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ARTICLE INFO ABSTRACT

Keywords: Background: Paraoxonase 1 (PON1) is an important antiatherogenic and antioxidant enzyme in the circulation
PON1 that has been associated with adverse health outcomes particularly cardiovascular disease (CVD) and other

Epigf_fnetics ) metabolic disorders. PON1 is a highly promiscuous enzyme and can hydrolyse a large variety of substrates,
/(-J\ar(.ho?/;lscular diseases however, detailed structure/function studies have concluded that the natural substrates for PON1 are lipophilic
ntioxidants

lactones. The interindividual variability in PON1 activity has been mainly attributed to genetic determinants;
however, it appears that the contribution of epigenetics has been ignored as a result of the lack of adequate
research.

Content: Epigenetic processes, including the histone modifications in the PON1 gene, the methylation of CpG
sites in the promoter region of the PON1 gene and the microRNA modulation of PON1 expression can be re-
sponsible for the under researched gap between the environmental and genetic regulation of PONI.
Environmental factors, including diet, pollution and lifestyle-related factors widely differ between individuals
and populations and can cause large differences in the distribution of PON1 and it is important to note that their
effects may be exerted through the epigenetic processes. This review discusses and emphasizes the importance of
the epigenetic regulation of PON1 as a less-studied subject to highlight future research landscapes.

Summary: Epigenetic regulation is known as an important contributor to the pathogenesis of human diseases,
particularly multifactorial diseases such as CVD, which is life-threatening. Due to the importance of PON1 in the
functionality of high-density lipoprotein (HDL) and its association with CVD, further explorations of its epige-
netic regulation using advanced methods such as Methyl-Seq may lead to the identification of new epigenetic
contributors that in turn may lead to targeted therapies.

Gene expression regulation

1. Introduction

Human paraoxonasel (PON1) is a circulating Ca**-dependent es-
terase/lactonase with an approximate molecular mass of 43 kDa and
354 amino acids [1,2]. This enzyme is classified as an aryldialkylpho-
sphatase (EC 3.1.8.1) by the Enzyme Commission of the International
Union of Biochemistry and Molecular Biology [3]. PON1 is mainly
synthesized by the liver and then secreted into the bloodstream, where
it is tightly bound to high-density lipoprotein (HDL) particles [4]. PON1
is the best-known member of the family of paraoxonases that has two

other members, namely PON2 and PON3, which share considerable
structural homology with PON1 [5,6]. The term paraoxonase is ori-
ginally derived from the enzyme's ability to hydrolyze paraoxon (die-
thyl p-nitrophenyl phosphate), which is an active metabolite of the
insecticide parathion [4,7]. From among the numerous physiological
functions of PON1, in particular, its capacity to degrade lipid peroxides,
has led many researchers to examine the relationship between this
enzyme and various human diseases particularly cardiovascular disease
(CVD). PON1 inhibits lipid oxidation in low-density lipoprotein (LDL),
thereby reducing levels of oxidized lipids that are critical for the
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initiation and propagation of atherosclerosis [3]. This enzyme can be an
important determinant of HDL dysfunctionality [8]. In addition, there is
a growing evidence that PON1 may exert its atheroprotective effect
through regulating cholesterol efflux from macrophages and main-
taining cholesterol homeostasis [9].

The various studies have demonstrated the association of PON1
status (phenotype and genotype) with CVD. In 2012, Zhao et al. [10]
reviewed 43 studies to investigate the association between PON1 ac-
tivity and the susceptibility for CHD and concluded that a decreased
PON1 activity is a risk factor for an increased CHD susceptibility. A
more recent meta-analysis by Kunutsor et al. [11] on six prospective
studies reported an approximately log-linear inverse association be-
tween PON1 activity and CVD. Based on the transgenic or adenovirus
mediated expression of human PON1 in various mouse models of
atherosclerosis, PON1 has been demonstrated to retard or reverse
atherosclerosis through mechanisms which include a reduction in oxi-
dized-LDL (ox-LDL) levels, which is a key molecule in the formation of
atherosclerotic plaques. The studies of macrophages in cell culture have
shown that PON1 potentially contribute to atheroprotective properties
such as reducing macrophage oxidative stress and the ability of mac-
rophages to oxidize LDL. The putative mechanisms explaining pleio-
tropic roles of PON1 in the prevention and improvement of athero-
sclerosis, including prevention of LDL and cell membrane oxidation,
prevention of LDL glycation, reduction of macrophage oxidative stress,
contribution to the metabolism of homocysteine thiolactones, preven-
tion of the oxidative inactivation of lecithin cholesterol acyltransferase,
and reduction of monocyte macrophage inflammatory response have
been reviewed by Mackness et al. [3]. In addition to atherosclerosis,
PON1 activity and or mass and as well as its genotype have been as-
sociated with various human diseases, including diabetes mellitus,
obesity, cancers, aging, and several neurological disorders. The asso-
ciation between PON1 and some diseases such as diabetes mellitus seem
to be reciprocal so that the disorder significantly decreases PON1
concentrations, and in turn, PON1 genotype contributes to modulating
the risk of susceptibility to diabetes mellitus [12]. For more informa-
tion, Camps et al. [13] have reviewed the involvement of PON1 in the
various human diseases.

Several studies have investigated the effects of drugs, particularly
lipid modulating therapy on PON1 status (activity and gene expres-
sion). Human, animal and in vitro studies have shown that statin
therapy increase PON1 expression and/or activity; however, the results
are inconsistent. For example, whereas some studies such as Harangi
et al. [14] have indicated an increase in PON1 activity in response to
statin therapy, other studies such as Dullaart et al. [15] did not find any
changes in serum PON1 activity following short-term administration of
simvastatin and bezafibrate (even when combined) in type 2 diabetes. It
seems that the effect of statins on PON1 expression may be mediated by
activation of the transcription factor Spl (specificity protein 1) and
sterol regulatory element binding protein 2 (SREBP2), as confirmed by
Deakin et al. [16].

Since PON1 has a potential for use as a therapeutic molecule, re-
searchers are struggling to develop purified or recombinant PON1s with
therapeutic capabilities. For example, Stevens et al. generated a highly-
purified engineered recombinant human PON1 (rHuPON1) through a
single amino acid substitution at the position 192, the injection of
which into mice lacking PON1 (PON1"/ mice) provides a good pro-
tection against diazinon/diazoxon and chlorpyrifos/chlorpyrifos-oxon
exposure [17]. Efforts should be made to produce nontoxic rHuPON1s
that are more human-like and have a minimal immunological response
and to engineer rHUPON1s that have a high catalytic efficiency with
enough half-life and are as close as possible to the native human se-
quence [18]. These and other experiments on PON1 gene transfer [19]
and generating fusion proteins such as IgG-PON1 [20] are promising for
important therapeutic perspectives. The researchers hope that this data
can be used in treating individuals with vascular disease or PON1-re-
lated diseases.
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Further understanding and identifying the factors involved in the
modulation of PON1 can be of clinical importance and may contribute
to therapeutic strategies for vascular diseases and other diseases in the
development of which PON1 could play a role. As one of the most es-
sential regulatory systems in cells, epigenetic regulation plays a key role
in the pathogenesis of human diseases, including CVD [21,22]; how-
ever, the epigenetic control of PON1 as a known antiatherogenic and
antioxidant enzyme has been less addressed. The interindividual
variability in PON1 activity has been mainly attributed to genetic de-
terminants; however, it appears that the contribution of epigenetics has
been ignored as a result of the lack of adequate research. This review
study therefore discusses and emphasizes the importance of the epige-
netic regulation of PON1 as a less-studied subject.

2. Biochemistry and genetics of PON1
2.1. Engzymatic activities

PONT1 is a highly promiscuous enzyme and will hydrolyse a large
variety of substrates including lactones, thiolactones, organopho-
sphorus triester pesticides and nerve gases (paraoxon, diazoxon, sarin
and soman to name a few), arylesters, oestrogen-esters, cyclic carba-
mates and glucuronide drugs [23]. Due to these various enzymatic
activities, the role of PON1 in detoxifying organophosphate com-
pounds, drug metabolism, cardiovascular disease, and other diseases,
has been extensively studied. These activities possibly explain the
varied physiological roles of this enzyme. PON1 has been closely linked
to the reduction of oxidative stress and inflammation, which are im-
portant features that can markedly affect the development of athero-
sclerotic plaques and cardiovascular events [8]. The experiments
through PON1 knockout mice have been indicated that PON1 absence
leads to an increase in endothelial adhesion molecules and oxidative
stress, which can confirm the role of this enzyme in preventing the
onset of atherosclerosis [6]. In addition to the protective role against
the toxicity of organophosphate exposure, the possible role of PON1 has
been addressed in the defense against air pollutant exposures [24].
Some studies have presented PON1 as a potential target of toxic en-
vironmental exposures particularly during fetal development and
childhood [25]. For more information on the physiological roles and
actions of PON1, see Mackness et al. [3] and Précourt et al. [6].

Paraoxonase activity (POXase activity with paraoxon as the sub-
strate) and arylesterase activity (AREase activity with phenyl acetate as
the substrate) are usually used to measure PON1 activity. However,
AREase activity is recommended for evaluating the enzyme activity
because it is minimally affected by genetic polymorphisms and so
would have minor interindividual variability and also there is a strong
correlation between this activity and the concentration of PON1 (con-
firmed by western blot and ELISA assays) [8,26].

2.1.1. Lactonase activity and its importance

Detailed structure/function studies have concluded that the natural
substrates for PON1 are lactones and lipophylic lactones form the pri-
mary substrates [13,27]. The aromatic nature of amino acids in active
site of PON1 could explain why the enzyme prefers lipophilic substrates
[28]. PON1 is able to hydrolyze a wide range of lactones. All 3 members
of the PON family (PON1, PON2 and PON3) share this property of being
lactonases, albeit with distinct substrate specificities [7]. A decreased
serum lactonase activity would be accompanied by the delayed cata-
bolism of oxidized phospholipids in LDL and oxidized macrophages,
and with greater protein homocysteinylation, which can play a role in
accelerating atherosclerosis [29]. Deakin et al. showed that PON1 can
be transferred into cell membranes and retain its enzymatic activities
including lactonase activity. They suggested that PON1 can exert its
protective functions on oxidative stress outside the HDL environment
[301.

N-acylhomoserine y-lactones (AHL) are produced by gram negative
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bacteria and regulate bacterial virulence and biofilm formation. All 3
PONSs hydrolyse AHL with PON2 having the greatest efficacy, the re-
sulting metabolites are inactive therefore the PON family could be
important in preventing bacterial infections [31].

In recent years attention has turned to 8-lactone eicosanoids as PON
substrates. These compounds are metabolites of arachidonic acid and
mediate a number of metabolic processes in vivo. 5-hydroxy-eicosate-
traenoic acid 1,5 lactone (5-HL) is a substrate for all 3 PONs. PON1 has
the greatest hydrolytic efficacy followed by PON3 with PON2 having
little activity toward this substrate [32]. PON3 has by far the highest
activity toward 2 other eicosanoids, cycloepoxycyclopentenone (cy-
cloEC) and 5,6 dihydroxy-eicosatrienoic acid lactone (5,6-DHTL) fol-
lowed by PON1 again with PON2 having little or no activity toward
these substrates [32,33]. Interestingly, this order of hydrolytic efficacy
also applies to the hydrolysis of oestrogen esters by the PON family
indicating a preference of PON3 for bulky cyclic groups. The lactonase
activity in the endothelium can influence vascular dilation. In this
context, Gilad et al. [34] recently showed that PON1 penetrates en-
dothelial cells and is able to reduce 5,6-DHTL-dependent vasodilation
through lactonase activity. In addition, it has been demonstrated that
the absence of PON1 in mice is associated with vascular changes, in-
cluding enhanced oxidative stress, thrombogenicity, and expression of
adhesion molecules [35], which highlights the role of this enzyme in
vascular health.

2.2. Protein structure

The structure of PON1 is a six-bladed beta-propeller with a central
tunnel containing two calcium ions. One of these calcium ions is
structural and therefore essential for the conformational stability of the
enzyme while the second ion is catalytic [5,36]. The removal of calcium
from PON1 or the addition of EDTA result in the inactivation of Ca®™-
dependent activities, including POXase activity and AREase activity
(with phenyl acetate as the substrate); however, it does not affect the
ability of PON1 to protect low-density lipoprotein (LDL) from oxida-
tion. Different active sites may therefore exist on PON1 for Ca®*-de-
pendent activities and for protecting LDL from oxidation [37]. The
amino terminal end of the protein contains hydrophobic amino acid
residues that play a role in its binding to HDL and to other proteins such
as apoAl and also in its self-aggregation [38]. According to recent
findings, modulating the active site hydrophobicity of PON1 is a key
factor that could affect the organophosphatase activity of the enzyme
[36].

According to Harel et al. a histidine-histidine (His) catalytic dyad is
involved in the catalytic mechanism of PON1 in which His-115 acts as a
general base to deprotonate a single water molecule while His-134 in-
creases His-115 basicity via a proton shuttle mechanism [5]. However,
recently Grunkemeyer et al. [39] based on His-dyad mutagenesis data
reported that the dyad likely does not participate directly in catalysis,
but may play an important role in substrate binding or orientation.
Therefore, it seems that previously proposed mechanisms should be
reviewed. PON1 contains three cysteine residues; one of the residues at
the position 284 is free, while the other two (Cys42 and Cys353) form
an intramolecular disulphide bridge. Cys284, common to all para-
oxonases, has been proposed to play an important role in the ability of
PONs to protect LDL from oxidation and to consequently decrease
atherosclerosis [5,37].

PON1 is known to have four potential N-linked glycosylation sites at
asparagine residues (Asn227, Asn253, Asp270 and Asn324). Asn253
and Asn324, which are structurally located on the surface of the pro-
tein, are most likely the glycosylation sites in PON1. Glycosylation is
not necessary for the hydrolytic activities of paraoxonases, however, it
may be important in elevating their solubility and stability or in stop-
ping non-specific binding to cell membranes [5].

Clinical Biochemistry 73 (2019) 1-10

2.3. Gene structure and molecular polymorphisms

The paraoxonase gene family is clustered in tandem on the long arm
of human chromosome 7 (q21.22). The PON1 gene covers approxi-
mately 26 kb and its coding sequence contains nine exons. The fourth
intron of the PON1 gene (out of eight) contains a CA repeat with a
polymorphic length [3,40]. The PON1 promoter contains an essential
regulatory region. According to reporter gene assays, deleting the ap-
proximately 200-bp region including the —108 and —162 poly-
morphisms eliminates promoter activity completely [41]. The -108C/T
polymorphism is found in the center of a consensus binding site for the
transcription factor Spl. Binding of Spl to this site is weaker in the
presence of the T allele than the C allele. Also, the —162A/G poly-
morphism is located in a potential NF-1 (nuclear factor-1) binding site.
Changes at —108 and —162 affect PON1 gene expression and lead to
different serum activities [3,41]. There is a region at the proximal end
of the promoter containing the —108 polymorphism that is necessary
for the modulation of the PON1 promoter by the transcription factor
SREBP2. SREBP2 is closely related to cholesterol metabolism and binds
to sequences that have a similarity with sterol regulatory element
(SRE). Two of these sequences (—104 to —95 and —138 to —130),
with a similarity of 70%, are located in the statin-sensitive region of the
PON1 promoter, and SREBP2 putatively upregulates PON1 in the pre-
sence of statins. It should be noted that SREBP2 was able to bind to the
PON1 promoter in interaction with Sp1, which is a known co-activator
of SREPB2. Since the —108 polymorphism is located in the Spl1 site, it
is important in the modulation of the PON1 promoter via the interac-
tion between SREBP2 and Spl [41,42].

The PON1 gene is highly polymorphic in human populations and
more than 400 single-nucleotide polymorphisms (SNPs) have been
identified in the coding region, introns and regulatory regions.
Although the effects of many of these SNPs on PON1 activity or con-
centration remain unidentified for those that have been identified, their
greatest effect has been observed on PON1 activities. The effects of
these SNPs can lead to differences in PON1 activity of up to 40 times
and differences in PON1 concentration of 15 times between people
[3,43]. They may affect splicing and polyadenylation efficiency, mes-
sage stability or transcription factor binding [44]. Four functional SNPs
have been established, two are located in the coding region [PON1-
Q192R (rs662) and PON1-L55 M (rs854560)] and two in the promoter
region [—108 (rs705379) and —162 (rs705381)] [45].

The Q192R polymorphism is located in the active site and is an
important functional site, because it is a major determinant of varia-
tions in catalytic activity toward substrates such as paraoxon, but not
toward phenylacetate [3,46]. The 192R allozyme is more efficient at
hydrolyzing the substrates paraoxon and chlorpyrifos-oxon, while
phenylacetate is hydrolyzed with the same efficiency by both allozymes
[46,47]. Salt influences the R allozyme much more than it does the Q
allozyme [48]. The 192Q allozyme has a higher efficiency (1.5 to 3.5
times) in hydrolyzing diazoxon and the nerve agents sarin and soman
[41,49]. The hydrolysis of lactones depends on their structure so that
the R allozyme has a higher activity toward homocysteine thiolactone,
whereas 8-valerolactone and 2-coumaranone are more rapidly hydro-
lyzed by the Q allozyme. These allozymes have also different impacts
on oxidation of LDL. People carrying the Q allozyme have better pro-
tection against LDL oxidation compared to people with the R allozyme
[46,47]. Gaidukov et al. [50] found that the position 192 contributes to
HDL binding. The researchers carried out in-vitro and sera tests and
showed that the affinity of the Q allozyme for HDL binding is three
times lower than that of the R allozyme.

The L55 M polymorphism is a functional variant that may affect the
risk of CVD and diabetes mellitus [51]. Although the polymorphism
does not seem to directly affect the catalytic activity of PON1, it does
affect plasma PON1 protein concentrations; some studies attribute this
role to its linkage disequilibrium with the —108 promoter region
polymorphism [47], although this association cannot fully explain the
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effect of L55M. The effects of this polymorphism on PON1 protein
structure may explain part of its contribution to PON1 concentrations.
L55M may affect the stability of the enzyme protein, as reported by
Leviev et al. [52]. According to Leviev et al., the 55M allozyme has a
lower stability, which makes it more susceptible to proteolysis [52].
Harel et al. also studied the crystalline structure of the enzyme and
showed that the 55L allozyme plays a key role in the packing of the
PON1 protein [5]. Additionally, the L55M polymorphism is located in
the vicinity of two crucial amino acids (Glu52 and Asp53), which were
among the eight amino acids required for PON1 activity based on the
site-directed mutagenesis and this was found to affect the functionality
of PON1 protein [53].

Several SNPs have been identified in the promoter region, including
-909C/G, -832A/G, -162A/G, -126C/G and -108C/T, among which
-108C/T appears to be the main contributor to the regulation of PON1
expression [41,54]. The —108 is located within the consensus sequence
GGCGGG (the polymorphic site underlined) in a way that the mutations
in the position affect the promoter activity since it is the binding site for
Spl [55], as previously noted. According to Kim et al. [56], the —108
polymorphism is responsible for at least 12% of the variations in PON1
activity even when considering other dietary factors.

2.4. Misconceptions about PON1 in the literature

In recent years a number of misconceptions about PON1 have arisen
in the literature. The first is that the PON1 gene contains a limited
number of SNPs. In fact, to date, over 400 SNPs have been identified in
the PON1 gene [3,57]. For a comprehensive list see http://pga.gs.
washington.edu. The second misconception is that PON1 is causally in-
volved in the bioactivation of the antithrombotic drug clopidogrel that
inhibits ADP binding to the ADP receptor P2Y12 on the surface of
platelets. Clopidogrel as a prodrug requires two steps in its bioactiva-
tion process. It is firstly converted to 2-oxo-clopidogrel by CYP450 and
then to the pharmacologically active thiol metabolite by oxidative
opening of the thiolactone ring. A paper by Bouman et al. [58] first
suggested that PON1 was responsible for the second step to form the
active thiol metabolite [3]. Unfortunately, there were many methodo-
logical problems related to this study and many experts in PON1 re-
search demonstrated that their conclusion was incorrect [59-61].
Subsequent clinical studies have also failed to confirm these findings. In
fact, detailed biochemical investigations have shown that PON1 meta-
bolises clopidogrel to its pharmacologically inactive endothiol meta-
bolite [3]. Unfortunately, some studies still refer to Bouman et al. [58],
which must be considered by authors and reviewers of related articles.

The third and perhaps most pernicious is that human serum (blood)
contains separate enzymes, one with POXase activity and another with
AREase activity. Nothing could be further from the truth! Although
several vertebrate species have an arylesterase activity independent of
PON1, human serum contains a single enzyme (one gene product) re-
sponsible for the hydrolysis of both paraoxon (PON) and phenylacetate
(ARE), as elegantly described by Karen Gan and Bert La Du in 1991 who
purified PON1 from human serum and found it hydrolysed both PON
and ARE and accounted for all the serum hydrolysis of ARE [62].
Further detailed investigations by the same group involved expressing
rHuPON1. The purified rPON1 hydrolysed both PON and ARE in the
same ratio as did human serum proving one enzyme was responsible for
both activities [63]. These results have subsequently been confirmed at
the biochemical, molecular biological and molecular genetic levels [3]
and reconfirmed in detailed biochemical studies conducted by Li et al.
[64]. This enzyme is paraoxonase 1 (PON1), which used to be called
serum POXase/AREase to illustrate the fact that a single enzyme was
responsible for the hydrolysis of both substrates. Interested readers are
referred to Chapters 1 in references 56 and 57 by Professors La Du and
Furlong respectively, on the historical context of this controversy and
how it was resolved [65,66].

These basic facts about PON1 have been known for over 20 years.
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That the misconceptions described here still persist in today's literature
is very worrying and we urge all reviewers to be vigilant and correct
these misconceptions in manuscripts before they are published to pre-
vent their spread to a new generation of researchers.

3. Epigenetics and PON1

Epigenetics is the study of heritable changes in gene expression
without changing the underlying genetic sequence [67]. Epigenetic
mechanisms connect genes and the environment, mediated by DNA
methylation, histone modification and microRNA alterations, which,
collectively, enable the cells to quickly respond to environmental sti-
muli. Epigenetic processes contribute to describing how a number of
cells with the same genome can be differentiated into distinct cell types
with different phenotypes [68]. The comparison and analysis of the
genome and epigenome of healthy and diseased cells is essential for
understanding how multifactorial diseases and traits form and develop.
The increasing knowledge of epigenetics is changing our understanding
of biology, medicine and human diseases [67,69]. The hypothesis is
that epigenetics can help explain the main early-life origins of adult
diseases [70]. Epigenetics can create a new framework contributing to
the search for etiological factors in complex traits and diseases and
could therefore lead to targeted interventions and therapies [22,69]. In
this context, DNA methylation can be of particular importance because
the tissue-specific patterns of this epigenetic process established during
differentiation are stably maintained throughout life. According to
studies, nutrition and exposure to environmental contaminants such as
bisphenol A during early life can affect the establishment of DNA me-
thylation at specific loci, leading to persistent alterations in related
phenotypes, which in turn may affect susceptibility to chronic diseases
including cardiovascular disease, type 2 diabetes and obesity [71].

The core histones in the nucleosomes (building blocks of chromatin)
are densely packed; however, their tails can be modified by histone-
modifying enzymes [Fig. 1(A)]. Modifications including methylation,
acetylation, phosphorylation, ubiquitination or sumoylation, along
with DNA methylation, are able to alter the accessibility of chromatin to
transcription machinery and also to replication, recombination, and
chromosomal organization [68,72]. The counterbalancing functions of
various enzymes make epigenetic modifications reversible. The en-
zymes such as histone acetyltransferases [HATs or lysine acetyl-
transferases (KATs)] are counteracted by histone deacetylases [HDACs
or lysine deacetylases (KDACs)] and histone methyltransferases [HMTs
or lysine methyltransferases (KMTs)] are counteracted by histone de-
methylases [HDMs or lysine demethylases (KDMs)] are responsible for
maintaining the epigenome [21,72]. A review of literature showed that
PON1-related histone modifications have attracted very little attention;
however, in one study on rats, Strakovsky et al. [73] examined the fetal
hepatic epigenome by focusing on PON1 as a model for studying his-
tone modifications in a gene that had a gender-specific pattern. Their
results showed that the acetylation of histone H4 and the methylation
of histone H3 at lysine residue 4 can affect PON1 gene expression in
response to a high-fat maternal diet. The researchers concluded that the
in utero exposure to a high-fat diet influences hepatic metabolism in the
neonate in a gender-specific manner, and the epigenetic modification of
histones in the antioxidant genes such as PON1, may contribute to the
known gender differences in oxidative balance.

The reversibility of epigenetic processes increases their importance
as excellent therapeutic targets. The majority of studies conducted on
the inhibitors of chromatin-modifying enzymes have been in the field of
cancer. For instance, 5-Azacytidine, Decitabine and SGI-110 are three
FDA-approved nucleoside analogs capable of inhibiting DNA methyla-
tion after incorporation into DNA [74]. Additionally, trichostatin A,
trapoxin and vorinostat can also inhibit HDAC and the FDA has already
approved their use in cancer therapy [75,76]. Curcumin (an enhancer
of PON1 levels) is also a HAT inhibitor that can decrease LDL con-
centrations and increase HDL significantly in healthy people [21].
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Fig. 1. Schematic representation of epigenetic processes that can affect PON1 phenotype through (A) Changes in the histone modifications of the PON1 gene; (B)
Changes in DNA methylation; and (C) micro RNAs. In the nucleus, miRNA genes are transcribed into primary miRNAs (pri-miRNAs). Pre-miRNAs are generated after
the cleavage of pri-miRNAs. The pre-miRNAs are then exported from the nucleus into the cytoplasm (by a process involving Exportin-5) where they are cleaved by the
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Overall, it seems that the modification of the epigenome using targeted
therapies may be an ongoing tool for the management of human dis-
eases.

Epigenetics, along with environmental and genetic factors, can play
a fundamental role in understanding the pathogenesis of diseases,
particularly multifactorial disorders such as CVD, which, despite the
advances in their prevention and management, remain a leading cause
of mortality worldwide [72,77]. The relationship between epigenetics
and the risk factors of CVD has been studied in several comprehensive
reviews; however, the role of epigenetics in the pathogenesis of CVD is
still an unexplored area [72,78]. According to studies, the risk factors of
CVD, such as smoking, poor nutrition, pollution, stress and a poor cir-
cadian rhythm, are some of the modulators of epigenetic marks [72].
Many of these risk factors contribute to PON1 regulation [6]. The
epigenetic regulation of PON1 becomes more apparent when noting
that the antioxidant properties of HDL as an important cardioprotective
lipoprotein for preventing the oxidation of lipoproteins, particularly
LDL, are attributed mostly to this enzyme among all the HDL-associated
proteins [8]. Epigenetic processes may play a role when the variability
of PON1 levels are not fully explained by genetic variations. It should
be noted that the processes can also mediate genetic variation.

According to studies, aging and atherosclerosis work simultaneously
to affect the cardiovascular system [79]. The relationship between
aging and CVD has attracted a lot of attention in geriatric medicine
[80,81]. Epigenetic modulators are critically involved in the formation
of atherosclerotic lesions. Different cell types contribute to athero-
sclerotic plaque formation, and the activity of these cells in turn de-
pends on the expression of the different genes in which epigenetic

processes play an essential role [21]. As an important epigenetic al-
teration, DNA methylation can be a key player, because age-related
methylation can elevate the incidence of atherosclerosis among the
elderly by upregulating atherosclerosis-susceptibility genes and down-
regulating atherosclerosis-protective genes [79]. Based on studies, the
increased susceptibility of HDL to lipid peroxidation, which occurs in
aging, is mainly due to an age-related reduction in PON1 activity
[81,82]. Due to the role of PON1 in aging-related atherosclerosis, fur-
ther understanding PON1 regulation, particularly its epigenetic reg-
ulation as a less-identified process, could shed light on some obscure
issues in the etiology of aging and atherosclerosis.

3.1. The role of DNA methylation in the regulation of PON1

DNA methylation is the addition of methyl groups to the C5 position
of cytosine residues in CpG dinucleotides. These epigenetic marks can
change the connection of the DNA-binding proteins that work through
alterations in the major groove of DNA. Nearly 70% of CpG dinucleo-
tides in the mammalian genome are constitutively methylated. These
areas are responsible for silencing large amounts of non-coding DNA
existing in the mammalian genome, including introns, repetitive ele-
ments and potentially-active transposable elements [79,82]. In contrast
to these constitutively-methylated regions, there are short interspersed
DNA sequences that diverge significantly from the average genomic
pattern by being GC-rich (60-70%), CpG-rich (a CpG:GpC ratio of at
least 0.6) and predominantly non-methylated, namely the CpG islands.
CpG islands are responsible for 1-2% of the genome and their position
is primarily in the 5’ regulatory region of all housekeeping genes, a
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Table 1
Summary of studies related to the importance of epigenetic regulation of PON1.
Epigenetic mechanism Findings Refs.
Histone modification Curcumin (an enhancer of PON1 levels) is a histone acetyltransferase inhibitor that can decrease LDL [21]
concentrations and increase HDL significantly in healthy people
Histone modification The acetylation of histone H4 and the methylation of histone H3 at lysine residue 4 can affect PON1 gene [73]
expression in response to a high-fat maternal diet
DNA methylation and/or, histone modification and/or The risk factors of CVD, such as smoking, poor nutrition, pollution, stress and a poor circadian rhythm, are [6,72]
microRNA alteration some of the modulators of epigenetic marks. Many of these risk factors contribute to PON1 regulation.
DNA methylation and/or, histone modification and/or ~ The increased susceptibility of HDL to lipid peroxidation, which occurs in aging, is mainly due to an age- [81,82]
microRNA alteration related reduction in PON1 activity; therefore, further understanding PON1 regulation, particularly its
epigenetic regulation could shed light on some obscure issues in the etiology of aging and atherosclerosis
DNA methylation The conflicting data about the association of PON1 activity with PON1-related diseases, particularly CVD, [86]
may be partly explained by the alterations in the methylation of CpG sites in the promoter region of PON1
gene
DNA methylation According to blood samples collected from children (umbilical cord blood representing fetal blood), there [86]
are a total of 287 CpG sites in the PON1 gene, including 19 CpG sites located in one CpG island in the
promoter region. The analyses based on arylesterase (AREase) activity of PON1 as a marker of gene
expression at the protein level showed that methylation at Block 1 (surrounding the promoter region) CpG
sites can act as a mediator of the -108C/T for this activity and the relationship was age-related
DNA methylation The methylation of CpG sites in the paraoxonase promoter (in DNA extracted from blood cells) is associated [87]
with weight, waist circumference and energy intake in people with no history of stroke. Also, higher
methylation can lead to a lower expression of paraoxonas in adult obese patients
DNA methylation Analysis of whole blood DNA methylation patterns in children showed that the DNA methylation (in genes [88]
other than the PON1 gene) may be related to an adverse cardio-metabolic risk in prenatally pesticide-
exposed children carrying the PON1 192R allele
DNA methylation There is an inverse relationship between methylation at CpG sites and AREase activity in white blood cells [89]
obtained from obese adults
DNA methylation DNA methylation of PON1 CpG sites might affect obesity risk [87,891]
DNA methylation The polymorphism -108C/T (rs705379) as an effective SNP in serum PON1 protein concentrations and [90]
transcript levels was associated with increase in the methylation of nine CpG sites in its vicinity and with a
reduction in the expression of PON1 in the liver samples
DNA methylation DNA methylation (in cord blood DNA samples) at the PON1 locus could regulate the association between [25]
prenatal mercury exposure, cognitive development and other health outcomes in children
DNA methylation Homocysteine is the biomarker most directly involved in epigenetic mechanisms related to CVD, and the [72,92]
homocysteine-induced alterations in the DNA methylation of vascular smooth muscle cells are contributed
to atherogenesis. PON1 as one of the genes involved in the modulation of homocysteine concentrations can
contribute to the process
DNA methylation and histone modification Methionine synthase activity is inhibited by oxidative stress, and DNA and histone methylation therefore [91,95]
decreases in oxidative stress and causes epigenetic modification. The reduction of methionine synthase
activity under oxidative stress also leads to an increase in the production of homocysteine thiolactone —a
toxic molecule in whose detoxification PON1 plays an important role
DNA methylation and/or, histone modification and/or ~ The role of many phytochemicals that are commonly found in the diet and have a beneficial effect on [99,100]
microRNA alteration health in the epigenetic changes of the gene expression of antioxidant enzymes such as PON1 is a subject
that merits further studies
microRNA alteration There are 25 putative miRNA binding sites in the 3’ UTR of PON1 that the majority of these miRNAs have [70]
not been functionally validated with PON1
microRNA alteration Serum PON1 activity correlates negatively with miR-92a, miR-486 and miR-122 levels in CAD patients [108]
microRNA alteration The decreased miR-486 as a result of exercise may play a role in the increased PON1 activity, since PON1 [109,110]
activity was found to have increased right after exercise
microRNA alteration Epigenetics along with PON1 functional polymorphisms could affect PON1 levels [111,112]
microRNA alteration PON1 is a target gene of miR-616 [112-115]
microRNA alteration The variant rs3735590 as an SNP located at the binding site of miR-616 can affect the genetic expression of ~ [112]
PON1. The expression of miR-616 increases in vascular smooth muscle cells and may play a role in the
susceptibility to ischemic stroke and atherosclerosis
microRNA alteration The minor allele of rs3735590 affect the binding of miR-616 to the 3-UTR of PON1 [115]
microRNA alteration The variant rs3735590 as an SNP located at the binding site of miR-616 is associated with CAD, calcific [113-115]

aortic valve stenosis and chronic obstructive pulmonary disease

portion of tissue-specific genes and developmental regulatory genes
[79,83]. DNA methylation is catalyzed by the activity of DNA methyl-
transferases (DNMTs). Two important classes of DNMTs process me-
thylation in mammalian cells. DNMT1 methylates CpG dinucleotides in
newly-synthesized strands during replication, which is required for
maintaining the methylation. Two members of the second class
(DNMT3a and DNMT3b) are accountable for de novo methylation
during embryonic development [21,68].

The risk factors of diseases such as CVD can impose aberrant DNA
methylation patterns, which in turn modify the methylation pattern in
sequences that are normally hyper-, hypo or un-methylated [84,85].
DNA methylation may be important for regulating PON1 concentra-
tions (Fig. 1(B) and Table 1). According to studies, the conflicting data
about the association of AREase activity or PON1 activity in general
with PON1-related diseases, particularly CVD, may be partly explained

by the alterations in the methylation of CpG sites in the promoter region
of PON1 gene [86]. The analysis of 22 CpG sites from the paraoxonase
promoter (in DNA extracted from blood cells) by Gémez-Uriz et al. [87]
showed that, in some of these CpGs, methylation is associated with
weight, waist circumference and energy intake in people with no his-
tory of stroke. They concluded that higher paraoxonase promoter me-
thylation can lead to a lower expression of paraoxonase in adult obese
patients. In another study, Declerck et al. [88] analyzed whole blood
DNA methylation patterns in children, whose mothers were occupa-
tionally unexposed or exposed to pesticides early in pregnancy. They
concluded that DNA methylation (in genes other than the PON1 gene)
may be related to an adverse cardio-metabolic risk in prenatally pes-
ticide-exposed children carrying the PON1 192R allele. However, it is
unclear whether this DNA methylation pattern is unique to pesticide
exposure or is shared by other adverse prenatal environmental factors
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that should be revealed in future research.

In a study conducted on blood samples collected from children
(umbilical cord blood representing fetal blood), Huen et al. [86] used
PON1 as a model for the integration of genetic and epigenetic data and
identified a total of 287 CpG sites in the PON1 gene, including 19 CpG
sites located in one CpG island in the promoter region. The analyses
based on the promoter polymorphism at the position -108C/T showed
that this site can be most strongly associated with methylation. The
researchers found that children with the CC and TT genotypes had the
lowest and highest levels of methylation, respectively, and the CT
genotype children had intermediate levels of methylation. In addition,
methylation in Block 1 (surrounding the promoter region) CpG sites
was associated with additional SNPs in the promoter region that were in
strong linkage disequilibrium with -108C/T. Their analyses based on
the AREase activity of PON1 as a marker of gene expression at the
protein level showed that methylation at Block 1 CpG sites can act as a
mediator of the -108C/T for this activity and the relationship was age-
related [86]. Similarly, de la Iglesia et al. [89] found an inverse re-
lationship between methylation at CpG sites and AREase activity in
white blood cells obtained from obese adults. It seems that the study of
de la Iglesia et al. [89] and Gémez-Uriz et al. [87] providing further
reasons that the DNA methylation of PON1 CpG sites might affect
obesity risk. Bonder et al. [90] also reported that DNA methylation is
responsible for a larger part of the variation in PON1 gene expression
compared to SNPs. They reported that the -108C/T (rs705379) as an
effective SNP in serum PON1 protein concentrations and transcript le-
vels was associated with increase in the methylation of nine CpG sites in
its vicinity and with a reduction in the expression of PONL1 in the liver
samples.

In a study, Cardenas et al. [25] analyzed associations of maternal
prenatal mercury exposure with epigenome-wide DNA methylation in
cord blood DNA samples, and examined if these epigenetic modifica-
tions persist in blood through early and mid-childhood. According to
their findings, DNA methylation at the PON1 locus could regulate the
association between prenatal mercury exposure, cognitive development
and other health outcomes in children. The researchers expressed that
the persistent epigenetic disruption of the PON1 gene might serve as a
biomarker of mercury exposure and disease susceptibility. They linked
these results to that the epigenetic modifications may help describe
conflicting results observed for prenatal mercury exposure and cogni-
tive development in different populations.

It has to be noted that the methylation capacity of DNA and histones
is highly dependent on the activity of a folate- and vitamin B12-de-
pendent enzyme, namely methionine synthase, which catalyzes homo-
cysteine to methionine conversion [91]. Homocysteine is the biomarker
most directly involved in epigenetic mechanisms related to CVD, and
the homocysteine-induced alterations in the DNA methylation of vas-
cular smooth muscle cells are contributed to atherogenesis [72]. Ac-
cording to studies, there is a negative correlation between plasma PON1
activity and homocysteine concentrations, and PON1 is one of the genes
involved in the modulation of homocysteine concentrations [91,92].
Since the methylation of DNA and histones is a pivotal process in the
epigenetic regulation of gene expression, homocysteine metabolism
should be considered important in epigenetics. Therefore, PON1 may
contribute to the epigenetic alteration of gene expression, since it
contributes to homocysteine metabolism.

3.2. PON1 and oxidative stress-regulated epigenetic processes

Oxidative stress can be considered a gene expression modulator.
According to studies, oxidative stress-regulated epigenetic processes
could be prominent players in the pathology of certain diseases and
powering antioxidant defense systems is therefore important for com-
bating oxidant production and oxidative stress. In one study, Hedman
et al. [93] used the analyses of genome-wide DNA methylation and
showed that DNA methylation is associated with markers of oxidative
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stress and may therefore play a role in the development of type-2 dia-
betes. DNA methylation also contributed to tumor development by re-
pressing the antioxidant enzymes involved in the metabolism of re-
active oxygen species [93,94]. According to studies, methionine
synthase activity is inhibited by oxidative stress, and DNA and histone
methylation therefore decreases in oxidative stress and causes epige-
netic modification [91]. The reduction of methionine synthase activity
under oxidative stress also leads to an increase in the production of
homocysteine thiolactone [91]-a toxic molecule in whose detoxifica-
tion PON1 plays an important role [95].

Phenolic antioxidants such as flavonoids and nonflavonoid phenols
could be potent modulators of mammalian epigenetic-regulated gene
expression that exert their effects on the epigenome by alterations in
DNA methylation and histone modifications. They could act as drugs in
the treatment of human diseases such as cancer and CVD [96]. The
protective effects of polyphenols in CVD, particularly the vascular en-
dothelial cells, are carried out by their antioxidant activity and also
their ability in increasing the expression of several protective proteins,
including PON1 [96,97]. Estrada-Luna et al. [98] recently showed that
polyphenol-rich pomegranate juice can potentially control the adverse
effects of a high-fat diet through the enhancement of PON1 gene ex-
pression and activity. A recent review study by Martini et al. [99] ex-
amined the potential effects of polyphenols and polyphenol-rich foods
on both PON1 activity and its gene expression. Many phytochemicals
that are commonly found in the diet and have a beneficial effect on
health can be able to modify aberrant epigenome changes and may play
a role in the prevention/treatment of human diseases such as cancer
[100]. The role of epigenetic processes in the altered gene expression of
antioxidant enzymes such as PON1 by these compounds is a subject that
merits further studies.

3.3. The role of microRNAs in the regulation of PON1

microRNAs (miRNAs, miRs) are a class of small (21-23 nucleotides),
noncoding, endogenous, and single-strand RNA molecules that regulate
both physiological and pathological pathways [101,102]. These gene
regulators work by post-transcriptionally inhibiting the expression of a
large number of target genes, which occurs through complementary
binding to the 3’-UTR and occasionally to the 5’-UTR or the coding
regions of target mRNAs [103]. miRNAs can be key controllers in a
variety of biological processes including differentiation, proliferation,
and metabolism [104]. Furthermore, these small molecules transmitted
through meiosis can play a role in restoring the state of the epigenome
in zygotes [67]. Based on the latest release of the miRBase database
(v22), the human genome encodes 1917 miRNA precursors, producing
up to 2654 mature miRNAs [105]. Each of these miRNAs are potentially
capable of controlling the expression of a variety of genes. Although
new miRs are being identified every day, the target binding sites of
many of them is still unknown.

According to research, miRNAs are detectable in a variety of bio-
logical samples, including plasma, serum, urine, saliva, tear and
sputum. These small RNAs are very stable and resistant to endogenous
and exogenous RNase activity, extreme temperatures and pH, long-term
storage in frozen conditions and repeated freeze/thaw cycles. The
biomarker role of miRNAs becomes more apparent when noting how
they are sometimes detectable several years before the disease appears
[106,107]. These features make miRNAs excellent targets for different
aspects of biological and medical studies.

miRNAs may be important in the modulation of PON1 (Fig. 1 (C)
and Table 1). Holland et al. [70] used miRanda software and identified
25 putative miRNA binding sites in the 3 UTR of PON1. The in silico
analyses identified miRNAs such as miR-616, miR-19a, miR-26a, miR-
505, miR-495, miR-153, and miR-185. It should be mentioned that the
majority of these miRNAs have not been functionally validated with
PON1. In one study, Niculescu et al. [108] found that serum PON1
activity correlates negatively with miR-92a, miR-486 and miR-122
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levels in coronary artery disease (CAD) patients. In another study, Aoi
et al. [109] concluded that circulating miR-486 decreased significantly
by way of intense continuous exercise. The decreased miR-486 as a
result of exercise may play a role in the increased PON1 activity, since
PON1 activity was found to have increased right after exercise [110].
The link between genetics and epigenetics should also be considered.
For example, Tomas et al. [111] reported that the effects of exercise on
PONT1 activity are modulated by the polymorphism PON1-Q192R. In
other words, epigenetics along with PON1 functional polymorphisms
may affect PON1 levels.

Liu et al. [112] used bioinformatics analysis, a miRNA array and
luciferase reporter assays and showed that PON1 is a direct target gene
of miR-616 and rs3735590 as an SNP located at the binding site of this
miRNA and can affect the genetic expression of PON1. The researchers
showed that the expression of miR-616 increases in vascular smooth
muscle cells and may play a role in the susceptibility to ischemic stroke
and atherosclerosis. These findings have recently been confirmed by
Zhang et al. [113], Wang et al. [114] and Lv et al. [115], who showed
that PON1 is a potential target gene of miR-616. The minor allele of
rs3735590 has been shown to affect the binding of miR-616 to the 3’-
UTR of PON1 [115]. These studies also showed that this SNP is asso-
ciated with CAD [113], calcific aortic valve stenosis [114] and chronic
obstructive pulmonary disease [115]. These results could highlight the
importance of this miRNA in PON1 metabolism and the development of
atherosclerosis.

4. Conclusion and future perspectives

Due to the importance of PON1 in the functionality of HDL and its
association with CVD, further explorations of its epigenetic regulation
may lead to the identification of new epigenetic contributors that may
in turn help improve the prevention and diagnosis of these diseases and
may also lead to targeted therapies based on epigenetic mechanisms.
The role of many phytochemicals that are commonly found in the diet
and have a beneficial effect on health in the epigenetic changes of the
altered gene expression of PON1 is a subject that merits further studies.
Also, the role of epigenetics in the in vivo effects of environmental
factors on the hydrolysis of lipid substrates such as 8-lactone eicosa-
noids by PON1 may be considered in future research. In addition, the
analysis of DNA methylation, miRNA alteration and histone modifica-
tions in the antioxidant genes such as PON1 in response to environ-
mental factors may help to elucidate the known differences in oxidative
balance. There are still many unknown issues about the interaction
between DNA methylation, miRNAs and genetics; however, miRNAs
have the potential to be used in clinical practice. Further understanding
the interactions between the genetics and epigenetics of PON1 may help
design therapeutic approaches for PON1-related diseases, particularly
CVD, which is life-threatening.
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