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Abstract
Endothelium is a highly efficient part of the vasculature that plays a very important role in fulfilling the metabolic 

requirements of the body. Endothelium dysfunction signified by the impaired activities of the endothelium leads to various 
acute diseases and symptomatic problems. One major role of the endothelial cells is angiogenesis, which either gets impaired 
or exaggerated in conditions like cardiovascular disorders and cancer, to name a few. Various genetic factors and signalling 
molecules also contribute to these impairments in the vasculature. Homocysteine is one such molecule which is the precursor 
of methionine generation pathway in the body. But it has been found that this molecule when tends to accumulate in the body 
due to certain inhibitions in its pathway, results into various problems associated with the endothelium and angiogenesis. 

In this article the author has reviewed the functions of endothelium, the role of angiogenesis in vasculature, its role 
in the cardiovascular disorder especially atherosclerosis and the various consequences of hyper homocystenemia on the en-
dothelium. The author also proposes the role of folic acid in mitigating the problems that arise due to homocysteine accumula-
tion in the body, leading to various complications.
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Introduction
Angiogenesis and Vasculature

The vascular system in higher organisms evolved to trans-
port oxygen, nutrients, growth factors, waste and immune cells 
across the organs in the body. Under metabolic stress conditions, 
the pre-existing cells of the vascular system signals the quiescent 
endothelial cells to initiate angiogenesis, a process that is defined 
as the growth of new blood vessels from existing one in the vas-
culature in order to support the tissue for healthy growth and me-
tabolism [1,2]. 

Under normal, healthy conditions, endothelial cells remain 
quiescent under a balance of pro- and anti-angiogenic factors. 
When this equilibrium is disturbed and pro-angiogenic factors 
dominate, endothelial cells quickly take over the angiogenic phe-
notypes as either migratory tip cells or proliferating stalk cells 

[3,4]. Existing vasculature chooses the tip cells and initiates them 
to proceed towards the angiogenic signal [5]. Stalk cells proliferate 
behind the tip cell and extend the vascular lumen as sprouts elon-
gate. Differentiation of the tip and stalk cells is tightly regulated by 
a feedback system that involves the Vascular Endothelial Growth 
Factor (VEGF), the Notch, and other genetic control signals. The 
mobilization of endothelial tip cells and expression of Delta-Like 
Ligand 4 (DLL4) is induced by VEGF. Activation of Notch signal-
ling in neighbouring cells is mediated by DLL4 that suppresses 
their expression of VEGF receptor 2 (VEGFR2) and, promotes the 
stalk cell phenotype [6]. Endothelial cells keep switching pheno-
types during angiogenesis, depending on their fitness as the tip 
cell [6]. By ensuring that the most suitable endothelial cells are in 
the tip and stalk positions, the DLL4–Notch feedback system pro-
motes efficient sprouting and mediates vascular growth patterns 
[7]. However, metabolic requirements of endothelial cells during 
angiogenesis are under-investigated. The mechanisms of endothe-
lial cells (such as Notch signalling) that differentially regulate their 
metabolic state remain unclear (Figure 1).
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Figure 1: Overview of the intracellular and intercellular interplay between Notch and VEGF signalling pathways. 

(A) Notch signalling is activated when the transmembrane receptor of one cell (Notch) binds to the transmembrane ligand (Delta or Jagged) of the 
neighbouring cell (trans-activation). This trans-activation cleaves Notch to produce Notch Intracellular Domain (NICD) that is released in the cyto-
plasm and then enters the nucleus to modulate the transcription of many target genes. NICD can activate Notch and Jagged and inhibit Delta and VEGF 
Receptor 2 (VEGFR2). Glycosylation of Notch by Fringe modifies Notch to have a higher affinity for binding to Delta and a lower affinity for binding 
to Jagged. Interaction between Notch receptor and ligands (Delta or Jagged) of the same cell (cis-inhibition) leads to the degradation of both the receptor 
and the ligand; thus, no NICD is generated. VEGF-A binds to VEGFR2, thus activating VEGF signalling in the cell that activates Delta (DLL4). 

(B) Cells with high levels of Delta, VEGFR2, and active VEGF signalling develop filopodia and migrate toward the VEGF-A gradient, leading the 
formation of the new branch and are called tip cells. DLL4 from tip cells inhibits the neighbouring cells to also adopt a tip phenotype, thereby forcing 
them to adopt the stalk fate (low Dll4, high Jagged1, and NICD). Stalk cells, by virtue of the lateral induction characteristics of Notch-Jagged signalling, 
can induce neighbouring cells to adopt a stalk cell, therefore elongating the lumen [8].

The endothelium is a single layer of Endothelial Cells (ECs) 
that lines the blood vessel lumen and controls the various func-
tions of the vasculature. It regulation of vascular tone and helps 
in leukocyte trafficking, blood coagulation, nutrient and electro-
lyte uptake,  leads to the neovascularization of hypoxic tissue, and 
many more [4]. Disturbance in the physiological function of the 
endothelium (a condition termed EC dysfunction) contributes to 
cardiovascular disease and diabetes whereas diseases such as can-
cer and age-related macula degeneration are characterized by new 
blood vessel formation (a process termed angiogenesis) [10]. Tar-
geting the factors leading to endothelium dysfunction or inhibiting 
the pathological angiogenesis is potentially beneficial for a wide 
variety of diseases, but current therapies focus primarily on growth 
factors, receptors, signalling molecules and thus have limited ef-
ficacy or specificity.

An emerging but understudied therapeutic target is EC me-
tabolism and the factors which if present in concentrated leads to 
endothelial dysfunction through various metabolic pathways. It has 
been long known that risk factors for cardiovascular disease (hy-
percholesterolemia, hypertension, dyslipidemia, diabetes, obesity 
and aging) cause EC-specific metabolic perturbations leading to 
EC dysfunction. Similarly, the links between EC metabolism and 
angiogenesis are apparent as angiogenic ECs migrate and prolif-
erate in metabolically challenging environments such as hypoxic 
and nutrient-deprived tissue [11]. 

Endothelium in Normal Vascular Homeostasis

The healthy endothelium responds well to physical and 
chemical signals by production of a wide range of factors that reg-
ulate vascular tone, cellular adhesion, thrombo-resistance, smooth 
muscle cell proliferation, and vessel wall inflammation. The en-
dothelium plays a vital role in maintenance of vascular tone by 
production and release of several vasoactive molecules that relax 
or constrict the vessel, and also by responding to or by modify-
ing the circulating vasoactive mediators such as bradykinin and 
thrombin. This vasomotion plays a direct role in the balance of 
tissue oxygen supply and metabolic demand and is also involved 
in the re-modelling of vascular structure and long-term organ per-
fusion [12].

Furchgott and Zawadzki, (1980) [13] were the first to dem-
onstrate the existence of an endothelium-derived relaxing factor 
that was subsequently shown to be nitric oxide (NO). NO is gen-
erated from L-arginine by the action of endothelial NO Synthase 
(eNOS) in the presence of cofactors such as tetra hydro biopterin 
[14].  NO diffuses to the vascular smooth muscle cells and acti-
vates guanylate cyclase, which leads to cGMP-mediated vasodila-
tation. Shear stress is a key activator of eNOS in normal physiol-
ogy, and this adapts organ perfusion to changes in cardiac output 
[15]. eNOS may also be activated by signalling molecules such 
as bradykinin, adenosine, vascular endothelial growth factor (in 
response to hypoxia), and serotonin (released during platelet ag-
gregation) [16]. The endothelium also mediates hyperpolarization 
of vascular smooth muscle cells via an NO-independent pathway, 
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which increases potassium conductance and subsequent propaga-
tion of depolarization in vascular smooth muscle cells, to maintain 
vasodilator tone [17]. The endothelium-derived hyperpolarizing 
factors involved in this process are only partially understood (such 
as the cytochrome-derived factors and possibly C-type natriuretic 
peptide), and may differ between vascular beds. However, it is well 
recognized that Endothelium-Derived Hyperpolarizing Factor can 
compensate for loss of NO-mediated vasodilator tone, particularly 
in the microcirculation, and this appears important when NO bio-
availability is reduced [18].

The endothelium modulates vasomotion, not only by release 
of vasodilator substances, but also by an increase in constrictor 
tone via generation of endothelin and vasoconstrictor prostanoids, 
as well as via conversion of angiotensin I to angiotensin II at the 
endothelial surface [19,20] . These vasoconstrictor agents predom-
inantly act locally, but may also exert some systemic effects and 
have a role in the regulation of arterial structure and remodelling.

Under healthy vascular physiology, NO plays a key role to 
maintain the vascular wall in an original state by inhibition of in-
flammation, cellular proliferation, and thrombosis. This is in part 
achieved by s-nitrosylation of cysteine residues in a wide range of 
proteins, which reduces their biological activity [21]. The target 
proteins include the transcription factor NFκB, cell cycle–control-
ling proteins, and proteins involved in generation of tissue factor 
[22]. Furthermore, No limits oxidative phosphorylation in mito-
chondria [23]. Laminar shear stress is probably the major factor 
that maintains this quiescent, NO-dominated, endothelial pheno-
type [24].

Endothelium and Angiogenesis in Atherosclerosis
Large human arteries contain an adventitious layer called 

vasavasorum in their microvasculature. Normal vasavasorum 
originate from coronary artery branch points at regular intervals 
and run longitudinally along the vessel wall (first order vasava-
sorum). Some layers of these vasavasorum separate to form cir-
cumferential arches around the main coronary lumen (second or-
der vasavasorum). Because diffusion of blood nutrients from the 
lumen is limited to a distance of ≈100 μm, a primary function of 
these vessels is thought to be the transport of nutrients to the ves-
sel wall, although other roles are not precluded [25]. Association 
between intimal neovascularization and atherosclerosis was first 
noted by Koester [26] in 1876; followed by similar observations of 
Winternitz and co-workers [27] in 1938. Rupture of plaque capil-
laries could trigger intraplaque hemorrhage, leading to coronary 
thrombosis was first proposed by Patterson [28] in 1938. Later it 
was found that the intimas of adult human arteries remain a vascu-
lar in their role until they reach a certain thickness. Proliferation of 
the adventitial vasculature of coronary arteries allows atheroscle-
rotic plaques to develop beyond a critical thickness by supplying 

oxygen and nutrients to the core of the lesions. Barger and Beeu-
wkes [29] subsequently proposed that the neovascular network in 
coronary atherosclerotic plaques may be more fragile and prone to 
rupture and therefore may lead to plaque destabilization and vas-
cular spasm, resulting into acute coronary syndromes. Subsequent 
works established an association between neovascularization and 
atherosclerosis showing a correlation between the extent of ath-
erosclerosis and plaque neovascularization in human pathological 
samples, and in the coronary arteries of hypercholesterolemic pri-
mates. Williams et al., [30] found that atherosclerosis in hypercho-
lesterolemic monkeys increases blood flow through the vasavaso-
rum, whereas plaque regression induced by withdrawal of a high 
cholesterol diet was associated with loss of vasavasorum and a 
marked decrease in blood flow through the vasavasorum to the 
coronary intima and media. Later a more complex picture of the 
relationship between plaque neovascularization and atherosclerotic 
pathology was developed and it was found that neovascularization 
is most common at sites of infiltration by chronic inflammatory 
cells such as macrophages and lymphocytes but less common in 
highly calcified or hyalinised plaques. 

The relationship between neovascularization and the sever-
ity of disease is less certain, but one study [31] that used micro CT 
found a highly significant correlation (r=0.71) between the number 
of vasavasorum and wall area in hyper cholesterolemic porcine 
coronary arteries. A role for neo-vascularization in plaque insta-
bility has been widely hypothesized, but direct evidence for it is 
lacking, partly because the critical factors that precipitate plaque 
rupture remain largely unknown and partly because reliable ani-
mal models of plaque rupture analogous to the human situation 
have not yet been developed.

Nevertheless, studies in human lesions suggest that a spa-
tiotemporal relationship exists between micro vessels and the 
regions of plaques that are highly vulnerable to rupture. Studies 
[32-34] on neovascularization in advanced human atherosclerotic 
plaques concluded that micro vessel formation is strongly corre-
lated with both plaque rupture and the signature features of vulner-
able plaques. Thus, an increase in micro vessel density occurred 
in ruptured plaques as compared to the non-ruptured ones and this 
increase in vessel density was also found to be strongly associated 
with a high degree of macrophage infiltration, intra plaque hemor-
rhage, and thin cap lesions.

Role of Endothelial Progenitor Cells
Endothelial Progenitor Cells (EPCs) have been widely as-

sumed to hold immense promise for the treatment of coronary 
artery disease, largely because of their ability to regenerate en-
dothelial cells after angioplasty and their potential for the revas-
cularization of ischemic tissue. However, it was seen that both 
circulating and bone marrow-derived EPCs and stem cells are a 
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major source of lesion associated VSMCs, endothelial cells, and 
plaque micro vessels in mouse models of transplant atheroscle-
rosis [35-37]. Experimental evidences in favor of a role of both 
angiogenesis and EPC in atherosclerosis has come from mouse 
models-in the case of EPCs, largely models of allograft atheroscle-
rosis, whereas several studies support the use of both VEGF and 
EPCs for re-endothelialization of balloon injured arteries or for the 
seeding of prosthetic grafts and stents [38-40]. The findings that 
EPCs may contribute to atherosclerotic plaque formation, seems 
likely that the momentum currently building behind the medical 
use of EPC and stem cells in general will lead to clinical trials for 
cardiovascular disease in the foreseeable future.

Homocysteine Biosynthesis and Biochemical Roles
Homocysteine is not obtained from the diet. Instead, it is 

biosynthesized from methionine via a multi-step process. First, 
methionine receives an adenosine group from ATP, a reaction cata-
lyzed by S-Adenosyl-Methionine Synthetase, to give S-Adenosyl 
Methionine (SAM) [41,42]. The adenosine is then hydrolyzed 
to yield L-homocysteine, which has two primary fates: conver-
sion back into L-methionine (remethylation pathway) using Tetra 
Hydro Folate (THF, asmethyl donor) and cobalamin-related en-
zymes or to L-cysteine (trans-sulfuration pathway, which is quite 
common in mammals). Cystathionine β-synthase  catalyzes the 
condensation of homocysteine and serine to give cystathionine. 
This reaction uses pyridoxine  (vitamin B6) as a cofactor [43]. 
Cystathionine γ-lyase then converts cystathionine to cysteine, am-
monia, and α-ketobutyrate. Bacteria and plants follow different 
pathway to produce cysteine, relying on O-acetylserine. Homo-
cysteine can also be recycled to give homocysteine thiolacetone, 
a five-membered heterocycle. Because of this “self-looping” reac-
tion, homocysteine-containing peptides tend to cleave themselves 
thereby generating oxidative stress. Since homocysteine is the in-
termediate in most of the metabolic pathways, it directly or indi-
rectly impacts all methyl and sulfur group metabolism occurring 
in the body. Experiments show that if a high level of homocysteine 

and adenosine accumulates in the cell, all methylation reactions 
are inhibited [44]. The re-methylation pathway results in the trans-
fer of methyl group (CH3) to homocysteine by either methyco-
balamin or betaine (trimethyglycine). Methylcobalamin originally 
receives its methyl group from S-Adenosyl Methionine (SAM) or 
S-methyl Tetra Hydro Folate (S-methyl THF), an active form of 
folic acid. After re-methylation, methionine can be reutilized to 
produce SAM, the body’s universal methyl donor, which partici-
pates in key metabolic pathways, including methylation of DNA 
and myelin, synthesis of carnitine, coenzyme Q10, creatine, epi-
nephrine, melatonin, methylcobalamin and phosphatidylcholine as 
well as methyl detoxification reactions [45].

The trans-sulfuration pathway of methionine/homocysteine 
degradation produces the amino acids cysteine and taurine which 
are important nutrients for cardiac health, hepatic detoxification, 
cholesterol excretion, bile salt formation and glutathione produc-
tion. This pathway is dependent on adequate dietary intake and 
hepatic conversion of Vit B6 into its active form, P5P (Pyridoxal 
5’- phosphate, Vit B6). Amino acid serine is generated from be-
taine via the homocysteine-re-methylation pathway [41].

Hcy is methylated to form the essential amino acid methion-
ine in two pathways. The reaction of Hcy methylation catalyzed by 
Vitamin B12- dependent methionine synthase captures a methyl 
group from the folate-dependent one carbon pool (5-methyl tet-
rahydrofolate) [5]. A second pathway requires betaine (N,N,N-
tetramethylglycine) as a methyl donor for the methylation of ho-
mocysteine catalyzed by betaine homocysteine methyltransferase. 
The catabolic pathway of homocysteine, known as the transsulfu-
ration pathway converts homocysteine to the amino acid cysteine 
via two Vitamin B6-dependent enzymes; Cystathionine β-synthase 
(CβS) and Cystathionase. CBS catalyzes the condensation of ho-
mocysteine with serine to form cystathionine which is further con-
verted to cysteine, α-ketobutyrate and ammonia by Cyatathionase 
[43,44] (Figure 3).

Figure 3: Metabolism of folate and homocysteine.  AdoHcy, S-adenosylhomocysteine; AdoMet, S-adenosylmethionine; B6, vitamin B6 (pyridoxal 
phosphate); B12, vitamin B12 (methylcobalamin); CBS, cystathionine β-synthase; MS, methionine synthase; MTHFR, methylenetetrahydrofolate 
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reductase; THF, tetrahydrofolate (Source:  American Journal of Physiology- Heart and Circulatory Physiology Published 1 July 2004 Vol. 287 no. 1: 
H91-H99) [46].

Aetiology of Hyper Homo Cysteinemia (HHC)
The normal range of HCY levels is between 5 and 15 μmol/L. 

Fasting values for moderate HHC are usually defined as 16 to 100 
μmol/L and severe HHC is defined as greater than 100 μmol/L. 
Variety of factors influence the plasma level of HCY in humans 
including nutritional deficiencies in vitamin cofactors, certain ge-
netic polymorphisms and some medications. Deficiencies in en-
zyme co-factors (folate, vitamin B12, vitamin B6) are associated 
with many cases of elevated HCY. Thus, it has been postulated 
that elevated HCY may be a marker for vitamin deficiency [44,45]. 
Homocysteine levels in the plasma are controlled by its conversion 
to other metabolites via one of two pathways: the transsulphation 

pathway or remethylation pathway. Transsulfuration is mediated 
by the Vitamin B6 dependent enzyme Cystathione-B-Sythase 
(CBS). Remethylation is catalyzed by methionine synthase and 
depends on vitamin B12. The latter reaction also depends on the 
donation of a methyl group created in the interaction between 
Methylene Tetra Hydro Folate Reductase (MTHFR) and Dietary 
Folate (figure 2) [41]. The enzyme MTHFR is coded by the gene 
with the symbol MTHFR on chromosome 1 location p36.3 in hu-
mans. There are DNA sequence variants (genetic polymorphisms) 
associated with this gene. Two of the most investigated are C677T 
(rs1801133) and A1298C (rs1801131) Single Nucleotide Poly-
morphisms (SNP) [47].

Figure 2: Endothelial cell metabolism. A simplified map of the known metabolic pathways in endothelial cells and the enzymes involved. Dashed ar-
row indicates allosteric activation. α-KG, α-ketoglutarate; Ac-CoA, acetyl coenzyme A; AR, aldolase reductase; CPT, carnitine palmitoyltransferase; 
ETC, electron transport chain; F1,6P2, fructose-1,6-bisphosphate; F2,6P2, fructose-2,6-bisphosphate; F6P, fructose-6-phosphate; FABP, fatty acid 
binding protein; FATP, fatty acid transport protein; G1P, glucose-1-phosphate; G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; G6PD, 
glucose-6-phosphate dehydrogenase; GFAT, glutamine fructose-6-phosphate amino-transaminase; Glc6P, glucosamine-6-phosphate; Gln, glutamine; 
GLS, glutaminase; Glu, glutamate; GP, glycogen phosphorylase; GLUT, glucose transporter; GS, glutamine synthetase; GSH, glutathione; GSSG, glu-
tathione disulfite; GYS, glycogen synthase; LDH, lactate dehydrogenase; OXPHOS, oxidative phosphorylation; PFK, phosphor fructokinase; PFKFB3, 
phosphofructokinase-2/fructose-2,6-bisphosphatase isoform 3; PGM, phosphor glucomutase; Pyr, pyruvate; R5P, ribose-5-phosphate; ROS, reactive 
oxygen species; TKT, transketolase; TCA, tricarboxylic acid; UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine; UDP-glucose, uridine diphos-
phate glucose; UGP, UDP-glucose phosphorylase [9].

The C677T polymorphism in the MTHFR enzyme has been 
implicated in cases of moderately elevated HCY. The defective ge-
netic code produces a thermolabile form of the MTHFR enzyme 
and has a population frequency of around 10 percent [48]. This 
polymorphism is a C-T transition at nucleotide 677, causing an 
alanine to valine substitution [12]. Individuals with the MTHFR 
677TT genotype are at a higher risk of Coronary Heart Disease 
(CHD), particularly in the presence of low folate levels [49]. 

However, studies have shown that high plasma HCY levels 
in patients with the thermolabile variant only occur in those with 

low serum folate levels [50,51]  Not surprisingly, some drugs with 
anti-folate properties, such as methotrexate and trimethoprim, have 
been associated with HHC [52,53]. Many mechanisms have been 
postulated by which HCY may cause vascular injury. HCY-induced 
atherosclerosis is the result of endothelial dysfunction and injury 
followed by platelet activation and thrombus formation [54]. The 
proposed mechanisms by which HCY causes this vascular injury 
and subsequent atheroma/thrombus formation include the promo-
tion of oxidative stress, leukocyte recruitment, foam cell produc-
tion, smooth muscle and collagen proliferation, marked platelet 
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accumulation and impaired nitric oxide production. HCY is au-
to-oxidized when added to plasma and produces reactive oxygen 
species (free radicals) such as superoxide and hydrogen peroxide, 
which have been implicated in the direct injury of endothelial cells 
[55-58]. This free radical-induced injury may expose underlying 
collagen and smooth muscle cells, which proliferate and promote 
the activation of platelets and leukocyte recruitment [59,60]. A by-
product of HCY’s auto-oxidation is an HCY thiolactone complex, 
which can combine with LDL-cholesterol, forming an aggregate 
that is engulfed by vascular macrophages [61]. This new lipid-
laden macrophage is called a foam cell, which then releases its 
lipid into the atherosclerotic plaque [62]. This increases the size 
and instability of the plaque. Several studies have shown that HCY 
impairs the production of nitric oxide, an endogenous vasodilator 
[55,63]. This may contribute to impaired endothelium-dependent 
vasodilation, which would further lead the development of vascu-
lar injury and atherosclerosis.

Hcy Increases Intracellular ROS Levels and Induces 
Apoptosis in Endothelial Cells

An elevated level of Homocysteine (Hcy) limits the growth 
and induces apoptosis. However, the mechanism of Hcy-induced 
programmed cell death in endothelial cells is largely unknown. 
Studies [64] using rat heart Micro Vascular Endothelial Cells 
(MVEC) treated with different doses of Hcy at different time in-
tervals, followed by measurement of apoptosis and ROS genera-
tion have proved that Hcy induces intracellular Reactive Oxygen 
Species (ROS) production that leads to the loss of transmembrane 
mitochondrial potential (Δψm) accompanied by the release of cy-
tochrome-c from mitochondria. Cytochrome-c release contributes 
to caspase activation, such as caspase-9, caspase-6, and caspase-3, 
which results in the degradation of numerous nuclear proteins 
including poly (ADP-ribose) polymerase (PARP), which subse-
quently leads to the inter nucleosomal cleavage of DNA, resulting 
cell death. Another study [65] evaluated whether reactive oxygen 
species (ROS)-producing signalling pathways contribute to Hcy-
induced apoptosis induction, with specific emphasis on NADPH 
oxidases. They used Human umbilical vein endothelial cells and 
determined the effect of Hcy on caspase-3 activity, annexin V 
positivity, intracellular NOX1, NOX2, NOX4, and p47 (phox) ex-
pression and localization, nuclear nitrotyrosine accumulation, and 
mitochondrial membrane potential (ΔΨm). They found that Hcy 
induces caspase-3 activity and apoptosis in a concentration depen-
dent manner. These researchers have also shown that Hcy causes 
endothelial cell apoptosis in part by generating ROS and decreas-
ing membrane potential. This in turn released cytochrome-c and 
activated the intracellular caspase-proteolytic cascades especially 
the activation of caspase 9 and caspase 3, degradation of numerous 
nuclear proteins including poly (ADP-ribose) Polymerase (PARP) 
resulting in nuclear fragmentation and cell death.

Hcy Impairs Angiogenesis
Homocysteine is a risk factor for the development of coro-

nary artery disease [66,67]. Laboratory studies suggest that an el-
evated homocysteine concentration is both atherogenic and throm-
bogenic [42]. There may be several possible mechanisms by which 
hyperhomocysteinemia impair angiogenesis. First, hyperhomo-
cysteinemia-induced endothelial dysfunction may account for the 
impaired angiogenesis. Homocysteine reduces endothelium-de-
pendent vasodilatation by elevating plasma levels of asymmetric 
dimethylarginine, a potent inhibitor of Nitric Oxide (NO) synthase 
[68]. Homocysteine impairs endothelium derived NO formation, 
not only in large conduit arteries, but also in microvessels in vivo. 
Endothelium-derived NO is an important regulator of angiogen-
esis. For example, endothelium-derived NO maintains endothelial 
cell integrity and the expression of integrin v-3, thus promoting 
endothelial podokinesis and migration [69,70]. Angiogenesis in-
duced by vascular endothelial growth factor was attenuated by 
inhibitors of NO synthase [71]. Second, hyperhomocysteinemia-
induced production of reactive oxygen radicals may contribute to 
further impairment of angiogenesis (Loscalzo, 1996)72. Enhanced 
generation of oxygen radicals in the hyper homo cysteinemia state 
might further degrade NO. Third, homocysteine itself might di-
rectly inhibit endothelial cell proliferation and/or migration [73]. 
Outinen et al. demonstrated that homocysteine induced arrested 
growth in human endothelial cells in vitro [74]. Taken together, 
endothelial dysfunction, decreased NO bioactivity, and increased 
oxidative stress seem to account for impaired angiogenesis in the 
hyper homo cysteinemia state in vivo.

Folic Acid Alleviates the Physiological Changes Induced 
by Hcy

As shown in the folate and homocysteine pathway (figure 3), 
folic acid plays a pivotal role in regulating the concentration of ho-
mocysteine, which is further degraded to various other intermedi-
ates through different pathways. Circulating homocysteine can be 
increased by genetic deficiency of enzymatic pathways involved 
in its catabolism as well as by environmental factors including nu-
tritional deficiencies, lifestyle, physiological conditions, drugs and 
some diseases, which mainly induce deficiency of folic acid, vita-
min B12 and B6. Therefore, plasma homocysteine can be reduced 
by interventional therapy with folic acid and vitamin B12, 13. Hy-
per homo cysteinaemia is an independent risk factor of CAD [75]. 
Hyperhomocysteinaemia may cause injury to the endodermis of 
the vessels, activate the platelets, improve the congregation of the 
platelets, enhance the production of fibrinogen, and promote mi-
gration and proliferation of smooth muscle cells. Hcy can also ac-
tivate protein kinase C, promote the expression of c-fos and c-myb 
genes in vascular smooth muscle cells 61,76. Long term folic acid 
treatment improves arterial endothelial function and has potential 
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implications for the prevention of atherosclerosis in adults with 
hyper homo cysteinaemia [77-79]. The first prospective random-
ized placebo-controlled intervention study suggested that coronary 
endothelial function improves after treatment with folic acid and 
cobalamin [80]. Folic acid significantly improves endothelial func-
tion in otherwise healthy cigarette smokers and during pregnancy 
[81]. Hcy exerts atherogenic effects by enhancing chemokine re-
sponses in cells involved in atherogenesis and folic acid supple-
mentation may down regulate these inflammatory responses [82]. 
Folic acid supplementation to hyperhomocysteinaemic subjects 
resulted in a decrease in total blood homocysteine concentrations; 
moreover, there was a tendency to reverse the coagulation status 
and oxidative stress [83]. 

Conclusion
Endothelial dysfunction is a major contributor to atheroscle-

rosis and a variety of other cardiovascular diseases. It has been 
shown that homocysteine, a sulfur-containing amino acid, is a 
metabolite of the essential amino acid methionine, and exists at a 
critical biochemical intersection in the methionine cycle-between 
S-adenosylmethionine, the indispensable ubiquitous methyl do-
nor, and vitamins B12 and folic acid. High blood levels of ho-
mocysteine signal a breakdown in this vital process, resulting in 
far-reaching biochemical and life consequences. Homocysteine 
has been found to impair angiogenesis which downstream leads 
to necrosis and death of the vital regions of the myocardium. Hcy 
also infduces apoptosis of endothelial cells thereby exaggerating 
the consequences related to endothelial dysfunction and major part 
in this pathway is played by increase in ROS generation. Decreas-
ing plasma total homocysteine by providing nutritional cofactors 
especially folic acid, for its metabolism has been shown to reduce 
the risk of cardiovascular events.

References
Fraisl P, Mazzone M, Schmidt T, Carmeliet P (2009) Regulation of an-1. 
giogenesis by oxygen and metabolism. Dev. Cell 16: 167-179. 

Murray B, Wilson DJ (2001) A study of metabolites as intermediate 2. 
effectors in angiogenesis. Angiogenesis 4: 71-77.

Adams RH, Alitalo K (2007) Molecular regulation of angiogenesis and 3. 
lymphangiogenesis. Nat Rev Mol Cell Biol 8: 464-478.

Potente M, Gerhardt H, Carmeliet P (2011). Basic and therapeutic as-4. 
pects of angiogenesis. Cell 146: 873-887.

Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, et al. 5. 
(2003) VEGF guides angiogenic sprouting utilizing endothelial tip cell  
filopodia. J Cell Biol 161: 1163-1177.

Jakobsson L, Franco CA, Bentley K, Collins RT, Ponsioen B, et al. 6. 
(2010) Endothelial cells dynamically compete for the tip cell position 
during angiogenic sprouting. Nat Cell Biol 12: 943-953.

Bentley K, Mariggi G, Gerhardt H, Bates PA (2009) Tipping the bal-7. 

ance: robustness of tip cell selection, migration and fusion in angio-
genesis. PLOS Comput Biol 5: e1000549.

Boareto M, Jolly MK, Jacob EB, Onuchic JN (2015) Jagged mediates  8. 
differences in normal and tumor angiogenesis by affecting tip-stalk 
fate decision. PNAS 112: E3836-E3844.

Stapor P, Wang X, Goveia J, Carmeliet SMP (2014) Angiogenesis re-9. 
visited-role and therapeutic potential of targeting endothelial metabo-
lism. Journal of Cell Science 127: 4331-4341.

Carmeliet P, Jain RK (2011) Principles and mechanisms of vessel nor-10. 
malization for cancer and other angiogenic diseases. Nat Rev Drug 
Discov 10: 417-427.

Harjes U, Bensaad k, Harris AL (2012) Endothelial cell metabolism 11. 
and implications for cancer therapy. Br. J. Cancer 107: 1207-1212.

Schechter AN, Gladwin MT (2003) Hemoglobin and the paracrine and 12. 
endocrine functions of nitric oxide. N Engl J Med 348: 1483-1485.

Furchgott RF, Zawadzki JV (1980) The obligatory role of endothelial 13. 
cells in the relaxation of arterial smooth muscle by acetylcholine. Na-
ture 288: 373-376.

Forstermann U, Munzel T (2006) Endothelial nitric oxide synthase 14. 
in vascular disease: from marvel to menace. Circulation 113: 1708-
1714.

Corson MA, James NL, Latta SE, Nerem RM, Berk BC, et al. (1996) 15. 
Phosphorylation of endothelial nitric oxide synthase in response to 
fluid shear stress. Circ Res 79: 984-991. 

Govers R, Rabelink TJ (2001) Cellular regulation of endothelial nitric 16. 
oxide synthase. Am J Physiol Renal Physiol 280: F193-F206.

Busse R, Edwards G, Feletou M, Fleming I, Vanhoutte PM, et al. 17. 
(2002) EDHF: bringing the concepts together. Trends Pharmacol Sci 
3: 374-380.

Halcox JP, Narayanan S, CramerJoyce L, Mincemoyer R, Quyyumi AA 18. 
(2001) Characterization of endothelium derived hyperpolarizing factor 
in the human forearm microcirculation. Am J Physiol Heart Circ Physiol   
280: H2470-H2477. 

Moncada S, Higgs EA, Vane JR (1977) Human arterial and venous 19. 
tissues generate prostacyclin (prostaglandin x), a potent inhibitor of 
platelet aggregation. Lancet 1: 18-20. 

Saye JA, Singer HA, Peach MJ (1984) Role of endothelium in conver-20. 
sion of angiotensin I to angiotensin II in rabbit aorta. Hypertension 6: 
216-221. 

Kinlay S, Behrendt D, Wainstein M, Beltrame J, Fang JC, et al. (2001) 21. 
Role of endothelin1in the active constriction of human atherosclerotic  
coronary arteries. Circulation 104: 1114-1118.

Stamler JS, Lamas S, Fang FC (2001) Nitrosylation. The prototypic 22. 
redoxbased signaling mechanism. Cell 106: 675-683. 

Ghosh S, Karin M (2002) Missing pieces in the NFκB puzzle. Cell 109: 23. 
S81-S96. 

Moncada S, Erusalimsky JD (2002) Does nitric oxide modulate mito-24. 
chondrial energy generation and apoptosis?. Nat Rev Mol Cell Biol 3:  
214-220. 

Gimbrone MA Jr (1999) Vascular endothelium, hemodynamic forces, 25. 
and atherogenesis. Am J Pathol 155: 1-5.

Koester W (1876) Endareritis and arteritis. Berl Klin Wochenschr 13: 26. 

Citation: Tripathi P (2017) Endothelium and Angiogenesis in Vasculature: Effect of Homocysteine and Folic Acid. . Adv Biochem Biotechnol 2: 113. 
DOI: 10.29011/2574-7258.000013

7             Volume 2; Issue 01

https://www.ncbi.nlm.nih.gov/pubmed/19217420
https://www.ncbi.nlm.nih.gov/pubmed/19217420
https://www.ncbi.nlm.nih.gov/pubmed/11824381
https://www.ncbi.nlm.nih.gov/pubmed/11824381
https://www.ncbi.nlm.nih.gov/pubmed/17522591
https://www.ncbi.nlm.nih.gov/pubmed/17522591
https://www.ncbi.nlm.nih.gov/pubmed/21925313
https://www.ncbi.nlm.nih.gov/pubmed/21925313
https://www.ncbi.nlm.nih.gov/pubmed/12810700
https://www.ncbi.nlm.nih.gov/pubmed/12810700
https://www.ncbi.nlm.nih.gov/pubmed/12810700
https://www.ncbi.nlm.nih.gov/pubmed/20871601
https://www.ncbi.nlm.nih.gov/pubmed/20871601
https://www.ncbi.nlm.nih.gov/pubmed/20871601
https://www.ncbi.nlm.nih.gov/pubmed/19876379
https://www.ncbi.nlm.nih.gov/pubmed/19876379
https://www.ncbi.nlm.nih.gov/pubmed/19876379
https://www.ncbi.nlm.nih.gov/pubmed/26153421http:/www.pnas.org/search?author1=Marcelo+Boareto&sortspec=date&submit=Submit
https://www.ncbi.nlm.nih.gov/pubmed/26153421http:/www.pnas.org/search?author1=Marcelo+Boareto&sortspec=date&submit=Submit
https://www.ncbi.nlm.nih.gov/pubmed/26153421http:/www.pnas.org/search?author1=Marcelo+Boareto&sortspec=date&submit=Submit
https://www.ncbi.nlm.nih.gov/pubmed/25179598
https://www.ncbi.nlm.nih.gov/pubmed/25179598
https://www.ncbi.nlm.nih.gov/pubmed/25179598
https://www.ncbi.nlm.nih.gov/pubmed/21629292
https://www.ncbi.nlm.nih.gov/pubmed/21629292
https://www.ncbi.nlm.nih.gov/pubmed/21629292
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3494441/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3494441/
http://www.nejm.org/doi/pdf/10.1056/NEJMcibr023045
http://www.nejm.org/doi/pdf/10.1056/NEJMcibr023045
https://www.ncbi.nlm.nih.gov/pubmed/6253831
https://www.ncbi.nlm.nih.gov/pubmed/6253831
https://www.ncbi.nlm.nih.gov/pubmed/6253831
https://www.ncbi.nlm.nih.gov/pubmed/16585403
https://www.ncbi.nlm.nih.gov/pubmed/16585403
https://www.ncbi.nlm.nih.gov/pubmed/16585403
https://www.ncbi.nlm.nih.gov/pubmed/8888690
https://www.ncbi.nlm.nih.gov/pubmed/8888690
https://www.ncbi.nlm.nih.gov/pubmed/8888690
https://www.ncbi.nlm.nih.gov/pubmed/11208594
https://www.ncbi.nlm.nih.gov/pubmed/11208594
https://www.ncbi.nlm.nih.gov/pubmed/12377579
https://www.ncbi.nlm.nih.gov/pubmed/12377579
https://www.ncbi.nlm.nih.gov/pubmed/12377579
https://www.ncbi.nlm.nih.gov/pubmed/11356600
https://www.ncbi.nlm.nih.gov/pubmed/11356600
https://www.ncbi.nlm.nih.gov/pubmed/11356600
https://www.ncbi.nlm.nih.gov/pubmed/11356600
https://www.ncbi.nlm.nih.gov/pubmed/63657
https://www.ncbi.nlm.nih.gov/pubmed/63657
https://www.ncbi.nlm.nih.gov/pubmed/63657
https://www.ncbi.nlm.nih.gov/pubmed/6202632
https://www.ncbi.nlm.nih.gov/pubmed/6202632
https://www.ncbi.nlm.nih.gov/pubmed/6202632
https://www.ncbi.nlm.nih.gov/pubmed/11535565
https://www.ncbi.nlm.nih.gov/pubmed/11535565
https://www.ncbi.nlm.nih.gov/pubmed/11535565
http://www.sciencedirect.com/science/article/pii/S0092867401004950
http://www.sciencedirect.com/science/article/pii/S0092867401004950
https://www.ncbi.nlm.nih.gov/pubmed/11983155
https://www.ncbi.nlm.nih.gov/pubmed/11983155
https://www.ncbi.nlm.nih.gov/pubmed/11994742
https://www.ncbi.nlm.nih.gov/pubmed/11994742
https://www.ncbi.nlm.nih.gov/pubmed/11994742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1866678/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1866678/


Adv Biochem Biotechnol, an open access journal
ISSN 2574-7258

454-455.

Winternitz MC, Thomas RM, LeCompte PM (1938) The Biology of Ar-27. 
teriosclerosis. Springfield, Ill. C.C. Thomas, ed.

Patterson J (1938) Capillary rupture with intimal hemaorrhage as a 28. 
causative factor in coronary thrombosis. Arch Pathol 25: 474-487.

Barger AC, Beeuwkes R (1990) Rupture of coronary vasa vasorum as 29. 
a trigger of acute myocardial infarction. Am J Cardiol 66: 41G-43G.

Williams JK, Armstrong ML, Heistad DD (1988) Vasa vasorum in ath-30. 
erosclerotic coronary arteries: responses to vasoactive stimuli and re-
gression of atherosclerosis. Circ Res 62: 515-523.

Sueishi K, Yonemitsu Y, Nakagawa K, Kaneda Y, Kumamoto M, et al. 31. 
(1997) Atherosclerosis and angiogenesis: its pathophysiological sig-
nificance in humans as well as in an animal model induced by the 
gene transfer of vascular endothelial growth factor. Ann NY Acad Sci 
811: 311-324.

Kwon HM, Sangiorgi G, Ritman EL, Lerman A, McKenna C, et al. 32. 
(1998) Adventitial vasa vasorum in Balloon injured coronary arteries: 
visualization and quantitation by a microscopic threedimensional com-
puted tomography technique. J Am Coll Cardiol 32: 2072-2079.

O’Brien ER, Garvin MR, Dev R, Stewart DK, Hinohara T, et al. (1994) 33. 
Angiogenesis in human coronary atherosclerotic plaques. Am J Pathol 
145: 883-894.

Moreno PR, Purushothaman KR, Fuster V, Echeverri D, Truszczyn-34. 
ska H, et al. (2004) Plaque neovascularization is increased in ruptured 
atherosclerotic lesions of human aorta: implications for plaque vulner-
ability. Circulation 110: 2032-2038.

Shimizu K, Sugiyama S, Aikawa M, Fukumoto Y, Rabkin E, et al. (2001) 35. 
Host bonemarrow cells are a source of donor intimal smoothmuscle-
like cells in murine aortic transplant arteriopathy. Nat Med 7: 738-741.

Hillebrands JL, Klatter FA, van den Hurk BM, Popa ER, Nieuwenhuis  36. 
P, et al. (2001) Origin of neointimal endothelium and alphaactinpositive 
smooth muscle cells in transplant arteriosclerosis. J Clin Invest 107: 
1411-1422. 

Hu Y, Davison F, Zhang Z, Xu Q (2003) Endothelial replacement and 37. 
angiogenesis in arteriosclerotic lesions of allografts are contributed by 
circulating progenitor cells. Circulation 108: 3122-3127.

Bhardwaj S, Roy H, Gruchala M, Viita H, Kholova I, et al. (2003) Angio-38. 
genic responses of vascular endothelial growth factors in periadventi-
tial tissue. Hum Gene Ther 14: 1451-1462.

Herttuala YS, Alitalo K (2003) Gene transfer as a tool to induce thera-39. 
peutic vascular growth. Nat Med  9: 694-701. 

Melo LG, Gnecchi M, Pachori AS, Kong D, Wang K, et al. (2004) En-40. 
dothelium targeted gene and cellbased therapies for cardiovascular 
disease. Arterioscler Thromb Vasc Biol 24: 1761-1774.

Tripathi P (2015) Homocysteine- The Hidden Factor and Cardiovascu-41. 
lar Disease: Cause or Effect? Biochem Anal Biochem 4: 1-5.

Hankey GJ, Eikelboom JW (1999) Homocysteine and vascular dis-42. 
ease. Lancet 354: 407-413.

Loscalzo J, Handy DE (2014) Epigenetic modifications: basic mecha-43. 
nisms and role in cardiovascular disease (2013 Grover Conference 
series). Pulm Circ 4: 169-174.

Harvey RA, Ferrier DR (2011) In: Lippincott’s Illustrated Reviews, Bio-44. 
chemistry. (5th edn) Rhyner S, editor. Wolters Kluwer Health, Phila-
delphia.

Faeh D, Chiolero A, Paccaud F (2006) Homocysteine as a risk factor  45. 
for cardiovascular disease: should we (still) worry about? Swiss Med 
Wkly 136: 745-756.

Bradley M. Palmer, Fishbaugher DE, Joachim P. Schmitt, et al. (2004) 46. 
Differential cross-bridge kinetics of FHC myosin mutations R403Q 
and R453C in heterozygous mouse myocardium. American Journal of 
Physiology - Heart and Circulatory Physiology 287: H91-H99.

Guo H, Chi J, Xing Y, Wang P (2009) Influence of folic acid on plasma 47. 
homocysteine levels & arterial endothelial function in patients with un-
stable angina. Indian J Med Res 129: 279-284.

Baszczuk A, KopczyÅ ski Z (2014) Hyper homo cysteinemia in patients 48. 
with cardiovascular disease. Postepy Hig Med Dosw 68: 579-589.

Herrmann W (2001) The importance of hyperhomocysteinemia as a 49. 
risk factor for diseases: an overview. Clin Chem Lab Med 39: 666-
674.

Franco MC, Higa EM, D’Almeida V, de Sousa FG, Sawaya AL, et al. 50. 
(2007) Homocysteine and nitric oxide are related to blood pressure 
and vascular function in small-for-gestational-age children. Hyperten-
sion 50: 396-402.

Yajnik CS, Deshpande SS, Panchanadikar AV, Naik SS, Deshpande 51. 
JA, et al. (2005) Maternal total homocysteine concentration and neo-
natal size in India. Asia Pac J Clin Nutr 14: 179-181.

Engel SM, Olshan AF, Siega-Riz AM, Savitz DA, Chanock SJ (2006) 52. 
Polymorphisms in folate metabolizing genes and risk for spontaneous 
preterm and small-for-gestational age birth. Am J Obstet Gynecol 195: 
e1-e11.

Lin TK, Liou WS (2002) The concept of B vitamins in prevention of 53. 
cardiovascular diseases. J Med Sci 22: 273-276.

Graham IM, Daly LE, Refsum HM, Robinson K, Brattström LE, et al. 54. 
(1997) Plasma homocysteine as a risk factor for vascular disease. The 
European Concerted Action Project. JAMA 277: 1775-1781.

Pierdomenico SD, Bucci A, Lapenna D, Lattanzio FM, Talone L, et al. 55. 
(2003) Circulating homocysteine levels in sustained and white coat 
hypertension. J Hum Hypertens 17: 165-170.

Rolland PH, Friggi A, Barlatier A, Piquet P, Latrille V, et al. (1995) Hy-56. 
perhomocysteinaemia induced vascular damage in the minipig cap-
topril hydrochlorothiazide combination prevents elastic alterations. 
Circulation 91: 1161-1174.

Van DR, Rauwerda JA, Steyn M, Twisk JW, Stehouwer CD (2001) 57. 
Long-term homocysteine-lowering treatment with folic acid plus pyri-
doxine is associated with decreased blood pressure but not with im-
proved brachial artery endotheliumdependent vasodilation or carotid 
artery stiffness: a 2-year, randomised, placebocontrolled trial. Arterio-
scler Thromb Vasc Bio 21: 2072-2079.

Van Guldener C, Nanayakkara PW, Stehouwer CD (2003) Homo-58. 
cysteine and blood pressure. Curr Hypertens Rep 5: 26-31.

Hackam DG, Anand SS (2003) Emerging risk factors for atheroscle-59. 
rotic vascular disease: a critical review of the evidence. JAMA 290: 
932-940.

Chen X, Wang L, Fazlieva R, Kruger WD (2006) Contrasting behaviors 60. 
of mutant cystathionine beta-synthase enzymes associated with pyri-
doxine response. Hum Mutat 27: 474-482.

Gupta R (2004) Trends in hypertension epidemiology in India. J Hum  61. 
Hypertens 18: 73-78.

Citation: Tripathi P (2017) Endothelium and Angiogenesis in Vasculature: Effect of Homocysteine and Folic Acid. . Adv Biochem Biotechnol 2: 113. 
DOI: 10.29011/2574-7258.000013

8             Volume 2; Issue 01

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2601935/pdf/yjbm00538-0063.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2601935/pdf/yjbm00538-0063.pdf
http://www.sciencedirect.com/science/article/pii/000291499090394G
http://www.sciencedirect.com/science/article/pii/000291499090394G
https://www.ncbi.nlm.nih.gov/pubmed/3342475
https://www.ncbi.nlm.nih.gov/pubmed/3342475
https://www.ncbi.nlm.nih.gov/pubmed/3342475
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1997.tb52011.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1997.tb52011.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1997.tb52011.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1997.tb52011.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1997.tb52011.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/9857895
https://www.ncbi.nlm.nih.gov/pubmed/9857895
https://www.ncbi.nlm.nih.gov/pubmed/9857895
https://www.ncbi.nlm.nih.gov/pubmed/9857895
https://www.ncbi.nlm.nih.gov/pubmed/7524331
https://www.ncbi.nlm.nih.gov/pubmed/7524331
https://www.ncbi.nlm.nih.gov/pubmed/7524331
https://www.ncbi.nlm.nih.gov/pubmed/15451780
https://www.ncbi.nlm.nih.gov/pubmed/15451780
https://www.ncbi.nlm.nih.gov/pubmed/15451780
https://www.ncbi.nlm.nih.gov/pubmed/15451780
https://www.ncbi.nlm.nih.gov/pubmed/11385513
https://www.ncbi.nlm.nih.gov/pubmed/11385513
https://www.ncbi.nlm.nih.gov/pubmed/11385513
http://www.rug.nl/research/portal/publications/origin-of-neointimal-endothelium-and-alphaactinpositive-smooth-muscle-cells-in-transplant-arteriosclerosis(15cf558b-f876-4938-81fe-a66950843865)/export.html
http://www.rug.nl/research/portal/publications/origin-of-neointimal-endothelium-and-alphaactinpositive-smooth-muscle-cells-in-transplant-arteriosclerosis(15cf558b-f876-4938-81fe-a66950843865)/export.html
http://www.rug.nl/research/portal/publications/origin-of-neointimal-endothelium-and-alphaactinpositive-smooth-muscle-cells-in-transplant-arteriosclerosis(15cf558b-f876-4938-81fe-a66950843865)/export.html
http://www.rug.nl/research/portal/publications/origin-of-neointimal-endothelium-and-alphaactinpositive-smooth-muscle-cells-in-transplant-arteriosclerosis(15cf558b-f876-4938-81fe-a66950843865)/export.html
https://www.ncbi.nlm.nih.gov/pubmed/14656919
https://www.ncbi.nlm.nih.gov/pubmed/14656919
https://www.ncbi.nlm.nih.gov/pubmed/14656919
https://www.ncbi.nlm.nih.gov/pubmed/14577925
https://www.ncbi.nlm.nih.gov/pubmed/14577925
https://www.ncbi.nlm.nih.gov/pubmed/14577925
https://www.ncbi.nlm.nih.gov/pubmed/12778168
https://www.ncbi.nlm.nih.gov/pubmed/12778168
https://www.ncbi.nlm.nih.gov/pubmed/15308553
https://www.ncbi.nlm.nih.gov/pubmed/15308553
https://www.ncbi.nlm.nih.gov/pubmed/15308553
https://www.omicsonline.org/open-access/homocysteine-the-hidden-factor-and-cardiovascular-disease-cause-oreffect-2161-1009-1000237.php?aid=66013
https://www.omicsonline.org/open-access/homocysteine-the-hidden-factor-and-cardiovascular-disease-cause-oreffect-2161-1009-1000237.php?aid=66013
https://www.ncbi.nlm.nih.gov/pubmed/10437885
https://www.ncbi.nlm.nih.gov/pubmed/10437885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4070783/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4070783/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4070783/
http://103.4.234.46/books/Lippincotts Illustrated Reviews Biochemistry 5th edition.pdf
http://103.4.234.46/books/Lippincotts Illustrated Reviews Biochemistry 5th edition.pdf
http://103.4.234.46/books/Lippincotts Illustrated Reviews Biochemistry 5th edition.pdf
https://www.ncbi.nlm.nih.gov/pubmed/17225194
https://www.ncbi.nlm.nih.gov/pubmed/17225194
https://www.ncbi.nlm.nih.gov/pubmed/17225194
http://ajpheart.physiology.org/content/287/1/H91
http://ajpheart.physiology.org/content/287/1/H91
http://ajpheart.physiology.org/content/287/1/H91
http://ajpheart.physiology.org/content/287/1/H91
https://www.ncbi.nlm.nih.gov/pubmed/19491420
https://www.ncbi.nlm.nih.gov/pubmed/19491420
https://www.ncbi.nlm.nih.gov/pubmed/19491420
https://www.ncbi.nlm.nih.gov/pubmed/24864108
https://www.ncbi.nlm.nih.gov/pubmed/24864108
https://www.degruyter.com/view/j/cclm.2001.39.issue-8/cclm.2001.110/cclm.2001.110.xml
https://www.degruyter.com/view/j/cclm.2001.39.issue-8/cclm.2001.110/cclm.2001.110.xml
https://www.degruyter.com/view/j/cclm.2001.39.issue-8/cclm.2001.110/cclm.2001.110.xml
https://www.ncbi.nlm.nih.gov/pubmed/17576855
https://www.ncbi.nlm.nih.gov/pubmed/17576855
https://www.ncbi.nlm.nih.gov/pubmed/17576855
https://www.ncbi.nlm.nih.gov/pubmed/17576855
https://www.ncbi.nlm.nih.gov/pubmed/15927937
https://www.ncbi.nlm.nih.gov/pubmed/15927937
https://www.ncbi.nlm.nih.gov/pubmed/15927937
https://www.ncbi.nlm.nih.gov/pubmed/17074544
https://www.ncbi.nlm.nih.gov/pubmed/17074544
https://www.ncbi.nlm.nih.gov/pubmed/17074544
https://www.ncbi.nlm.nih.gov/pubmed/17074544
http://www.airitilibrary.com/Publication/alDetailedMesh?docid=10114564-200212-201305090027-201305090027-273-276
http://www.airitilibrary.com/Publication/alDetailedMesh?docid=10114564-200212-201305090027-201305090027-273-276
https://www.ncbi.nlm.nih.gov/pubmed/9178790
https://www.ncbi.nlm.nih.gov/pubmed/9178790
https://www.ncbi.nlm.nih.gov/pubmed/9178790
https://www.ncbi.nlm.nih.gov/pubmed/12624606
https://www.ncbi.nlm.nih.gov/pubmed/12624606
https://www.ncbi.nlm.nih.gov/pubmed/12624606
https://www.ncbi.nlm.nih.gov/pubmed/7850955
https://www.ncbi.nlm.nih.gov/pubmed/7850955
https://www.ncbi.nlm.nih.gov/pubmed/7850955
https://www.ncbi.nlm.nih.gov/pubmed/7850955
https://www.ncbi.nlm.nih.gov/pubmed/11742887
https://www.ncbi.nlm.nih.gov/pubmed/11742887
https://www.ncbi.nlm.nih.gov/pubmed/11742887
https://www.ncbi.nlm.nih.gov/pubmed/11742887
https://www.ncbi.nlm.nih.gov/pubmed/11742887
https://www.ncbi.nlm.nih.gov/pubmed/11742887
https://www.ncbi.nlm.nih.gov/pubmed/12530932
https://www.ncbi.nlm.nih.gov/pubmed/12530932
https://www.ncbi.nlm.nih.gov/pubmed/12928471
https://www.ncbi.nlm.nih.gov/pubmed/12928471
https://www.ncbi.nlm.nih.gov/pubmed/12928471
https://www.ncbi.nlm.nih.gov/pubmed/16619244
https://www.ncbi.nlm.nih.gov/pubmed/16619244
https://www.ncbi.nlm.nih.gov/pubmed/16619244
https://www.ncbi.nlm.nih.gov/pubmed/14730320
https://www.ncbi.nlm.nih.gov/pubmed/14730320


Adv Biochem Biotechnol, an open access journal
ISSN 2574-7258

Refsum H, Nurk E, Smith AD, Ueland PM, Gjesdal CG, et al. (2006) 62. 
The Hordaland Homocysteine Study: a community-based study of ho-
mocysteine, its determinants, and associations with disease. J Nutr 
136: 1731S-1740S.

Linnebank M, Janosik M, Kozich V, Pronicka E, Kubalska J, et al. 63. 
(2004) The cystathionine beta-synthase (CBS) mutation c.1224-2A>C 
in Central Europe: Vitamin B6 nonresponsiveness and a common an-
cestral haplotype. Hum Mutat 24: 352-353.

Vacek TP, Kalani A, Voor MJ, Tyagi SC, Tyagi N (2013) The role of 64. 
homocysteine in bone remodelling. Clin Chem Lab Med 51: 579-590.

Sipkens JA, Hahn N, van den Brand CS, Meischl C, Cillessen SA, et 65. 
al. (2013) Homocysteine induced apoptosis in endothelial cells coin-
cides with nuclear NOX2 and perinuclear NOX4 activity. Cell Biochem 
Biophys 67: 341-352.

Stampfer MJ, Malinow MR, Willet WC, Newcomer LM, Upson B, et al. 66. 
(1992) A prospective study of plasma homocysteine and risk of myo-
cardial infarction in US physicians. JAMA 268: 877-881.

Whincup PH, Refsum H, Perry IJ, Morris R, Walker M, et al. (1999) 67. 
Serum total homocysteine and coronary heart disease: prospective 
study in middle aged men. Heart 82: 448-454.

Stujlinger MC, Tsao PS, Her JH, Kimoto M, Balint RF, et al. (2001) 68. 
Homocysteine impairs the nitric oxide synthase pathway: role of asym-
metric dimethylarginine. Circulation 104: 2569-2575.

Tsurumi Y, Murohara T, Krasinski K, Chen D, Witzenbichler B, et al. 69. 
(1997) Reciprocal relation between VEGF and NO in the regulation of 
endothelial integrity. Nat Med 3: 879-886.

Murohara T, Witzenbichler B, Spyridopoulos I, Asahara T, Ding B, et 70. 
al. (1999) Role of endothelial nitric oxide synthase in endothelial cell 
migration. Arterioscler Thromb Vasc Biol 19: 1156-1161.

Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC (1997) 71. 
Nitric oxide production contributes to the angiogenic properties of vas-
cular endothelial growth factor in human endothelial cells. J Clin Invest 
100: 3131-3139.

Loscalzo J (1996) The oxidant stress of hyperhomocyst(e)inemia. J 72. 
Clin Invest 98: 5-7.

Nagai Y, Tasaki H, Takatsu H, Nihei S, Yamashita K, Toyokawa T, et 73. 
al. (2001) Homocysteine inhibits angiogenesis in vivo and in vitro. Bio-
chem Biophys Res Commun 281: 726-731.

Outinen PA, Sood SK, Pfeifer SI, Pamidi S, Podor TJ, et al. (1999) 74. 
Homocysteine-induced endoplasmic reticulum stress and growth ar-
rest leads to specific changes in gene expression in human vascular 
endothelial cells. Blood  94: 959-967.

Lim U, Cassano PA (2002) Homocysteine and blood pressure in the 75. 
Third National Health and Nutrition Examination Survey, 1988-1994. 
Am J Epidemiol 156: 1105-1113.

Oosterbaan AM, Steegers EA, Ursem NT (2012) The effects of homo-76. 
cysteine and folic acid on angiogenesis and VEGF expression during  
chicken vascular development. Microvasc Res 83: 98-104.

Guo H, Lee JD, Xing Y, Cheng J, Ueda T, Toyoda K, et al. (2004) 77. 
Changes of homocysteine levels and arterial endothelial function in 
patients with high risk of coronary artery disease after 6-month folic 
acid supplementation. Acta Cardiol 59: 503-506.

Woo KS, Chook P, Chan LL, Cheung AS, Fung WH, et al. (2002) Long-78. 
term improvement in homocysteine levels and arterial endothelial func-
tion after 1-year folic acid supplementation. Am J Med 112: 535-539.

Engel SM, Olshan AF, Siega-Riz AM, Savitz DA, Chanock SJ (2006) 79. 
Polymorphisms in folate metabolizing genes and risk for spontaneous 
preterm and small-for-gestational age birth. Am J Obstet Gynecol 195: 
1231.

Graham IM, Daly LE, Refsum HM, Robinson K, Brattström LE, et al. 80. 
(1997) Plasma homocysteine as a risk factor for vascular disease. The 
European Concerted Action Project. JAMA 277: 1775-1781.

O’Grady HL, Leahy A, McCormick PH, Fitzgerald P, Kelly CK, et al. 81. 
(2002) Oral folic acid improves endothelial dysfunction in cigarette 
smokers. J Surg Res 106: 342-345.

Holven KB, Aukrust P, Holm T, Ose L, Nenseter MS (2002) Folic acid 82. 
treatment reduces chemokine release from peripheral blood mono-
nuclear cells in hyperhomocysteinemic subjects. Arterioscler Thromb 
Vasc Biol 22: 699-703.

Lehmann M, Regland B, Blennow K, Gottfries CG (2003) Vitamin B12- 83. 
B6-folate treatment improves blood-brain barrier function in patients 
with hyperhomocysteinaemia and mild cognitive impairment. Dement 
Geriatr Cogn Disord 6: 145-150.

Citation: Tripathi P (2017) Endothelium and Angiogenesis in Vasculature: Effect of Homocysteine and Folic Acid. . Adv Biochem Biotechnol 2: 113. 
DOI: 10.29011/2574-7258.000013

9             Volume 2; Issue 01

https://www.ncbi.nlm.nih.gov/pubmed/16702348
https://www.ncbi.nlm.nih.gov/pubmed/16702348
https://www.ncbi.nlm.nih.gov/pubmed/16702348
https://www.ncbi.nlm.nih.gov/pubmed/16702348
https://www.ncbi.nlm.nih.gov/pubmed/15365998
https://www.ncbi.nlm.nih.gov/pubmed/15365998
https://www.ncbi.nlm.nih.gov/pubmed/15365998
https://www.ncbi.nlm.nih.gov/pubmed/15365998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3951268/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3951268/
https://www.ncbi.nlm.nih.gov/pubmed/22038300
https://www.ncbi.nlm.nih.gov/pubmed/22038300
https://www.ncbi.nlm.nih.gov/pubmed/22038300
https://www.ncbi.nlm.nih.gov/pubmed/22038300
http://jamanetwork.com/journals/jama/article-abstract/399267
http://jamanetwork.com/journals/jama/article-abstract/399267
http://jamanetwork.com/journals/jama/article-abstract/399267
http://heart.bmj.com/content/82/4/448.full
http://heart.bmj.com/content/82/4/448.full
http://heart.bmj.com/content/82/4/448.full
https://www.ncbi.nlm.nih.gov/pubmed/11714652
https://www.ncbi.nlm.nih.gov/pubmed/11714652
https://www.ncbi.nlm.nih.gov/pubmed/11714652
https://www.ncbi.nlm.nih.gov/pubmed/9256279
https://www.ncbi.nlm.nih.gov/pubmed/9256279
https://www.ncbi.nlm.nih.gov/pubmed/9256279
https://www.ncbi.nlm.nih.gov/pubmed/10323764
https://www.ncbi.nlm.nih.gov/pubmed/10323764
https://www.ncbi.nlm.nih.gov/pubmed/10323764
https://www.ncbi.nlm.nih.gov/pubmed/9399960
https://www.ncbi.nlm.nih.gov/pubmed/9399960
https://www.ncbi.nlm.nih.gov/pubmed/9399960
https://www.ncbi.nlm.nih.gov/pubmed/9399960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC507392/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC507392/
https://www.ncbi.nlm.nih.gov/pubmed/11237718
https://www.ncbi.nlm.nih.gov/pubmed/11237718
https://www.ncbi.nlm.nih.gov/pubmed/11237718
https://www.ncbi.nlm.nih.gov/pubmed/10419887
https://www.ncbi.nlm.nih.gov/pubmed/10419887
https://www.ncbi.nlm.nih.gov/pubmed/10419887
https://www.ncbi.nlm.nih.gov/pubmed/10419887
https://www.ncbi.nlm.nih.gov/pubmed/12480655
https://www.ncbi.nlm.nih.gov/pubmed/12480655
https://www.ncbi.nlm.nih.gov/pubmed/12480655
https://www.ncbi.nlm.nih.gov/pubmed/22085786
https://www.ncbi.nlm.nih.gov/pubmed/22085786
https://www.ncbi.nlm.nih.gov/pubmed/22085786
http://europepmc.org/abstract/med/15529554
http://europepmc.org/abstract/med/15529554
http://europepmc.org/abstract/med/15529554
http://europepmc.org/abstract/med/15529554
https://www.ncbi.nlm.nih.gov/pubmed/12015244
https://www.ncbi.nlm.nih.gov/pubmed/12015244
https://www.ncbi.nlm.nih.gov/pubmed/12015244
http://www.cpc.unc.edu/cpc/research/publications/3042
http://www.cpc.unc.edu/cpc/research/publications/3042
http://www.cpc.unc.edu/cpc/research/publications/3042
http://www.cpc.unc.edu/cpc/research/publications/3042
https://www.ncbi.nlm.nih.gov/pubmed/9178790
https://www.ncbi.nlm.nih.gov/pubmed/9178790
https://www.ncbi.nlm.nih.gov/pubmed/9178790
https://www.ncbi.nlm.nih.gov/pubmed/12175990
https://www.ncbi.nlm.nih.gov/pubmed/12175990
https://www.ncbi.nlm.nih.gov/pubmed/12175990
http://atvb.ahajournals.org/content/22/4/699
http://atvb.ahajournals.org/content/22/4/699
http://atvb.ahajournals.org/content/22/4/699
http://atvb.ahajournals.org/content/22/4/699
https://www.ncbi.nlm.nih.gov/pubmed/12826740
https://www.ncbi.nlm.nih.gov/pubmed/12826740
https://www.ncbi.nlm.nih.gov/pubmed/12826740
https://www.ncbi.nlm.nih.gov/pubmed/12826740

