j.cell.2013.01.013
https://doi.org/10.1016/j.cell.2013.01.013
https://doi.org/10.1161/01.ATV.0000258788.11372.d0
https://doi.org/10.1073/pnas.0803728105
https://doi.org/10.1073/pnas.0803728105
https://doi.org/10.1159/000139653
https://doi.org/10.1158/0008-5472.CAN-11-0242
https://doi.org/10.1056/NEJM199309303291401
https://doi.org/10.1126/science.1069004
https://doi.org/10.1126/science.1069004
https://doi.org/10.1002/cbf.1003
https://doi.org/10.1038/nature14425
https://doi.org/10.1074/jbc.M110.213298
https://doi.org/10.1074/jbc.M110.213298
https://doi.org/10.1016/j.devcel.2013.06.017
https://doi.org/10.1016/j.devcel.2013.06.017
https://doi.org/10.1016/j.atherosclerosis.2014.12.030
https://doi.org/10.1016/B978-0-12-386930-2.00007-0
https://doi.org/10.1016/B978-0-12-386930-2.00007-0
https://doi.org/10.2337/diabetes.52.3.864
https://doi.org/10.1006/bbrc.1999.0221
https://doi.org/10.1016/j.ajpath.2011.11.035
https://doi.org/10.1093/cvr/cvq221
https://doi.org/10.1161/CIRCRESAHA.112.266171
https://doi.org/10.1002/ana.410010502
https://doi.org/10.1002/ana.410010502
https://doi.org/10.1038/nrm1911
https://doi.org/10.1038/nrm1911
https://doi.org/10.1042/BST20150133
https://doi.org/10.1046/j.1523-1755.2003.00334.x
https://doi.org/10.1161/hc5001.100832
https://doi.org/10.1161/hc5001.100832
https://doi.org/10.1097/00004872-200312000-00021
https://doi.org/10.1097/00004872-200312000-00021
https://doi.org/10.1038/bjc.2013.535
https://doi.org/10.3389/fncel.2014.00349
https://doi.org/10.1016/j.jdiacomp.2016.01.014
https://doi.org/10.1016/j.jdiacomp.2016.01.014
https://doi.org/10.1016/j.cmet.2014.12.005


411. Pan S, World CJ, Kovacs CJ, Berk BC. Glucose 6-phosphate dehydrogenase is regu-
lated through c-Src-mediated tyrosine phosphorylation in endothelial cells. Arterio-

scler Thromb Vasc Biol 29: 895–901, 2009. doi:10.1161/ATVBAHA.109.184812.

412. Panchatcharam M, Salous AK, Brandon J, Miriyala S, Wheeler J, Patil P, Sunkara M,
Morris AJ, Escalante-Alcalde D, Smyth SS. Mice with targeted inactivation of ppap2b
in endothelial and hematopoietic cells display enhanced vascular inflammation and
permeability. Arterioscler Thromb Vasc Biol 34: 837–845, 2014. doi:10.1161/
ATVBAHA.113.302335.

413. Pandey D, Hori D, Kim JH, Bergman Y, Berkowitz DE, Romer LH. NEDDylation
promotes endothelial dysfunction: a role for HDAC2. J Mol Cell Cardiol 81: 18–22,
2015. doi:10.1016/j.yjmcc.2015.01.019.

414. Paneni F, Beckman JA, Creager MA, Cosentino F. Diabetes and vascular disease:
pathophysiology, clinical consequences, and medical therapy: part I. Eur Heart J 34:
2436–2443, 2013. doi:10.1093/eurheartj/eht149.

415. Paneni F, Costantino S, Castello L, Battista R, Capretti G, Chiandotto S, D’Amario D,
Scavone G, Villano A, Rustighi A, Crea F, Pitocco D, Lanza G, Volpe M, Del Sal G,
Lüscher TF, Cosentino F. Targeting prolyl-isomerase Pin1 prevents mitochondrial
oxidative stress and vascular dysfunction: insights in patients with diabetes. Eur Heart

J 36: 817–828, 2015. doi:10.1093/eurheartj/ehu179.

416. Paneni F, Costantino S, Cosentino F. p66(Shc)-induced redox changes drive endothe-
lial insulin resistance. Atherosclerosis 236: 426–429, 2014. doi:10.1016/j.
atherosclerosis.2014.07.027.

417. Paneni F, Costantino S, Cosentino F. Role of oxidative stress in endothelial insulin
resistance. World J Diabetes 6: 326–332, 2015. doi:10.4239/wjd.v6.i2.326.

418. Paneni F, Mocharla P, Akhmedov A, Costantino S, Osto E, Volpe M, Lüscher TF,
Cosentino F. Gene silencing of the mitochondrial adaptor p66(Shc) suppresses vas-
cular hyperglycemic memory in diabetes. Circ Res 111: 278–289, 2012. doi:10.1161/
CIRCRESAHA.112.266593.

419. Paneni F, Volpe M, Lüscher TF, Cosentino F. SIRT1, p66(Shc), and Set7/9 in vascular
hyperglycemic memory: bringing all the strands together. Diabetes 62: 1800–1807,
2013. doi:10.2337/db12-1648.

420. Pangare M, Makino A. Mitochondrial function in vascular endothelial cell in diabetes.
J Smooth Muscle Res 48: 1–26, 2012. doi:10.1540/jsmr.48.1.
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