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Atherosclerosis is a leading cause of morbidity and mortality in Western society. Despite improved
insight into disease pathogenesis and therapeutic options, additional treatment strategies are required.
Emerging evidence highlights the relevance of endothelial cell (EC) metabolism for angiogenesis, and
indicates that EC metabolism is perturbed when ECs become dysfunctional to promote atherogenesis. In
this review, we overview the latest insights on EC metabolism and discuss current knowledge on how
atherosclerosis deregulates EC metabolism, and how maladaptation of deregulated EC metabolism can
contribute to atherosclerosis progression. We will also highlight possible therapeutic avenues, based on
targeting EC metabolism.
© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Atherosclerosis is a leading cause of morbidity and mortality in
Western society [1]. This vascular disease affects susceptible sites in
arteries, and is characterized by endothelial cell (EC) dysfunction as
a major pathogenetic contributor [2,3]. During atherosclerosis, ECs
become activated, resulting in the recruitment and accumulation of
monocytes, which differentiate to macrophages and engulf lipids,
becoming foam cells. ECs also become dysfunctional, producing
reactive oxygen species (ROS) at the expense of nitric oxide (NO)
and hydrogen sulﬁde (H2S), thereby promoting vascular inﬂammation and thrombosis, while reducing vasodilation. Also, perturbed ﬂow-dependent mechanisms promote atherogenesis. Here,
we will discuss how EC metabolism becomes maladapted in
atherosclerosis and how these EC metabolic perturbations may
contribute to disease progression. An improved insight in the role
of deregulated EC metabolism in atherosclerosis promises to offer
alternative therapeutic approaches to combat this disease. We will
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ﬁrst overview EC metabolism in health, and then discuss EC
metabolism in atherosclerosis and, more limitedly, in proatherogenic diabetes.
2. Endothelial cell metabolism
Recent studies started to uncover EC metabolism and shed light
on some key EC metabolic pathways, which we will brieﬂy overview here (Fig. 1).
2.1. ECs are glycolysis addicted
In spite of readily available oxygen in the blood, ECs mainly
produce adenosine triphosphate (ATP) via anaerobic glycolysis [4].
This initially counterintuitive ﬁnding may offer several advantages.
First, blood vessels must be able to vascularize poorly oxygenated
areas, where glucose appears more available than oxygen [5]. By
relying on anaerobic rather than aerobic metabolism, ECs are
capable of sprouting into low oxygen conditions, which they would
not be able to do, if they would rely solely on oxidative metabolism.
Second, by relying on glycolysis and hence consuming little oxygen,
ECs can transfer more oxygen to perivascular cells. Third, to vascularize ischemic tissues rapidly, activated ECs need to rapidly
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generate large amounts of ATP, which they can achieve faster
through anaerobic glycolysis than by oxidative metabolism [6,7].
Nevertheless, ECs are capable of oxidative phosphorylation when
glycolytic rates are limited [8]. However, under physiological conditions, ECs produce 85% of ATP through anaerobic glycolysis and
much less ATP is produced by oxidation of glucose, fatty acids or
amino acids via the electron transport chain [4,8e11]. This reliance
on non-oxidative metabolism also permits ECs to generate less ROS,
while at the same time also fuelling a glycolytic side pathway, i.e.
the pentose phosphate pathway (PPP), thereby generating NADPH,
which is used to regenerate reduced glutathione (GSH), a key
antioxidant [8,12].
Glycolysis starts with facilitated entry of glucose in ECs through
glucose transporters, which is then metabolized to pyruvate in a
series of reactions. A key activator of glycolysis is 6-phosphofructo2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3). PFKFB3 expression is increased in activated as compared to quiescent ECs [4].
Interestingly, genetic or pharmacological PFKFB3 inhibition impairs
the ability of ECs to sprout in vitro and to form vessels in vivo [4,10].
Pharmacological PFKFB3 blockade, leading to partial and transient
reduction of glycolysis, is capable of reducing pathological angiogenesis in inﬂamed skin, colon and eye disease, without evoking

systemic effects [10]. When ECs sprout, a migratory tip cell at the
front leads proliferating stalk cells, which elongate the stalk. While
VEGF promotes the tip cell phenotype, Notch signaling promotes
the stalk cell phenotype. These phenotypes are not static, as stalk
cells can overtake tip cells. Notably, overexpression of PFKFB3
overrules the pro-stalk cell effect of Notch signaling, thereby
making the stalk cell more competitive for the tip position [9].
Altogether, these ﬁndings underscore the pivotal role of glycolysis
in angiogenesis, and the therapeutic potential of blocking PFKFB3 in
inhibiting pathological angiogenesis.
2.2. Glycolytic side pathways in ECs
Apart from fuelling angiogenesis, increased glycolytic ﬂux also
generates metabolic intermediates that are shunted into side
pathways such as the hexosamine biosynthesis pathway (HBP) and
the PPP [4,12,13]. The HBP uses the glycolytic intermediate fructose6-phosphate (F6P) and converts it into glucosamine-6-phosphate
(GlcN6P). The latter is then metabolized to uridine diphosphate
N-acetylglucosamine (UDP-GlcNAc), a metabolite involved in
glycosylation reactions (Fig. 1) [14].
One of the main functions of the PPP is to generate pentoses for

Fig. 1. Overview of general EC metabolism. Schematic representation and simpliﬁed overview of metabolic pathways known to be involved in endothelial cell metabolism.
Glycolysis, shaded in dark blue, is a central metabolic pathway generating pyruvate from glucose, and from which arise four side pathways. In the pentose phosphate pathway (PPP,
shaded in green), glucose-6-phosphate (G6P) is metabolized in ribulose-5-phosphate (Ru5P) by the glucose-6-phosphate dehydrogenase (G6PD) enzyme, producing NADPH. The
PPP-derived NADPH further contributes to scavenging of reactive oxygen species (ROS) and participates to antioxidant properties. Through the hexosamine pathway (shaded in
orange), fructose-6-phosphate (F6P) is used to generate protein glycosylation and glycocalyx formation. Furthermore in the uronic acid cycle (shaded in grey) G6P is metabolized to
UDP-glucuronic acid (UDP-GlcUA), which is then further incorporated in the glycocalyx and contributes to protein glycosylation. Another glycolysis side pathway is the one-carbon
metabolism (shaded in purple), producing protein and nucleotide methylation through the key enzymes dihydrofolate reductase (DHFR) and methylenetetrahydrofolate reductase
(MTHFR). At the end of glycolysis, pyruvate can enter the mitochondria where it is converted to acetyl-coenzyme A (acetyl-CoA) and enters in the tricarboxylic acid cycle (TCA,
shaded in yellow). Acetyl-CoA is also produced within the mitochondria through fatty acid oxidation (FAO, shaded in red) and is metabolized in cholesterol in the mevalonate
pathway (shaded in pale blue). The ornithine cycle, depicted in pink, permits to generate nitric oxide (NO) through the endothelial NO synthase (eNOS), participating to the vascular
homeostasis. 3PG, 3-phosphogylcerate; aKG, a-ketoglutarate; BH4, tetrahydrobiopterin; CoQ10, coenzyme Q10; CPT1a, carnitine palmitoyl transferase 1a; F1,6P2, fructose-1,6bisphosphate; F2,6P2, fructose-2,6-bisphosphate; FA-CoA, fatty acyl coenzyme-A; FAS, FA synthase; G3P, glyceraldehyde-3-phosphate; GLS, glutaminase; GlcN6P, glucosamine6-phosphate; GLUD; glutamate dehydrogenase; GSH, reduced glutathione; GSSG, oxidized glutathione; hCys, homocysteine; HMG-CoA, 3- hydroxy-3-methylglutaryl-CoA; HMGR,
hydroxymethylglutaryl CoA reductase; Met, methionine; meTHF, 5,10-methylene-methyltetrahydrofolate; mTHF, 5-methyltetrahydrofolate; PFK, phosphofructokinase; PFKFB3, 6phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; R5P, ribose-5-phosphate; SAM, S- adenosylmethionine; TK, transketolase; THF, tetrahydrofolate; UDP-GlcNAc, uridine
diphosphate N-acetylglucosamine; UDP-GlcUA, UDP-glucuronic acid.
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the production of nucleotides necessary for EC proliferation [15].
The glycolytic intermediate 3-phosphoglycerate (3PG) enters the
serine biosynthesis pathway, which has a role in one-carbon
metabolism (Fig. 1) [16]. Genetic or pharmacological inhibition of
the oxidative PPP branch rate-limiting enzyme glucose-6-phosphate
dehydrogenase (G6PD) or of the non-oxidative PPP branch ratelimiting enzyme transketolase reduces EC viability and migration,
highlighting the dependence of activated ECs on metabolic pathways fuelled by glycolytic intermediates [17]. Noteworthy, the
oxidative PPP also generates NADPH that can be used for lipid
synthesis or for the regeneration of oxidized glutathione (GSSG) into
its reduced form (GSH) for redox homeostasis (Fig. 1) [18].
2.3. Fatty acid metabolism in angiogenesis
Fatty acid (FA) metabolism plays a more important role in ECs
than perhaps originally expected. Though debated, fatty acid
oxidation (FAO) is dispensable for ATP production or redox homeostasis (via production of NADPH) in ECs [19]. Instead, in
conjunction with other anaplerotic carbon sources (glucose,
glutamine), FA-derived carbons enter the tricarboxylic acid (TCA)
cycle, and are used to produce glutamate and aspartate, precursors
of nucleotides [19]. This explains why genetic loss of carnitine
palmitoyl transferase 1a (CPT1a) in ECs impairs vessel formation
through speciﬁc impairment of EC proliferation, not migration [19].
Also, pharmacological CPT1a blockade reduces pathological ocular
angiogenesis [19]. Moreover, growth factors like VEGF can induce
EC proliferation through upregulation of FA uptake and FA trafﬁcking protein 4 (FABP4) [20]. Interestingly, through palmitoylation, FA synthesis (FASN) regulates the bioavailability of endothelial
nitric oxide synthase (eNOS), which generates NO [21].
2.4. Amino acid metabolism
Besides glucose and FAs, the metabolism of amino acids such as
arginine and glutamine is of major relevance for activated ECs.
eNOS converts arginine to citrulline and nitric oxide (NO), an
important vasoprotective molecule that mediates vasodilation
required for normal vascular homeostasis, and inhibits multiple
events promoting atherosclerosis, such as platelet aggregation,
vascular smooth muscle cell proliferation and migration, leukocyte
adhesion and oxidative stress [2,22e24]. Deregulated eNOS function is a key factor contributing to atherosclerosis (see below).
ECs express glutaminase 1 (GLS1), which converts glutamine to
glutamate. Glutamate is then metabolized via glutamate dehydrogenase (GLUD) to a-ketoglutarate, which enters the TCA cycle for
biosynthesis of macromolecules (Fig. 1) [25]. Serine synthesis requires the a-nitrogen from glutamate and 3-phosphoglycerate from
the glycolytic pathway, thus exemplifying a functional interconnection between glucose and glutamine metabolism. Serine can be
metabolized to glycine and used for one-carbon metabolism [16].
Our knowledge about EC metabolism and more speciﬁcally the
EC metabolic ﬂuxes has expanded in the past years. Still, little remains known about the transcriptional regulation of metabolic
processes in ECs. Recently, the forkhead box O (FOXO) transcription
factor FOXO1 was shown to be an essential metabolic rheostat of
vascular growth that couples metabolic and proliferative activities
in ECs [26]. The transcriptional and epigenetic inﬂuences on EC
metabolic regulation merit further investigation.
3. Perturbation of EC metabolism in atheroscleosis
EC metabolism is altered already in the early stages of atherosclerosis and becomes further reprogrammed when the disease
progresses (Fig. 2). In this section we will discuss the current

249

knowledge on how perturbation/maladaptation of EC metabolism
is altered/contributes to atherosclerotic lesion formation.
3.1. eNOS uncoupling: a source of ROS
When functioning normally, eNOS converts L-arginine to
citrulline and NO, requiring several cofactors including NADPH,
ﬂavin adenine dinucleotide (FAD), ﬂavin mononucleotide (FMN),
Ca2þ/calmodulin and tetrahydrobiopterin (BH4). eNOS-derived NO
is a vasculoprotective factor, counteracting atherogenesis (see
above). However, early in atherosclerosis, eNOS can become
uncoupled from NO production, generating instead superoxide


anion (O
2 ) that can react with NO to yield peroxynitrite (ONOO ),
a highly reactive ROS [27,28]. Uncoupling of eNOS thus not only
reduces NO bioavailability, but peroxynitrite also nitrosylates eNOS
and converts the eNOS cofactor tetrahydrobiopterin (BH4) to the
biologically inactive dihydrobiopterin (BH2), further uncoupling
eNOS in a vicious cycle [29]. eNOS uncoupling can also occur when
the availability of L-arginine or other cofactors required for NO
production, become unbalanced (see below) [2,23]. For instance,
NADPH can be consumed by NADPH oxidases (NOXs), which are
upregulated in atherosclerotic arteries with turbulent ﬂow
[30e32], thereby depleting the NADPH pool, available for eNOS
activity.
A second mechanism for eNOS uncoupling relates to asymmetric dimethylarginine (ADMA), which being an arginine
analogue binds the catalytic site of eNOS and thereby competes
with arginine to antagonize NO production. Produced through
methylation of arginine, ADMA has been investigated for its effects
on EC dysfunction and role in cardiovascular diseases (Fig. 2) [33].
ADMA plasma levels are elevated up to 10-fold in atherosclerotic
patients and are considered a cardiovascular risk factor [34]. Inactivation of the ADMA degrading enzyme dimethyl-arginine
dimethyl-aminohydrolase by oxidative stress further evokes
ADMA accumulation. By competing with ADMA, arginine supplementation can improve coronary blood ﬂow and clinical symptoms
in patients with cardiovascular disease (Table 1) [35]. Nevertheless,
not all patients respond similarly to L-arginine supplementation
and this therapeutic approach mainly beneﬁts atherosclerotic patients with impaired endothelium-dependent vasodilation and
high levels of plasma ADMA, in whom plasma arginine levels are
rate limiting [36]. Oral supplementation of arginine not only beneﬁts endothelium-dependent vasodilation, but also reverses the
hyperadhesion of monocytes in atherosclerotic patients [37]. In
addition to ADMA, post-translational modiﬁcation of arginine also
generates symmetric dimethylarginine (SDMA). SDMA competes
with arginine uptake via the cationic amino acid transporter 1
(CAT1) and consequently reduces NO bioavailability, inducing
endothelial dysfunction [38]. Recent evidence reveals that SDMA
induces oxidative stress and increases superoxide anion production
in ECs contributing to eNOS uncoupling [39]. Clinically, plasma
levels of SDMA have been identiﬁed as potential biomarker for
cardiovascular disease and are positively correlated with mortality
in patients with stable coronary heart disease [40].
Another cause of eNOS uncoupling is decreased levels of BH4, a
cofactor of eNOS, which is oxidatively metabolized to inactive BH2
[29]. In ECs, BH4 is produced via de novo synthesis from GTP by GTP
cyclohydrolase I (GTPCH-1), but can also be regenerated from
inactive BH2 by dihydrofolate reductase (DHFR) (Fig. 2). Interestingly, in ApoE null mice with reduced NO synthesis [41], supplementation with BH4 precursors reduces ROS production and fosters
NO synthesis [29,42]. Clinical trials testing BH4 supplementation as
therapeutic approach for vascular dysfunction treatment have
shown mixed results [29].
eNOS uncoupling is linked to one-carbon metabolism. Indeed,
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Fig. 2. Overview of EC metabolism deregulation in atherosclerosis. In atherosclerosis, endothelial nitric oxide synthase (eNOS) dysfunction is central in mediating the pathogenesis. Represented are the main metabolic alterations promoting eNOS uncoupling from the ornithine cycle (shaded in pink) and leading to reactive oxygen species (ROS)
overproduction. L-arginine methylation by the one-carbon metabolism (shaded in purple) produces the asymmetric dimethylarginine (ADMA) that competes with arginine for
binding to eNOS and leads to reduced eNOS activity. The mevalonate pathway (shaded in pale blue) also provides farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate
(GGPP), required for RhoA prenylation and eNOS uncoupling. In the meantime, both one-carbon and mevalonate pathways provide eNOS coupling co-factors (BH4, tetrahydrobiopterin and CoQ10, coenzyme Q10) and inhibit ROS production. For clarity, not all metabolites and enzymes of the depicted pathways are shown, please refer to Fig. 1. BH2,
dihydrobiopterin; DHF, dihydrofolate; hCys, homocysteine; GTP, guanosine triphosphate; GTPCH-1, guanosine triphosphate cyclohydrolase 1; NOX, NADPH oxidases; PRMT, protein
arginine methyltransferase.

Table 1
EC metabolism as a potential target in atherosclerosis.
EC metabolic pathway

Available therapeutic approach

Mode of action

Clinical application/preclinical evidence

eNOS activity

L-arginine

- Clinical beneﬁt in patients with high plasma ADMA levels

eNOS uncoupling

BH4 supplementation

Gasotransmitter
interaction

H2S donors

- L-arginine competes with ADMA
- Increased production of NO
- Recoupling of eNOS to produce
NO instead of ROS
- Multiple vasoprotective effects
(including NO production, vasodilation,
anti-inﬂammation, etc.)

Mevalonate pathway

Statins

- Inhibits HMG-CoA reductase
- Decreases GGPP and FPP levels

One carbon metabolism

Folate supplementation
Vitamin B12 & B6
supplementation
Glutamine supplementation
NOX1/NOX2 antagonists
Statins
Resveratrol

- Decreases homocysteine levels
- Decreases homocysteine levels

Amino acid metabolism
Redox homeostasis

supplementation

- Unknown
- Decreases ROS production
- Attenuates oxLDL-induced eNOS
reduction and NOX activation
- Decreases NOX2 levels
- Decreases inﬂammatory
biomarkers/cytokines

- Mixed results in clinical trials
- H2S donor such as NaHS may be unsuitable
as therapeutic agent owing to its rapid release of H2S
- Therapeutic applicability of H2S appears problematic
due to difﬁculty in obtaining precise levels
- Approved for atherosclerosis treatment
- Lipid lowering effect
- Modulates eNOS uncoupling
- Limited beneﬁt in clinical trials
- No beneﬁcial effect in intervention studies
- Cardioprotective in clinical trials
- Being clinically tested or already approved (statins)

ADMA, asymmetric dimethylarginine; BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide (NO) synthase; FPP, farnesylpyrophosphate; GGPP, geranylgeranylpyrophosphate; H2S, hydrogen sulﬁde; HMG, 3-hydroxy-3-methylglutaryl-CoA; NaHS, sodium hydrosulﬁde; NOX, NADPH oxidases; oxLDL, oxidized low-density lipoproteins;
ROS, reactive oxygen species.

the eNOS uncoupling factor ADMA is generated via methylation of
arginine by the methyldonor S-adenosylmethionine (SAM), a
product of one-carbon metabolism (Fig. 2) [33]. In addition, DHFR
converts dihydrofolate (DHF) to tetrahydrofolate (THF), which accepts a one-carbon unit from serine to produce 5,10-methyleneTHF (meTHF) and glycine. meTHF is then reduced to 5-methyl-THF

(mTHF) by methylenetetrahydrofolate reductase (MTHFR), which
donates a one-carbon unit to homocysteine to recycle methionine,
which is then used to generate SAM [29]. Clinically, plasma levels of
the SAM-precursor homocysteine can be lowered by supplementation with folic acid and vitamin B12 and B6 (Table 1). However,
past interventions have not shown consistent clinical beneﬁt of
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vitamin therapy to decrease plasma homocysteine levels in patients
with cardiovascular disease (Table 1) [43].
Noteworthy, clinical observations indicate that MTHFR mutations correlate with a higher risk for developing cardiovascular
diseases [44e46]. This may relate to the ﬁnding that such loss-offunction mutations of MTHFR, the enzyme generating mTHF
necessary for converting homocysteine to methionine, cause
hyper-homocysteinemia. This condition lowers BH4 levels, possibly
by affecting the activity of GTPCH-1 and DHFR, enzymes that are
instrumental for BH4 regeneration [29], though this observation
remains debated [44].
3.2. Metabolic pathways regulating redox homeostasis in ECs
In atherosclerotic conditions, ECs generate elevated ROS levels,
in part via eNOS uncoupling (see above). However, NOX enzymes
are also an important source of ROS in ECs. NOX-produced ROS also
have a signaling role. Indeed, many of the critical signaling molecules involved in EC activation are redox sensitive. By activating
redox-sensitive transcriptional factors (such as nuclear factorkappa B (NF-kB), activated protein-1, hypoxia-inducible factor-1a,
p53), NOX-derived ROS inﬂuence the expression of genes, involved
in EC activation such as adhesion molecules (VCAM-1, ICAM-1, Eselectin) and in vascular permeability [47]. Since NOX enzymes use
NADPH, a co-factor for eNOS, high NOX activity can compromise NO
production by squelching NADPH [48,49].
Of all NOX isoforms expressed by ECs, NOX2 is a major source for
ROS production, whose expression is induced by pro-inﬂammatory
cytokines, growth factors (VEGF, thrombin), hypoxia, high glucose
and high FA levels [47,50e54]. Moreover NOX enzymes are also
upregulated by low/perturbed shear stress, as observed in atheroprone areas [55,56]. Based on these ﬁndings, NOX1/NOX2 antagonists have been developed for the treatment of cardiovascular
disease, currently in preclinical testing (Table 1) [48]. Interestingly,
treatment with resveratrol lowers endothelial NOX2 expression
and prevents mitochondrial damage by ROS, by upregulating Sirtuin 3 expression [57]. Sirtuin 3 activates peroxisome PPAR coactivator-1a (PGC-1a), an inducer of mitochondrial biogenesis, but
additionally acts as an antioxidant in ECs, also in hyperglycemic
conditions [57e59]. Overall, resveratrol's protective effect in
atherosclerosis was evaluated in a clinical trial (Table 1) assessing
endothelial response (EC activation) in healthy individuals [60]. A
recent study suggested however that development of isoformspeciﬁc NOX inhibitors is essential, since NOX4 is atheroprotective [61].
Diabetes is a pro-atherogenic condition. While not the primary
focus of this study, metabolism in ECs exposed to high glucose
becomes maladapted, so that these ECs produce more ROS via
multiple metabolic adjustments. Indeed, dysfunctional mitochondria leak more ROS in their electron transport chain [62], and
increased NOX activity upon protein kinase C signaling also generates more ROS [63]. Elevated oxidative stress inactivates the
glycolytic gene glyceralde-3-hydephosphate dehydrogenase
(GAPDH), which leads to an accumulation of glycolytic intermediates higher up in the pathway [64]. This causes an overﬂow
of glucose in the polyol pathway ﬂux, which consumes NADPH and
thus increases oxidative stress, and generates 3-deoxyglucose (see
below). Accumulating F6P enters via activation of the key-enzyme
glutamine fructose-6-phosphate amidotransferase (GFAT) of the
HBP, a pathway involved in glycosylation of eNOS, which thereby
reduces its activity [65,66]. Fragmentation of accumulating glucose
and triosephosphates produces methylglyoxal, glyoxal and 3deoxyglucosone, i.e. highly reactive dicarbonyl compounds that
contribute to non-enzymatic production of noxious advanced glycation end products (AGEs), which results in ROS production
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[52,67]. Also, accumulating dihydroxyacetone phosphate (DHAP) is
converted to diacylglycerol, an activator of protein kinase C that in
turn stimulates production of ROS by NOX enzymes [30,52,68].
ECs can activate several metabolic pathways to counter the
oxidative stress by producing NADPH, critical for regenerating
glutathione and thioredoxin from their oxidized to reduced state,
key cellular anti-oxidants. These pathways include the oxidized
pentose phosphate pathway (oxPPP), isocitrate dehydrogenases
(IDH), malic enzyme (ME), nicotinamide nucleotide transhydrogenase (NNT), and MTFHDs. Very little is however known
about the activity of these pathways in ECs during atherosclerosis
or diabetes. ECs exposed to high glucose conditions have an
impaired PPP ﬂux, depleting NADPH pools and contributing to ROS
accumulation (Fig. 2) [67]. G6PD overexpression in ECs restores the
redox balance in conditions of high glucose [69,70]. Silencing of
mitochondrial IDH2 in ECs increases the levels of ROS, the oxidized/
reduced glutathione ratio, while impairing oxygen consumption
and increasing mitochondrial fragmentation, likely because mitochondrial DNA and proteins are exquisitely sensitive to oxidative
stress [71]. IDH2 knockdown also decreases eNOS activation and
lowers NO levels in ECs [71]. While this study shows the role of
IDH2 in redox homeostasis in healthy ECs, its relevance in atherosclerotic conditions remains to be determined.
3.3. Mevalonate pathway: regulating eNOS and CoenzymeQ10
Modulation of the mevalonate pathway (also known as the
cholesterol synthesis pathway) in ECs is pertinent for atherosclerosis progression, as it determines ROS levels, eNOS function, and
cholesterol production [72,73]. Acetyl-CoA, the precursor of
mevalonate, is converted to 3-hydroxy-3-methylglutaryl-CoA
(HMG)-CoA by HMG reductase (HMGR). This is the ﬁrst step of the
mevalonate pathway and constitutes the rate-limiting reaction of
this pathway. Statins, inhibiting HMGR and widely used for
atherosclerosis treatment, inhibit the synthesis of isoprenoid intermediates of the mevalonate pathway, such as geranylgeranylpyrophosphate (GGPP) and farnesylpyrophosphate (FPP). By
serving as lipid attachments, GGPP and FPP post-translationally
modify various proteins, including small GTPases such as RhoA
and Rac1 [74]. RhoA needs to be prenylated by GGPP to become
localized to the EC plasma membrane in order to regulate cytoskeleton dynamics and post-transcriptional eNOS mRNA stability
[75]. When prenylated, RhoA promotes the degradation of eNOS
mRNA transcripts [75]. Therefore, by limiting RhoA prenylation,
statins prevent excessive degradation of eNOS, resulting in a
beneﬁcial increase of NO levels.
On the other hand, statins may counteract ROS scavenging and
eNOS coupling. First, FPP is a precursor of CoenzymeQ10 (CoQ10),
an important anti-oxidant enzyme in ECs [76]. Hence, inhibition of
the mevalonate pathway by statins will impair synthesis of CoQ10.
Second, since CoQ10 improves EC dysfunction by “recoupling”
eNOS [77,78], statins impair the synthesis of vasculoprotective NO
by eNOS, promoting instead eNOS uncoupling and production of
ROS [76]. These negative effects of statins on redox homeostasis
and the reduction of GGPP and FPP intermediates (leading to
mitochondrial CoQ10 depletion) have been suggested to explain
why statins do not always induce the expected atheroprotective
effect as well as other side effects like myopathies [79,80].
3.4. Role of lipoproteins and sphingolipids in EC metabolism
The subendothelial space and vessel lumen are exposed to low(LDL) and high-density lipoproteins (HDL), well known cardiovascular risk factors [81]. During early atherogenesis, LDL and other
lipoproteins accumulate in arterial vessels [82,83]. Upon oxidative
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stress, oxidized LDL (oxLDL) is formed, which binds to scavenger
receptors (SR), including SR-A, SR-BI, CD36 and lectin-like oxidized
LDL receptor-1 (LOX-1), and induces inﬂammation and vascular
leakiness [84,85]. LOX-1 is a major oxLDL receptor expressed by the
endothelium [86]. When incubated with oxLDL, ECs reduce eNOS
expression [87] and increase LOX-1 levels [88]. In ApoE/ mice,
NO-mediated dilation of coronary arterioles is disrupted upon
oxLDL/LOX-1 signaling involving activation of mainly NOX-2 and -4,

leading to superoxide anion (O
2 ) production [89]. Interesting in
this respect, LOX antibodies, NOX inhibitors and free radical scavenger (TEMPOL) administration restored vascular functions in
ApoE/ mice [89]. Statins also reduce oxLDL-induced upregulation
of LOX-1 and downregulation of eNOS in vitro [87]. Thus, oxLDL and
LOX-1 are key molecules governing atherosclerosis progression, by

evoking O
2 production and positioning NOX as major source of

O
2 . In addition, independent genetic association studies have
identiﬁed that single nucleotide polymorphisms (SNPs) in the OLR1
gene (encoding the LOX-1 receptor) are associated with an
increased risk of myocardial infarction [90]. Further, oxLDL promotes accumulation of mitochondrial ROS and induces damage to
the mitochondrial genome, thus contributing to EC dysfunction
[91]. Lastly, oxLDL induces mitochondrial arginase II expression,
which impairs NO production by competing for arginine [92].
Atherogenic LDL is enriched in phospholipids and sphingolipids
such as sphingomyelin (SM) and ceramide (the backbone of all
sphingolipids). Hydrolysis of SM by sphingomyelinase (SMase)
generates phosphocholine and ceramide. SM and ceramide are
bioactive sphingolipids, which are increased in atherosclerotic lesions, and elevated plasma levels are correlated with a higher risk
of atherosclerosis [93]. Indeed, plasma SM levels are 4-fold higher
in ApoE/ mice [94]. Interestingly, oxLDL activates SMase, further
amplifying pro-atherosclerotic signals [93]. Similarly for ceramide,
inﬂammatory cytokines such as TNF-a trigger SMase in ECs and
increase ceramide levels and ROS production. Moreover, ceramide
directly stimulates the production of pro-inﬂammatory cues (TNFa, IL-6) and decreases eNOS bioavailability from ECs, thereby
inducing a vicious cycle during atherogenesis [93,95e97].
Sphingolipids are also highly represented in the HDL compartment that displays a major role in vasculo- and atheroprotection.
ECs express receptors for ApoA-1 and HDL, and are able to mediate
HDL intracellular signaling and HDL particle internalization [98].
The effects of HDL on ECs are pleiotropic and HDL particles are
thought to have antioxidant, anti-apoptotic, anti-inﬂammatory and
anti-thrombotic properties [81,98]. However, these antiatherogenic effects have been detected when using HDL from
healthy subjects [99]. More recent studies show that HDL from
patients with coronary artery disease (CAD) (HDLCAD) failed to
stimulate NO production and that HDLCAD particles did not exhibit
atheroprotective properties [100]. One possible mechanism is that
HDLCAD activates LOX-1, which in turn inhibits eNOS activity [100].
Another explanation might be that HDLCAD contains lower levels of
sphingosine-1-phosphate (S1P), which has been correlated with a
poor outcome in CAD [101,102]. S1P is an atheroprotective sphingolipid produced and released by ECs that strengthens the endothelial barrier [103]. HDL and LDL, altogether with their interaction
with sphingolipids, interact with EC metabolism mainly via ROS
accumulation and eNOS uncoupling and can be considered as
therapeutic targets in the early and late stage of atherosclerosis
[98].
3.5. Perturbed regulation of EC metabolism by aberrant blood ﬂow
Blood ﬂow importantly inﬂuences atherogenesis, with laminar
blood ﬂow being atheroprotective, and turbulent blood ﬂow
inducing opposite effects (Fig. 3) [104]. The vasculoprotective

effects of laminar shear stress are attributable to various mechanisms. Emerging evidence indicates a link between shear stress and
EC (glucose) metabolism. One atheroprotective mechanism relates
to the upregulation of transcription factor, Kruppel-like factor 2
(KLF2) by laminar shear stress. Indeed, transcriptomic analysis of
ECs exposed to atheroprotective versus atheroprone shear stress
waveforms identiﬁed KLF2 as a highly upregulated signal in atheroprotective conditions [105]. KLF2 promotes EC quiescence,
tightens the vascular barrier (by increasing the expression of VEcadherin [106]), promotes EC alignment in the ﬂow axis [107], reduces the pro-inﬂammatory state of ECs, and is vital to
endothelium-dependent vascular homeostasis [108]. Consistent
with EC activation and dysfunction in atherosclerosis, LDL represses
endothelial KLF2 expression, evoking a dysfunctional, hypercoagulable endothelium [109]. KLF2 expression is also suppressed by
miR-92a, a miRNA that is upregulated by oxLDL in atheroprone
conditions, while systemic miR-92a blockade reduces EC inﬂammation and atherosclerosis burden in mice [110,111]. Interestingly,
KLF2 also regulates EC glucose metabolism, thereby establishing a
link between a biomechanical stimulus (shear stress) and glycolysis. Indeed, KLF2 overexpression reduces glucose uptake and
glycolysis, in part by repressing PFKFB3's promoter activity (Fig. 3)
[112]. Lowering glycolysis by silencing PFKFB3 promotes EC
quiescence [9], thus explaining how KLF2 promotes EC quiescence
by reprogramming EC metabolism.
A second mechanism, linking ﬂow to EC metabolism, relates to
the endothelial glycocalyx layer (EGL). This is a thick gel-like layer,
composed of glycoproteins, sulfated proteoglycans and associated
glycosaminoglycans (GAGs) at the luminal surface of ECs [113,114].
The vasculoprotective EGL promotes NO-dependent blood ﬂow;
indeed, in response to laminar shear stress, the EGL constituent
glypican-1 activates eNOS, since it is anchored to caveolae where
eNOS resides [115]. In addition, the EC glycocalyx contributes to the
vascular permeability barrier, and prevents thrombosis and vessel
wall inﬂammation (through inhibition of respectively platelet and
leukocyte adhesion to ECs) [113]. Laminar shear stress promotes
EGL deposition, but the EGL functions both as a mechano-sensor as
well as a mechano-transducer [113,114]. By contrast, high glucose
and oxLDL (two risk factors of atherosclerosis) induce EGL shedding
[116,117]. Elevated ROS levels, commonly seen in ECs during diabetes and atherosclerosis, also induce EGL shedding [118,119], but
EGL degradation also leads to elevated ROS production in a feedforward loop [120]. Clinically, patients with acute coronary syndrome also have elevated plasma syndecan-1 levels, suggesting
EGL damage and shedding [121]. Since the EGL consists of glycoproteins and glycosaminoglycan chains (such as hyaluronan), it is
likely that EC glucose metabolism regulates EGL production.
Indeed, protein glycosylation relies on the production of UDPGlcNAc in the HBP, a side pathway of glycolysis. In addition, the
GAG hyaluronan consists of repeating disaccharide units of glucuronic acid (GlcUA) and GlcNAc [122]. Hyaluronan synthases use
UDP-glucuronic acid (UDP-GlcUA) and UDP-GlcNAc as rate-limiting
substrates, whose synthesis requires glycolytic intermediates and
large amounts of ATP [123]. Indeed, the uronic acid pathway is an
alternative pathway for glucose oxidation that does not generate
ATP but uses the glycolytic metabolite glucose-6-phosphate to
produce UDP-GlcUA, while the HBP uses the glycolytic intermediate fructose-6-phosphate to produce UDP-GlcNAc. How ECs regulate these metabolic pathways to produce the EGL remains to be
studied.
A third example of how EC metabolic genes can be regulated by
ﬂow involves phosphatidic acid phosphatase type 2B (PPAP2B),
which hydrolyses atheroprotective lipids, such as lysophosphatidic
acid (LPA) and S1P [103,124]. Similar as KLF2, PPAP2B expression is
also reduced by disturbed ﬂow and regulated by miR-92a [110,125].
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Fig. 3. Mechanism of regulation of endothelial cellular metabolism by shear stress in atherosclerosis. Laminar shear stress reduces endothelial cell glycolysis by repressing the
expression of PFKFB3 in a Kruppel-like factor-2 (KLF2)-dependent manner. This effect maintains the quiescent metabolic state of ECs, by reducing phosphofructokinase-2/fructose2,6-bisphosphatase-3 (PFKFB3) promoter activity, and reinforcing vascular endothelial (VE)-cadherin based endothelial cell-cell junctions. Laminar ﬂow leads to a thick and regular
glycocalyx, while ECs exposed to disturbed ﬂow or biochemical stimuli (i.e. cytokines, high glucose, and oxidative stress) present with damaged and less prominent glycocalyx. In
atheroprone conditions KLF2 expression is reduced by disturbed ﬂow, low-density lipoprotein (LDL) and/or miRNA, which contributes to endothelial activation, weakening of
endothelial junctions, and may increase glycolysis through PFKFB3. Endothelial cell-derived extracellular vesicles (EVs) reﬂect their metabolic status and contain pro-inﬂammatory
factors. The EV proportion is increased in atheroprone conditions. eNOS, endothelial NO synthase.

Genome-wide association studies documented that the singlenucleotide polymorphism (SNP) rs17114036, lowering PPAP2B
expression in human ECs, predicts a higher risk for CAD independently of traditional risk factors, such as cholesterol and diabetes
mellitus [126]. Undoubtedly, expression of additional EC metabolic
genes will be under the control of laminar shear stress, and possibly
affect atherogenesis.
3.6. Maladapted amino acid and fatty acid metabolism
Cysteine metabolism has important roles in one-carbon metabolism, glutathione production, and other reactions, including the
production of H2S, the pungent colorless gas with rotten egg odor.
Cellular H2S can be produced in ECs and smooth muscle cells in the
vessel wall by the conversion of cysteine, homocysteine or cystathionine by the following enzymes: cystathionine-g-lyase (CSE),
cystathionine-b-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (3-MST) in combination with cysteine aminotransferase
(CAT), with CSE being primarily expressed in ECs (Fig. 4) [127,128].
This enzyme catalyzes the reaction, whereby cysteine and water are
converted to ammonia, pyruvate and H2S. This gasotransmitter has
emerged as a novel mediator of cardiovascular homeostasis that
can inhibit multiple key aspects of atherosclerosis (Fig. 4). It is a
potent vasodilator and enhances the activity of eNOS, protects ECs
from oxidative stress as ROS scavenger and inducer of anti-oxidant
pathways (including GSH), reduces vascular thrombosis and
inﬂammation, promotes angiogenesis, and reduces atherogenic
modiﬁcation of LDL [127,128]. H2S also reduces macrophagederived foam cell formation and smooth muscle cell proliferation,
and inhibits oscillatory shear stress-induced monocyte binding to
ECs, while increasing shear stress-dependent eNOS expression
[127,128]. H2S also gives electrons to complex II of the respiratory
chain and stimulates mitochondrial electron transport and cellular
bioenergetics [129]. This biological activity proﬁle may explain why
H2S impairs atherosclerosis development. Indeed, CSE deﬁcient
ApoE/ mice fed a high fat diet develop faster atherosclerotic lesions, while treatment of ApoE/ mice with H2S donors attenuate
atherosclerosis [128,130,131]. It also plays an important protective
role against EC toxicity and oxidative stress, induced by homocysteine, a well-known independent risk factor for the development of

Fig. 4. Hydrogen sulﬁde (H2S) metabolism in atherosclerosis. Hydrogen sulﬁde
(H2S) is an important gasotransmitter and has emerged as a novel mediator of cardiovascular homeostasis that can inhibit multiple key aspects of atherosclerosis. H2S
can be produced in ECs by the conversion of cysteine, homocysteine and cystathionine by the following enzymes: cystathionine-g-lyase (CSE), cystathionine-bsynthase (CBS), 3-mercaptopyruvate sulfurtransferase (3-MST) in combination with
cysteine aminotransferase (CAT). H2S protects ECs from oxidative stress as ROS
scavenger and induces anti-oxidant pathways (including reduced glutathione, GSH),
reduces vascular inﬂammation and thrombosis, promotes angiogenesis, leads to
vasodilation and enhances the activity of eNOS, and reduces atherogenic modiﬁcation
of low-density lipoprotein (LDL). NH3, ammonia; NO, nitrite oxide; eNOS, endothelial

NO synthase; O
2 , superoxide.

atherosclerosis and atherosclerosis-related cardiovascular disease
[131].
Glutamine metabolism may also be more important for the
pathogenesis of atherosclerosis than originally thought. Indeed, a
SNP (rs10911021) in the glutamine synthetase gene (occurring at an
approximate allelic frequency of 0.7 in diabetics), lowering the
expression of this enzyme, was identiﬁed in a substantial fraction of
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diabetic patients with increased risk for coronary heart disease
(CHD), with each risk allele carrying a 36% higher risk for CHD
[132]. How glutamine synthetase affects EC biology remains to be
deciphered. Interesting in this respect, glutamine supplementation
was shown to be cardioprotective in clinical trials in patients with
ischemic heart disease and myocardial injury (Table 1) [133,134].
While ECs can metabolize FAs for their own growth, FAs can also
induce pro-atherogenic effects in ECs in vitro, though many of these
studies exposed ECs to only a single saturated FA, raising questions
on whether these effects are also relevant for atherosclerosis
development in vivo. EC toxicity can result from circulating lipids or
lipolysis products generated at the EC surface. Lipolysis is mediated
by lipoprotein lipase (LpL) anchored to the luminal surface of ECs
[97]. Lipolysis of triglyceride-rich lipoproteins liberates free FAs,
lysolecithin (lysophosphatidylcholine), and a number of epoxides
and oxidized lipids. Many of these lipids have been used in vitro to
mimic putative atherogenic events, including reduced eNOS activity and greater ROS production. Endothelial lipase also produces
FAs and lysolecithin [97]. Another possible inﬂammatory mechanism of saturated FAs is the generation of toxic ceramides by serine
palmitoyltransferase (SPT), the ﬁrst enzyme of the de novo
biosynthetic pathway of sphingomyelin [97]. Mechanistically,
saturated FAs were originally proposed to bind to Toll-like receptors
(TLRs), but are now believed to alter membrane properties of lipid
rafts, thereby facilitating TLR recruitment and activation [97].
Furthermore, saturated FAs bind to G protein-coupled receptor
(GPR) 40, also called free FA receptor 1 (FFA1), thereby boosting EC
inﬂammatory response via IL-6 upregulation [135]. Importantly,
unsaturated FAs counteract the effects of saturated FAs, a relevant
ﬁnding when interpreting the reported effects of single FA treatment, given that ECs in vivo are exposed to a mixture of saturated
and unsaturated FAs. Interestingly, by upregulating the expression
of CPT1a, and presumably stimulating FAO and thereby lowering FA
levels, PPARbeta/delta activation restores the lipid-induced EC
dysfunction [136]. ECs can also synthesize FAs (such as palmitate)
de novo by fatty acid synthase (FAS) and palmitoylation of eNOS
targets this enzyme to the plasma membrane for proper activity
[21,137]. Hence, in mice with endothelial-speciﬁc FAS deﬁciency,
eNOS membrane content and activity were decreased, but whether
this would promote atherogenesis, requires further study.
4. Metabolites as possible biomarkers
4.1. The inﬂuence of gut microbiota
Dietary nutrients such as choline/phosphatidylcholine and Lcarnitine can be metabolized by gut microbiota to trimethylamine
(TMA), a soluble gas that can be converted by the liver to TMAeNoxide (TMAO), a promoter of atherosclerosis [138,139]. TMAO is
able to induce the expression of inﬂammatory markers and activate
ECs via mitogen-activated protein kinase (p38 MAPK), extracellular
signalerelated kinase (ERK 1/2) and NF-kB signaling. Overall TMAO
promotes the recruitment of activated leukocytes, and inhibition of
NF-kB signaling reverses the TMAO-induced leukocyte recruitment.
The impact of TMAO/microbiota-derived metabolites on atherosclerosis highlights the need to study the connection between gut
microbiota, ECs and inﬂammatory response in atherosclerosis
[140].
One of the most widely studied tyrosine-derived metabolites
generated from microbiota is p-cresyl sulfate, which causes EC
damage and dysfunction [141]. Elevated plasma p-cresyl sulfate
levels correlate with a high risk of cardiovascular disease and
contribute to cardiovascular complications [142e144]. In vitro, pcresyl sulfate disrupts NO signaling, while in vivo administration of
p-cresyl sulfate causes insulin resistance, thus qualifying p-cresyl

sulfate as a cardiovascular disease risk factor [145]. The other
widely studied toxin generated by intestinal microbiota is indoxyl
sulfate, described to cause smooth muscle cell proliferation, NOX
activation, ROS production, endothelial senescence and impaired
endothelial healing [146,147]. Increased production and defective
renal excretion of p-cresyl and indoxyl sulfates evoke vascular
dysfunction in patients and experimental animals with chronic
kidney diseases [141e144,148].
4.2. EC-derived extracellular vesicles
EC-derived extracellular vesicles (EVs) are important mediators
of signals in numerous pathologies including vascular disease
[149]. In hyperglycemia, EC-derived EVs contain NOX activity, ROS
and miRNAs (miR-126) that aggravate vascular inﬂammation and
dysfunction [150,151]. Moreover, the amount of EC-derived vesicles
correlates with the incidence of atherosclerosis (Fig. 3) [149,152].
Since EC-derived EVs may contain RNAs, proteins and metabolites
that reﬂect cellular stress, it merits further attention whether these
EVs could act as diagnostic biomarkers in vascular diseases,
including atherosclerosis.
5. Perspectives
The major health care burden induced by atherosclerosis and
the limited therapeutic options beyond lipid-lowering agents
warrant the development of new therapeutic strategies. To date,
treatments based on targeting EC metabolism are not available yet.
However, with our knowledge on EC metabolism growing rapidly,
novel approaches may arise on the horizon. Some have already
been tested, with mixed results, as shown by the trials with supplementation of ADMA, BH4, NOX1/NOX2 antagonists, resveratrol,
or H2S donors (see above). Future work is needed to assess whether
inhibition of PFKFB3 to upregulate expression of atheroprotective
KLF2 or metabolic regulation of the EGL can be of therapeutic
beneﬁt. A more in depth characterization of EC metabolism in
health and disease (atherosclerosis, diabetes), using more direct
measurements of metabolic ﬂuxes and a more global metabolomics
approach may offer the necessary insight to develop future therapeutic approaches, targeting the deregulated EC metabolism in
atherosclerosis.
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