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A B S T R A C T

The role of endothelial metabolism represents a crucial element governing the formation and the differentiation
of blood vessels, termed angiogenesis. Besides glycolysis and fatty acid oxidation, endothelial cells rely on
specific amino acids to proliferate, migrate, and survive. In this review we focus on the metabolism of those
amino acids and the intermediates that hold an established function within angiogenesis and endothelial pa-
thophysiology. We also discuss recent work which provides a rationale for specific amino acid-restricted diets
and its beneficial effects on vascular tissues, including extending the life span and preventing the development of
a variety of diseases.

1. Introduction

The vascular system is a multi-branched network lined by en-
dothelial cells (ECs) which delivers oxygen and nutrients to the tissues
in the body [1]. The ability to expand this network is a process called
angiogenesis. This process is vital in many physiological settings and is
also implicated in the pathogenesis of several disorders including:
diabetic retinopathy, ischemic heart disease, rheumatoid arthritis,
psoriasis, and tumor growth [2]. A better understanding of the mole-
cular mechanisms involved in angiogenesis is crucial in the fight against
such diseases. The metabolism of ECs has been recognized as a driving
force of angiogenesis [3]. Changes in endothelial metabolism are able
to induce or inhibit different steps within the angiogenic process. In
addition, the adoption of an angiogenic phenotype may reprogram EC
metabolism [4]. A growing amount of evidence indicates that glyco-
lysis, fatty acid oxidation (FAO) and glutamine metabolism are all es-
sential during blood vessel formation. ECs per se are highly glycolytic

and produce up to 85% of their ATP through aerobic glycolysis [5]. It
has been hypothesized that the use of glycolysis as the main source of
ATP holds several advantages. High glycolytic flux can produce faster
ATP with respect to oxidative metabolism, which represents an ad-
vantage for ECs in a hypoxic microenvironment [6]. The anaerobic
metabolism of ECs might save oxygen towards becoming perivascular
mural cells [7]. Glycolysis is also a source of intermediate metabolites,
which are crucial in many biosynthetic pathways: nucleotide bio-
synthesis (through ribose-5-phosphate in the pentose phosphate
pathway (PPP)) [8], hexosamine biosynthesis [9], and serine-glycine
biosynthesis [10]. During sprouting angiogenesis, additional energy
and biomass are needed, therefore proliferating and migrating ECs will
double their glycolytic flux compared to quiescent ECs [11] by in-
creasing the expression of a glucose transporter (GLUT1) [12], while
glycolytic enzymes lactate dehydrogenase-A (LDH-A) [13], and 6-
phosphofructo-2-kinase/fructose-2,6-phisphosphatase (PFKFB3) [14].

Although glycolysis is essential during the sprouting of ECs it is not
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the only metabolic determinant of the angiogenic process. Indeed, fatty
acid (FA) metabolism plays important role within ECs [15]. FAs can be
imported, oxidized, synthesized, and exported by ECs. FAO contributes
to approximately 5% to the total cellular ATP production in ECs and
13C-palmitate tracing experiments have revealed that FAO pre-
dominantly produce acetyl coenzyme A (acetyl-CoA), an anaplerotic
substrate [16]. EC-specific deletion of carnitine palmytoyltransferase 1a
(CPT1a), long-chain fatty acid (LCFA) importer localized in the outer
mitochondrial membrane, impairs de novo nucleotide synthesis that
alters EC proliferation, which does not cause energy depletion or dis-
turb redox homeostasis [17]. The phenotype of CPT1a-silenced ECs is
rescued by acetate (metabolized to acetyl-CoA, thereby substituting for
the depleted FAO-derived acetyl-CoA) or nucleoside mix. Endothelial
FAO is a critical regulator of endothelial-to-mesenchymal transition
(endoMT) [18]. Finkel and colleagues demonstrated that the inhibition
of FAO through EC-specific deletion of carnitine palmytoyltransferase 2
(CPT2), the inner mitochondrial transporter of LCFAs, markedly re-
duces the stability of SMAD7, a potent inhibitor of transforming growth
factor beta (TGF-β) signaling. Although, these data support that in-
hibition of CPT2 it also induces the endoMT, the implication of FAO in
pathological angiogenesis is still needed to be proved.

In recent years, it has been shown that amino acid (AA) metabolism
also plays an important role in regulating and maintaining vascular
function. These functions include vascular tone, coagulation and fi-
brinolysis, cell growth and differentiation, redox homeostasis, plus
immune and inflammatory responses. Each AA has specific character-
istics which are defined by the side chain, and based on the polarity of
their side chains they can then be classified as hydrophobic, polar, or
charged AAs. AAs had traditionally been classified as nutritionally es-
sential (EAA, indispensable) or non-essential (NEAA, dispensable) de-
pending on its synthesized de novo or not in an organism. Although
well-defined metabolic pathways exist to allow cells to synthesize
NEAAs de novo, highly proliferative cells require an exogenous supply
of some of these AAs for optimal growth. Various reasons can underlie
these needs. First, the de novo synthesis pathways may not always be
able to provide adequate amounts of each AA to meet the demands of
growing cells. Second, the increase of oxidative stress or different cel-
lular stimuli can reprogram the metabolism and follow a shift de novo
AA synthesis. And, conversely endothelial specific activation pathways
that allow ECs to synthesize NEAAs can make them less dependent on
exogenous supplies, but may also lead to a selective dependency on
these endogenous alterations. NEAAs normally contribute for different
biosynthetic purposes, including energy production, provision of
carbon and nitrogen, and antioxidant defence. Under conditions of
stress and catabolic states, NEEAs may become essential when the ca-
pacity of endogenous AA synthesis is exceeded. The proposal of this
review is to provide a comprehensive overview of recent discoveries on
endothelial AA metabolism and its role in the angiogenic processes.

2. Glutamine and asparagine

Glutamine is the most abundant free AA in blood plasma with
physiological levels around 0.65mM. Glutamine constitutes the major
transporter of nitrogen from sites of glutamine synthesis (skeletal
muscle, liver, and lung) to sites of utilization, which includes en-
dothelium [19]. Several membrane transporters which differ in trans-
port modes ensure glutamine homeostasis by coordinating its absorp-
tion, reabsorption, and delivery to tissues [20]. In ECs, around 90% of
glutamine is transported by the sodium-dependent system ASC [21].
The uptake of glutamine in ECs is highly regulated. Indeed, in lung
microvascular ECs, glucocorticoids and endotoxin inhibit glutamine
uptake at low concentrations of glutamine. While at high glutamine
concentrations (> 1mM), endotoxin and glucocorticoids, exhibit no
effect on glutamine consumption [21]. On the other hand, in human
umbilical vein endothelial cells (HUVEC), endotoxin and cytokines do
not significantly alter glutamine uptake, but direct activation of protein

kinase C inhibits glutamine transportation [22]. Recently, Zhang et al.
demonstrated that corneal endothelium uses glutamine to produce ATP
to support Na+-K+ ATPase pump activity more than it supports bio-
synthesis [23].

Earlier studies demonstrated that the transamination of glutamine
rather than oxidative dehydrogenation is the predominant pathway for
the degradation of glutamine-derived glutamate in different ECs [24].
Glutaminase (GLS) is a phosphate-dependent enzyme that converts
glutamine into glutamate and ammonia. Two isozymes of glutaminase
have been identified in mammalian cells: kidney-type glutaminase en-
coded by the GLS gene and liver-type glutaminase encoded by GLS2
gene. Each gene produces two different variants. The GLS gene ex-
presses the kidney-type glutaminase (KGA) and the C-terminal trun-
cated glutaminase C (GAC) isoforms (both usually referred to as GLS1).
The GLS2 gene also expresses a longer isoform called LGA long or GAB,
and a shorter one (LGA short). The N-termini of the GLS variants begin
with a 16-residue sequence predicted to localize the protein to the
mitochondria; and indeed, there is experimental consensus that GLS is
localized to this organelle [25]. In contrast, there are no experimental
data about the GLS2 subcellular localization in EC or other cells [26].
Both isozymes possess discrete tissue distribution, structural properties,
enzyme kinetics, and molecular regulation. It has been recently re-
ported that glutamine catabolism is essential for EC proliferation
through its role in the replenishment of the Krebs cycle (Fig. 1).
Without glutamine catabolism there is near complete loss of tri-
carboxylic acid (TCA) cycle intermediates and with no compensation
from glucose-derived anaplerosis. Mechanistically, the addition of
exogenous alpha-ketoglutarate (α-KG) replenishes TCA intermediates
and rescues cellular growth [27]. Concomitantly, it was also reported
that depriving ECs of glutamine or inhibiting glutaminase 1 (GLS1)
caused vessel sprouting defects due to impaired proliferation and mi-
gration. In this study, the combination of the TCA cycle replenishment
plus an asparagine supplementation were able to restore angiogenesis
upon glutamine deprivation. Glutamine provided the nitrogen needed
for the asparagine synthesis to sustain cellular homeostasis. While ECs
can take up asparagine, silencing asparagine synthetase (ASNS, which
converts glutamine-derived nitrogen and aspartate to asparagine) im-
paired EC sprouting even with the presence of glutamine [28].

The role of GLS2 in angiogenesis is less studied. It has been shown
that EC-specific deletion of GLS2 produced an increase of reactive
oxygen species (ROS) due to a drop of glutathione (GSH)/oxidized
glutathione(GSSG) ratio [29]. Generation of genetic models with con-
ditional alleles of GLS2 will help in the characterization of GLS2 func-
tion in angiogenesis. Although glutamine catabolism is critical for TCA
cycle, ATP production, biosynthesis of NEAA, and the control of GSH
levels in ECs, whether GLS1 and GLS2 play a different role in angio-
genesis is still unclear and need to be investigated further.

Although glutamine is more abundant than asparagine (blood as-
paragine concentration is ranging from 0.05 to 0.1 mM), Ras-trans-
formed cancer cells can survive glutamine deprivation-mediated
apoptosis, by using exogenous asparagine. This anti-apoptotic function
depends on the ability of ASNS to maintain glutamine-dependent bio-
synthesis of asparagines [30,31]. ASNS converts aspartate and gluta-
mine to asparagine and glutamate in an ATP-dependent reaction and is
present in most mammalian organs, but varies widely in basal expres-
sion (Fig. 1) [32]. In agreement with Zhang et al. [31], glutamine
starvation in ECs induces the expression of ASNS through activating
transcription factor (ATF) 4 (ATF4) activation and EC-specific deletion
of ASNS impairing EC sprouting [28]. Although asparagine presents a
crucial role in endothelial homeostasis and its levels are strictly con-
trolled by ASNS, the exact molecular mechanism by which asparagine
regulates angiogenesis remains unexplored. These findings reveal a
novel link between endothelial glutamine and asparagine metabolism
in vessel sprouting.
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3. Arginine

Arginine is a semi-essential amino acid with physiological levels of
0.1 mM. Arginine has been involved in numerous cellular metabolic and
signaling pathways through the different products of its catabolism.
Indeed, arginine is not only involved in protein synthesis, it is also a
single substrate for endothelial nitric oxide synthase (eNOS) to produce
the important vasoprotective molecule nitric oxide (NO) (Fig. 1) [33].

Extensive cancer research of arginine metabolic pathways led to the
establishment of arginine-depriving enzymes as a potential anti-cancer
strategy against arginine auxotrophic tumors [34,35]. But we must ask,
what is the role of arginine in angiogenesis? Answering this question is
not easy considering that arginine is metabolized into several products:
NO, urea, creatine, polyamides, proline, glutamate, and agmatine
which all have an impact on vessel formation in their own specific ways
(Fig. 1) [36].

NO is a signaling molecule that regulates many vascular functions,
such as vascular tone, blood pressure, neurotransmission, immune re-
sponse, and oxidation-sensitive mechanisms [37]. Regarding angio-
genesis, conflicting data suggests that NO can inhibit or stimulate an-
giogenesis depending upon the NO level and the angiogenic model used
[38]. NO can also affect angiogenesis directly or through secondary
messengers. Much of the data regarding NO's role in angiogenesis has
been derived from in vitro experiments using NO donors and nonspecific

NOS inhibitors. These experiments have shown that NO promotes new
vessel growth through mediated NO upregulation of angiogenic factors,
such as vascular endothelial growth factor (VEGF) [39], basic fibroblast
growth factor (bFGF) [40], and matrix metalloproteinases during an-
giogenesis. In vivo, mice with genetic ablation of eNOS gene demon-
strated a reduction in capillary growth in implanted collagen plugs,
impaired angiogenic responses to murine hindlimb ischemia, and ab-
normal retinal development, and in all cases the phenotype could not be
rescued by the administration of VEGF [41,42]. NO also affects the
proliferation of endothelial and smooth muscle cells, through the cyclic
guanosine monophosphate signaling pathway [43]. These findings
show the crucial role of NO in angiogenesis.

Arginine is also converted into ornithine by arginase (ARG), after
that, ornithine decarboxylase (ODC) converts ornithine into putrescine,
a polyamine precursor [44]. Polyamines promote angiogenesis by in-
creasing translation, protein synthesis, and gene expression [45]. In-
terestingly, experiments using an irreversible inhibitor of ODC showed
an inhibition of B16 melanoma-induced angiogenesis in the chick em-
bryo chorioallantoic membrane assay [46]. It has been shown that ar-
ginine promotes wound healing and functions as a secretagogue, sti-
mulating the release of insulin-like growth factor 1 (IGF-1), insulin, and
prolactin [47]. Taken together, the above-mentioned findings show that
arginine plays a crucial role regulating the angiogenic process through
different products of its catabolism.

Fig. 1. Schematic overview of amino acid metabolism in endothelial cells. The connection between those NEAA and the enzymes that play an important role in ECs
have been highlighted and discussed in this review. Metabolic pathways are in italic font. Enzymes are indicated in bold capital letters. The metabolism of glutamine,
asparagine, arginine, serine, glycine, proline and sulfur amino acids are indicated in red, grey, blue, yellow, brown, violet, and green fonts, respectively.
Abbreviations used: ADC, arginine decarboxylase; AGAT, arginine-glycine-amidinotransferase; α-KG, alpha-ketoglutarate; ARGI/II, arginase; ASNS, asparagine
synthetase; CBS, cystathionine-β-synthase; CSE, cystathionine-γ-lyase; eNOS, endothelial nitric oxide synthase; GLS, glutaminase; GLS2, glutaminase 2; GSAL, L-
glutamate-γ-semialdehyde; GSALDH, GSAL dehydrogenase; m-THF, 5-methyltetrahydrofolate; NAD+(P), oxidized nicotinamide adenine dinucleotide (phosphate);
NADH(P), reduced nicotinamide adenine dinucleotide (phosphate); NO, nitric oxide; OAT, ornithine δ-amino acid transferase; ODC, ornithine decarboxylase; P5C, 1-
pyrroline-5-carboxylate; P5CS, P5C synthase; PAST1; phosphoserine aminotransferase 1; PHGDH, phosphoglycerate dehydrogenase; PPP, pentose phosphate
pathway; PRODH, proline dehydrogenase; PSPH, phosphoserine phosphatase; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SHMT, hydro-
xymethyltransferase; TCA cycle, tricarboxylic acid cycle; THF, tetrahydrofolate.
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4. Serine

Serine can be taken up into the cells using different transporters or
can be synthesized by the cells. The serine synthesis pathway (SSP) is
one of many side branches of glycolysis. Starting with the glycolytic
intermediate, 3-phosphoglycerate (3PG), PHGDH catalyses the NAD+-
dependent conversion of 3PG into 3-phosphohydroxypyruvate (3PHP),
which is then converted into phosphoserine by phosphoserine amino-
transferase 1 (PSAT1). This is a transamination reaction that uses glu-
tamate-derived nitrogen and produces α-KG. Serine is then generated
from phosphoserine through phosphoserine phosphatase (PSPH)
(Fig. 1) [10]. Serine is required for a number of biosynthetic and sig-
naling pathways, including the synthesis of other AAs and the pro-
duction of phospholipids such as sphingolipids and phosphatidylserine.
Serine is also a major donor of one‑carbon units to the folate cycle and
serine-derived one‑carbon units are used for the de novo synthesis of
adenosine, guanosine, thymidylate, and for remethylation of homo-
cysteine to support the methionine cycle (Fig. 1). Serine is also a pre-
cursor for the synthesis of glycine and cysteine through the transsul-
furation pathway (TSP), which is essential for hydrogen sulphide (H2S)
and GSH production (Fig. 1). Serine metabolism function has been re-
cently addressed in angiogenesis. Neonatal mouse deficiency for
PHGDH in ECs have shown to suffer lethal vascular defects due to the
reduction of heme synthesis which is required to maintain mitochon-
drial respiration and homeostasis [48]. The SSP is vital for ECs, as
PHGDH loss induces apoptosis, even without external serine depriva-
tion. In addition, Gopalakrishnan and colleagues have shown that
serine elicits a substantial antihypertensive effect in the NO-compro-
mised state [49]. It is conceivable to believe that ECs are dependent on
serine being able to use part of their glucose to synthetize serine by
PHGDH. Indeed, PHGDH silencing also importantly affect ROS levels in
tumor ECs supporting a role for this metabolic branch in regulating
endothelial redox homeostasis [50].

5. Glycine

Glycine can be generated by serine via serinehydroxymethyl-
transferase (SHMT) and as such feeds one‑carbon metabolism, which is
essential for nucleotide synthesis and the protection from oxidative
stress (Fig. 1) [51]. The mitochondrial SHMT (SHMT2) appears to be
ubiquitous and responsible for the bulk of glycine synthesis in most cell
types, whereas the cytosolic SHMT (SHMT1) occurs primarily in the
liver and kidneys and is less active in catalyzing the conversion of serine
to glycine compared to SHMT2 [52]. Whether glycine, the simplest
NEAA, which participates in the synthesis of proteins and many phy-
siologically important functions, directly promotes angiogenesis is un-
clear. Amin et al., investigated the effects of glycine on angiogenesis
during embryogenesis showing that exogenous glycine inhibited an-
giogenesis by> 50% in chorioallantoic membrane assay [53]. It has
been found that dietary glycine is a potent anti-angiogenic agent that
can reduce wound healing and tumor growth through the reduction of
inducible NOS (iNOS) expression [54]. Glycine blunts VEGF-mediated
EC proliferation supporting a negative role for the glycine receptor in
angiogenesis [55]. On the contrary, it has been shown that glycine
promote angiogenesis both in vitro and in vivo [56]. Here, the authors
demonstrated that VEGF stimulation increased intracellular glycine
levels in ECs by activating the glycine transporter 1. How glycine di-
rectly affect angiogenesis is still unclear although the increase in mi-
tochondrial function have been shown after glycine treatment of ECs in
vitro. In addition, glycine might play an important role in endothelial
redox homeostasis, in regards to is being a precursor of GSH in ECs and
other tissues (Fig. 1).

6. Proline

Proline, a unique secondary AA, is required for protein biosynthesis

but it has a critical role in cellular bioenergetics, osmoregulation, stress
protection, cellular signaling processes such us apoptosis and cancer
cell metabolism [57–59]. Proline is synthesized from ornithine or glu-
tamate, with both precursors leading to L-glutamate-γ-semialdehyde
(GSAL), an intermediate that spontaneously cyclizes to 1-pyrroline-5-
carboxylate (P5C). The formation of GSAL from ornithine is catalyzed
by ornithine δ-amino acid transferase (OAT), while the route to GSAL
from glutamate requires the bifunctional enzyme P5C synthase (P5CS).
The final step for both proline biosynthetic routes is the reduction of
P5C to proline catalyzed by NAD(P)H-dependent P5CR. In humans,
P5CR is known as PYCR, with isoforms PYCR1 and PYCR2 in the mi-
tochondrion and isoform PYCRL in the cytosol. On the other hand,
proline is broken down by proline dehydrogenase (PRODH) and GSAL
dehydrogenase (GSALDH) to P5C in the mitochondria. Considering that
P5C is not only the precursor of proline but also as its immediate de-
gradative product constitutes a catalytic cycle transferring reducing the
potential of it into mitochondrial and the cycling of proline-P5C par-
ticipates in a metabolic interlock with the PPP (Fig. 1).

In ECs, elevated expression of ARGI or ARGII increased the pro-
duction of both proline and glutamate from arginine. It has been re-
ported that the production of proline is greater than glutamate from
arginine. Considering that proline is a major AA for the synthesis of
collagen and the generation of extracellular matrix, this increase in
proline synthesis from arginine may play an important role in vascular
remodeling [60]. It is clear that the proline metabolic axis can serve as a
scaffold upon which a variety of regulatory mechanisms are integrated.
It is unclear how proline metabolism may contribute to vessel growth.

7. Sulfur amino acids: methionine, cysteine, homocysteine and
taurine

Sulfur amino acids (SAA) are amino acids which contain sulfhydryl
(-SH) and include methionine, cysteine, homocysteine, and taurine.
Some of them play a crucial role in chronic cardiovascular disease and
diabetes [61,62]. Among the SAAs, methionine and cysteine are con-
sidered as the primary SAAs and are the only proteogenic. Methionine
is an indispensable AA in mammals since it cannot be synthesized in
amounts sufficient to maintain the normal growth of mammals.
Whereas, cysteine is a semi-essential AA since it can be produced
through TSP from methionine and serine (Fig. 1) [63]. While dietary
sources are required only for methionine, both methionine and cysteine
are common constituents in most dietary proteins. Nevertheless, the
deficiency and excess of methionine and cysteine in the diet affect the
normal growth of tissues and blood vessels [64]. Both methionine and
cysteine contain thiol groups making them extremely sensitive to al-
most all forms of reactive oxygen species, which thus makes them cri-
tical in controlling redox reactions in cells [65].

Methionine serves as a major component for protein synthesis. In
addition to this, methionine contributes to various metabolic processes,
including being a major methyl group donor as well as a precursor of
sulfur compounds, including cysteine, taurine, and glutathione (Fig. 1).
Through transmethylation reactions, its methyl group serves as a cri-
tical intermediate acting both as the methyl group donor for nucleic
acid intermediates (transmethylation reactions), but, also as methyl
acceptor from 5-methylTHF and folate (remethylationreactions) [51].
During the donation of its methyl group to multiple different methyl
acceptor (transmethylation), methionine is converted to S-adeno-
sylmethionine (SAM) and S-adenosylhomocysteine (SAH) and then to
homocysteine. Homocysteine can be either reconverted in methionine
(remethylation) or metabolize to cysteine via TSP. Here, homocysteine
is irreversibly catabolized into cysteine in a series of reactions catalyzed
by the transsulphuration enzymes, cystathionine-β-synthase (CBS) and
cystathionine-γ-lyase (CGL or CSE) (Fig. 1).

Cysteine is a critical component of all proteins and essential to
regulate protein secondary structure and conformation. Cysteine is
present in the active site of many enzymes and can be regulated by
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redox reaction on its thiol group [62]. In addition to forming protein
structures, cysteine is catabolized and used to form important metabolic
redox cofactors, including GSH, H2S, taurine, and sulfate. While me-
thionine is considered the metabolic precursor for cysteine, only the
sulfur atom from methionine is transferred to cysteines while the rest
become α-KG; instead, the carbon skeleton of cysteine is donated by
serine. Cysteine is not a precursor for methionine because of the irre-
versibility of the TSP reactions catalyzed by CBS and CSE.

Blockade of methionine and cysteine metabolism in ECs influences
oxidative stress through the involvement of metabolic intermediates
causing endothelial damage or inflammation [66]. Methionine is
clearly accepted as a dietary indispensable AA, and cysteine as a dietary
dispensable AA, which can be replaced entirely with dietary methionine
in human adults. Recent work indicates that SAA restriction triggers
angiogenesis via the GCN2/ATF4-mediated induction [64]. Mice kept in
a diet with limited amounts of methionine and no cysteine, showed an
increased vascular density in skeletal muscle. SAA restriction diet also
renders these mice more prone to neovascularization in an experi-
mental hindlimb ischemia model. Mechanistically, SAA restriction ac-
tivate ATF4 that in turn is able to promote VEGF transcription and TSP
activation leading to production of H2S [64,67]. It has also been re-
ported that methionine restriction in diet alleviated oxidative stress by
reducing mitochondrial ROS production in vivo [68,69]. Accordingly, it
has been shown that the supplementation of methionine mitigates the
ROS-induced damage by increasing the levels of GSH [70]. Interest-
ingly, cysteine supplementation to HUVEC cells can promote angio-
genesis in vitro in a NO-dependent manner [71]. Cysteine is an indis-
pensable AA for human corneal endothelial cells (HCECs) that have
high aerobic metabolic activity. By supporting high demands for anti-
oxidant power, cysteine protects HCECs from oxidative stress, and
support their growth and survival [72].

Although not proteogenic, homocysteine and taurine are considered
non-diet SAA. They are important AA intermediates of the methionine
salvage pathway and cysteine catabolism that can exert independent
functions [73]. Homocysteine is present in the plasma of normal adults
at approximately 10 μM. Elevation of plasma levels, called hyperho-
mocysteinemia, is known to be an independent risk factor for cardio-
vascular disease in adults [61,74], as well as ischemic and hemorrhagic
stroke in newborns and children [75–77]. Homocysteine plays an im-
portant role in angiogenesis but its function in ECs is still not clear. It
has been found that homocysteine can be a potent inducer of the master
angiogenic regulator, VEGF [78,79]. Homocysteine activates the en-
doplasmic reticulum (ER)-stress response pathway known as the un-
folded protein response (UPR), that in turn induces the ER stress-re-
sponsive genes, GRP78, GADD153, and ATF4 [80,81]. The UPR
represents a set of signaling cascades by which the ER communicates to
the protein translation machinery and to the nucleus in order to balance
the folding capacity of the ER with the protein processing demand [82].
The significance of the stress-induced ATF3 and ATF4 gene expression
as metabolic sensor in angiogenesis were later on discovered to show
that expression of VEGF can also be increased by other thiol-containing
reductive compounds via activation of the same ATF4-dependent gene
transcription pathway [83]. Several works have proposed that homo-
cysteine inhibit angiogenesis in vitro and in vivo by blocking angiogenic
receptors such as VEGFR and angiopoietins and at the same time per-
turbing cytoskeletal remodeling [84–89]. Clearly more work needs to
be performed to identify the role of homocysteine on VEGF signaling
and angiogenesis.

Taurine, a non-canonical AA, is abundant in many tissues. It is
mostly found in free form within human plasma where its concentration
ranges from 5 to 30mM. Intracellular pool of taurine is around 50-
200 μM. This non proteinogenic SAA is synthesized from cysteine that is
then converted into cysteine sulfinic acid (CSA) by a dioxygenase. CSA
is then decarboxylate by a sulfinoalanine decarboxylase to form hypo-
taurine. Hypotaurine is enzymatically oxidized to yield taurine by hy-
potaurine dehydrogenase. Alternatively, hypotaurine can also be

generated by cysteamine via another dioxygenase. Mammalian taurine
synthesis occurs in the pancreas via the cysteine sulfinic acid pathway.
Despite the fact that the health effects of taurine are largely unknown,
in recent years taurine has become a popular supplement and in-
gredient in commercially available energy drinks. The role of taurine in
angiogenesis is unclear [90,91]. This molecule has been found to be
particularly effective in the prevention of cardiovascular and cere-
brovascular diseases [92]. A report suggests that extracellular taurine
increased angiogenesis in vitro and in vivo by unknown mechanisms
[93]. Taurine can provide protective action against endothelial dys-
function induced by a combination of hyperglycemia and/or oxidized
low density lipoproteins [94,95]. Taurine treatment has been found to
be beneficial for young male type 1 diabetes [96]. On the other hand,
intracellular taurine through its antioxidant capacity can block angio-
genesis in a tumor context [97]. The molecular mechanism (s) involved
in the vascular effects of taurine is largely unknown and requires fur-
ther investigations.

Although it is not a sulfur amino acid per se, an important product of
SAA catabolism is H2S. The gaseous signal transducer H2S is a novel
crucial player in angiogenesis [98]. H2S is synthesized from cysteine via
three enzymes: CBS, CSE, and 3-mercaptopyruvate sulfurtransferase (3-
MST). The first two are cytosolic and vitamin B6-dependent and, then,
directly use cysteine to form H2S. The synthesis of H2S by 3-MST (which
is also located in the mitochondria) occurs in two steps: first cy-
stathionine aminotransferase (CAT) converts cysteine into 3-mercap-
topyruvate using α-KG as substrate, and second 3-MST uses 3-mer-
captopyruvate to form H2S and pyruvate. All three H2S-producing
enzymes are expressed by vascular cells [99–101]. H2S, released by the
desulfurization of cysteine has numerous important endothelial func-
tions, including the regulation of cell cycle, antioxidant response, and
metabolic reprogramming [98]. Little is currently known regarding the
functional regulation of these enzymes in ECs. Reactive oxygen species
and laminar shear flow have been shown to enhance the expression of
CSE and 3-MST, respectively. It has also been proposed that H2S can
mitigate vascular aging via NAD-dependent deacetylase sirtuin-1
[102,103]. Indeed, recent work shows that H2S and NAD-dependent
deacetylase sirtuin-1 functions as a critical axis regulating angiogenesis
with the potential to mitigate or reverse oxidative stress-induced and
aging-related changes in vascular health using pharmacological agents
[104].

Interestingly, SAA restriction promotes expression of the TSP en-
zyme CSE, resulting in an increased hydrogen sulfide production and
protection from hepatic ischemia reperfusion injury [105]. SAA star-
vation can also trigger H2S production which in turn reroutes en-
dothelial metabolism towards glucose uptake, glycolysis, and PPP while
inhibiting mitochondrial oxidative phosphorylation [64]. In this con-
text, it would be interesting to test therapeutic strategies aim to support
H2S production (or release) for providing beneficial effects in age-re-
lated vascular diseases.

8. Conclusions and perspectives

The metabolism of AAs controls many aspects of normal angio-
genesis, including energetic status, proliferation, cell signaling, gene
expression, and redox balance. Important studies have also demon-
strated the role of some AAs in pathological angiogenesis. Indeed, it has
been reported that an increase of homocysteine is a risk factor for
diabetic retinopathy [106]. Also, tumor angiogenesis is enhanced by
arginine through polyamide production [107], and amino acid depri-
vation [108]. Altogether, these findings make the therapeutic targeting
of the amino acid metabolism a promising perspective in pathological
angiogenesis, such as cancer, retinopathies, and atherosclerosis [109].

In the last two decades, untargeted metabolite profiling approaches
and metabolic flux analysis allowed researchers to deeply characterize
energetic and carbon metabolism in quiescent and proliferative ECs. We
assume that in the years to come the combination of genetics,
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metabolomics, and chemical biology will open to new discoveries on
how endothelial amino acid metabolism govern angiogenesis. While
increasing knowledge on the endothelial metabolism had offered new
treatment possibilities of vascular related diseases in the past, these
novel studies on endothelial amino acid metabolism in physiological
and pathological angiogenesis will rapidly emphasize the tight regula-
tion of endothelial metabolism based on microenvironmental condition
for the future.
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