State of the art paper

Relationship between paraoxonase and homocysteine:
crossroads of oxidative diseases
Necat Yilmaz

Central Laboratories of Antalya Education and Research Hospital of Ministry of Health,
Antalya, Turkey
Submitted: 3 November 2010
Accepted: 7 April 2011
Arch Med Sci 2012; 8, 1: 138-153
DOI: 10.5114/aoms.2012.27294
Copyright © 2012 Termedia & Banach

Abstract
Homocysteine (Hcy) is an accepted independent risk factor for several major
pathologies including cardiovascular disease, birth defects, osteoporosis,
Alzheimer’s disease, and renal failure. Interestingly, many of the pathologies
associated with homocysteine are also linked to oxidative stress. The enzyme
paraoxonase (PON1) – so named because of its ability to hydrolyse the toxic
metabolite of parathion, paraoxon – was also shown early after its identification to manifest arylesterase activity. Although the preferred endogenous substrate of PON1 remains unknown, lactones comprise one possible candidate
class. Homocysteine-thiolactone can be disposed of by enzymatic hydrolysis by
the serum Hcy-thiolactonase/paraoxonase carried on high-density lipoprotein
(HDL). In this review, Hcy and the PON1 enzyme family were scrutinized from
different points of view in the literature and the recent articles on these subjects were examined to determine whether these two molecular groups are
related to each other like a coin with two different sides, so close and yet so
different and so opposite.
Key words: homocysteine, paraoxonase, homocysteine thiolactonase, oxidative
stress.

Homocysteine
In 1932 Burtz and du Vigneaud discovered a new amino acid by treating methionine with sulfuric acid at the University of Illinois [1]. Because
this amino acid was similar in structure to cysteine and contained an extra
carbon atom, they named it homocysteine. Du Vigneaud investigated the
role of homocysteine in metabolism and the ability of homocysteine and
choline to replace methionine as an essential nutrient for growth of animals. However, little else was known about the importance of homocysteine in medicine or vascular disease in the 1950s. Later, in monkeys homocysteine (Hcy) which suggested a relation between arteriosclerosis and
sulfur amino acid metabolism [2].
Homocysteine has now become a rather famous amino acid. The name
homocysteine (Hcy) is specific for thiol-containing amino acid. However,
tissues and especially plasma contain related disulfides that are usually
measured together with homocysteine. Common usage has given the sum
of recorded and oxidized species the name total homocysteine (tHcy) or,
more often, simply the imprecise, generic designation of homocysteine.
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In 1962 children with mental retardation, dislocated ocular lenses, accelerated growth, osteoporosis, and a tendency to thrombosis of arteries
and veins were discovered to excrete the amino
acid homocystine in their urine. These children had
a rare inherited enzymatic defect in homocysteine
metabolism that was caused by deficiency of cystathionine synthase, an enzyme requiring pyridoxal phosphate (vitamin B6) for normal activity [3-5].
According to current concepts, homocysteine damages cells and tissues of arteries by inciting the
release of cytokines, cyclins, and other mediators
of inflammation and cell division [6]. Although Hcy
is a normal metabolite, its excess can be extremely toxic to human, animal, yeast, and bacterial cells
[7]. The non-protein amino acid homocysteine (Hcy),
owing to its structural similarity to the protein
amino acids methionine, isoleucine, and leucine,
enters the first steps of protein synthesis and is
activated by methionyl-, isoleucyl-, and leucyl-tRNA
synthetases in vivo [7]. Methionine contains sulfide
sulfur, the general structure of which can be designated R-S-R´. Homocysteine and cysteine are
sulfhydryl compounds (R-SH). Compounds that contain a free sulfhydryl group are known as thiols.
Other low-molecular-weight biological thiols include
glutathione, coenzyme A and dihydrolipoic acid.
A general chemical property of thiols is their ability to oxidize in the presence of an electron acceptor such as molecular oxygen to form disulfides.
The homocysteine will autooxidize to form homocystine. Homocysteine can oxidize with other thiols such as cysteine and glutathione to form mixed
disulfides, and these compounds are referred to as
homocysteine cysteine mixed disulfide and homocysteine-glutathione mixed disulfide. Peptides and
proteins may also contain free cysteine residues
that can autooxidize or react with low-molecularweight thiols to form stable disulfide bond complexes. Thus > 70% of the homocysteine in the circulation is bound to plasma protein cysteine
residues through disulfide bonds.
There is also little doubt that excess Hcy is harmful to the human body. However, there is an ongoing debate as to why. Excess Hcy is harmful. Homocysteine is primarily found in its oxidized state
(homocystine), homocysteine, homocysteine mixed
disulfide and protein-bound homocysteine.
Why Hcy is toxic is not entirely clear and is
a subject of intense studies. However, it is not clear
whether homocysteine is a marker or a causative
agent [8]. It is now well established that hyperhomocysteinaemia is an independent risk factor for
coronary artery disease [9], cerebrovascular disease,
and peripheral vascular occlusive disease, yet the
question remains: Is homocysteine causal or merely an innocent marker? [10].
By affecting smooth muscle cells, homocysteine
produces the connective tissue changes of arte-
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riosclerotic plaques, causing fibrosis, calcification,
proteoglycan deposition, and damage to elastic tissue layers. Homocysteine is a potent procoagulant
that promotes the deposition of fibrin and mural
thrombosis in artery walls. Homocysteine thiolactone is the reactive anhydride of homocysteine that
interacts with low-density lipoprotein (LDL), causing
aggregation, increased density, and uptake by vascular macrophages to form foam cells. Degradation
of these aggregates leads to deposition of cholesterol and other fats in developing plaques [11-13].
In addition, reaction of Hcy-thiolactone with
serum proteins leads to the production of new protein antigens and autoimmune antibodies, facilitating the inflammatory response. In addition, Hcy
causes oxidant stress by effects on cellular respiration, leading to oxidation of LDL and other constituents of plaques. Hcy also antagonizes the
vasodilator properties of nitric oxide by the formation of S-nitrosohomocysteine, leading to endothelial dysfunction, the earliest stage in atherogenesis [14, 15]. However, the underlying mechanisms
of Hcy-induced vascular injury are still largely
unknown in subjects with elevated plasma tHcy
levels. Extensive clinical trials, spanning decades
and tens of thousands of patients, have not yet
established a definitive relationship between Hcy
lowering using vitamin therapy and reduced cardiovascular disease risk.

Homocysteine and oxidative stress
Homocysteine is an accepted independent risk
factor for several major pathologies including cardiovascular disease, birth defects, osteoporosis,
Alzheimer’s disease, and renal failure. Interestingly,
many of the pathologies associated with homocysteine are also linked to oxidative stress. Reactive
oxygen species (ROS) can in turn elevate tension of
redox stress, and cause damage to cells. Oxidative
stress is also linked to declines in pulmonary, brain,
circulatory, and reproductive function [16].
It is now well established that when the production of ROS exceeds the capacity of antioxidant
defences, oxidative stress might have a harmful
effect on the functional and structural integrity of
biological tissues. The best known ROS species generated from O2 include the superoxide anion radical
(dioxide, or O2•–), the hydroxyl radical (•OH), and the
peroxynitrite anion (ONOO–). These can cause cellular dysfunction and sometimes cell death. Cells are
equipped with excellent antioxidant defence mechanisms to detoxify the harmful effects of ROS. The
antioxidant defences can be non-enzymatic (e.g. glutathione, vitamins C, A, E, and thioredoxin) or enzymatic (e.g. superoxide dismutase, catalase glutathione peroxidase, and glutathione reductase) [8].
It has been hypothesized that Hcy promotes
oxidative stress via ROS generation upon disulfide
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bond formation. Because homocysteine and other
thiols have pro-oxidant activity, the oxidant stress
hypothesis is frequently invoked to explain the
damaging effects of homocysteine on vascular cells
and tissues [17].
Homocysteine contains a reactive sulfhydryl
group (–SH) and, like most thiols (RSH), can undergo oxidation to the disulfide (RSSR) at physiological pH in the presence of O2:
2 RSH + O2 → RSSR + O2•– → H2O2.

The general reaction is catalysed by transition
metals, and a variety of reactive oxygen species can
be produced, including superoxide anion radical
(O2•–) and hydrogen peroxide (H2O2) [8].
The daily flux of plasma homocysteine in
a healthy 70-kg individual is estimated to be
1.3 mmol/day. This being the case, 0.65 mmol/day
of hydrogen peroxide would be generated as a result
of homocysteine oxidation, which is equivalent to
92 pmol/min × ml blood in a 70-kg individual (assuming an approximate blood volume of 70 ml/kg).
Someone with mild hyperhomocysteinaemia would
generate twice the level of hydrogen peroxide
184 pmol/min × ml under the same set of assumptions [8].
If homocysteine export fails to keep up with production, intracellular accumulation could become
cytotoxic. One mechanism of cytotoxicity might
involve the inactivation of the glutathione antioxidant defence system. In this scenario, the injury
comes from within, not without, and may involve
specific molecular targets [18]. Nishio and Watanabe
have shown that treatment of rat aorta smooth muscle cells with D,L-homocysteine (0 to 500 mmol/l)
decreased glutathione peroxidase activity but
increased SOD activity in a dose-dependent manner.
Homocysteine had no effect on catalase activity. They
did observe that 5.0 mmol/l homocysteine (but not
cysteine) decreased steady-state mRNA for glutathione peroxidase by 90% [18]. Using cultured
porcine aortic endothelial cells, Lang et al. showed
that 0.03 mmol/l to 1.0 mmol/l L-homocysteine but
not L-cysteine or glutathione stimulated intracellular production of superoxide and induced higher levels of SOD activity [19]. These studies suggest that
oxidative stress may be generated within vascular
cells, but not necessarily as a result of thiol oxidation. Also, hyperhomocysteinaemia is accused of
being responsible for elevating oxidative stress as
a result of formation of Hcy-thiolactone or Hcy-thiyl
radical, which may lead to impairment of cell signalling and cause pathology [20, 21].
In plasma, the concentration of homocysteinefree thiol is nanomolar, whereas albumin (thiol) is
400 µmol/l to 600 µmol/l, cysteine is 10 µmol/l to
20 µmol/l and glutathione is 3 µmol/l to 5 µmol/l.
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Homocysteine-thiyl radical (•RS)
As a free amino acid it exists in either a reduced
(homocysteine, a thiol RSH) or oxidized (homocystine, a disulfide RSSR) form. Its redox chemistry is
dominated by its thiol group (SH), which in contrast
to most nucleophiles is readily oxidized.
Aliphatic thiols (RSH) are present in living organisms in high concentrations. Thiol compounds (RSH)
are frequently oxidized in the presence of iron or
copper ions:
RSH + Cu2+ → RS + Cu+ + H+
The thiyl radical (•RS) generated by the one-electron oxidation of a thiol reacts rapidly with another thiol to yield the radical disulfide anion (RSSR–).
Thiols such as homocysteine and glutathione
have a dark side that makes them potentially deleterious to cells. In the presence of metal ions and
oxygen, they can autooxidize, generating highly
reactive partially reduced oxygen species.
As noted previously, thiol oxidation can generate thiyl radicals. These species abstract hydrogen
atoms from polyunsaturated fatty acids at a constant rate.
The Hcy-thiyl radical can undergo a kinetically
favoured hydrogen atom transfer (HAT) reaction to
afford an α-amino carbon-centred radical. α-Amino
carbon radical formation in Hcy occurs under the
same conditions that promote thiyl radical mediated disulfide formation. This is due to the thiyl radical’s participation in the HAT mechanism [23].
Importantly, HAT has displayed enhanced carbonyl
formation at physiological temperature without
added oxidants, simply upon homocystamide enrichment. Studies of the properties of Hcy-N-protein
showed that homocystamides render proteins more
prone to oxidation, as evidenced by enhanced disulfide formation and alteration of the redox status of
cytochrome C. The kinetically favoured formation of
α-carbon radicals renders Hcy-N-protein capable of
initiating oxidative damage under the natural conditions that induce thiyl radical formation. Elucidation of the altered redox status of hyperhomocysteinaemic patients is needed as a step toward
targeted therapy [23].

Homocysteine-thiolactone
Homocysteine thiolactone was first prepared
from methionine in 1934. Homocysteine thiolactone
is an intramolecular thioester of homocysteine. The
thiolactone is prepared by boiling either homocysteine for ten minutes with HCl or methionine for
4 h with hydriodic acid.
Although Hcy-thiolactone was obtained by chemical synthesis in 1934, the first indication of its biological significance came almost 50 years later with
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the discovery of the enzymatic conversion of Hcy
O
O
AMP
to Hcy-thiolactone in error editing reactions of some
C
C
aminoacyl-tRNA synthases. Homocysteine thiolacMetRS
H2N
CH
S + AMP
SH
tone, the product of amino acyl tRNA synthetase H2N CH
editing reactions, is the five-membered condensed
CH2 CH2
CH2 CH2
ring form of homocysteine. Thiolactone formation
Homocysteinyl
Homocysteinyl
is unique to homocysteine owing to the extra caradenylate
thiolactone
bon atom within the side chain (cysteine has only
a single carbon within its side chain, whereas
homocysteine has two) (Figure 1).
Figure 1. Production of homocysteine thiolactone
Homocysteine thiolactone, which is formed from
an intramolecular condensation reaction between
thiol and carboxylic acid, may also occur in plasma that a long-term high methionine intake from the
in submicromolar concentrations. Many researchers, diet could lead to modest but chronic plasma tHcy
and especially Jakubowski, suggest that metabolic concentrations [29].
Inside cells, methionine is used for synthesis of
conversion of Hcy to Hcy-thiolactone followed by
new
proteins and S-adenosylmethionine (AdoMet),
subsequent spontaneous protein N-homocysteinya
universal
methyl donor. As a result of biological
lation by Hcy-thiolactone may contribute to Hcy toxmethylation reactions, AdoMet is converted to
icity in humans [24].
This hypothesis suggests that the conversion to adenosylhomocysteine (AdoHcy), which is subseHcy-thiolactone contributes to Hcy toxicity and is quently hydrolysed to adenosine and Hcy. Under
linked to atherosclerosis in humans. The formation normal circumstances, most, but not all, of the Hcy
of Hcy-thiolactone can be detrimental for two rea- formed in transmethylation reactions is remethysons. First, its reaction requires ATP and thus caus- lated back to methionine or converted into cysteine
es non-productive consumption of cellular energy in transsulfuration reactions. This happens because
[25]. Second, Hcy-thiolactone is a reactive interme- the capacity of the transsulfuration pathway is
diate that causes protein N-homocysteinylation exceeded and Hcy is excreted from cells [30].
The condition of excess Hcy can be exacerbated
through the formation of amide bonds with ε-amino
groups of protein lysine residues. Resulting protein by inadequate intake of folic acid, vitamin B12, and
damage necessitates the removal of N-homocys- vitamin B6 as well as by the allelic variation in genes
teinylated proteins by proteolytic degradation, encoding enzymes participating in Hcy metabolism
which would further deplete cellular energy and [31, 32].
Homocysteine is also metabolized to the cyclic
limit cell growth. Eventually Hcy-thiolactone appears
to be more toxic to human cells than Hcy. Homo- thioester Hcy-thiolactone. The synthesis of thiolaccysteine-containing proteins are also toxic and tone occurs in all human cell types investigated.
induce an autoimmune response, which is associ- The Hcy-thiolactone pathway becomes predomiated with atherosclerosis in humans [26, 27].
nant when remethylation or transsulfuration reactions are impaired by genetic alterations of enzymes
Excess homocysteine
involved in Hcy metabolism, such as cystathionine
and homocysteine-thiolactone
β-synthase (CBS), methionine synthase (MS), or
The only known source of Hcy in the human methylenetetrahydrofolate reductase (MTHFR) or
body is dietary protein methionine. After meal by inadequate supply of folate, vitamin B12, or vitaingestion, methionine is liberated from dietary pro- min B6. Homocysteine-thiolactone is formed by
tein in the digestive system. Free methionine is methionyl-tRNA synthetase (MetRS) in an error-edittransported in the blood to body organs and taken ing reaction in protein biosynthesis when Hcy
becomes mistakenly selected in place of methionup by cells [28].
At the nutritional level, there is little doubt that ine [30].
In all organisms, Hcy enters the first step of proexcess Hcy is a direct consequence of excess intake
of protein methionine. Since Hcy is formed from an tein biosynthesis and forms an Hcy-AMP intermeessential dietary amino acid, methionine, high diate in a reaction catalysed by methionyl-tRNA synintakes of methionine increase the plasma tHcy thetase (MetRS). However, the misactivated Hcy is
concentrations. In clinical practice the term tHcy then edited, with the formation of the thioester
refers to the sum of free, oxidized and protein- Hcy-thiolactone [30] (Figure 2).
Homocysteine thiolactone is synthesized by
linked Hcy. Elevation of plasma tHcy occurs, for
MetRS
in all cell types tested thus far, including
example, in the oral methionine loading test, in
which a large dose of methionine (0.1 g/kg body human vascular endothelial cells. The energy of the
weight of L-methionine) is ingested to diagnose anhydride bond of Hcy~AMP is conserved in an
hyperhomocysteinaemia. It could be speculated intramolecular thioester bond of Hcy thiolactone.
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Figure 2. Chemical formula of homocysteine thiolactone

Consequently, Hcy-thiolactone is a reactive intermediate that causes protein N-homocysteinylation
through the formation of amide bonds with ε-amino
groups of protein lysine residues [30].

Homocysteine thiolactone is harmful to cells
Homocysteine-thiolactone is cytotoxic [24]. Early
evidence suggesting that Hcy-thiolactone is cytotoxic
to the cardiovascular system was obtained in the
1970s, well before metabolism of Hcy-thiolactone in
humans was deciphered and its physiological significance established [24, 33]. Infusions with Hcy-thiolactone have been used as an early model of clinical homocystinuria. Tissue culture studies show that
Hcy-thiolactone induces apoptotic death in human
vascular endothelial cells, promyeloid HL-60 cells,
and placental trophoblasts, and inhibits insulin signalling in HTC rat hepatoma cells transformed with
insulin receptor [34, 35]. Apoptosis is also induced
by Hcy, but at much higher concentrations than Hcythiolactone. Homocysteine-thiolactone has also been
demonstrated to be more effective than Hcy in
inducing endoplasmic reticulum (ER) stress in a retinal pigmented epithelial cell line [34].
In particular, homocysteinylation of LDLs increases their susceptibility to oxidation and facilitates
their uptake by macrophages [36]. Additionally,
homocysteinylated LDLs elicit an autoimmune
response and increase vascular inflammation,
which are known modulators of atherosclerosis.
Clots formed from homocysteinylated fibrinogen
present a higher resistance to lysis, contributing to
a higher risk of thrombosis and vascular disease
[37, 38].

Disposal mechanisms of homocysteine
thiolactone
To minimize Hcy-thiolactone toxicity, cells had
to evolve the mechanism of its disposal [39].
Indeed, in all organisms, the bulk of Hcy-thiolactone is eliminated by excretion from cells into the
extracellular media. However, Hcy-thiolactone is not
a reliable marker of plasma tHcy. In healthy volunteers, it contributes only 0.14-0.28% of tHcy, has
a half-life of 1 h, and is below the detection limit in
approximately one half of volunteers [39].
In humans, Hcy-thiolactone is cleared out from the
circulation by urinary excretion in the kidney. Urinary

142

concentrations of Hcy-thiolactone are ~100-fold higher than those found in plasma. Normal urinary Hcythiolactone levels vary from 11 nmol/l to 485 nmol/l.
Urinary Hcy-thiolactone accounts for 2.5-28% of urinary tHcy and thus contributes significantly to urinary tHcy pools [40]. Whereas relative renal clearance
of tHcy is only about 0.001-0.003, the clearance of
Hcy-thiolactone is 0.2-7.0 of creatinine clearance [41].
This suggests that in some individuals Hcy-thiolactone is not only filtered in the glomeruli but also
secreted into the tubular lumen. Although it contributes very little to the daily flux of tHcy in a healthy
individual, renal excretion removes a large fraction of
Hcy-thiolactone, which would otherwise cause protein N-homocysteinylation [39].
The metabolic conversion of Hcy to Hcy-thiolactone has been reported as the major cause of Hcy
pathogenesis. It was hypothesized that inhibition
of the thiol group of Hcy by S-nitrosation will prevent its metabolic conversion to Hcy-thiolactone.
The kinetics, reaction dynamics, and mechanism of
reaction of Hcy and nitrous acid to produce
S-nitrosohomocysteine (Hcy-NO) were studied in
mildly to highly acidic pHs. Transnitrosation of this
non-protein-forming amino acid by S-nitrosoglutathione (GS-NO) was also studied at physiological
pH 7.4 in phosphate buffer.
Copper ions were found to play dual roles,
catalysing the rate of formation of Hcy-NO as well
as its rate of decomposition. Transnitrosation of Hcy
by GS-NO produced Hcy-NO and other products
including glutathione (reduced and oxidized) and
homocysteine-glutathione mixed disulfide. This
study has shown that it is possible to modulate
homocysteine toxicity by preventing its conversion
to more toxic Hcy-thiolactone by S-nitrosation [24].

Excess homocysteine thiolactone is toxic
to proteins
As previously mentioned, Hcy-thiolactone is
a reactive intermediate that causes protein
N-homocysteinylation through the formation of
amide bonds with ε-amino groups of protein lysine
residues. In the event homocysteinylated proteins
may lose their biological activity [24].
The levels of N-linked Hcy present in individual
human blood proteins are roughly proportional to
the proteins’ abundance. Thus, most of N-linked
Hcy is carried on haemoglobin (75%), albumin
(22%), and g-globulin (2%) in the human blood. All
other blood proteins contain about 1% of N-linked
Hcy. In human plasma, most of N-linked Hcy, 90%,
is carried on albumin. The concentration of N-linked
protein Hcy carried on albumin in plasma is about
2.8 mmol/l, which is 25% relative to plasma tHcy.
The substitution of the ε-amino group of a protein
lysine residue with an Hcy residue containing a free

Arch Med Sci 1, February / 2012

Relationship between paraoxonase and homocysteine: crossroads of oxidative diseases

thiol group is expected to affect protein structure
and function [42, 43].
The immediate result of protein N-homocysteinylation is a decrease of the net positive charge
on a protein because the highly basic ε-amino
group of a protein lysine residue (pKa 10.5) is
replaced by a less basic α-amino group of N-linked
Hcy (estimated pKa 7) [43].
In addition to these modifications, protein
N-homocysteinylation leads to secondary structural changes. For example, after incorporation of just
one N-linked Hcy/mol protein, N-Hcy-cytochrome C
becomes prone to aggregation as a result of intermolecular disulfide bond formation. Trace amounts
of aggregates of a variety of proteins might occur
spontaneously or as a result of protein modification, particularly during aging, and could account
for subtle impairments of cellular function even in
the absence of an evident amyloid phenotype. Thus,
the observation that N-Hcy-proteins occur in the
human body and tend to form aggregates in vitro
raises an interesting question of whether such
aggregates can be cytotoxic [44].
A possible mechanism contributing to vascular
injury by Hcy involves ER stress and activation of the
unfolded protein response. Exactly how Homocysteine causes protein unfolding is not clear. One possibility is that Hcy is metabolized to Hcy-thiolactone,
which then causes protein N-homocysteinylation in
the ER, leading to damage to secretory proteins.
Homocysteine itself could participate in disulfide
exchange reactions with ER proteins. Endoplasmic
reticulum stress is manifested by dysregulation of
lipid metabolism, activation of inflammatory pathways, impaired insulin signalling, and possibly cell
death. Essentially, Hcy-thiolactone and N-Hcyproteins are known to be formed in human cells, and
the magnitude of their synthesis depends on the concentration of Hcy [30, 44, 45].
Another example that can be given is structural
distortions. Clots formed from N-Hcy-fibrinogen are
more resistant to lysis than control clots from native
fibrinogen. The presence of small amounts of
N-linked Hcy in native human fibrinogen suggests
that it is a target for the modification by Hcy-thiolactone in the human body. Clots formed from Hcythiolactone-treated normal human plasma lyse
more slowly than clots from untreated control plasma, and the magnitude of this effect depends on
the concentrations of Hcy-thiolactone used [46, 47].
These results suggest that N-homocysteinylation of fibrinogen can lead to abnormal resistance
of fibrin clots to lysis and contribute to increased
risk of cardiovascular disease in hyperhomocysteinaemia. Also, fibrinogen represents a major step
in platelet aggregation while homocysteine impairs
nitric oxide production and also contributes to the
generation of oxidized species [46].
Incorporation of multiple N-linked Hcy residues
has been shown to be detrimental to the function
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of other proteins. Complete loss of enzymatic activity occurs after N-homocysteinylation of 8 lysine
residues in MetRS (33% of total lysine residues) or
11 lysine residues in trypsin (88% of total lysine
residues) [30].
Homocysteine-thiolactone also inactivates
enzymes by other mechanisms. For example, lysine
oxidase, an important enzyme responsible for posttranslational collagen modification essential for the
biogenesis of connective tissue matrices, is inactivated by Hcy-thiolactone, which derivatizes the
active site tyrosine quinone cofactor with a half-life
of 4 min. Homocysteine-thiolactone has also been
shown to decrease enzymatic activity of lysine oxidase in cultured porcine aortic endothelial cells.
These observations can account for the reduced
number of collagen cross-links observed in patients
with homocystinuria [24, 48].
N-Homocysteinylation may also be detrimental
to the normal function of LDL. For example,
N-homocysteinylated LDL, in which 10% or 25% of
lysine residues have been modified (i.e., containing
36 mol and 89 mol N-linked Hcy/mol LDL), is taken
up and degraded by human monocyte-derived
macrophages significantly faster than native LDL.
The mechanism underlying N-Hcy-LDL toxicity may
involve a decrease in endothelial Na+,K+-ATPase
activity, leading to an overload with sodium and,
subsequently, with calcium. This in turn causes
reduced production of nitric oxide and generation
of peroxynitrate, a highly reactive nitrogen metabolite. Taken together, these observations suggest
that protein N-homocysteinylation may contribute
to endothelial dysfunction, a key event initiating
the development of atherosclerotic plaque. It is
known that in a healthy endothelium NO rapidly
reacts with Hcy to form S-nitrosohomocysteine [25,
30, 50-52].
More recently, Jakubowski et al. provided direct
evidence showing that free Nε-Hcy-Lys arises by
proteolytic degradation of N-Hcy-protein in mouse
liver extracts. Free Nε-Hcy-Lys can also arise by
a reaction of free lysine with Hcy-thiolactone. Thus,
N-Hcy-protein is the major source of free Nε-HcyLys while the contribution of the reaction of free
lysine with Hcy-thiolactone to the pool of free NεHcy-Lys is expected to be very small [43]. Herewith,
in vitro, Hcy thiolactone can modify essentially all
plasma proteins, as well as other proteins that have
been examined, at rates proportional to the protein’s concentration and lysine content.

Pathophysiological responses to protein
N-homocysteinylation
Jakubowski et al. have found that male stroke
patients have significantly higher serum levels of
anti-Nε-Hcy-Lys-protein IgG than healthy male controls. Higher levels of anti-Nε-Hcy-Lys-protein
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autoantibodies most likely reflect higher levels of
tHcy observed in these patients. In addition, they
also found that male patients with angiographically documented coronary artery disease have higher serum levels of anti-Nε-Hcy-Lys-protein IgG and
tHcy than healthy male controls [13]. Induction of
an autoimmune response may explain why the relatively small amounts of N-Hcy protein occurring
in the human body can be detrimental.
Hyperhomocysteinaemia causes connective tissue pathology. Toohey et al. have explained the toxicity of Hcy-thiolactone on connective tissue by
the conversion of Hcy-thiolactone to mercaptopropionaldehyde. The reaction may occur in vivo and
may be pathogenic to connective tissue in four
ways: (1) the reaction may deplete ascorbic acid that
is required for collagen synthesis, (2) the mercaptoaldehyde product may interfere with collagen synthesis, (3) the mercaptoaldehyde may cause abnormal cross-linking of collagen molecules, and (4) the
mercaptoaldehyde may attach to collagen molecules, rendering them antigenic and triggering an
autoimmune response [31]. According to Hermmann
et al., tissue specific accumulation of Hcy in bone
may be a promising mechanism explaining adverse
effects of hyperhomocysteinaemia on bone.
A reduced methylation capacity of bone cells might
be another relevant pathomechanism [48].

Cell energy is wasted for producing
homocysteine-thiolactone
Excess Hcy is known to inhibit growth of microbial cells, such as the bacterium Escherichia coli and
yeast. The conversion of Hcy to Hcy-thiolactone
requires ATP and thus causes nonproductive dissipation of cellular energy which could inhibit growth,
as demonstrated in yeast. Supplementation with
Hcy greatly increases Hcy-thiolactone accumulation
and causes growth inhibition in E. coli. Growth inhibition caused by supplementation of E. coli cultures
with Hcy is accompanied by greatly increased synthesis of Hcy-thiolactone, which requires increased
unproductive ATP dissipation [53].

Strategic enzymes: paraoxonase family
The presence of an organophosphate-hydrolysing enzyme was first demonstrated in mammalian tissue, an observation that ultimately led to
the identification of a human paraoxonase in serum
in 1953 [54, 55]. Paraoxonase – so named because
of its ability to hydrolyse the toxic metabolite of
parathion, paraoxon – was also shown early after
its identification to manifest arylesterase activity.
Although the preferred endogenous substrate of
paraoxonase remains unknown, lactones (especially
Hcy-thiolactone) comprise one possible candidate
class. Paraoxonase 1 (PON1) has also been shown
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to metabolize a number of drugs and pro-drugs via
its lactonase activity [56].
The three PON genes (PON1, PON2, PON3) share
65% similarity at the amino acid level and are located adjacent to each other on chromosome 7 in
humans. The cloning of the gene in 1993 resulted
in the identification of over 200 single-nucleotide
polymorphisms (SNPs) in PON1 in different regions
of the gene [57, 58]. Further studies were conducted to identify the impact of these polymorphisms
on the activity and protein level of the enzyme.
Researchers’ attention has focused on SNPs of the
coding region at positions 192, 55, and the –108 promoter region. Glutamine (Q)/arginine (R) substitution at codon 192 results in different hydrolytic activity of the alleles towards various substrates [59, 60].
Two other members of the PON gene family,
termed PON2 and PON3, have been identified.
Although the expression of PON1 and PON3 is
restricted primarily to the liver, PON2 is not
detectable in serum, although PON2 is more widely expressed and is found in a number of tissues,
including brain, liver, kidney, and testis [61]. Paraoxonase 2 (PON2) enzyme resides in many tissues
and is not released from the cells. It is located in
the cell membrane with its active side exposed to
the outer side of the cell. Paraoxonase 1 is similarly orientated in the cell membrane before it is
excreted to the serum and bound to HDL [61].
Phylogenetic analysis reveals PON2 to be the oldest member of the family. The exact function of
PON2 in humans is not known. Dihydrocoumarin
is the only substrate reported to date for PON2. The
results of Devarajan et al. illustrate that the antiatherogenic effects of PON2 are, in part, mediated
by the role of PON2 in mitochondrial function [62].
Like PON1, PON3 is also found in HDL, but PON2
and PON3 lack paraoxonase or arylesterase activities but are similar to PON1 in that both hydrolyse
aromatic and long-chain aliphatic lactones. Paraoxonase 3 in particular hydrolyses widely used drugs
such as the statin lactones lovastatin and simvastatin and the diuretic spironolactone [63].
The high similarity observed in the amino acid
sequence between the PON proteins suggests that
PON2 may possess a biochemical function similar
to that of PON1 and PON3. Like PON1, both human
PON2 and PON3 have been shown to prevent cellmediated oxidative modification of LDL.
However, only PON1 hydrolyses organophosphates, and thus, reference to the other 2 isoforms
as paraoxonases is a misnomer [61, 64]. So, paraoxonase nomenclature is a good example of the power of language to mislead [61]. Really, there is no
judicious reason for mammals to have evolved an
enzyme that can only hydrolyse synthetic
organophosphates or drugs. This focus on one
aspect of the enzyme’s function, overemphasized
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by its denotation, delayed an appreciation of other potential – and perhaps more relevant – roles
[65]. However, the exact endogenous substrates
and mechanism of the PONs’ protective activities
remain to be elucidated.

Natural substrates of paraoxonase
Extensive research has focused on serum
arylesterase/paraoxonase, an organophosphatedetoxifying enzyme whose natural substrate and
function remain unknown. Also remaining unknown
is the relationship between the catalytic efficiencies of the enzyme variants toward the natural substrate and the ‘artificial substrate’ (organophosphate or arylester). In the absence of an
acknowledged biological substrate for PON1, its
activity is measured through its degrading function
towards the artificial substrates paraoxon and
phenyl acetate. Recent studies indicate that
arylesterase activity best reflects the antioxidant
activity of PON1, although it is not directly responsible for it [67, 68].
Although the notion that PON1 has an antioxidant function is assumed, we know of no biochemical basis for that exact function. It seems
unlikely that the paraoxonase or arylesterase activities measured are related to the suggested antioxidative function of PON1; paraoxon and phenylacetate are artificial substrates, convenient for
monitoring hydrolytic activity of PON1, which is not
a putative redox activity [69].
The lactonase activity of paraoxonase may be
an important consideration here, especially if one
endogenous substrate is the naturally occurring
Hcy-thiolactone. It seems that PON1 has a wide
range of biological substrate specificity. However,
the variety of lipids postulated as substrates for
PON1 may also stem from the technical difficulties
in identifying and analysing specific lipid oxidation
products, as they are often unstable and depend
on the type and length of the oxidation process.
The enzyme also reduces lipid hydroperoxides to
hydroxides and presents a peroxidase-like activity,
as PON1 was shown to degrade hydrogen peroxide
(H2O2), a major ROS produced under oxidative
stress [70].
Why is the naturally endogenous substrate Hcythiolactone not appropriate for measurement of
PON1 enzyme activity? Actually there is not a very
easy answer to this question. Since the serum PON1
is present extracellularly, it was unknown whether
Hcy-thiolactone can be detoxified intracellularly.
Homocysteine-thiolactone can also be disposed of
by enzymatic hydrolysis by the serum Hcy-thiolactonase/paraoxonase (PON1) carried on high-density lipoprotein. Homocysteine-thiolactonase (HTLase)
activity of the PON1 protein detoxifies Hcy-thiolactone in human blood and could thus confer a vascular protective role. Billecke et al. showed that
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human serum PON1 is able to hydrolyse lactones
and cyclic carbonate esters [71].
Also, Carey et al. found that PON2 (lactonase) is
constitutively expressed in both primary and
immortalized human endothelial cells and human
aortic smooth muscle cells. Furthermore, the same
researchers show that PON2 has antioxidant properties. Paraoxonase 2 overexpression lowers the
intracellular oxidative state of cells that have been
treated with either hydrogen peroxide or oxidizedlα-1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (Ox-PAPC) [72].
These data suggest that PON2 may play an antiatherogenic role by reducing the oxidation of LDL
and/or by reducing the production of intracellular
hydroperoxides [72]. There are many studies showing the harmful effects of intracellular Hcy, etc.
Huang et al. demonstrated that Hcy exerted its
genotoxic effects on HL-60 cells through an apoptotic pathway, which is mediated by the activation
of caspase 3 activity induced by an increase in intracellular hydrogen peroxide [73].
Whether Hcy-thiolactone is detoxified inside cells
was unknown. Zimny et al. made a suggestion in
this regard and in a study of theirs showed that
Hcy-thiolactone is hydrolysed by an intracellular
enzyme, which they purified to homogeneity from
human placenta and identified by proteomic analyses as human bleomycin hydrolase (hBLH). They
have also purified an Hcy-thiolactonase from the
yeast Saccharomyces cerevisiae and identified it as
yeast bleomycin hydrolase [74].

Paraoxonase and atherosclerosis
Traditional risk factors of coronary artery disease
(CAD) include age, sex, hypercholesterolaemia, arterial hypertension, diabetes, and smoking. Other risk
factors, such as homocysteine, and PON 1/HTLase
activities, were recently added to the list [75]. Atherosclerosis is the underlying cause of 50% of mortality in the Western world, and organophosphates
(OPs) use presents an environmental risk and a terrorist threat in today’s society. Concentration and
activity of PON1 are highly variable in human populations. There is still uncertainty as to the exact
biological substrate for paraoxonase. It seems that
the enzyme serves several roles and may have
a number of substrates [76].
Paraoxonase 1 has been presented as a potential therapeutic agent against both OP poisoning
and atherosclerosis development and as such has
been the focus of intensive research. Paraoxonase
1–/– mice are also more susceptible to poisoning
by the OP toxins chlorpyrifos-oxon and diazoxon,
although interestingly not paraoxon. Injection of
purified PON1 into the mice restores OP resistance
to normal levels [76].
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There are two polymorphisms in the PON1 coding region at positions Gln192→Arg (Q192R) and
Leu55→Met (L55M). Paraoxon is hydrolysed six
times faster by PON1192R than by PON1192Q,
whereas the Q form is more active towards sarin,
soman and diazoxon. The Q192R polymorphism also
alters the enzyme’s ability to protect LDL from oxidation in vitro with the Q form being the most protective. For some substrates, there is no difference
in hydrolytic rates, e.g. phenylacetate and dihydrocoumarin [77].
Two mechanisms are currently proposed in
which PON1 is thought to participate in atherosclerosis prevention: antioxidant protection and
hydrolysis of homocysteine thiolactone [76].
There is evidence in some studies that PON1’s
antioxidant function begins at the level of lipoprotein (LDL and HDL) protection against oxidative
modification by ROS. The enzyme also reduces lipid
hydroperoxides to hydroxides and presents a peroxidase-like activity, as PON1 was shown to degrade
hydrogen peroxide (H2O2), a major reactive oxygen
species produced under oxidative stress. Most evidence that PON1 inhibits oxidized lipid formation
comes from general measurements of lipid oxidation, such as thiobarbituric acid-reactive substances
(TBARS), lipoperoxides, and conjugated diene formation. The increased production of mitochondrial ROS can be induced, for example, by oxidized LDL
(OxLDL). So mitochondrial dysfunction leads to
decreases in aerobic capacity, which is a strong predictor of mortality. Increased production of mitochondrial ROS also causes endothelial dysfunction/apoptosis and vascular smooth muscle cell
(VSMC) proliferation/apoptosis, which finally leads
to the development of atherosclerosis [78-81].

Relationship between paraoxonase and
homocysteine
Hepatic expression of the PON1 gene is down-regulated in hyperhomocysteinaemic mice; it is plausible, therefore, that the proatherogenic effects of Hcy
may involve diminished serum PON1 activity, leading to impaired antioxidant function and decreased
capacity to degrade Hcy-thiolactone [30, 38].
Normal human plasma levels of Hcy-thiolactone
vary from 0 to 34.8 nmol/l and account for 0.0020.3% of plasma tHcy. There was no linear correlation between plasma Hcy-thiolactone and plasma
tHcy. Although somewhat surprising, this finding
suggests that Hcy may not be a major determinant
of plasma Hcy-thiolactone in humans [39, 82].
Two major constituents of this protective mechanism are proposed to be: 1) Hcy-thiolactonase,
a component of HDL, which hydrolyses and therefore detoxifies Hcy thiolactone; and 2) serum albumin, which by binding Hcy to form albumin-S-S-
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Hcy would prevent its cellular uptake and conversion to Hcy thiolactone. It is worth noting that protein-S-S-Hcy and free Hcy comprise 82% and 2%,
respectively, of tHcy in human serum [17].
Other possible determinants of plasma Hcy-thiolactone, such as folic acid, methionine, MetRS (or
other aminoacyl-tRNA synthetases), or renal function may also be important [39].

Paraoxonase is a crossroad of homocysteine
and activities of thiolactonase on HDL
Evidence indicates that hyperhomocysteinaemia,
which occurs in 5-7% of the general population, is
a risk factor for CVD, but how homocysteine mediates its potential proatherogenic effects is still
debated [83].
Whereas epidemiological data indicate that elevation of plasma homocysteine is not associated
with a significant change in plasma total cholesterol, some studies have reported a negative correlation with HDL concentrations [84-86].
The mechanistic relationship between low plasma HDL and atherosclerosis has not been fully elucidated but involves the ability of HDL to promote
reverse cholesterol transport from peripheral tissue
to the liver as well as its anti-inflammatory properties. Moreover, Mikael et al. recently suggested
that the decrease in plasma HDL in humans and
animals with hyperhomocysteinaemia is caused in
part by decreased hepatic expression of apoA-1.
There are several reports on alterations in HDL composition during inflammation leading to attenuated anti-inflammatory activities or even inflammatory properties of HDL [87].
Because low plasma HDL concentration sometimes is associated with increased risk of CVD,
whereas other conditions with low plasma HDL concentration are associated with improved prognosis,
it seems that it is not only the concentration per se
but also the function of the HDL particles that is
important for its anti-atherogenic effects [87, 89].
HDL particles are susceptible to structural modifications mediated by various mechanisms, including oxidation, glycation, or enzymatic degradation,
affecting their functional properties. Moreover, in
vitro studies have shown that homocysteinylation
of HDL may reduce the activity of the enzyme PON,
which is associated with human HDL, thus rendering the HDL particle more susceptible to oxidative
damage. Formation of inflammatory HDL has been
suggested to correlate with decreases in the activities of various HDL-associated enzymes, such as
PON, a multifunctional enzyme with antioxidant
capacity, and the ability to detoxify the homocysteine metabolite homocysteine thiolactone [89, 90].
Indeed, Holven et al. found that hyperhomocysteinaemic subjects, and particularly those with
extreme hyperhomocysteinaemia, were characterized by significantly less PON activity than healthy
controls [91].
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Thiolactonase activity: cysteine residue 284
Homocysteine thiolactonase was shown to have
an identical amino acid sequence as PON1. Paraoxonase 1’s free cysteine (residue 284) is important
for lactonase activity. The thiolactonase and
arylesterase/paraoxonase activities co-migrate at
all steps of purification, suggesting that the three
activities represent that same enzyme [89, 92].
These data suggest that thiolactonase/paraoxonase
protects proteins against homocysteinylation by
detoxifying Hcy-thiolactone. The finding that Hcy
thiolactonase is tightly associated with HDL also
suggests a link between metabolism of Hcy and
lipoproteins [92].

Kinetic properties of human serum
thiolactonase
Jakubowski, of those working on this issue, is
doing the most extensive studies. Human serum
thiolactonase, a 45-kDa protein component of high
density lipoprotein, requires calcium for activity and
stability. Human serum thiolactonase could not be
purified in the absence of CaCl2 because the
enzyme quickly lost its activity. The inactivated
enzyme could not be re-activated by addition of any
divalent metal. The enzyme is inhibited noncompetitively by isoleucine (Ki = 2 mmol/l) and penicillamine (Ki = 0.2 mmol/l). The substrate specificity
studies indicate that homocysteine thiolactonase
exhibits a certain degree of selectivity toward l-Hcy
thiolactone. The amount of human serum thiolactonase present in human serum is sufficient to
hydrolyse Hcy-thiolactone within a few hours. Substrate specificity studies suggest that homocysteine
thiolactone is a likely natural substrate of this
enzyme (Km = 23 mM). However, thiolactonase also
hydrolyses non-natural substrates, such as phenyl
acetate (Km = 0.6 mM), p-nitrophenyl acetate (Km
= 2.5 mM), and the organophosphate paraoxon (Km
= 0.9 mM) [25].
Although Km for Hcy thiolactone is relatively high
(23 mM), other enzymes also have high Km values
for physiologically important substrates [25]. This
suggests that Hcy thiolactone is a likely natural substrate of human serum thiolactonase.
Taken together, these data indicate that Hcy thiolactone, phenyl acetate, and paraoxon are hydrolysed by the same enzyme, but probably at different sites. It is possible that human serum
thiolactonase possesses multiple binding sites for
phenyl acetate or paraoxon.
The N-terminal amino acid sequence of pure thiolactonase is identical to that of human paraoxonase. Purified human serum thiolactonase yielded the following N-terminal amino acid sequence:
AKLIALTLLGMG. A search of data banks revealed
a 100% match of this sequence with the N terminus of human serum paraoxonase. Human serum
thiolactonase activity, like paraoxonase activity, was
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present in HDL and absent in the LDL fraction. In
the absence of detergents, the thiolactonase copurifies with apolipoprotein AI [93].
By detoxifying homocysteine thiolactone, thiolactonase/paraoxonase would protect proteins
against homocysteinylation, a potential contributing factor to atherosclerosis. Recently, Perla-Kaján
et al. found that plasma N-Hcy-protein was negatively correlated with serum Hcy-thiolactonase activity). They also found that enzymatic activities of the
PON1 protein measured with artificial substrates
correlated less strongly. These findings provide evidence that the Hcy-thiolactonase activity of PON1
is a determinant of plasma N-Hcy-protein levels
and that Hcy-thiolactonase/PON1 protects proteins
against N-homocysteinylation in vivo, a novel mechanism likely to contribute to atheroprotective roles
of HDL in humans [92].
We now know that Hcy-thiolactone is hydrolysed
to Hcy by serum Hcy-thiolactonase/paraoxonase
carried on HDL and that rabbits have about 10 times
higher Hcy-thiolactonase activity than an average
human being does, which could explain the greater
resistance of rabbits than primates to Hcy-thiolactone [30]. In fact, Hcy-thiolactone is unlikely to be
efficiently hydrolysed to Hcy in the chicken because
of the lack of Hcy-thiolactonase [30].
Homocysteine-thiolactonase, which hydrolyses
Hcy-thiolactone to Hcy, could be in fact paraoxonase.
If it is so, paraoxonase can hydrolyse Hcy-thiolactone
back to Hcy and Hcy may be then converted either
back to methionine (by a reaction which needs folate
and vitamin B12 as co-factors), or condensed with serine to form cystathionine in a reaction that is dependent on vitamin B6 [94]. It is possible that folic acid supplementation or high folate intake decreases plasma
tHcy (and plasma Hcy-thiolactone levels) and affects
serum PON activity by this mechanism [95]. Weijun
et al. reported that short-term oral folic acid
(5 mg/day) supplementation with or without methylcobalamin appeared to be an effective approach to
decrease Hcy levels and increase Hcy-thiolactonase/PON activity in patients with type 2 diabetes
[96]. These findings suggest that the anti-atherogenic
function of PON1 is more complex and is not only
restricted to inhibition of LDL oxidation. In humans,
the homocysteine thiolactonase activity of PON1
inversely correlates with homocysteine concentration
and predicts cardiovascular disease. Thus, perhaps
the most important anti-atherogenic function of PON1
is attributable to its ability to hydrolyse Hcy-thiolactone, a considered risk factor of cardiovascular disease [68].

Other factors affecting the activity
of homocysteine-thiolactonase activity
According to the results of Ferretti et al., modifications of apoprotein conformation and physico-
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chemical properties in Hcy-HDL and the decrease
of PON1 activity could affect the protective effect
of HDL against oxidative damage and/or homocysteinylation [36]. Because it contains tightly
bound Hcy-thiolactonase as one of its components,
HDL should inhibit accumulation of Hcy-thiolactone.
Indeed, supplementation of human umbilical
vein endothelial cell (HUVEC) cultures with HDL led
to 80% inhibition of thiolactone synthesis. However, a small amount of N-homocysteinylated HDL
(N-Hcy-HDL) is present in human plasma, suggesting that homocysteinylation of plasma lipoproteins
occurs in vivo [70]. A significant decrease of paraoxonase and lactonase activity of HDL-bound PON1
has also been observed in Hcy-HDL [97]. In addition
to this finding, Gong et al. have demonstrated the
positive effects of quercetin on activity of Hcy-thiolactonase and PON1 [98].

Clinical studies showing the relationship
between paraoxonase and homocysteine
Vascular diseases
Paraoxonase 1 is thought to influence serum
homocysteine concentrations, at least in part, due
to its homocysteine thiolactonase activity and to
play a role in atherosclerosis [99]. Homocysteinethiolactonase activity is influenced by both PON1
and MTHFR genotypes and there is a direct relation
between Hcy and Hcy-thiolactone levels. In relation
to this matter, Jakubowski et al. hypothesized that
high thiolactonase associated PON1 R and L alleles
should confer significant cardiovascular protection
in subjects with high Hcy levels [100].
Similarly, Koubba et al. showed that total plasma Hcy levels were negatively correlated with Hcythiolactonase activities in patients with coronary
syndrome in whom the TT (MTHFR C677T) genotype was significantly more frequent [101]. Aydın et
al. found that genetic variants of PON1 55/192 and
MTHFR were associated with CAD. Since it has been
shown that Hcy or its metabolites are associated
with endothelial dysfunction and cardiovascular disease, hyperhomocysteinaemia was suggested to
have a role in promoting endothelial dysfunction in
cardiovascular diseases [102]. Man et al. found that
the genotype distributions of PON1 Q192R and
MTHFR A222V, which affect lipid and homocysteine
metabolism, differed significantly between patients
with stroke and healthy controls. The presence of
at least one R allele in PON1 Q192R and a TT allele
was associated with concurrent stenoses [103].
Recently, Lakshman et al. not only found a 47%
decrease in PON1 activity, but also a 30% decrease
in Hcy-thiolactonase activity in diabetic subjects
with prior coronary artery bypass surgery. Moreover, the PON1 activity was significantly inversely
correlated with the extent of intracoronary lesions
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determined at catheterization [104]. Marcucci et al.
reported that patients with non-valvular atrial fibrillation had increased plasma Hcy levels, but did
not probe the relationship between plasma Hcy levels and atrial dimensions [105]. Shimano et al. presented a study in which they evaluated plasma levels of Hcy in a series of patients scheduled to
undergo catheter ablation of atrial fibrillation [106].
Their results confirm those of other researchers
documenting a significant increase in plasma Hcy
in patients with persistent (but not paroxysmal)
atrial fibrillation. The links between hyperhomocysteinaemia and endothelial dysfunction are clear
and suggest that elevated Hcy may contribute to
the increased stroke risk in patients with persistent atrial fibrillation [107, 108]. Kerkeni et al. showed
that hyperhomocysteinaemia and low PON1 concentration are associated with chronic renal disease
and markedly associated in patients with cardiovascular complications [110].

Diabetes and metabolic diseases
In addition, Hcy-thiolactonase activity varies in
some metabolic disorders. Jakubowski et al. found
that serum Hcy-thiolactonase was lower in hyperleptinaemic than in control animals. A recent study
showed the relationship between diabetes and Hcythiolactonase. This study showed that increased
lysophosphatidylcholine (lyso-PC) levels in LDL were
associated with suppressed Hcy-thiolactonase activity, and Hcy-thiolactonase activities may be related to lyso-PC in type 2 diabetic patients [110].
In a cohort of healthy overweight/obese women,
Kotani et al. showed for the first time reduced PON1
lactonase activity during a low caloric diet intervention on weight loss, with a significant correlation with the reduction of LDL-C. A tendency for
a negative association between homocysteine thiolactonase activity and the thickness of the carotid
intima media was observed in patients with type
2 diabetes mellitus [112].
Baráthi et al. reported that the PON1 activity was
significantly lower in the uraemic hypertensive group
than in the controls [115], whereas the plasma
homocysteine level was significantly higher in the
uraemic hypertensive patients as compared with
the controls. Isbilen et al. found that tHcy level in
the plasma of pre-eclamptic women was increased
in comparison with healthy pregnants [114].

Other diseases
A significant increase in Hcy-thiolactone and
PON-Hcy-thiolactonase activity was observed in proliferative diabetic retinopathy [114]. The in vitro studies on bovine retinal capillary endothelial cells
showed a dose and time dependent increase in the
PON-Hcy-thiolactonase activity and mRNA expres-
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sion of PON2 on exposure to Hcy-thiolactone and
Hcy [115].
Ateș et al. reported that serum PON1 activity was
significantly lower in patients with age-related macular degeneration (AMD) than that in the controls
[116]. In contrast, the serum levels of homocysteine
were significantly higher in the patients than those
in the controls. In AMD patients, a significant negative correlation was found between PON1 activity
and homocysteine level [117, 118]. Angayarkanni et
al. reported that central retinal venous occlusion
patients showed significantly lowered serum PON1ARE activity along with a significant increase in the
levels of plasma Hcy when compared to the control subjects. There was a negative correlation
between serum PON1-ARE and plasma Hcy levels
as well as between PON1-ARE levels in the central
retinal venous occlusion patients [119].
Mungan et al. found a significant negative correlation between serum PON1 and MDA levels, and
serum PON1 activity was also negatively correlated
with homocysteine levels in Behcet disease patients
[120].
Many researchers have reported that paraoxonase activity was decreased in Alzheimer disease
and in mixed dementia as compared with the control group. The same forms of dementia homocysteine levels were increased. Alzheimer disease
paraoxonase activity was negatively correlated with
homocysteine levels [121-123].
The study by Pașca et al. showed that in children
with autism there are higher levels of tHcy, which
is negatively correlated with GPx activity, low PON1
arylesterase activity and suboptimal levels of vitamin B12 [124, 125].

Nutrition and drugs
Noll et al. found that red wine polyphenolic
extract supplementation at low dose significantly
reduced plasma Hcy levels and restored the hepatic and plasma-decreased PON1 activity induced by
chronic hyperhomocysteinaemia. Immediately following the month of white wine consumption there
was a significant increase in HDL cholesterol PON1
levels. However, there was also a clear increase in
homocysteine. The beneficial influence of light alcohol intake on PON1 activity is probably also caused
by its ability to increase the concentration of HDL
in serum [126].
Moderate alcohol intake causes an increase in
PON1 activity, while the serum of alcoholics presents a decrease in PON1 activity compared with
non-alcoholics. Light alcohol intake stimulates
paraoxonase by upregulating liver mRNA in rats
and humans. Heavy alcohol intake inhibits gene
expression and PON1 activity, independently of the
PON1 polymorphism. It has been demonstrated that
polyphenolic compounds could modulate the
expression level of the PON1 gene in vitro [127-129].
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Hamelet et al. reported that a high-methionine
diet significantly increased serum homocysteine
levels, decreased hepatic CBS activity, and downregulated PON1 mRNA and its activity [130].
The effect of the type of fat taken in the diet on
the activity of serum PON and Hcy-thiolactonase
was investigated by Varatharajalu et al. According
to their results, high omega-3 polyunsaturated fatty acid (omega-3 PUFA) consumption decreased liver PON1 mRNA expression, serum PON1, and Hcythiolactonase activity compared to the low ω-3
PUFA group [127].
However, chronic administration of catechin but
not quercetin significantly reduced plasma homocysteine levels, attenuated the reduction of the
hepatic CBS activity, and restored the decreased
paraoxonase-1 gene expression and activity induced
by chronic hyperhomocysteinaemia [131].
Statins are the drugs used most frequently in
cardiovascular disease prevention. Gouedard et al.
reported that in HuH7 human hepatoma cells, the
PON1 secreted enzymatic activity and mRNA levels
were increased by fenofibric acid and decreased by
several statins [132]. The opposite effects of fenofibrate and statins could be consistent with clinical
data on homocysteine levels after hypolipidaemic
drug treatment. Because Hcy-thiolactone can be
converted into its parent form Hcy by PON1, an
increase in PON1 activity could raise the level of
homocysteine and detoxify Hcy-thiolactone. The
regulation of the PON1 gene reported here is consistent with clinical data showing the different
effects of cardiovascular disease preventing drugs
on plasma homocysteine levels. Indeed, fenofibrate
and bezafibrate were shown to increase Hcy levels,
whereas gemfibrozil had no effect and high-dose
statins led to a decrease. The well-established clinical benefit of statins is likely to involve PON1-independent mechanisms. Together with the hydrolysis of toxic endogenous compounds (oxidized
phospholipids and homocysteine thiolactone), probably accounting for its anti-atherogenic capacity,
PON1 is also a xenobiotic metabolizing enzyme that
detoxifies organophosphates [132].
Also, atorvastatin therapy is beneficial in
decreasing oxidative stress related to hypercholesterolaemia, mainly affecting lipid profile and PON1
activity. Bolayirlı et al. found that 4 weeks of atorvastatin therapy significantly increased HDL-C and
PON1 activity, and reduced LDL-C, TBARS and lipid
peroxide concentrations [133].
Furthermore, the PON1 3D structure will be
a tremendously useful frame for building and refining a model of the catalytic mechanism for the
hydrolysis of different substrates. It will particularly help to determine the structural basis of the substrate specificity in the PON family. This should lead
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to PON1 engineering, that is the design of mutants
with improved functional properties, mainly
organophosphatase and antioxidative activities.
The main therapeutic uses of these mutants are
expected to be for the prevention of atherogenesis [134, 135].

Re f e r e n c e s
1. DuVigneaud V. A trail of research in sulfur chemistry and
metabolism and related fields. Cornell University Press,
Ithaca 1952; 25-56.
2. McCully KS. Homocysteine, vitamins, and vascular
disease prevention. Am J Clin Nutr 2007; 86: 1563S-8S.
3. Carson NAJ, Neill DW. Metabolic abnormalities detected
in a survey of mentally backward individuals in Northern
Ireland. Arch Dis Child 1962; 37: 505-13.
4. Gerritsen T, Vaughn JG, Waisman HA. The identification
of homocystine in the urine. Biochem Biophys Res
Commun 1962; 9: 493-6.
5. Mudd SH, Finkelstein JD, Irreverre F, Laster L. Homocystinuria: an enzymatic defect. Science 1964; 143:
1443-5.
6. McCully KS. Homocysteine theory of arteriosclerosis:
development and current status. In: Gotto AM Jr, Paoletti R (eds.). Atherosclerosis reviews. Vol 11. Raven Press,
New York 1983; 157-246.
7. Jakubowski H. Pathophysiological consequences of
homocysteine excess. J Nutr 2006; 136 (6 Suppl): 1741S-9S.
8. Jacobsen DW. Hyperhomocysteinemia and oxidative
stress time for a reality check? Arterioscler Thromb Vasc
Biol 2000; 20: 1182-4.
9. Yilmaz N, Eren E. Homocysteine oxidative stress and
relation to bone mineral density in post-menopausal
osteoporosis. Aging Clin Exp Res 2009; 21: 353-7.
10. Yilmaz N, Ciçek HK, Celik A, Meram I, Kocabas R,
Davutoglu V. Diagnostic value of homocysteine,
C-reactive protein and bilirubin for coronary artery
disease. East Mediterr Health J 2007; 13: 522-35.
11. Yilmaz N, Kepkep N, Ciçek HK, Celik A, Meram I. Relation
of parity and homocysteine to bone mineral density of
postmenopausal women. Clin Lab 2006; 52: 49-56.
12. Naruszewicz M, Mirkewicz E, Olszewski AJ, McCully
KS. Thiolation of low-density lipoproteins by homocysteine thiolactone causes increased aggregation and
altered interaction with cultured macrophages. Nutr
Metab Cardiovasc Dis 1994; 4: 70-7.
13. Undas A, Perla J, Lacinski M, Trzeciak WH, Kazmierski R,
Jakubowski H. Autoantibodies against N-homocysteinylated proteins in humans: implications for atheros clerosis. Stroke 2004; 35: 1299-304.
14. Loscalzo J. The oxidant stress of hyperhomocysteinemia.
J Clin Invest 1996; 98: 5-7.
15. Stamler JS, Osborne JA, Jaraki O, et al. Adverse vascular
effects of homocysteine are modulated by endotheliumderived relaxing factor and related oxides of nitrogen.
J Clin Invest 1993; 91: 308-18.
16. Suszynska J, Tisonczyk J, Lee HG, Smith MA, Jakubowski H. Reduced homocysteine-thiolactonase activity in
Alzheimer’s disease. J Alzheimers Dis 2010; 19: 1177.
17. Jakubowski H. The pathophysiological hypothesis of
homocysteine thiolactone-mediated vascular disease.
J Physiol Pharmacol 2008; 59 Suppl 9: 155-67.
18. Misra HP. Generation of superoxide free radical during
the autoxidation of thiols. J Biol Chem 1974; 249: 2151-5.

150

19. Nishio E, Watanabe Y. Homocysteine as a modulator of
platelet-derived growth factor action in vascular smooth
muscle cells: a possible role for hydrogen peroxide. Br
J Pharmacol 1997; 122: 269-74.
20. Lang D, Kredan MB, Moat SJ, et al. Homocysteine-induced
inhibition of endothelium-dependent relaxation in rabbit
aorta: role for superoxide anions. Arterioscler Thromb
Vasc Biol 2000; 20: 422-7.
21. Doshi SN, McDowell IF, Moat SJ, et al. Folate improves
endothelial function in coronary artery disease: an effect
mediated by reduction of intracellular superoxide?
Arterioscler Thromb Vasc Biol 2001; 21: 1196-202.
22. Mills BJ, Weiss MM, Lang CA, Liu MC, Ziegler C. Blood
glutathione and cysteine changes in cardiovascular
disease. J Lab Clin Med 2000; 135: 396-401.
23. Sibrian-Vazquez M, Escobedo JO, Lim S, Samoei GK,
Strongin RM. Homocystamides promote free-radical and
oxidative damage to proteins. Proc Natl Acad Sci
U S A 2010; 107: 551-4.
24. Jakubowski H. Homocysteine is a protein amino acid in
humans. Implications for homocysteine-linked disease.
J Biol Chem 2002; 277: 30425-8.
25. Jakubowski H. Calcium-dependent human serum homocysteine thiolactone hydrolase. A protective mechanism
against protein N-homocysteinylation. J Biol Chem 2000;
275: 3957-62.
26. Jakubowski H. Homocysteine-thiolactone and S-nitrosohomocysteine mediate incorporation of homocysteine
into protein in humans. Clin Chem Lab Med 2003; 41:
1462-6.
27. Jakubowski H. Homocysteine thiolactone: metabolic
origin and protein homocysteinylation in humans. J Nutr
2000; 130 (2 Suppl.): S377-81.
28. Williams KT, Schalinske KL. Homocysteine metabolism
and its relation to health and disease. Biofactors 2010;
36: 19-24.
29. Chwatko G, Boers GH, Strauss KA, Shih DM, Jakubowski H. Mutations in methylenetetrahydrofolate reductase
or cystathionine beta-synthase gene, or a highmethionine diet, increase homocysteine thiolactone levels
in humans and mice. FASEB J 2007; 21: 1707-13.
30. Jakubowski H. Pathophysiological consequences of homocysteine excess. J Nutr 2006; 136 (6 Suppl): 1741S-9S.
31. Toohey JI. Homocysteine toxicity in connective tissue:
theories, old and new. Connect Tissue Res 2008; 49:
57-61.
32. Morakinyo MK, Strongin RM, Simoyi RH. Modulation of
homocysteine toxicity by S-nitrosothiol formation: a mechanistic approach. J Phys Chem B 2010; 114: 9894-904.
33. Koubaa N, Nakbi A, Hammami S, et al. Association of the
C677T MTHFR polymorphism with homocysteine, ox-LDL
levels, and thiolactonase activities in the severity of
coronary syndrome. Clin Appl Thromb Hemost 2010; 16:
515-21.
34. Sikora M, Twardowski T, Jakubowski H. The role of
homocysteine thiolactone in some of human diseases
[Polish]. Postepy Biochem 2006; 52: 417-23.
35. Beltowski J, Wójcicka G, Jakubowski H. Modulation of
paraoxonase 1 and protein N-homocysteinylation by
leptin and the synthetic liver X receptor agonist T0901317
in the rat. J Endocrinol 2010; 204: 191-8.
36. Ferretti G, Bacchetti T, Masciangelo S, Bicchiega V. Effect
of homocysteinylation on high density lipoprotein
physico-chemical properties. Chem Phys Lipids 2010; 163:
228-35.
37. Undas A, Jankowski M, Twardowska M, Padjas A,
Jakubowski H, Szczeklik A. Antibodies to N-homo-

Arch Med Sci 1, February / 2012

Relationship between paraoxonase and homocysteine: crossroads of oxidative diseases

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

cysteinylated albumin as a marker for early-onset
coronary artery disease in men. Thromb Haemost 2005;
93: 346-50.
Jakubowski H, Perla-Kaján J, Finnell RH, et al. Genetic or
nutritional disorders in homocysteine or folate metabolism increase protein N-homocysteinylation in mice.
FASEB J 2009; 23: 1721-7.
Chwatko G, Jakubowski H. Urinary excretion of
homocysteine-thiolactone in humans. Clin Chem 2005;
51: 408-15.
Zimny J. Mechanisms that protect against homocysteine
toxicity [Polish]. Postepy Biochem 2008; 54: 91-8.
Perna AF, Acanfora F, Luciano MG, et al. Plasma protein
homocysteinylation in uremia. Clin Chem Lab Med 2007;
45: 1678-82.
Sikora M, Marczak L, Twardowski T, Stobiecki M,
Jakubowski H. Direct monitoring of albumin lysine-525
N-homocysteinylation in human serum by liquid
chromatography/mass spectrometry. Anal Biochem 2010;
405: 132-4.
Głowacki R, Bald E, Jakubowski H. Identification and
origin of N-epsilon-homocysteinyl-lysine isopeptide in
humans and mice. Amino Acids 2010; 39: 1563-9.
Perła-Kaján J, Marczak Ł, Kaján L, Skowronek P, Twardowski T, Jakubowski H. Modification by homocysteine
thiolactone affects redox status of cytochrome C.
Biochemistry 2007; 46: 6225-31.
Roybal CN, Yang S, Sun CW, et al. Homocysteine increases the expression of vascular endothelial growth
factor by a mechanism involving endoplasmic reticulum
stress and transcription factor ATF4. J Biol Chem 2004;
279: 14844-52.
Sauls DL, Lockhart E, Hoffman M. Reaction of fibrinogen
with homocysteine thiolactone renders the resulting
fibrin clots resistant to lysis. J Thromb Haemost 2005; 3
Suppl. 1: OR130.
Undas A, Brozek J, Jankowski M, Siudak Z, Szczeklik A,
Jakubowski H. Plasma homocysteine affects fibrin clot
permeability and resistance to lysis in human subjects.
Arterioscler Thromb Vasc Biol 2006; 26: 1397-404.
Herrmann M, Tami A, Wildemann B, et al. Hyperhomocysteinemia induces a tissue specific accumulation
of homocysteine in bone by collagen binding and
adversely affects bone. Bone 2009; 44: 467-75.
Van Campenhout A, Moran CS, Parr A, et al. Role of
homocysteine in aortic calcification and osteogenic cell
differentiation. Atherosclerosis 2009; 202: 557-66.
Jakubowski H, Zhang L, Bardeguez A, Aviv A. Homocysteine thiolactone and protein homocysteinylation in
human endothelial cells: implications for atherosclerosis.
Circ Res 2000; 87: 45-51.
Jakubowski H. The molecular basis of homocysteine
thiolactone-mediated vascular disease. Clin Chem Lab
Med 2007; 45: 1704-16.
Perla-Kaján J, Twardowski T, Jakubowski H. Mechanisms
of homocysteine toxicity in humans. Amino Acids 2007;
32: 561-72.
Sikora M, Jakubowski H. Homocysteine editing and
growth inhibition in Escherichia coli. Microbiology 2009;
155: 1858-65.
Aldridge WN. Serum esterases I. Two types of esterase
(A and B) hydrolysing p-nitrophenyl acetate, propionate
and butyrate, and a method for their determination.
Biochem J 1953; 53: 110-7.
Mackness MI, Arrol S, Durrington PN. Paraoxonase
prevent accumulation of hydroperoxides in low-density
lipoprotein. FEBS Lett 1991; 286: 152-4.

Arch Med Sci 1, February / 2012

56. Ng CJ, Shih DM, Hama SY, Villa N, Navab M, Reddy ST.
The paraoxonase gene family and atherosclerosis. Free
Radic Biol Med 2005; 38: 153-63.
57. Draganov DI, Teiber JF, Speelman A, Osawa Y, Sunahara R,
La Du BN. Human paraoxonases (PON1, PON2, and
PON3) are lactonases with overlapping and distinct
substrate specificities. J Lipid Res 2005; 46: 1239-47.
58. Humbert R, Adler DA, Disteche CM, Hassett C, Omiecinski
CJ, Furlong CE. The molecular basis of the human serum
paraoxonase activity polymorphism. Nat Genet 1993; 3:
73-6.
59. Billecke S, Draganov D, Counsell R, et al. Human serum
paraoxonase (PON1) isozymes Q and R hydrolyze lactones
and cyclic carbonate esters. Drug Metab Dispos 2000;
28: 1335-42.
60. Lacinski M, Skorupski W, Cieslinski A, Sokolowska J,
Trzeciak WH, Jakubowski H. Determinants of homocysteine-thiolactonase activity of the paraoxonase-1
(PON1) protein in humans. Cell Mol Biol (Noisy-le-grand)
2004; 50: 885-93.
61. Loscalzo J. Paraoxonase and coronary heart disease risk:
language misleads, linkage misinforms, function clarifies.
Circ Cardiovasc Genet 2008; 1: 79-80.
62. Devarajan A, Bourquard N, Hama S, et al. Paraoxonase
2 deficiency alters mitochondrial function and exacerbates the development of atherosclerosis. Antioxid
Redox Signal 2010; 14: 341-51.
63. Zhang C, Peng W, Wang M, et al. Studies on protective
effects of human paraoxonases 1 and 3 on atherosclerosis in apolipoprotein E knockout mice. Gene Ther
2010; 17: 626-33.
64. Aviram M, Rosenblat M, Bisgaier CL, Newton RS, PrimoParma SL, La Du BN. Paraoxonase inhibits high-density
lipoprotein oxidation and preserves its functions.
A possible peroxidative role for paraoxonase. J Clin Invest
1998; 101: 1581-90.
65. Draganov DI. Lactonases with oragnophosphatase
activity: structural and evolutionary perspectives. Chem
Biol Interact 2010; 187: 370-2.
66. Sutherland WH, de Jong SA, Walker RJ. Hypochlorous acid
and low serum paraoxonase activity in haemodialysis
patients: an in vitro study. Nephrol Dial Transplant 2004;
19: 75-82.
67. Rosenblat M, Gaidukov L, Khersonsky O, et al. The
catalytic histidine dyad of high density lipoproteinassociated serum paraoxonase-1 (PON1) is essential for
PON1-mediated inhibition of low density lipoprotein
oxidation and stimulation of macrophage cholesterol
efflux. J Biol Chem 2006; 281: 7657-65.
68. Otocka-Kmiecik A, Orłowska-Majdak M. The role of
genetic (PON1 polymorphism) and environmental factors,
especially physical activity, in antioxidant function of
paraoxonase. Postepy Hig Med Dosw 2009; 63: 668-77.
69. Gur M, Yildiz A, Demirbag R, et al. Paraoxonase and
arylesterase activities in patients with cardiac syndrome
X, and their relationship with oxidative stress markers.
Coron Artery Dis 2007; 18: 89-95.
70. Jakubowski H, Zhang L, Bardeguez A, Aviv A. Homocysteine thiolactone and protein homocysteinylation in
human endothelial cells: implications for atherosclerosis.
Circ Res 2000; 87: 45-51.
71. Billecke S, Draganov D, Counsell R, et al. Human serum
paraoxonase (PON1) isozymes Q and R hydrolyze lactones
and cyclic carbonate esters. Drug Metab Dispos 2000;
28: 1335-42.
72. Ng CJ, Wadleigh DJ, Gangopadhyay A, et al. Paraoxonase-2 is a ubiquitously expressed protein with antioxidant

151

Necat Yilmaz

properties and is capable of preventing cell-mediated
oxidative modification of low density lipoprotein. J Biol
Chem 2001; 276: 44444-9.
73. Huang RF, Huang SM, Lin BS, Wei JS, Liu TZ. Homocysteine thiolactone induces apoptotic DNA damage
mediated by increased intracellular hydrogen peroxide
and caspase 3 activation in HL-60 cells. Life Sci 2001; 68:
2799-811.
74. Zimny J, Sikora M, Guranowski A, Jakubowski H.
Protective mechanisms against homocysteine toxicity:
the role of bleomycin hydrolase. J Biol Chem 2006; 281:
22485-92.
75. Yilmaz N, Cicek HK, Celik A, Davutoglu V. Diagnostic value
of bilirubin concentrations compared with novel and
traditional biomarkers in atherosclerosis with coronary
artery disease. Saudi Med J 2006; 27: 1262-4.
76. van Himbergen TM, van Tits LJ, Roest M, Stalenhoef AF.
The story of PON1: how an organophosphate-hydrolysing
enzyme is becoming a player in cardiovascular medicine.
Neth J Med 2006; 64: 34-8.
77. Shih DM, Gu L, Xia YR, et al. Mice lacking serum paraoxonase are susceptible to organophosphate toxicity and
atherosclerosis. Nature 1998; 394: 284-7.
78. Ng CJ, Shih DM, Hama SY, Villa N, Navab M, Reddy ST.
The paraoxonase gene family and atherosclerosis. Free
Radic Biol Med 2005; 38: 153-63.
79. Sonoki K, Iwase M, Sasaki N, et al. Relations of lysophosphatidylcholine in low-density lipoprotein with
serum lipoprotein-associated phospholipase A2, paraoxonase and homocysteine thiolactonase activities in
patients with type 2 diabetes mellitus. Diabetes Res Clin
Pract 2009; 86: 117-23.
80. Costa LG, Vitalone A, Cole TB, Furlong CE. Modulation of
paraoxonase (PON1) activity. Biochem Pharmacol 2005;
69: 541-50.
81. Adkins S, Gan KN, Mody M, La Du BN. Molecular basis
for the polymorphic forms of human serum paraoxonase/arylesterase: glutamine or arginine at position 191,
for the respective A or B allozymes. Am J Hum Genet
1993; 52: 598-608.
82. Chwatko G, Jakubowski H. The determination of homocysteine-thiolactone in human plasma. Anal Biochem
2005; 337: 271-7.
83. Jakubowski H. Molecular basis of homocysteine toxicity
in humans. Cell Mol Life Sci 2004; 61: 470-87.
84. Ciaccio M, Bellia C. Hyperhomocysteinemia and cardiovascular risk: effect of vitamin supplementation in risk
reduction. Curr Clin Pharmacol 2010; 5: 30-6.
85. Williams KT, Schalinske KL. Homocysteine metabolism
and its relation to health and disease. Biofactors 2010;
36: 19-24.
86. Domagała TB, Łacinski M, Trzeciak WH, Mackness B,
Mackness MI, Jakubowski H. The correlation of homocysteine-thiolactonase activity of the paraoxonase (PON1)
protein with coronary heart disease status. Cell Mol Biol
(Noisy-le-grand) 2006; 52: 4-10.
87. Mikael LG, Genest J Jr, Rozen R. Elevated homocysteine
reduces apolipoprotein A-1 expression in hyperhomo cysteinemic mice and in males with coronary artery
disease. Circ Res 2006; 98: 564-71.
88. Watts GF, Barrett PH, Chan DC. HDL metabolism in
context: looking on the bright side. Curr Opin Lipidol
2008; 19: 395-404.
89. Bełtowski J. Protein homocysteinylation: a new
mechanism of atherogenesis? Postepy Hig Med Dosw
(Online) 2005; 59: 392-404.

152

90. Liao D, Yang X, Wang H. Hyperhomocysteinemia and
high-density lipoprotein metabolism in cardiovascular
disease. Clin Chem Lab Med 2007; 45: 1652-9.
91. Holven KB, Aukrust P, Rettersto/ l K, et al. The antiatherogenic function of HDL is impaired in hyperhomocysteinemic subjects. J Nutr 2008; 138: 2070-5.
92. Perla-Kaján J, Jakubowski H. Paraoxonase 1 protects
against protein N-homocysteinylation in humans. FASEB
J 2010; 24: 931-6.
93. Jakubowski H. The role of paraoxonase 1 in the
detoxification of homocysteine thiolactone. Adv Exp
Med Biol 2010; 660: 113-27.
94. Virtanen JK, Voutilainen S, Rissanen TH, et al. High
dietary methionine intake increases the risk of acute
coronary events in middle-aged men. Nutr Metab
Cardiovasc Dis 2006; 16: 113-20.
95. Mackness MI, Mackness B, Durrington PN. Paraoxonase
and coronary heart disease. Atheroscler Suppl 2002; 3:
49-55.
96. Weijun G, Juming L, Guoqing Y, et al. Effects of plasma
homocysteine levels on serum HTase/PON activity in
patients with type 2 diabetes. Adv Ther 2008; 25:
884-93.
97. Khersonsky O, Tawfik DS. Structure-reactivity studies of
serum paraoxonase PON1 suggest that its native activity
is lactonase. Biochemistry 2005; 44: 6371-82.
98. Gong M, Garige M, Varatharajalu R, et al. Quercetin upregulates paraoxonase 1 gene expression with
concomitant protection against LDL oxidation. Biochem
Biophys Res Commun 2009; 379: 1001-4.
99. Yang X, Gao Y, Zhou J, et al. Plasma homocysteine
thiolactone adducts associated with risk of coronary
heart disease. Clin Chim Acta 2006; 364: 230-4.
100. Jakubowski H, Ambrosius WT, Pratt JH. Genetic
determinants ofhomocysteine thiolactonase activity in
humans: implications for atherosclerosis. FEBS Lett 2001;
491: 35-9.
101. Koubaa N, Nakbi A, Hammami S, et al. Association of
homocysteine thiolactonase activity and PON1 polymorphisms with the severity of acute coronary syndrome. Clin Biochem 2009; 42: 771-6.
102. Aydin M, Gokkusu C, Ozkok E, et al. Association of
genetic variants in methylenetetrahydrofolate reductase
and paraoxonase-1 genes with homocysteine, folate and
vitamin B12 in coronary artery disease. Mol Cell Biochem
2009; 325: 199-208.
103. Man BL, Baum L, Fu YP, et al. Genetic polymorphisms of
Chinese patients with ischemic stroke and concurrent
stenoses of extracranial and intracranial vessels. J Clin
Neurosci 2010; 17: 1244-7.
104. Lakshman MR, Gottipati CS, Narasimhan SJ, Munoz J,
Marmillot P, Nylen ES. Inverse correlation of serum
paraoxonase and homocysteine thiolactonase activities
and antioxidant capacity of high-density lipoprotein with
the severity of cardiovascular disease in persons with
type 2 diabetes mellitus. Metabolism 2006; 55: 1201-6.
105. Marcucci R, Betti I, Cecchi E, et al. Hyperhomocysteinemia and vitamin B6 deficiency: new risk markers for nonvalvular atrial fibrillation? Am Heart J 2004; 148: 456-61.
106. Shimano M, Inden Y, Tsuji Y, et al. Circulating homocysteine levels in patients with radiofrequency catheter
ablation for atrial fibrillation. Europace 2008; 10: 961-6.
107. Van Wagoner DR. Is homocysteine a mediator of atrial
dysfunction or just another marker of endothelial
dysfunction? Europace 2008; 10: 899-900.
108. Jiang X, Yang F, Brailoiu E, et al. Differential regulation
of homocysteine transport in vascular endothelial and

Arch Med Sci 1, February / 2012

Relationship between paraoxonase and homocysteine: crossroads of oxidative diseases

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

smooth muscle cells. Arterioscler Thromb Vasc Biol 2007;
27; 1976-83.
Kerkeni M, Letaief A, Achour A, Miled A, Trivin F,
Maaroufi K. Hyperhomocysteinemia, paraoxonase concentration and cardiovascular complications in Tunisian
patients with nondiabetic renal disease. Clin Biochem
2009; 42: 777-82.
Beltowski J, Wójcicka G, Jakubowski H. Modulation of
paraoxonase 1 and protein N-homocysteinylation by
leptin and the synthetic liver X receptor agonist
T0901317 in the rat. J Endocrinol 2010; 204: 191-8.
Najib S, Sanchez-Margalet V. Homocysteine thiolactone
inhibits insulin stimulated DNA and protein synthesis:
possible role of mitogen-activated protein kinase
(MAPK), glycogen synthase kinase-3 (GSK-3) and p70
S6K phosphorylation. J Mol Endocrinol 2005; 34: 119-26.
Kotani K, Sakane N, Sano Y, et al. Changes on the
physiological lactonase activity of serum paraoxonase
1 by a diet intervention for weight loss in healthy
overweight and obese women. Clin Biochem Nutr 2009;
45: 329-34.
Kosaka T, Yamaguchi M, Motomura T, Mizuno K.
Investigation of the relationship between atherosclerosis
and paraoxonase or homocysteine thiolactonase activity
in patients with type 2 diabetes mellitus using a commercially available assay. Clin Chim Acta 2005; 359:
156-62.
Isbilen E, Yilmaz H, Arzu Ergen H, Unlucerci Y, Isbir T,
Gurdol F. Association of paraoxonase 55 and 192 gene
polymorphisms on serum homocysteine concentrations
in preeclampsia. Folia Biol (Praha) 2009; 55: 35-40.
Barathi S, Angayarkanni N, Pasupathi A, et al.
Homocysteinethiolactone and paraoxonase – novel
markers of diabetic retinopathy. Diabetes Care 2010; 33:
2031-7.
Ateș O, Azizi S, Alp HH, et al. Decreased serum paraoxonase 1 activity and increased serum homocysteine
and malondialdehyde levels in age-related macular
degeneration. Tohoku J Exp Med 2009; 217: 17-22.
Baskol G, Karakucuk S, Oner AO, et al. Serum paraoxonase 1 activity and lipid peroxidation levels in
patients with age-related macular degeneration.
Ophthalmologica 2006; 220: 12-6.
Ikeda T, Obayashi H, Hasegawa G, et al. Paraoxonase
gene polymorphisms and plasma oxidized low-density
lipoprotein level as possible risk factors for exudative
age-related macular degeneration. Am J Ophthalmol
2001; 132: 191-5.
Angayarkanni N, Barathi S, Seethalakshmi T, et al. Serum
PON1 arylesterase activity in relation to hyperhomocysteinaemia and oxidative stress in young adult central
retinal venous occlusion patients. Eye (Lond) 2008; 22:
969-74.
Mungan AG, Can M, Açikgöz S, Eștürk E, Altinyazar C.
Lipid peroxidation and homocysteine levels in Behçet’s
disease. Clin Chem Lab Med 2006; 44: 1115-8.
Leduc V, Théroux L, Dea D, Robitaille Y, Poirier J. Involvement of paraoxonase 1 genetic variants in Alzheimer’s
disease neuropathology. Eur J Neurosci 2009; 30:
1823-30.
Suszynska J, Tisonczyk J, Lee HG, Smith MA, Jakubowski H. Reduced homocysteine-thiolactonase activity in
Alzheimer’s disease. J Alzheimers Dis 2010; 19: 1177-83.
Wehr H, Bednarska-Makaruk M, Graban A, et al.
Paraoxonase activity and dementia. Neurol Sci 2009;
283: 107-8.

Arch Med Sci 1, February / 2012

124. Pașca SP, Nemeș B, Vlase L, et al. High levels of homocysteine and low serum paraoxonase 1 arylesterase
activity in children with autism. Life Sci 2006; 78: 2244-8.
125. Pașca SP, Dronca E, Nemeș B, et al. Paraoxonase 1 activities and polymorphisms in autism spectrum disorders.
J Cell Mol Med 2010; 14: 600-7.
126. Noll C, Hamelet J, Ducros V, et al. Resveratrol supplementation worsen the dysregulation of genes
involved in hepatic lipid homeostasis observed in
hyperhomocysteinemic mice. Food Chem Toxicol 2009;
47: 230-6.
127. Varatharajalu R, Garige M, Leckey LC, Gong M,
Lakshman MR. Betaine protects chronic alcohol and
omega-3 PUFA-mediated down-regulations of PON1
gene, serum PON1 and homocysteine thiolactonase
activities with restoration of liver GSH. Alcohol Clin Exp
Res 2010; 34: 424-31.
128. Vasdev S, Gill V, Singal PK. Beneficial effect of low
ethanol intake on the cardiovascular system: possible
biochemical mechanisms. Vasc Health Risk Manag 2006;
2: 263-76.
129. Deakin SP, James RW. Genetic and environmental
factors modulating serum concentrations and activities
of the antioxidant enzyme paraoxonase-1. Clin Sci (Lond)
2004; 107: 435-47.
130. Hamelet J, Aït-Yahya-Graison E, Matulewicz E, et al.
Homocysteine threshold value based on cystathionine
beta synthase and paraoxonase 1 activities in mice. Eur
J Clin Invest 2007; 37: 933-8.
131. Hamelet J, Demuth K, Dairou J, et al. Effects of catechin
on homocysteine metabolism in hyperhomocysteinemic
mice. Biochem Biophys Res Commun 2007; 355: 221-7.
132. Gouédard C, Koum-Besson N, Barouki R, Morel Y.
Opposite regulation of the human paraoxonase-1 gene
PON-1 by fenofibrate and statins. Mol Pharmacol 2003;
63: 945-56.
133. Bolayirli IM, Aslan M, Balci H, Altug T, Hacibekiroglu M,
Seven A. Effects of atorvastatin therapy on hypercholesterolemic rabbits with respect to oxidative stress,
nitric oxide pathway and homocysteine. Life Sci 2007;
81: 121-7.
134. Gaidukov L, Bar D, Yacobson S, et al. In vivo administration of BL-3050: highly stable engineered PON1-HDL
complexes. BMC Clin Pharmacol 2009; 9: 18.
135. Stevens RC, Suzuki SM, Cole TB, Park SS, Richter RJ,
Furlong CE. Engineered recombinant human paraoxonase 1 (rHuPON1) purified from Escherichia coli
protects against organophosphate poisoning. Proc Natl
Acad Sci U S A 2008; 105: 12780-4.

153

