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Abstract The thioester homocysteine (Hcy)-thiolactone, product of an error-
editing reaction in protein biosynthesis, forms when Hcy is mistakenly selected by
methionyl-tRNA synthetase. Accumulating evidence suggests that Hcy-thiolactone
plays an important role in atherothrombosis. The thioester chemistry of Hcy-
thiolactone underlies its ability to form isopeptide bonds with protein lysine
residues, which impairs or alters protein function and has pathophysiological conse-
quences including activation of an autoimmune response and enhanced thrombosis.
Mammalian organisms, including human, have evolved the ability to eliminate
Hcy-thiolactone. One such mechanism involves paraoxonase 1 (PON1), which
has the ability to hydrolyze Hcy-thiolactone. This article outlines Hcy-thiolactone
pathobiology and reviews evidence documenting the role of PON1 in minimizing
Hcy-thiolactone and N-Hcy-protein accumulation.
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1 Homocysteine Metabolism

In mammals, including humans, homocysteine (Hcy) is formed from methionine
(Met) as a result of cellular methylation reactions (Mudd et al., 2001). In this path-
way Met is first activated by ATP to yield S-adenosylmethionine (AdoMet). As a
result of the transfer of its methyl group to an acceptor, AdoMet is converted to
S-adenosylhomocysteine (AdoHcy). Enzymatic hydrolysis of AdoHcy is the only
known source of Hcy in the human body. Levels of Hcy are regulated by remethy-
lation to Met, catalyzed by Met synthase (MS), and transsulfuration to cysteine, the
first step of which is catalyzed by cystathionine β-synthase (CBS). The remethyla-
tion requires vitamin B12 and 5,10-methyl-tetrahydrofolate (CH3-THF), generated
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Fig. 1 The metabolism and
pathophysiology of
Hcy-thiolactone. N-Hcy-Fbg,
N-Hcy-LDL –
N-homocysteinylated forms
of fibrinogen and low density
lipoprotein, respectively
(adapted from (Chwatko
et al., 2007)). See text for
discussion

by 5,10-methylene-THF reductase (MTHFR). The transsulfuration requires vitamin
B6 (Fig. 1).

Hcy is also metabolized to the thioester Hcy-thiolactone in an error-editing reac-
tion in protein biosynthesis when Hcy is mistakenly selected in place of Met by
methionyl-tRNA synthetase (MetRS) (Fig. 2) (Jakubowski, 2005c, 2000a, 2001a,
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Fig. 2 The formation of Hcy-thiolactone catalyzed by MetRS. During protein biosynthesis Hcy
is often mistakenly selected in place of Met by methionyl-tRNA synthetase (MetRS) and activated
with ATP to form Hcy-AMP (upper panel). The misactivated Hcy is not transferred to tRNA but
converted to Hcy-thiolactone in an error-editing reaction (lower panel) (adapted from (Jakubowski,
2001))
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b, c, 2004, 2005a, Jakubowski and Goldman, 1993). The flow through the Hcy-
thiolactone pathway increases when the remethylation or transsulfuration reaction
is impaired by genetic alterations of enzymes, such as CBS (Jakubowski, 1991,
1997; 2002a; 2007), MS (Jakubowski, 1991, 2002a), and MTHFR (Jakubowski,
2006), or by inadequate supply of co-factors, e.g. CH3-THF (Jakubowski, 1997,
2000; Jakubowski et al., 2000). As will be discussed in a greater detail elsewhere
in this chapter, Hcy-thioactone is hydrolyzed to Hcy by paraoxonase 1 (PON1)
(Fig. 1).

2 Pathophysiology of Hyperhomocysteinemia

Among pathophysiological manifestations of genetic hyperhomocysteinemia,
which include mental retardation, ectopia lentis, and osteoporosis, vascular com-
plications, including increased thrombosis, remain the major cause of morbidity
and mortality in untreated patients (Kluijtmans et al., 1999; Mudd et al., 1985;
Rosenblatt and Fenton, 2001; Yap et al., 2001). McCully observed advanced arte-
rial lesions in children with inborn errors in Hcy metabolism and proposed a
hypothesis that Hcy causes vascular disease (McCully, 1969). Even mild hyper-
homocysteinemia, quite prevalent in the general population, is associated with
an increased risk of vascular events (Clarke et al., 2007; Shishehbor et al.,
2008).

Patients suffering from hyperhomocysteinemia improve upon vitamin B therapy,
which lowers plasma Hcy levels. For example, Hcy lowering by vitamin B supple-
mentation improves vascular outcomes in CBS-deficient patients, which suggests
that Hcy plays a causal role in atherothrombosis. Specifically, untreated CBS-
deficient patients suffer one vascular event per 25 patient-years (Mudd et al., 1985)
while treated CBS-deficient patients suffer only one vascular event per 263 patient-
years (relative risk 0.091, p < 0.001) (Yap et al., 2001). Hcy-lowering therapy started
early in life also prevents brain disease from severe MTHFR deficiency (Rosenblatt
and Fenton, 2001; Strauss et al., 2007).

Furthermore, lowering plasma Hcy by vitamin B supplementation also improves
cognitive function in the general population (Durga et al., 2007). High-risk stroke
(Lonn et al., 2006; Spence et al., 2005) but not myocardial infarction patients
(Bonaa et al., 2006; Lonn et al., 2006) benefit from lowering of plasma Hcy by
vitamin B supplementation. These findings suggest that Hcy plays a greater role
in stroke than in myocardial infarction, a suggestion consistent with the observa-
tions that in untreated CBS-deficient patients cerebrovascular incidents are eight
times more frequent than myocardial infarctions (Mudd et al., 1985). These findings
also suggest that Hcy plays a more pronounced role in brain compared with heart
pathophysiology. Studies of genetic and nutritional hyperhomocysteinemia in ani-
mal models provide additional support for a causal role of Hcy in atherothrombosis
(Lentz, 2005).
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3 The Hcy-Thiolactone Hypothesis

A preponderance of biochemical and genetic data suggest that elevated Hcy pro-
motes a proatherothrombotic phenotype. Proposed mechanisms underlying Hcy
pathobiology include protein modification by Hcy-thiolactone, oxidative stress,
inflammation and autoimmune response, endothelial dysfunction, and thrombosis
(Jakubowski, 2004, 2007; Lentz, 2005).

The Hcy-thiolactone hypothesis (Jakubowski, 1997) states that a pathway initi-
ated by metabolic conversion of Hcy to Hcy-thiolactone catalyzed by methionyl-
tRNS synthetase (Fig. 2) (Jakubowski and Goldman, 1993) contributes to Hcy
pathobiology (Fig. 1) (Jakubowski, 2004, 2006, 2007). Hcy-thiolactone is a reac-
tive metabolite that causes protein N-homocysteinylation through the formation of
amide bonds with protein lysine residues (Fig. 3), which impairs or alters the pro-
tein’s function (Jakubowski, 1997, 1999). Plasma Hcy-thiolactone and N-linked
protein Hcy(N-Hcy-protein), originally discovered in vitro in human fibroblasts
and endothelial cells (Jakubowski, 1997, 1999, 2000; Jakubowski et al., 2000),
occur in the human body (Chwatko and Jakubowski, 2005a, b; Jakubowski, 2000;
Jakubowski et al., 2000), and are greatly elevated under conditions predisposing
to atherothrombosis, such as hyperhomocysteinemia caused by mutations in CBS or
MTHFR gene in humans or a high-Met diet in mice (Chwatko et al., 2007; Glowacki
and Jakubowski, 2004; Jakubowski, 2001, 2002b; Jakubowski et al., 2008). N-
Hcy-protein accumulates in atherosclerotic lesions in ApoE-deficient mice, and
the accumulation increases in animals fed a high methionine diet (Perla-Kajan
et al., 2008).

Fig. 3 N-Hcy-protein forms in a reaction of Hcy-thiolactone with a protein lysine residue

4 Toxicity of Hcy-Thiolactone

Accumulating evidence from human, animal, and tissue culture studies shows that
Hcy-thiolactone is involved in pathophysiology (reviewed in (Jakubowski, 2004,
2005, 2006, 2007)). Chronic treatments of animals with Hcy-thiolactone cause
pathophysiological changes similar to those observed in human genetic hyper-
homocysteinemia. For instance, Hcy-thiolactone infusions or Hcy-thiolactone-
supplemented diet produce atherosclerosis in baboons (Harker et al., 1974) or rats
(Endo et al., 2006) while treatments with Hcy-thiolactone cause developmental
abnormalities in chick embryos, including optic lens dislocation (Maestro de las
Casas et al., 2003), characteristic of CBS-deficient human patients (Mudd et al.,
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2001; 1985). A recent study shows that plasma Hcy-thiolactone levels are asso-
ciated with the development and progression of diabetic macrovasculopathy (Gu
et al., 2008).

Hcy-thiolactone induces apoptotic death in cultured human vascular endothelial
(Kerkeni et al., 2006; Mercie et al., 2000) and promyeloid cells (Huang et al., 2001)
and placental trophoblasts (Kamudhamas et al., 2004), and inhibits insulin signal-
ing in rat hepatoma cells (Najib and Sanchez-Margalet, 2005). Hcy-thiolactone also
induces endoplasmic reticulum (ER) stress and unfolded protein response (UPR) in
retinal epithelial cells (Roybal et al., 2004). Furthermore, Hcy-thiolactone is more
toxic to cultured cells than Hcy itself (Huang et al., 2001; Kamudhamas et al., 2004;
Kerkeni et al., 2006; Mercie et al., 2000; Roybal et al., 2004).

5 Consequences of Protein N-Homocysteinylation
by Hcy-Thiolactone

Cellular physiology can be impacted by Hcy-thiolactone-mediated protein modifi-
cation, which changes the primary protein sequence, disrupts protein folding, and
creates altered proteins with newly acquired interactions. Small changes in amino
acid sequence caused by Hcy incorporation have the potential to create misfolded
protein aggregates. Indeed, N-Hcy-proteins do have a propensity to form protein
aggregates (Jakubowski, 1999). The appearance of misfolded/aggregated proteins
in the ER activates a signaling pathway, the UPR, that, when overwhelmed, leads to
cell death via apoptosis (Lawrence de Koning et al., 2003; Lentz, 2005). These path-
ways are induced by treatments of cultured cells and mice with excess Hcy (Hossain
et al., 2003), which is metabolized to Hcy-thiolactone (Jakubowski, 1997, 2007;
Jakubowski et al., 2000). Hcy-thiolactone is more effective than Hcy in inducing
ER and UPR (Roybal et al., 2004). In this scenario the formation of N-Hcy-proteins
leads to the UPR and induction of the apoptotic pathway. In humans, Hcy incor-
poration into proteins triggers an autoimmune response (Jakubowski, 2005b) and
increases vascular inflammation (Bogdanski et al., 2007)(Fig. 2), known modulators
of atherogenesis (Libby, 2006).

Hcy incorporation is detrimental to protein function. For example, lysine oxi-
dase (Liu et al., 1997), trypsin (Jakubowski, 1999), MetRS (Jakubowski, 1999),
and PON1 (Ferretti et al., 2003) are inactivated by N-homocysteinylation with Hcy-
thiolactone. N-Homocysteinylation of albumin (Glowacki and Jakubowski, 2004)
and cytochrome c (Perla-Kajan et al., 2007) impairs their redox function. N-Hcy-
proteins (Jakubowski, 1999, 2000), including N-Hcy-LDL (Naruszewicz et al.,
1994), tend to form aggregates in vitro. N-Hcy-LDL, but not native LDL, induces
cell death in human endothelial cells (Ferretti et al., 2004), a finding consistent with
the inherent toxicity of protein aggregates (Stefani, 2004).

Plasma N-linked Hcy protein is correlated with plasma total Hcy in humans
(Jakubowski, 2000, 2002b; Jakubowski et al., 2008). Hcy-thiolactone and N-Hcy-
protein levels are greatly elevated by CBS or MTHFR deficiency in humans
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(Chwatko et al., 2007; Jakubowski et al., 2008). In cultured human cells, CBS
deficiency orantifolate drugs such as aminopterin (Jakubowski, 1997) increase the
accumulation of Hcy-thiolactone and N-Hcy-protein, whereas supplementation with
folic acid decreases the levels of these metabolites (Jakubowski et al., 2000). As will
be discussed in greater detail in the final section of this chapter, the accumulation of
N-Hcy-protein is also inhibited by the Hcy-thiolactonase activity of PON1 (Fig. 1)
(Jakubowski, 2000; Jakubowski et al., 2000).

6 Prothrombotic Properties of N-Hcy-Fibrinogen

Fibrinogen undergoes facile N-homocysteinylation by Hcy-thiolactone in vitro
(Jakubowski, 1999, 2000) and in vivo in humans (Jakubowski, 2002b; Jakubowski
et al., 2008). Sauls et al. (Sauls et al., 2006) showed that clots formed from Hcy-
thiolactone-treated normal human plasma or fibrinogen lyse slower than clots from
untreated controls. Some of the lysine residues susceptible to N-homocysteinylation
are close to tissue plasminogen activator and plasminogen binding, or plasmin
cleavage, sites, which can explain abnormal characteristics of clots formed from
N-Hcy-fibrinogen (Sauls et al., 2006). The detrimental effects of elevated plasma
tHcy on clot permeability and resistance to lysis in humans are consistent with
a mechanism involving fibrinogen modification by Hcy-thiolactone (Undas et al.,
2006). Furthermore, CBS-deficient patients have significantly elevated plasma lev-
els of prothrombotic N-Hcy-fibrinogen (Jakubowski et al., 2008), which explains
increased atherothrombosis observed in these patients (Mudd et al., 1985).

7 Autoimmunogenicity of N-Hcy-Protein

Atherosclerosis is now widly recognized as a chronic inflammatory disease that
involves both innate and adaptive immunity (Libby, 2006). Like other modified
proteins, N-Hcy-proteins elicit an autoimmune response in humans, manifested by
the induction of IgG autoantibodies directed against Nε-Hcy-Lys epitopes. This
response is enhanced in stroke and coronary artery disease (CAD) patients, sug-
gesting that it is a general feature of atherosclerosis (Undas et al., 2005, 2004,
2006). Elevated levels of anti-N-Hcy-protein IgG autoantibodies are a consequence
of elevated levels of N-Hcy-protein observed in CAD patients (Yang et al., 2006).

The involvement of an autoimmune response against N-Hcy-protein in CAD is
supported by the findings that lowering plasma Hcy by folic acid supplementa-
tion lowers anti-N-Hcy-protein autoantibodies levels in control subjects but not in
patients with CAD (Undas et al., 2006). These findings suggest that, once accu-
mulated, the antigens causing the antibody response, i.e. N-Hcy proteins, persist
and that chronic protein damage caused by N-homocysteinylation cannot be eas-
ily reversed in CAD patients. Furthermore, these findings also suggest that while
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primary Hcy-lowering intervention by vitamin supplementation is beneficial, sec-
ondary intervention may be ineffective, and may explain at least in part the failure
of vitamin therapy to lower cardiovascular events in myocardial infarction patients
(Bonaa et al., 2006; Lonn et al., 2006).

8 The Role of PON1 in Elimination of Hcy-Thiolactone

Because Hcy-thiolactone is linked to human pathophysiology (Fig. 1), it is not
surprising that the human body evolved the ability to eliminate Hcy-thiolactone.
Indeed, we found that an high-density lipoprotein (HDL)-associated enzyme, Hcy-
thiolactonase/paraoxonase 1 (PON1) is able to hydrolyze the toxic metabolite Hcy-
thiolactone in human serum (Domagała et al. 2006; Jakubowski, 2000; Jakubowski
et al., 2001; Lacinski et al., 2004). More recently, Hcy-thiolactonase/bleomycin
hydrolase (BLH) was found to hydrolyze Hcy-thiolactone intracellularly (Zimny
et al., 2006). Another mechanism of Hcy-thiolactone elimination involves clearance
by the kidney (Chwatko and Jakubowski, 2005).

PON1 is synthesized exclusively in the liver and carried on HDL in the cir-
culation. Owing to its ability to detoxify organophosphate insecticides and nerve
gases, PON1 has been studied in the field of toxicology since the 1960 s. More
recent studies have implicated PON1 in the pathogenesis of cardiovascular disease.
For example, PON1-deficient mice are more susceptible to a high-fat diet-induced
atherosclerosis than wild-type littermates (however, the animals do not develop
atherosclerosis on a normal chow diet) (Shih et al., 1998). PON1 transgenic mice
(carrying three copies of the human PON1) are less susceptible to atherosclerosis
(Tward et al., 2002). In vitro studies indicate that HDL from PON1-deficient ani-
mals does not prevent LDL oxidation, whereas HDL from PON1 transgenic animals
protects LDL against oxidation more effectively than HDL from wild-type mice.
However, the biochemical basis for the putative antioxidative function of PON1 is
unclear and its pathophysiologically relevant lipid-related substrate is not known
(Vos, 2008).

Hcy-thiolactone, ubiquitously present in living organisms, including humans, is
a natural substrate of PON1, which therefore should be more appropriately called
Hcy-thiolactonase (HTase) (Jakubowski, 2000). The conclusion that PON1 is an
HTase is based on proteomic and genetic evidence. For example, purified human
HTase has a molecular weight and N-terminal amino acid sequence identical to those
of human PON1 protein. Sera from PON1-deficient mice are also deficient in HTase
activity (Table 1) (Jakubowski, 2000, 2001). HTase activity is absent in serum from
chicken (Jakubowski, 2000, 2001), in which the PON1 gene is known to be absent.
HTase activity of PON1 requires calcium for activity and stability, and is inhibited
by isoleucine and the antiarthritic drug D-penicillamine (Jakubowski, 2000). Human
PON1 has genetic polymorphisms, e.g. PON1-M55L, PON1-R192Q (Jarvik et al.,
2000), which are responsible for about 10-fold inter-individual variation in HTase
activity (Domagała et al. 2006; Jakubowski et al., 2001; Lacinski et al., 2004). High
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Table 1 Sera from PON1–/– mice are deficient in Hcy-thiolactonase (HTase) activity
(Jakubowski, 2000, 2001; Shih et al., 1998)

Genotype HTase (units) Paraoxonase (units) Arylesterase (units)

PON1+/+ (n = 6) 13.9 ± 0.1 87.9 ± 2.6 119.0 ± 2.4
PON1–/– (n = 6) 2.2 ± 0.4 0.3 ± 0.03 15.9 ± 1.8

HTase activity is associated with L55 and R192 alleles more frequent in blacks than
in whites, whereas low HTase activity is associated with M55 and Q192 alleles,
more frequent in whites than in blacks (Jakubowski et al., 2001).

In vitro studies show that HTase activity of PON1 prevents Hcy-thiolactone and
N-Hcy-protein accumulation in cultures of human endothelial cells (Jakubowski
et al., 2001, 2000) (Table 2). The high HTase activity form of PON1 affords bet-
ter protection against protein N-homocysteinylation than the low activity form in
human serum (Jakubowski et al., 2001) (Fig. 4). High Hcy-thiolactonase activ-
ity in rabbit serum protects serum proteins against N-homocysteinylation (Fig. 4)
(Jakubowski et al., 2001) and could account for the observation that infusions with
Hcy-thiolactone failed to produce atherosclerosis in these animals (Donahue et al.,
1974). In humans, HTase activity of PON1 is negatively correlated with plasma

Table 2 HDL inhibits Hcy-thiolactone and N-Hcy-protein accumulation in cultures of human
vascular endothelial cells (Jakubowski et al., 2000)

Culture conditions Hcy-thiolactone (pmol) N-Hcy-protein (pmol)

10 μM Hcy 120 ± 15 5.5 ± 0.3
10 μM Hcy, 1 mg/mL HDL 25 ± 3 1.9 ± 0.2
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total Hcy (Lacinski et al., 2004) and predicts cardiovascular disease (Domagała et al.
2006). In mice, Hcy is a negative regulator of PON1 expression (Robert et al., 2003).

Recent development of highly sensitive HPLC-based assays facilitated exami-
nation of Hcy-thiolactone (Chwatko et al., 2007; Chwatko and Jakubowski, 2005,
2005) and N-Hcy-protein (Jakubowski, 2008) metabolism in vivo both in humans
and in mice. These assays also allowed examination of the role of PON1 in Hcy-
thiolactone and N-Hcy-protein metabolism. We found that in C57BL/6 J mice fed a
normal diet (n = 8), plasma and urinary Hcy-thiolactone levels were 3.7 ± 2.1 nM
and 136 ± 22 nM (Table 2), respectively. These levels are similar to plasma and
urinary Hcy-thiolactone levels in humans (Chwatko et al., 2007).

In mice fed a high-Met diet (n = 14), Hcy-thiolactone concentrations increased 4-
to 25-fold, to 13.8.0 ± 4.8 and 3490 ± 3780 nM, in plasma and urine, respectively.
Plasma and urinary tHcy levels increased 17.3-fold (to 51.8 ± 22.7 μM) and 30-fold
(to 1360 ± 840 μM) (Table 3), respectively, compared to mice fed a normal chow
diet (Chwatko et al., 2007).

Table 3 Urinary and plasma Hcy-thiolactone and tHcy concentrations in mice (Chwatko et al.,
2007) (mean ± SD)

Diet
(6 weeks)

Urinary
Hcy-thiolactone (nM)

Urinary
tHcy (μM)

Plasma
Hcy-thiolactone (nM)

Plasma
tHcy (μM)

Control
(n = 8)

136 ± 22 45 ± 14 3.7 ± 2.1 3.0 ± 1.5

High-Met
(n = 8)

3490 ± 3780 1360 ± 840 13.8 ± 4.8 51.8 ± 22.7

We then measured levels of plasma Hcy-thiolactone and plasma N-Hcy-protein
in PON1–/– and PON1+/+ mice fed a normal chow diet or a high-Met diet for
up to 18 weeks. The levels of Hcy-thiolactone and N-Hcy were then normalized
to Hcy levels. We found that the normalized plasma Hcy-thiolactone levels (Hcy-
thiolactone/Hcy ratios) were similar in PON1–/–and PON1+/+ mice fed a normal
chow diet (Table 4). In animals fed a high-Met diet for 2, 8, and 18 weeks, which
increases Hcy-thiolactone and Hcy accumulation (Table 3), the Hcy-thiolactone/Hcy
ratios did not differ between PON1–/– and PON1+/+ mice.

Because the bulk of Hcy-thiolactone is excreted in urine (Chwatko et al., 2007;
Chwatko and Jakubowski, 2005), we also measured urinary Hcy-thioactone in

Table 4 Plasma Hcy-thiolactone/Hcy ratios in PON1+/+ and PON1–/– mice fed a chow diet and
a high-Met diet for 2, 8 and 18 weeks (H. Jakubowski, D. Shih, unpublished data)

Plasma (Hcy-thiolactone/Hcy) × 1000

Genotype 0 2 weeks 8 weeks 18 weeks

PON1+/+ 0.67 ± 0.05 0.66 ± 0.29 0.94 ± 0.32 0.17 ± 0.08
PON1–/– 0.52 ± 0.08 0.59 ± 0.27 0.89 ± 0.17 0.17 ± 0.08



122 H. Jakubowski

Table 5 Urinary Hcy-thiolactone/Hcy ratios in PON1+/+ and PON1–/– mice fed a chow diet and
a high-Met diet for 2, 8 and 18 weeks (H. Jakubowski, D. Shih, unpublished data)

Urinary (Hcy-thiolactone/Hcy) × 1000

Genotype 0 2 weeks 18 weeks

PON1+/+ 9.3 ± 2.7 45 ± 17 98 ± 74
PON1–/– 29.4 ± 15.0∗ 87 ± 86 102 ± 133

∗p = 0.02 for PON1–/– vs. PON1+/+

PON1–/– and PON1+/+ mice fed a normal diet or a high-Met diet. We found that
urinary Hcy-thiolactone/Hcy ratios were significantly elevated in PON1–/– mice rel-
ative to PON1+/+ mice fed a normal chow diet (Table 5). The Hcy-thiolactone/Hcy
ratios also increased in PON1–/– relative to PON1+/+ mice fed a high-Met diet, but
the difference did not reach statistical significance.

The reaction of Hcy-thiolactone with proteins (Jakubowski, 1997, 1999;
Jakubowski et al., 2000) could lead to an apparent lack of Hcy-thiolactone accu-
mulation in mice fed a high-Met diet. To examine this possibility, we measured
plasma N-Hcy-protein levels in WT and PON1–/– mice. Plasma N-Hcy-protein lev-
els were normalized to plasma Hcy levels (N-Hcy-protein/Hcy ratio). We found
that there was no difference in N-Hcy-protein/Hcy ratios between PON1–/– and
PON1+/+ mice fed a normal chow diet (0.28 ± 0.21 vs. 0.33 ± 0.21). However,
the N-Hcy-protein/Hcy ratios were significantly higher in PON1–/– mice compared
with PON1+/+ mice fed a high-Met diet for 2 weeks (1.21 ± 1.19 vs. 0.25 ± 0.11,
p = 0.027) and 8 weeks (0.98 ± 0.20 vs. 0.72 ± 0.19, p = 0.022) (Table 6). The dif-
ferences between PON1–/– and PON1+/+ were the highest at 2 weeks, diminished
at 8 weeks, and became insignificant at 18 weeks (0.16 ± 0.07 vs. 0.13 ± 0.03)
(Table 6). Taken together, these results show that PON1 controls the accumulation
of Hcy-thiolactone in mice and that PON1 protects against transient elevation of
N-Hcy-protein in mice fed a hyperhomocysteinemic high-Met diet.

Table 6 Plasma N-Hcy-protein/Hcy ratios in PON1+/+ and PON1–/– mice fed a chow diet and a
high-Met diet for 2, 8 and 18 weeks (H. Jakubowski, D. Shih, unpublished data)

Plasma N-Hcy-protein/Hcy

Genotype 0 2 weeks 8 weeks 18 weeks

PON1+/+ 0.33 ± 0.21 0.25 ± 0.11 0.72 ± 0.19 0.13 ± 0.03
PON1–/– 0.28 ± 0.05 1.21 ± 1.19∗ 0.98 ± 0.20∗∗ 0.16 ± 0.07

∗ p = 0.027, ∗∗p = 0.022 for PON1–/– vs. PON1+/+

Leptin administration in male Wistar rats lowers plasma activities of PON1
(Beltowski et al., 2003), including HTase activity (Beltowski et al., 2008), and
increases plasma N-Hcy-protein levels, but has no effect on plasma Hcy levels
(Beltowski et al., 2008). Co-treatment of rats with a synthetic agonist to liver X
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receptor, T0901317, prevents leptin-induced decrease in HTase activity of PON1
and increase in N-Hcy-protein accumulation in rat serum. Control experiments
show that T0901317 has no effect on HTase activity and N-Hcy-protein accumu-
lation in animals not receiving leptin. These results suggest that PON1 controls
N-Hcy-protein accumulation in rats (Beltowski et al., 2008).

9 Conclusion

Despite advances in our understanding of cardiovascular disease, coronary heart
disease is still the major cause of mortality in industrial nations. Traditional risk
factors such as hypertension, diabetes, hyperlipidemia, and smoking do not accu-
rately predict cardiovascular events. Thus identification of novel risk factors and
their mechanisms of action has important public health implications. Hcy is a
novel risk factor for the development of cardiovascular disease (Clarke et al.,
2007; Shishehbor et al., 2008). Studies of severe genetic hyperhomocysteinemia
in humans and genetic and nutritional hyperhomocysteinemia in animal models
show that Hcy plays a causal role in atherothrombosis. Metabolic conversion of
Hcy to Hcy-thiolactone and inadvertent protein modification by Hcy-thiolactone
(which induces pathophysiological responses, such as an autoimmune activation and
increased thrombosis) contribute to proatherogenic changes in the cardiovascular
system. Chronic activation of these processes in nutritional or genetic deficiencies
in Hcy metabolism can cause vascular disease. The ability to hydrolyze Hcy-
thiolactone and minimize the accumulation of N-Hcy-protein is likely to contribute
to the cardioprotective function of PON1.
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