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ABSTRACT
Increased oxidative stress, alterations of lipid metabolism and induction of thrombosis have been suggested to be pathogenic links which 
are present between hyperhomocysteinaemia and atherosclerosis. However, the mechanism by which homocysteine (Hcy) can promote 
atherogenesis is far from clear and it has been debated. In the presence of cardiovascular risk factors, endothelial dysfunction is the central 
commodity which converges a plenty of factors, which have been named as atherogenic. Now-a-days, there are only few studies which 
have presented the correlation between antioxidant enzyme HDL-associated-paraoxonase 1(PON1) and Hcy in atherosclerosis. Both PON 
1 and Hcy have been implicated in human diseases which are related to endothelial dysfunction. 

Although paraoxonases have the ability to hydrolyze a variety of substrates, only one of them, Hcy-thiolactone, is known to occur naturally. 
It seems very likely that the involvement of Hcy in atherosclerotic disease is mediated through its interactions with PON1. 

Overview 
The healthy endothelium plays a pivotal role in regulating vascular 
homeostasis. A plethora of factors converge to generate endothelial 
dysfunction, which seems to be the main road to atherosclerosis. 
Our journey down the rabbit hole starts with the well-known gate 
keeper, nitric oxide (NO); and we will take a look at the struggle 
between the good (Paraoxonase) and the bad (Homocysteine), to 
seek dominion over the microworld which is guarded by NO. 

Nitric Oxide: A Radical in Charge
NO is a very simple free radical which plays an important regulatory 
role in many tissues, mainly vascular system. NO is produced from 
the amino acid L-arginine by the enzymatic action of nitric oxide 
synthase (NOS). Vasoprotective NO dilates all types of blood ves
sels by stimulating soluble guanylyl cyclase and increasing cyclic 
guanosine monophosphate in smooth muscle cells (SMCs). NO, 
released towards the vascular lumen, is a potent inhibitor of platelet 
aggregation and adhesion [1,2].

           
NOS

L-arginine + 3/2 NADPH + H+ + 2 O2   citrulline + NO + 3/2 NADP+

Co-factors for NOS include oxygen, NADPH, tetrahydrobiopterin 
(BH4) and flavin flavin adenine nucleotides. The synthesis of NO can 
be inhibited by naturally occurring analogues of the NO precursor, 
l-arginine, such as asymmetric dimethylarginine (ADMA), whereas 
dimethylarginine dimethylaminohydrolase 2(DDAHII) is recognized 
as a protective factor which improves the endothelial function [3,4]. 
There are two endothelial forms of eNOS: constitutive eNOS (cNOS) 
and inducible eNOS (iNOS) [5]. The endothelial isoform (eNOS) is 
the primary signal generator in the control of vascular tone, insulin 
secretion, airway tone, and it is involved in regulation of cardiac 
function and angiogenesis. In addition to endothelial eNOS, there is 
a neural NOS (nNOS) that serves as a transmitter in the brain and in 
different nerves of the peripheral nervous system [Table/Fig-1].

NO protects against atherosclerotic disease through anti-inflam
matory and anti-oxidant effects, and loss of NO bioavailability is a key 
feature of endothelial dysfunction which precedes the appearance 
of atherosclerosis [6,7].

Nitric Oxide and Homocysteine
Of concern are diseases and conditions which are associated 
with malfunction of NO, which apply to hyperhomocysteinaemia 
(HHcy) [Table/Fig-2]. The question is: how can Hcy modulate NO 
synthase?

Today, it is believed that the mechanism of atherosclerotic disease 
in HHcy is directly related to vascular endothelial cell damage which 
leads to vascular endothelial dysfunction, and enhanced oxidative 
stress [8-11]. Oxidative radicals which are generated by Hcy 
inevitably initiate the oxidative degradation of cell membrane lipids 
of the endothelium, leading to loss of membrane function. Hcy can 
enhance reactive oxygen species (ROS) production. So, the main 
molecules which are responsible for decrease in NO levels in HHcy 
patients are probably ROS [8,12,13].

The reduction in BH4 availability, followed by the uncoupling of eNOS, 
is the significant mark in Hcy-mediated oxidative stress [14,15]. This 
is an exact feature of endothelial dysfunction that directly precedes 
the appearance of atherosclerosis [16]. Importantly, BH4 is an 
essential cofactor for eNOS. When BH4 levels are inadequate, eNOS 
is no longer coupled with L-arginine oxidation, which results in ROS 
rather than NO production, thereby inducing vascular endothelial 
dysfunction [17]. So, the association between Hcy and endothelial 
dysfunction depends largely on its damaging effect on eNOS 
coupling. Indeed, He et al., reported that chronic HHcy may induce 
dysfunction of the coronary artery endothelium through uncoupling 
of eNOS, as was shown by the low levels of NO and BH4 [Table/
Fig-3] [16]. Tawakol et al., indicated that HHcy was associated with 
impaired endothelium-dependent vasodilation in humans and they 
suggested that the bioavailability of NO was decreased in HHcy [18]. 
Stühlinger et al., showed that, another possible method of NOS 
activity regulation by Hcy was action through direct dimethylarginine 
dimethylaminohydrolase binding via disulfide bounds and further 
asymmetric dimethylarginine accumulation, that disrupted NOS 
activity [19]. 

Hcy also induces NADPH oxidase activity, which contributes to 
increased ROS production. Hcy-induced ROS was presented in 
HHcy apoE_/_ mice, to upregulate the expression and translocation 



Esin Eren et al., Homocysteine, paraoxonase1 and Endothelial Dysfunction 	 www.jcdr.net

Journal of Clinical and Diagnostic Research. 2014 Sep, Vol-8(9): CE01-CE0422

of redox factor 1 through NADPH oxidase, that in turn accelerated 
atherosclerosis development [16]. Superoxide, generated by Hcy, 
indirectly decreases NO bioavailability by rapid consumption of NO, 
resulting in the generation of peroxynitrite (ONOO-). Finally, reduction 
in NO synthesis and its release by injured endothelial cells cause 
the release of multiple growth factors which provoke proliferation 
of VSMC.

Hcy can induce apoptosis of endothelial cells by activating the 
Fas cell-death pathway, the p53/Noxa pathway, and the cyto
chrome-c activated caspase 3 and 9 pathways which are present 
in endothelial cells. The initiative step of the atherosclerotic 
process is the increase in the expression and plasma levels of 
the inflammatory cytokines, tumour necrosis factor alpha, that 
enhance the activation of a redox-sensitive nuclear transcription 
factor, nuclear factor-kappa B in the vasculature [20].

Hcy is also known to decrease NO production by increasing 
asymmetrical ADMA. This molecule is an endogenous inhibitor of 
eNOS enzyme [Table/Fig-4]. Defect in DDAHII has been confirmed 
to be involved in the Hcy-induced dysfunction of endothelial NO 
system. Jia et al., have reported that hypermethylation of DDAHII 
contributed to Hcy induced apoptosis of ECs [21]. Also, Zhang et 
al., have recently reported that Hcy upregulates platelet-derived 
growth factors levels via DNA demethylation in endothelial cells, that 
it affects cross-talk between endothelial cells and vascular smooth 
muscle cells and leads to vascular smooth muscle cells activation 
[22]. 

Recently, researchers have paid attention to a connection which 
was present between homocysteine and an endogenous trypto
phan derivative, kynurenic acid. It was revealed that kynurenic 
acid counteracted the harmful effects of Hcy on endothelium 
cells in vitro [23]. The contribution of the Hcy-derived methylation 
modifications to eNOS gene expression seems to be tissue-specific 
and independent. Hcy-derived methylation modifications to the 
iNOS gene promoter contribute to a lesser extent to iNOS gene 
expression [24].

Looking at the big picture, the association between Hcy and 
endothelial dysfunction depends largely on molecules with damag
ing effects on eNOS coupling, and loss of NO bioavailability. Hcy 
was shown to promote the oxidation of the essential eNOS cofactor, 
BH4, resulting in the uncoupling of the enzyme, timely spontaneous 
oxygen radical synthesis, and decreased NO production. 
Besides, this oxidative action is reversed by the supplementation 
of folic acid and anti-oxidants [25]. In vascular endothelium, 
5-methyltetrahydrofolate (5-MTHF) lowers intracellular Hcy and it 
reduces oxygen radical generation by NADPH-oxidase and iNOS. 
In addition, 5-MTHF directly scavenges ONOO−, protects the 
oxidation of BH4, and improves eNOS coupling. 

Homocysteine and Endothelial Function 
Moderately elevated plasma Hcy levels are highly prevalent in the 
general population and they are associated with an increased risk 
for atherosclerosis, which is independent of classic atherosclerotic 
risk factors [11]. Homocysteine occurs in human blood plasma 
in several forms, including the most reactive one, homocysteine 
thiolactone (HTL) – a cyclic thioester, which represents less than <1 
% of total plasma Hcy. The increase in extracellular Hcy is toxic to 
cells and tissues and it has the potential to initiate a broad array of 
vascular complications [9,10]. 

Two main pathways of Hcy biotoxicity have been discussed: Hcy-
dependent oxidative stress and Hcy-induced protein structure 
modification, named homocysteinylation. Vascular endothelial cells 
are very sensitive, even to a mild increase in Hcy concentration. 
This susceptibility may be explained by the fact that all human 
endothelial cells do not express the active form of cystathionine 
β-synthase, and that they are consequently not able to initiate 
homocysteine catabolism via the transsulfuration pathway. It has 

Nitric oxide synthase Location and function

Type I neural NOS (nNOS) Brain and peripheral nervous system, 
retrograde neurotransmitter, memory and 
learning

Type II inducible NOS (iNOS) Endothelial cells, immune response, defense 
against pathogens

Type III constitutive NOS (cNOS) Endothelial cells, vazodillatation

[Table/Fig-1]: Three types of the enzyme, NOS with different locations and 
functions

Stroke

Coronary artery disease

Depression

Hypertension

Obesity

Dyslipidemias (particularly hypercholesterolemia and hypertriglyceridemia)

Diabetes (both type I and II)

Heart failure

Atherosclerosis

Aging

Cigarette smoking

[Table/Fig-2]: Diseases or conditions associated with abnormal NO production 
and bioavailability

[Table/Fig-3]: How unabled is NO through the uncoupled eNOS

[Table/Fig-4]: Increasing asymmetrical ADMA, and its consequences

p38 (MAPK), 

p44/42 MAPK , 

protein kinase C (PKC) ,

protein kinase B (PKB),

protein tyrosine kinase (PTK)

transcription factor NF-nB 

AP-1 

[Table/Fig-5]: List of the ox-LDL-induced intracellular signaling pathways
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been demonstrated that not only Hcy, but that also HTL may 
modulate the properties and functions of endothelial cells [8].

Oxidative radicals that are required for the development of athero
sclerosis are generated by Hcy and they are capable of oxidizing LDL 
which is present in the plasma (ox-LDL). Recently, researchers have 
shown that patients with HHcy had an increase in Malondialdehyde 
(MDA) (end products of lipid peroxidation); this finding was very 
similar for decreased HDL-associated PON1 enzyme activity, which 
was associated with increased MDA, to act on endothelial function 
[26,27]. Herewith, studies have reported that oxidative stress and 
inhibition of NO release were induced by Hcy, which also promoted 
a lower expression of PON1 and enhanced the production of ROS 
and a lower activity of PONs, in patients with HHcy. Hcy-induced 
ROS downregulates the expression of HDL-associated PON1, 
which accelerates the development of atherosclerosis [27-29].

PON1 Activity and Endothelial Function 
PONs are paralogous enzymes that catalyze the same reaction 
by using different substrates. The three known mammalian PON 
families (PON1, PON2, PON3) share a ~ 65% sequence identity, 
whilst in other vertebrates, a single PON gene is found [30]. The 
family’s name, paraoxonase, was derived from PON1’s ability to 
hydrolyze the pesticide, paraoxon [31]. However, in fact, PONs are 
lactonases. PON1 is a HDL- associated enzyme esterase which 
appears to contribute to the anti-oxidant and anti-atherosclerotic 
capabilities of HDL [31]. 

It has been suggested that improving HDL metabolism, compo
sition, and function was much more efficient than increasing the 
HDL concentration [11,31]. PON1 has been shown to reduce 
ROS in human endothelial cells, vascular smooth muscle cells, 
and fibroblasts [32]. Moreover, recent in vitro studies done, have 
shown that homocysteinylation of HDL could reduce the activity  
of the enzyme, PON1, which was associated with human HDL,  
thus rendering the HDL particle more susceptible to oxidative 
damage [33].

In plasma, Hcy occurs in reduced or oxidized forms, as HTL and as 
a component of proteins as a result of N- or S-homocysteinylation 
[33]. The roles of HTL and PON1- lactonase activities as risk factors 
for the atherosclerosis in cardiovascular disease at the level of 
endothelial cell, have not been well investigated. Recently, Holven 
et al., reported that subjects with HHcy had markedly lower PON 
activities than healthy controls [34].

PON1 exhibits lactonase activity, which prevents LDL oxidation 
and detoxifies HTL [11]. Since endothelial dysfunction is a very 
early step in atherogenesis, binding (and subsequent endocytosis) 
of ox-LDL to endothelial cells is an area of intense investigation. 
An increased plasma level of ox-LDL is a well-known risk factor 
for endothelial dysfunction and atherosclerosis. Also, ox-LDL 
causes activation, followed by dysfunction of endothelium,. 
Ox-LDL stimulates expression of chemokines and adhesion 
molecules such as monocyte chemotactic protein-1 (MCP-1), E- 
and P-selectins, vascular cell adhesion molecule-1 (VCAM-1) and 
intercellular adhesion molecule-1 (ICAM-1) on endothelial cells 
[35,36]. Experimental studies have shown that ox-LDL causes injury 
to endothelial cells via activation of different signal transduction 
pathways such as those involving PKC and MAPK [37-39]. [Table/
Fig-5] So, the initial HDL-associated high PON1 activity may reduce 
the formation of ox-LDL [31]. Besides, PON1 is directly involved 
in the pathogenesis of atherosclerosis due to modulation of NO 
bioavailability. Actually, Besler et al., have indicated that HDL-
associated PON1 enzyme activity has a major impact on endothelial 
function, which is consistent with the recorded inverse relationship 
between PON1 activity and atherosclerotic disease development 

[39]. It is unknown, whether the loss in PON1 enzyme activity leads 
to alterations in other HDL constituents, besides MDA, that activates 
lectin-like ox-LDL receptor-1 (LOX-1) [39-43]. 

Researchers have shown that LOX-1 was responsible for the bind
ing, internalization and degradation of ox-LDL in endothelial cells 
[35]. LOX-1 is a scavenger receptor and it is regarded as a central 
element in the initiation of endothelial dysfunction. Mehta et al., have 
reported that LOX-1 inhibition was associated with attenuation of 
atherosclerosis [43]. LOX-1 may be upregulated by its own ligand, 
ox-LDL or by proinflammatory cytokines in endothelial cells. 
Also, oxidant species are potent inducers of LOX-1. In vascular 
endothelial cells, LOX-1 activation has been suggested to induce 
several intracellular signaling pathways, including protein kinases 
and transcription factors, which regulate the expressions of genes 
which are related to atherosclerosis [43,36,44].

Interestingly, factors which modulate the HDL-asssociated PON1 
enzyme activity are similar for endothelial function modulation, which 
encourage the proposal that HDL-asssociated PON1 enzyme activity 
was the cornerstone for endothelial function. These findings suggest 
that assays done to study HDL-associated PON 1 enzyme action on 
endothelium may increase our knowledge to assign atherosclerotic 
disease risk, and that they may boost our understanding of the 
outcomes of future trials which test HDL-associated PON1 enzyme 
targeted therapies. In a recent experimental study, administering 
small apolipoprotein-mimetic peptides (Apo-A1) to mice was found 
to reduce atherogenesis [45]. eNOS activation by HDL entails apoA-
I–dependent binding of the lipoprotein to scavenger receptor BI 
(SR-BI) in endothelial cells; this causes a cholesterol efflux that is 
sensed by SR-BI and it begins a signaling cascade which includes 
the activation of Src kinases, PI3K, and Akt, which phosphorylates 
eNOS at Ser1177 to enhance eNOS activity [45,46].

Conclusion
Elucidating the redox dependent mechanisms which are involved 
in the physiological and pathophysiological regulations of eNOS by 
ROS will provide critically new insights into atherosclerotic disease 
and they may lead to the identification of novel treatment targets 
which are related to PON 1, Hcy and eNOS-modulated vascular 
responses. Quite a nice example is the recent study done by 
Zhang et al., in which they reported that incubation with aged garlic 
extract preserved normal NO output from endothelial cells, even 
under conditions of elevated Hcy levels, by increasing cellular thiol 
antioxidant and prevention of BH4 oxidation. 
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