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Abstract

Paraoxonase-1 (PON1), an esterase/lactonase primarily associated with plasma high-density
lipoprotein (HDL), was the first member of this family of enzymes to be characterized. Its name
was derived from its ability to hydrolyze paraoxon, the toxic metabolite of the insecticide
parathion. Related enzymes PON2 and PON3 were named from their evolutionary relationship
with PON1. Mice with each PON gene knocked out were generated at UCLA and have been key
for elucidating their roles in organophosphorus (OP) metabolism, cardiovascular disease, innate
immunity, obesity, and cancer. PON1 status, determined with two-substrate analyses, reveals an
individual’s functional Q192R genotype and activity levels. The three-dimensional structure for a
chimeric PON1 has been useful for understanding the structural properties of PON1 and for
engineering PON1 as a catalytic scavenger of OP compounds. All three PONs hydrolyze microbial
N-acyl homoserine lactone quorum sensing factors, quenching Pseudomonas aeruginosa’s
pathogenesis. All three PONs modulate oxidative stress and inflammation. PON2 is localized in
the mitochondria and endoplasmic reticulum. PON2 has potent antioxidant properties and is found
at 3- to 4-fold higher levels in females than males, providing increased protection against oxidative
stress, as observed in primary cultures of neurons and astrocytes from female mice compared with
male mice. The higher levels of PON2 in females may explain the lower frequency of neurological
and cardiovascular diseases in females and the ability to identify males but not females with
Parkinson’s disease using a special PON1 status assay. Less is known about PON3; however,
recent experiments with PON3 knockout mice show them to be susceptible to obesity, gallstone
formation and atherosclerosis. Like PONs 1 and 2, PON3 also appears to modulate oxidative
stress. It is localized in the endoplasmic reticulum, mitochondria and on HDL. Both PON2 and
PONS3 are upregulated in cancer, favoring tumor progression through mitochondrial protection
against oxidative stress and apoptosis.
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1. Introduction

2. PON1

This brief overview will discuss the paraoxonase family of enzymes which includes
paraoxonases 1, 2 and 3 (PON1, PON2 and PONS3, respectively). The three genes encoding
the PONSs are located in tandem on the long arm of human chromosome 7 (7q21-22). This
family of enzymes derives its nomenclature from early studies on PON1 where it was shown
to hydrolyze the toxic metabolite of parathion (PS), paraoxon (PO) using /n vitro assays.
Aldridge had classified organophosphate (OP) hydrolases as either A- or B-esterases, based
on whether they catalytically hydrolyzed OP compounds (A esterases) or were irreversibly
inhibited by binding an OP compound (B esterases) [1]. PON1 was shown to be an A-
esterase, catalytically hydrolyzing PO. Following the discovery of the linked genes PON2
and PONS3, they were also termed paraoxonases although neither one hydrolyzed PO [2].
Following discussions on the appropriate nomenclature for the PONSs, it was agreed that
naming of the three PONSs should be delayed until the natural physiological substrates were
identified [3]. However, the range of physiologically relevant substrates remains an open
question.

PONL1, the most studied of the PONSs, is a 45-kDa glycoprotein synthesized in the liver and
found mainly in high-density lipoproteins (HDLS). Earlier results showing the transfer of
PON1 between membranes [4] and the localization of PON1 in multiple mouse tissues [5]
suggested that PONL is transferred via HDLs from the liver to tissues where its activity is
needed. PONL1 is a highly promiscuous calcium-dependent enzyme, capable of hydrolyzing
a wide range of substrates, from OPs to aromatic carboxylic acid esters, quorum sensing
signal molecules (N-acyl homoserine lactone) and lipo-lactones.

2.1. Early Studies

Detailed studies by Aldridge reported in 1953 categorized serum esterases into those
inhibited by diethyl p-nitrophenyl phosphate (E600 or PO) as B-esterases and those not
inhibited by PO as A-esterases since they preferred the substrate p-nitrophenyl acetate to the
longer chain esters [1]. The B-type esterases were inhibited by 10~ to 1078 M E600 and
hydrolyzed the p-nitrophenyl butyrate at the same or higher rate than p-nitrophenyl acetate.
In a second publication, Aldridge noted that the rabbit had the highest serum A-esterase of
the species examined and the ratio of the serum to liver activity was very high while the
opposite was true in rat [6]. The high activity of the rabbit plasma A-esterase facilitated the
development of purification protocols for the human serum A-esterase as well as the cloning
of both the rabbit and human cDNAs discussed below. Aldridge’s studies also indicated that
PO and p-nitrophenyl acetate were hydrolyzed by the same enzyme. Later, there had been
some controversy as to whether phenyl acetate and PO were hydrolyzed by one or two
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enzymes resulting in a reclassification of PON1 [3]. It has since been clearly shown that
both substrates are hydrolyzed by PONL as originally proposed by Aldridge [7, 8].

Studies on human A-esterase in the 1960s and 1970s revealed that plasma paraoxonase
(POase) activity showed a large inter-individual variability in activity and that the activity
was polymorphically distributed in human populations with differences among populations
in the frequency of the “low activity allele” vs. the “high activity allele” (reviewed in [9]). In
Northern European populations, approximately 50% of individuals are homozygous for the
low activity allele, while populations of African and Asian origin had a higher frequency of
individuals homozygous for the high activity allele with other populations having even
higher frequencies of the high activity allele (reviewed in [9, 10]). The early studies made
use of a single substrate, PO and presented data as histograms of activity (reviewed in [9]).
In the early years, many different assays were developed for characterizing the A-esterase
activity in individuals. These assays used variable conditions of pH, salt and inhibitor
(EDTA) to characterize the A-esterase activity (reviewed in [11]). Based on the high
variability of serum PQOase activity among individuals, it was proposed that individuals with
high activity levels would be resistant to exposures of PS/PO. The oxon form of the
insecticide is also included in exposures as most, if not all, exposures contain a variable
percentage of the highly toxic oxon [12-14]. As noted below, human plasma POase does not
appear to provide protection against PS/PO exposures as the catalytic efficiency of PO
hydrolysis is too low.

Efforts aimed at purifying PONL1 first revealed that gel filtration chromatography resolved
two peaks of activity, a higher molecular weight peak and a lower molecular weight peak.
The low molecular weight activity peak co-fractionated with aloumin [11]. The availability
of plasma from an analbuminemic individual provided solid evidence that the lower
molecular weight activity was indeed associated with albumin. The activity associated with
the albumin peak was completely absent in the plasma from the analbuminemic individual.
Resolution of the two activity peaks allowed for the characterization of the pH optimum of
each peak. The albumin-associated activity was active at only high pH values whereas the
POase activity fractionating at higher molecular weight retained significant activity at pH
8.5. This study provided three key observations that facilitated purification and ultimately
cloning of rabbit and human cDNAs; 1) the POase activity of the albumin peak had little
activity below pH 8.5; 2) the POase activity associated with albumin was resistant to
inhibition by EDTA; and 3) the albumin peak did not hydrolyze phenyl acetate.
Unfortunately, some studies are still carried out that measure PON1 activity at high pH
values. In an individual with low PONL1 levels, at the high pH value, albumin hydrolyzes
more PO than their PON1 [11].

2.2. Post cloning studies

Serum rabbit PONL1 is significantly more stable than human PON1 and was purified and
sequenced to allow the design of probes for isolating and sequencing rabbit PONZ cDNA
from a rabbit liver cDNA library [15]. The property of being capable of activity staining
rabbit PON1 following SDS gel electrophoresis provided assurance that the protein
sequenced was indeed PON1 [15]. Probe design based on the sequence of rabbit PON1
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allowed for the isolation of the rabbit PONZ cDNA which in turn allowed for the isolation
and characterization of human PONIZ cDNA [16]. The human cDNA clones revealed the two
common coding polymorphisms occurring in human PON1 (L55M and Q192R). The latter
was subsequently shown to determine the catalytic efficiency of hydrolysis of PO [17, 18].
The Q192R polymorphism did not significantly affect the catalytic efficiency for hydrolysis
of phenyl acetate (arylesterase activity — AREase) or diazoxon (DZO) but did affect the
catalytic efficiency of PO, chlorpyrifos oxon (CPO) [19] and the nerve agents sarin and
soman [20]. In addition to revealing the two common coding region polymorphisms,
sequencing revealed single nucleotide variants (SNVs) in the 5 and 3° UTRs. Examination
of the effects of the 5° SNVs on expression of PON1 revealed that the C-108T 5° UTR
promoter region polymorphism in an Spl transcription factor binding site had a significant
effect on PON1 expression with the C-108 allele expressing on average twice the level of
PON1 compared with the T-108 allele [21-23]. An interesting report noted thata 3" UTR
SNV (CT at rs3735590) affected binding of a miRNA (miR-616) to the 3" UTR of PON1
mRNA with the T allele having lower binding affinity, causing higher levels of expression of
PON1 and reducing the risk of ischemic stroke and carotid atherosclerosis in individuals
with the CT or TT genotype [24]. The effects of SNVs in the 3"UTR regions on gene
expression plus the competing/stabilizing effects of RNA binding proteins (e.g. [25])
warrant further studies.

Sequencing studies in which the PONI genes of 47 individuals (24 African-Americans and
23 Europeans) revealed 108 new PON1 polymorphisms, including 8 new promoter region
SNVs, 9 additional 3° SNVs and a new coding region SNV (W194X) [26]. Discovery of the
latter SNV prompted the sequencing of PONI genes where we had observed a discrepancy
between the characterization of DNA SNVs and the determination of the functional PON1
status (Q192R polymorphism and PONL1 activity levels — see below). Sequencing of the
PONI genes from individuals discrepant for the functional analyses and SNV analysis of the
Q192R polymorphism revealed a P90OL SNV, an Asp124missplice mutation and a partial
deletion of the PONZ allele bearing the Q192 genotype [27]. Recently, a PON1 V109l SNV
has been associated with ischemic stroke in African-Americans [28].

2.3. PON1 and OP Insecticide Sensitivity

While the early measurements of variability in inter-individual activity levels of human
PON1 suggested that high levels would protect against exposure to PS, it took the
development of an animal model system to understand the ability of PON1 to protect against
specific OP exposures. The earliest direct test of PON1 protecting against OP exposure was
carried out by Main in 1956 [29] where he injected partially purified rabbit PON1
intravenously into rats raised the plasma activity of the A-esterase and decreased the toxicity
of PO. Experiments with rats [30] and mice [31, 32] extended Main’s initial observations to
include both PO and CPO. CPO was a much better human PON1 substrate than PO. Taken
together, these experiments clearly demonstrated that high levels of injected rabbit PON1
provided some protection against PO, but significantly better protection against CPO. The
question of the consequences of low PON1 levels was addressed with PONI knockout mice
(PONI7~)mice generated by Shih, Lusis and colleagues at UCLA [33]. The PONI™~ mice
were dramatically more sensitive to CPO and DZO than wild type mice, but surprisingly did
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not exhibit increased sensitivity to PO compared with PONI*/* mice [19]. The PONI7~
mice also provided a model system for testing under physiological conditions the efficacy of
purified [19] and recombinant engineered human PON1 [8] to protect against OP exposure
when injected into the PON.I ™~ mice. Experiments with the two purified human PON1;g,
alloforms demonstrated that protection against specific OPs was determined by the catalytic
efficiency with which PON1 hydrolyzed the specific OP. Again, these experiments
demonstrated that human PON1 was not effective in protecting against PO exposures. The
PON1Rr19, alloform protected better than the PON1q19, alloform against CPO exposures
while either alloform protected equally well against DZO exposure [19].

Since the PONI~~ mice have no measurable activity against DZO, it was straightforward to
follow the half-life of injected engineered recombinant human PON1. Experiments with
PON1k192 showed that this engineered PON1 variant provided good protection against DZO
exposure when injected pre- or post-exposure and was able to provide protection for at least
48 h post-injection [8]. The R/Q192K substitution was based on the high rate of CPO
hydrolysis by rabbit PON1k 190 [34].

Examination of the developmental time course of appearance of PON1 in newborn humans
showed that at birth, babies had only one fourth to one third adult levels of PON1 and that
they required 6 mo to 2 years to reach adult levels of PON1, indicating increased sensitivity
of the very young to exposures of chlorpyrifos (CPS)/CPO or diazinon (DZS)/DZO. The
oxon metabolites are listed in the exposures since levels of oxon are detected in most if not
all exposures as noted above [12-14].

In addition to the PONZ~~ mice, Shih, Lusis and Tward also generated transgenic mice that
expressed human PON1q19, (tgHUPON1g195) and HUPON1Rg; (tgHUPON1R1gp) ON the
mouse PONI~~ background which provided an animal model in which to characterize the
two human PON149, alloforms under physiological conditions [35]. The experiments with
the transgenic mice showed that the efficacy of protection by each human PON1,g, alloform
was consistent with the experiments where purified human PON1 was injected into the
PONI~~ mice. Two other important observations came from experiments with the
genetically modified mice. When the entire human PONZ genes (PON1p;92and PONIp;g)
were introduced into the PONI~~ mice complete with the 5" promoter regulatory
sequences, rather than following the human time course for developmental expression (6 mo
to 2 years), the expression followed the developmental time course of PON1 appearance in
mice, peaking at 3 weeks of age indicating a high degree of conservation of the regulatory
components of the PONI genes between man and mouse. Importantly, a comparison
between the OP sensitivity of wild type mice (PONI**) and PONI~~ mice showed that by
4 days of age, the PONI*/* mice were already 2.5 times more resistant to CPO exposure
than the PONZ7~ mice [36].

Taken together, all of the experiments on PON1 and resistance to OP exposure indicated that
PONL1 is important in modulating exposures to CPS/CPO and DZS/DZO, but not to PS/PO
or the nerve agents sarin and soman. Engineering more catalytically efficient variants of
PONL1 will be required for treating exposures to OPs that are hydrolyzed at low catalytic
efficiency by PON1. Work by Harel and colleagues provided a variant of PON1 that could
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be crystallized to provide a tentative 3D structure of PON1, a six-bladed beta-sheet propeller
structure [37]. This structure has provided the basis for further engineering of PONL1 for
higher catalytic efficiency of hydrolysis of nerve agents (e.g. [38, 39]).

2.4. Physiological functions of PON1

Lipid metabolism—The demonstration by Mackness and colleagues in 1991 that PON1
could prevent the accumulation of lipid peroxides in low-density lipoproteins (LDL) [40]
generated an avalanche of papers examining the relationship of the genetic variability in
PONL1 to disease. We developed two approaches for examining PON1 genetic variability; 1)
protocols for characterizing PON1 SNVs [17, 21] and 2) activity measurements with two
substrates when plotted as two-dimensional plots provided both the functional position 192
genotype as well as the activity levels of PON1. The development of the protocols
characterizing PONI SNVs provided convenient protocols for epidemiologists to look for
associations between the genetic variability of PON1 and disease. However, SNV analysis
alone provided no information on the activity levels of PON1 that vary by at least 13-fold
among individuals (Fig. 1). Since it is the PON1 activity that determines rates of
detoxification/hydrolysis of both endogenous substrates as well as xenobiotics, the activity
measurements are the most important factor to characterize in examining risk of exposure or
disease. We termed the two-substrate analysis PON1 status (position 192 functional
genotype and activity level) [31]. The two substrate analysis initially involved plotting rates
of DZO hydrolysis vs. PO hydrolysis [41]. Further development of the PONL1 status analysis
protocol provided assays that could be carried out without the use of the highly toxic OP
substrates. A comparison of the two PONL1 status analyses is shown in Figure 1 [42].

For epidemiological studies, since the two PON119, alloforms have quite different rates of
hydrolysis of substrates, it is important to analyze the functional genotypes separately or
adjust for them in analyses. An example of this analysis applied to a study of PON1
variability and carotid artery disease is shown in Figure 2 [43]. Note that individuals with
carotid artery disease (CAAD) had lower activity of PON1 than control subjects without
CAAD. This study was carried out in a population of primarily Northern European origin
where only approximately 10% of the population is homozygous for PON1p;9,. Cohorts of
African and Asian origin with much higher frequencies of PONI1z;9,homozygotes should
be characterized to better understand the contribution of variability in levels of PON1p;g-t0
CAAD. Two reviews have addressed the issue of SNV analysis vs. activity measurements in
epidemiological studies that examine the relationship of PON1 genetic variability to risk of
disease or exposure [26, 44]. Unfortunately, status assays (activity levels) have not been
well-developed for PONs 2 and 3, and assays for PON1 activity cannot be performed on
plasma from the EDTA tubes used for most epidemiological studies, due to PON1
inactivation secondary to calcium depletion (sodium lithium tubes are optimal).

In addition to PONL1 status, PON1 concentration should also be measured when possible. In
this regard, it is worth examining Figure 8 from the publication by Besler et al. [45] which
shows high PONL1 activity in healthy individuals, but low activity in individuals with CVD,
data consistent with other studies by Camps, Joven and colleagues [46-50]. Measurement of
PONL1 protein levels, however show that there is apparently much higher levels of inactive or
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less active PON1 in the diseased individuals, suggesting that an additional measurement of
PONL1 protein levels (by mass spectrometry, quantitative Western blot or ELISA) will
provide additional information on PON1 status and risk of disease. These data indicate that
PONL1 is most likely being damaged by oxidative stress.

Quorum sensing—All three PONSs inactivate the Pseudomonas quorum sensing factor N-
(3-oxododecanoyl)-L-homoserine lactone (30C12-HSL) [51]. An elegant experiment
carried out by Stoltz and colleagues at the University of lowa demonstrated that a transgenic
Drosophila melanogaster expressing human tgHuPON1 was resistant to the lethality of
infection by Pseudomonas aeruginosa as well as resistant to CPS exposure [52].

Homocysteine thiolactonase—High plasma levels of the amino acid homocysteine lead
to the synthesis of homocysteine thiolactone (HCTL), a toxic metabolite that results from an
error-editing process catalyzed by methionyl tRNA-synthetase. HCTL has the ability to
interact with and modify proteins, resulting in protein inactivation and loss of function. In
fact, hyperhomocysteinemia is considered a risk factor for the development of a wide range
of diseases associated with cardiovascular, neurological and autoimmune diseases [53-56].
HCTL is hydrolyzed /n vitro by enzymes with homocysteine thiolactonase (HCTLase)
activity, such as serum PON1 [57] and the intracellular bleomycin hydrolase (BImh) [58].
However, the reported low substrate affinity and very low specific activity for hydrolysis of
HCTL by PONL1 [57, 59] have raised doubts about the physiological relevance of this
activity [10, 60]. Recently, a more physiologically relevant HCTLase has been identified in
the enzyme biphenyl hydrolase-like protein (BPHL) in vitro [61]. BPHL, also called
valacyclovir (VC) hydrolase or valacyclovirase, is highly expressed in human liver and
kidney and at lower levels in heart, intestine and skeletal muscle [62]. BPHL hydrolyzes and
activates the antiviral prodrug esters VC and valganciclovir [63]. We found that BPHL has a
catalytic efficiency 7700-fold higher than PON1 and 77-fold higher than Blmh. Thus, an
important physiological function of BPHL, which had not been previously described,
appears to be detoxification of HCTL. Understanding the mechanism of HCTL
detoxification by BPHL /n vivois an essential issue that has not yet been addressed.

PON?2 is a ~43-kDa ubiquitously expressed intracellular enzyme, but unlike PON1 and
PONS3, it is not present in plasma [5, 64-66]. PON2 mRNA and/or protein have been
detected in several tissues including liver, lung, kidney, heart, pancreas, small intestine,
muscle, testis, endothelial cells, tracheal epithelial cells, and macrophages [64, 65, 67-69].
In mice, the highest levels were found in lung and small intestine, followed by heart and
liver, with lower levels in testis, kidney and brain [66]. Of particular interest from the latter
study was the novel observation that in all tissues PON2 expression was always significantly
higher in female mice than in male animals [66]. Sub-cellular distribution studies have
shown that PONZ2 is localized primarily in the mitochondria and the endoplasmic reticulum
[2, 65, 66, 70, 71].
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3.1. PON2 activity and SNVs

Phylogenetic analysis suggests that PON2 is the oldest PON family member, from which
PON1 and PON3 have evolved [72]. PON2 does not have the OP-hydrolyzing activities of
PON1, but as the other two PONS, it is a lactonase, displaying overlapping but distinct
substrate specificities for lactone hydrolysis [73]. In particular, PON2 has the highest
hydrolytic activity of the PONs toward a number of acyl-homoserine lactones (acyl-HCL),
molecules which mediate bacterial quorum-sensing signals, important in regulating
expression of virulence factors and in inducing a host inflammatory response [73-76]. Two
common SNVs have been found in human PONZ, an Ala/Gly substitution at position 147,
and a Ser/Cys substitution at position 311 [2, 64]. The PON2 S311C SNV has been shown to
affect lactonase activity [77]. Carriers of the Cys311 allele have been found to be at risk for
myocardial infarction and other cardiovascular diseases (CVD), as well as for Alzheimer’s
disease (AD) in several studies [78-82].

3.2. PON2 physiological function

In several tissues, PON2 has been shown to exhibit antioxidant properties [65]. PON2
antagonizes oxidative stress generated by various sources in the intestine of humans and rats
[68], in human vascular endothelial cells [71], in lung epithelial carcinoma cells [76], in
Caco-2/15 intestinal epithelial cells [83], and in mouse macrophages [67]. These antioxidant
effects of PON2 are believed to play a major role in preventing the atherosclerotic process,
as shown by studies indicating that PON2 over-expression decreases atherosclerotic lesions,
while the opposite is true in PON2-null (PON2™") mice [84, 85]. In macrophages, PON2
has been suggested to protect against accumulation of triglycerides and oxidative stress,
thereby attenuating the development of vascular complications in diabetes [86, 87].
Mitochondria are a major source of free radical-related oxidative stress [88], and the
preponderant localization of PON2 in mitochondria would support a role for this enzyme in
protecting cells from oxidative damage. In HeLa cells, PON2 has been shown to bind to
coenzyme Q10 that associates with mitochondrial complex 111, and PON2 deficiency causes
mitochondrial dysfunction [70]. In human endothelial cells PON2 has been shown to reduce,
indirectly but specifically, the release of superoxide from the inner mitochondrial membrane,
without affecting levels of other radicals such as hydrogen peroxide (H,0O5) and
peroxynitrite [89]. Also of interest is that the C311S SNV, which influences lactonase
activity [77], does not appear to affect PON2’s antioxidant properties, suggesting
independent hydrolytic and antioxidant functions [89]. PON2 also appears to exert anti-
inflammatory effects. In the gastrointestinal tract, PON2 antagonizes oxidative and
inflammatory processes that may affect mucosal integrity [68]. The absence of PON2 in
PONZ™~ mice exacerbates the macrophage inflammatory response [90]. Furthermore, PON2
acts as a potent anti-inflammatory agent against the inflammatory response caused by
administration of pyocyanin (a quorum sensing signal factor) [91].

3.3. PON2 in brain

PON2 mRNA has also been found in mouse and human brain [2, 64, 65, 92], and PON2
protein has been detected in mouse [5, 85] and monkey brain [93]. In a series of recent
studies, the protein expression of PON2 has been characterized in mouse brain [66, 94, 95].
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The highest levels of PON2 protein were found in three dopaminergic regions, the substantia
nigra, the striatum, and the nucleus accumbens, with lower levels in cerebral cortex,
cerebellum, hippocampus and brainstem. In every brain region, PON2 levels were higher (by
~2-3-fold) in female mice than in male mice. The higher levels of PON2 in dopaminergic
areas are of interest, as they may be related to the higher levels of oxidative stress, due to
dopamine metabolism, present in these regions. The regional distribution and gender
difference of PON2 was confirmed by measurements of its lactonase activity [measured by
dihydrocoumarin (DHC) hydrolysis] and of PON2 mRNA levels [66]. In brain, and to a
lesser extent in kidney and testis, but not in all tissues, the PON2 antibody recognized two
bands, the lower at MW ~43 kDa, which corresponds to the reported MW of PON2, and an
upper band at MW ~55 kDa. This upper band had been found at times by some investigators
[71, 84, 96-98], but not by others [65, 68, 83, 99], and may represent a PON2 alloform, in
accordance with the two mRNA splice variants [64, 71, 76]. However, its exact nature and
function have not yet been defined. Though PON2 is known to have four putative N-linked
glycosylation sites at asparagine residues [77], deglycosylation experiments indicated that
both putative alloforms are glycosylated [66]. Thus, purification of the upper band, and its
analysis (e.g. by mass spectrometry) are needed to identify its structural features and other
potential post-translational modifications. Nevertheless, neither band was detected in brain
from PON2-deficient mice [66]. Also of interest, PON1 was detected at very low levels in all
brain areas and did not show any regional brain or gender differences [66]. Such low levels
in tissue homogenates may be due to residual blood, as no PON1 could be detected in
striatal astrocytes or neurons [95]. PON3 was not detected in any brain region (either
homogenate or cells).

PON2 protein levels (by Western blot), mRNA (by gRT-PCR) and activity (by DHC
hydrolysis) were also examined in astrocytes and in neurons isolated from several brain
regions. PON2 was significantly higher in astrocytes than in neurons in all brain regions,
with the highest levels in cells isolated from the striatum. Striatal neurons and astrocytes
isolated from female mice expressed higher levels of PON2 than the same cells from male
animals. PON2 was also present in cortical microglia, at levels similar to those found in
neurons [66]. The sub-cellular distribution of the PON2 protein was assessed in cerebellar
granule neurons and cerebellar astrocytes, and found to be similar in astrocytes and neurons.
Differences were found in the localization of the 43 kDa lower band (the putative PON2)
and the upper 55 kDa band (the putative PON2 alternate alloform). In both cell types, the
highest levels of 43 kDa PON2 were found in mitochondria, followed by membranes
(microsomes), in agreement with previous observations in HeLa cells [70]. PON2 was not
detected in the cytosolic, nuclear, or cytoskeletal fractions. In contrast, the upper band PON2
alloform was expressed at highest levels in the nucleus and the cytoskeleton, neither of
which contained significant levels of the 43 kDa band [66].

As in other peripheral tissues, PON2 exerts a protective effect toward oxidative stress and
neuroinflammation in brain cells. The cytotoxicity of two known oxidants, H,O, and 2,3-
dimethoxy-1,4-naphtoquinone (DMNQ), was investigated in cerebellar and striatal
astrocytes and neurons isolated from wild-type (PON2%/*) and PON2~~ mice. In all
instances, cells from mice lacking PON2 were more susceptible to the toxicity of both
compounds, by a factor of 5 to 11-fold [66]. The protection afforded by PON2 to neurons

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

Page 10

and astrocytes was related to its ability to scavenge reactive oxygen species (ROS) upon
exposure to oxidants. For example DMNQ (10 pM) increased ROS to ~400% of basal in
neurons from PON2~~ mice, and only 170% in the same cells from PON2** mice [66].
Levels of glutathione (GSH), which represents the main cellular defense factor against
oxidative stress, did not differ between cells isolated from PON27~and PON2"* mice,
suggesting that the differential susceptibility to oxidants was primarily due to the presence
or absence of PON2 [66].

3.4. Gender differences in PON2 expression

The higher levels of PON2 in tissues, including the brain, from female mice may be related
to a positive modulatory effect by estrogens. In striatal astrocytes from male mice, 17p-
estradiol caused a time- and concentration-dependent increase in the levels of PON2 protein;
a 12-24 h exposure with 200 nM estradiol increased PON2 expression to the levels found in
female striatal astrocytes [94]. Interestingly, in female astrocytes, estradiol could further
increase PON2 expression, by a factor of about 2.5-fold. The estradiol effect was due to
transcriptional activation of the PONZ2 gene, and was mediated by activation of estrogen
receptor-alpha [94]. In ovariectomized mice, PON2 levels (protein and mRNA) were
significantly reduced in striatum, cerebral cortex and liver, approaching the levels found in
male mice. Striatal astrocytes and neurons from male mice were more sensitive to H,O5 and
DMNQ-induced oxidative stress and ensuing cytotoxicity [94]. Though gender-dependent
differences in other cell defense mechanisms cannot be excluded, it is noteworthy that levels
of GSH did not differ between genders. Another important aspect is the lack of gender
difference in susceptibility in cells from PON27~ mice. Striatal astrocytes from PONZ™~
mice of either gender were highly susceptible to oxidant-induced toxicity, as expected, but
there were no significant female/male differences. In CNS cells from PON2%* male mice,
exposure to estradiol (200 nM, 24 h) provided protection toward toxicity induced by the two
oxidants. This is not surprising, as neuroprotective actions of estrogens are well known
[100-103]. However, the protective effect of estradiol was absent in cells from PONZ™~
mice, suggesting that a major mechanism of estrogen neuroprotection may be represented by
induction of PON2 [94]. The functional consequences of a higher expression of PON2 in
females may have several ramifications. First, similar gender differences were also found in
rats, humans [94], and non-human primates[93]. With regard to neurodegenerative diseases,
the role of oxidative stress in the etiopathology of Parkinson’s disease (PD) is well
established [104]; of note is that the incidence of PD is 90% higher in males [105, 106].
Even though dopaminergic areas (striatum, substantia nigra, and nucleus accumbens) have
the highest levels of PON2 in both genders, levels in females are still 2- to 3-fold higher than
in males [66, 94, 95]. Lower PONZ2 levels in dopaminergic neurons in males may thus
provide fewer defenses against oxidative stress. In this regard, of much interest are the recent
findings that activation of dopamine D2 receptors in the kidney positively modulates PON2
expression, leading to a decrease in ROS production [107]. In the CNS, the highest levels of
dopamine D2 receptors are found in the striatum, nucleus accumbens, substantia nigra and
olfactory tubercle [108], areas that also have the highest level of PON2 expression [66]
(Giordano et al., unpublished results). If a similar mechanism as observed in kidneys also
occurs in the CNS, the loss of dopamine associated with PD would lead to decreased PON2
levels, thus fostering a spiral of events further aggravating neurodegeneration. Furthermore,
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as PON2 is expressed in most tissues, and levels appear to be higher in females in each
tissue examined [66], the reported higher sensitivity of males to oxidative stress in heart, the
higher susceptibility of males to atherosclerosis and to infections, may all be related to a
differential expression of PON2 [109-112].

3.5. Modulation of PON2

4. PON3

While there is a substantial amount of work on the modulation of PON1, which has been
summarized in several reviews [113-115], more limited research has been carried out on
PON2. In macrophages, PON2 expression is increased by oxidative stress [67], and in
vascular cells by endoplasmic reticulum stress modulated via an endoplasmic reticulum
stress element-like sequence found to be present in the promoter region of PON2[71].
Arachidonic acid [116], unesterified cholesterol [117], the licorice phytoestrogen glabidrin
[118], and the hypocholesterolemic drug atorvastatin [119] also upregulate PON2 expression
in various cell types. Urokinase plasminogen activator upregulates PON2 in macrophages
via NADPH oxidase and the transcription factor SREBP-2 [120, 121], while in mouse
fibroblasts dexamethasone increases PON2 mRNA levels [122]. In one study, pomegranate
juice was found to increase PON2 in macrophages [123], while quercetin was reported to
increase PON2 mRNA and protein in macrophages /n vitro [124]. The latter was confirmed
in mouse astrocytes [95]. Extracts of Yerba mate (//ex paraguariensis) have been reported to
increase PON2 mRNA and lactonase activity in macrophages /n vitro and after in vivo
administration to healthy women [125].

PONS3 is a 40-kDa glycoprotein mainly synthesized by the liver and at lower levels by the
kidney. Like PON1, PON3 is found in circulation tightly bound to HDLs [126, 127], with
PONS3 protein also identified in multiple mouse tissues [5]. In addition, PON3 expression
has been described in endoplasmic reticulum of intestinal cells [128] and more recently in
mitochondria of selected tissues [129, 130].

4.1. PON3 activity and polymorphisms

PON3 was the last member of the PON family of proteins to be described [2] and is the least
characterized. Like PON2, PON3 cannot hydrolyze OPs [72], but it retains lipo-lactonase
and N-acyl homoserine lactone activities. The activity of PON3 has been reported to be
calcium-dependent, like PON1 [131]. Interestingly, PON3 has a higher catalytic activity for
statin lactones than PONL1 [73, 127]. It is for this reason that statin lactones (such as
lovastatin, spironolactone and canrenone) are commonly used to monitor PON3 activity.
There are very few studies on polymorphisms in the PON3 gene. In a study with healthy
subjects from southern Italy, the authors identified 3 silent (G51G, G73G, G99G) and 2
missense (S311T, G324D) variants in the exons 111, 1V and 1X of PON3[132]. These SNVs
exhibited very low frequency in comparison with the frequency of PONI and PONZ coding
region SNVs. The effects of these missense variants on PON3 activity have yet to be
evaluated. The same polymorphisms were studied in children with diagnosed inflammatory
bowel disease, but no relationship between the PON3 genetic variants and disease was
observed [133]. Haplotype associations between several SNVs in the PON gene cluster and
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AD were reported in a cohort of Caucasian and African Americans [134], suggesting a
possible important role of PONs in AD that has not been ascertained to date. More recently,
six PON3 promoter SNVs in linkage disequilibrium were significantly associated with
changes in serum PON3 concentration in a healthy Mediterranean cohort [135]. The same
authors studied these six SNVs in human immunodeficiency virus (HIV)-infected patients
[136] and in coronary artery disease and peripheral artery disease patients [137]. However,
no differences were found in these PON3gene promoter SNVs and their haplotypes between
patients and controls, suggesting that PON3 genotype neither influences serum PON3
concentration nor the course of these human diseases.

4.2. Physiological function of PON3

The physiological function of PON3 is less clear as this PON member has been poorly
investigated. PON3 seems to be more potent than PONL1 in protecting LDL from oxidative
modification /n vitro, although PON3 concentration in serum is about 2 orders of magnitude
lower than PON1 [127]. In addition, unlike PON1, liver PON3 expression is not affected by
oxidized phospholipids (HepG2 cells) or a high-fat diet (mouse liver) [126].

Circulating PON3 has been studied in a variety of human oxidative stress-related diseases
with the objective to explore if disease states are associated with changes in the levels of
PON3 concentration, as seen with PON1. Indeed, a significant increase of PON3
concentration has been reported in chronic liver disease [138], HIV-infection [136], and
coronary and peripheral artery disease [137]. However, a more recent study in patients with
autoimmune disease (systemic lupus erythematosus and type 1 diabetes) has shown
significant depletion of PON3 protein in HDLs of patients with autoimmune disease and
subclinical atherosclerosis [139]. Of note is that the technique used to measure PON3 in
these studies is different (in-house serum ELISA [135] in the first studies vs. HDL LC-
MS/MS in the latter study). Interestingly, in the HIV study, the authors also studied possible
changes in the distribution of PON3 in lipoproteins with disease. Lipoproteins were
fractionated by FPLC. They found that in non-infected participants, PON3 was exclusively
detected in HDLs, while in HIV-infected subjects a substantial amount of PON3 was
measured in the smallest HDL and LDL particles [136]. The HDLs measured in patients
with autoimmune disease with and without subclinical atherosclerosis were separated by
ultracentrifugation, and presence of PON3 in LDLs was not studied [139]. All in all, PON3
may be a useful analytical biomarker of human oxidative-stress related diseases.

PON3 has been shown to protect murine macrophages against oxidative damage, although
cellular PONS activity is decreased under oxidative stress [67]. These early /n vitro results
suggested an atheroprotective role for PON3 /n vivo that was demonstrated in mice
overexpressing human PON3 [140]. In the first study, Shih and colleagues found that
elevated PON3 expression in human PON3transgenic mice [either wild-type or LDL
receptor knockout (LDLR™") mice on the C57BL/6J background] significantly reduced diet-
induced atherosclerotic lesions [140]. Surprisingly, this protective effect was male-specific
and not driven by HDL, as the authors could not detect PON3 activity in mouse serum.
Another striking finding from Shih and colleagues was a role for PON3 in attenuating the
development of obesity in male mice. In the study led by Ng et al., adenoviral expression of
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human PON3 protected apolipoprotein E knockout (apoE~") mice against progression of
atherosclerosis [141]. In particular, elevated levels of PON3 enhanced cholesterol efflux,
decreased LDL oxidation, and increased antioxidant properties of HDL, factors that promote
slowing down the atherosclerotic process. Furthermore, the authors demonstrated that
although human and rabbit PON3 associate with HDL [126, 127], endogenous mouse PON3
is undetectable in serum, in accordance with similar previous observations by the same
group [140, 142]. Neither mice with adenoviral human PON3 expression nor mice that did
not receive adenoviral PON3 had detectable PON3 protein in serum or HDL [141],
suggesting that PON3 remains associated with cells in mice. In fact, adenovirus-mediated
transgene expression was detected in a number of tissues, with liver showing a 2-fold
increase in PON3 lactonase activity. This observation was supported by
immunohistochemical analysis of PON3 expression in normal mouse tissues [5] and by
Pon3 mRNA expression via /n situ hybridization [143]. Both studies described PON3
expression in a wide range of mouse tissues, with much higher Pon3 mRNA expression in
newborn mice compared to adult mice [143]. It should be noted that PON3 mRNA and
protein expression in murine macrophages [67] and in specific segments of human and
mouse gastrointestinal tract [96] had already been reported. Altogether, these results suggest
that mouse PON3 may exert its anti-oxidative effect locally in a variety of epithelia and
cells.

Following up on these observations, a protective role of PON3 in obesity has recently been
confirmed /n vivoin PON3 knockout (PON37") mice [130]. In this study, the authors found
that lack of PONS3 led to alterations in bile acid metabolism, increased body weight and
increased atherosclerotic lesions compared to wild-type mice on a high fat diet. In addition,
PON3 deficiency seemed to result in impaired mitochondrial respiration and mitochondrial
superoxide levels, and increased hepatic expression of inflammatory genes. A recent study
in patients with systemic lupus erythematosus reported an inverse association between
PON3 concentration in HDLs and body mass index, supporting a role of PON3 in adiposity
[139].

PONS3 has also been related to immune-mediated enteropathies such as inflammatory bowel
disease and celiac disease. In the study by Rothem et al., the authors found that PON3 (and
PON1) mRNA expression was repressed in certain parts of the large intestine of Crohn’s
patients and non-treated celiac disease patients, and in patients with ulcerative colitis [128].
They also localized PON3 in the endoplasmic reticulum of cultured PON3-GFP transfected
HT29 and CaCo-2 cells, suggesting local synthesis and secretion of PON3 by intestinal
cells.

Despite of PON3’s beneficial role in protecting against a variety of oxidative-stress related
diseases, an unexpected finding by Schweikert and colleagues demonstrated that PON3, like
PON2, has an oncogenic role in human cancers [129]. PON3 was found to be upregulated in
various human cancer tissues, protecting those cells against mitochondrial superoxide-
mediated apoptosis. In this regard, PON2 and PON3 seem to play similar roles in cancer,
with PON3 being much more overexpressed in cancer cells than PON2. Although knocking
down PON3 from certain cancer cells did not enhance susceptibility to chemotherapeutic
drugs /n vitro, PON3 may have potential as an anti-cancer target.
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The finding that PON2 and PON3 have similar roles in cancer prompted the same research
group to study if, similar to PON2, PON3 is involved in protecting against 2 aeruginosa
infections [91]. It is known that pyocyanin, an essential virulence factor secreted by the
bacterium, causes oxidative stress (ROS) /n vivo, which results in cell damage [144], and
leads to a pro-inflammatory response resulting in interleukin-8 release [145]. Schweikert
and colleagues described that /n vitro exposure of pyocyanin to different cell lines led to
ROS production, and activation of NF-4B, the major pathway involved in inflammatory
response (via interleukin-8 release) [91]. More importantly, PON3 (and PON2)
overexpression significantly prevented pyocyanin-induced ROS production and had a
dramatic effect diminishing NF-AB-mediated inflammatory response. Furthermore, the
quorum sensing signal N-acyl homoserine lactone promoted calcium influx in cells, which
resulted in a calcium-dependent inactivation of PON2 (as previously demonstrated [76]) and
PONS3 activity. Altogether, PON3 and PON2 have important roles in the defense against 2
aeruginosavirulence, although the bacterium can inactivate PON2 and PON3 activity during
the infection.

5. PONs and drug metabolism

The paraoxonases are involved in both bioactivation and inactivation of specific drugs. A
few examples are provided here with comments on the importance of catalytic efficiency of
hydrolysis.

The first report on the contribution of A-esterases (PON1) to the activation of prodrugs was
by Tougou and colleagues [146]. In this report, the authors demonstrated that PON1 could
activate prulifloxacin (NM441), the prodrug of a carboxylic acid antibacterial agent
(NM394). Later, lactone hydrolysis by PON1 was reported for the first time with
glucocorticoid -y-lactones and cyclic carbonates [147]. These topically administered agents
were rapidly inactivated by plasma PONL1, limiting systemic side effects and improving
therapeutic indices. The lack of PON1 in the lungs, the target tissue of these drugs, made
them an ideal “antedrug” to treat diseases such as asthma. In the same year, the laboratory of
Dr. La Du described 30 lactones and cyclic carbonate esters as being hydrolyzed by PON1,
with four lactone-containing drugs (spironolactone, mevastatin, simvastatin, and lovastatin)
described as PON1 substrates [59]. However, once rabbit PON3 was purified, it was
observed that PON3 hydrolyzes statin lactones at a much higher rate than PON1, while
PON1 hydrolyzes a much broader spectrum of lactones at higher rates than PON3 [127].
Based on the homology of the three PONs, Billecke et al. speculated that PON2 and PON3
may also have lactonase activity, and that PON1s’ original activity was that of a lactonase,
with POase and AREase activities being acquired during evolution [59]. The same
laboratory further described PON1’s and PON3’s lactonizing activities of hydroxyl acids,
indicating the potential of PON1 and PON3 for metabolizing drugs and endogenous
compounds [148]. Furthermore, Khersonsky et al. [149] reported a thorough study of the
mechanism of hydrolysis of more than 50 substrates by PON1. It was concluded that the
three PONL1 activities that had been reported to date (phosphotriesterase, esterase and
lactonase) all resided in the same active site, and that PON1 was in fact a lactonase, in
agreement with previous results by La Du and colleagues. PONs 1, 2 and 3 were confirmed
as being lactonases/lactonizing enzymes, when they were expressed recombinantly with a
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baculoviral expression system [73]. The authors concluded that PONSs are lactonases with
overlapping and distinct substrate specificities, with OPs being exclusively hydrolyzed by
PONL1, bulky drug substrates (such as lovastatin and spironolactone) hydrolyzed only by
PON3, and PON2 mainly inactivating long-chain homoserine lactones.

Another example of the hydrolysis of a prodrug bioactivated by PON1 includes the anti-
hypertensive drug olmesartan medoxomil which is also metabolized by
carboxymethylenebutenolidase (CMBL) [150]. Examples of other drugs inactivated by
PONL1 to confine their site of action to target tissues include roflumilast analogs, inhibitors
of phosphodiesterases such as PDE4 which are useful in treating inflammatory or
autoimmune diseases [151].

The case of clopidogrel (an anti-platelet drug used in treating coronary artery disease,
peripheral vascular disease and cerebrovascular disease) requires special comment. In 2011,
Bouman et al. reported that PON1 was a major determinant of clopidogrel efficacy [152]. In
a letter to the editor, many members of the PON1 research community expressed their
concerns about the methodology used in their study [153]. PON1 was subsequently shown to
generate an endothiol inactive metabolite [154, 155] while the two steps required for the
bioactivation of clopidogrel to the active metabolite involve cytochromes P450.

The lesson learned from the studies of PONs in considering their roles in metabolism of
various endogenous metabolites as well as xenobiotics is that the catalytic efficiency of
hydrolysis is key in determining the physiological relevance of a given hydrolytic activity.
For example, it was thought for a half-century that PON1 would provide protection against
parathion/paraoxon. The studies by Li et al. [19] showed that while PON1 hydrolyzed PO /n
vivo, the catalytic efficiency was too low to provide protection against exposure whereas, the
catalytic efficiency of DZO and CPO hydrolysis was sufficient to protect against exposures
to these two OPs. The clopidogrel and homocysteine thiolactone studies described above
provide additional examples of the importance of assuming a physiological relevance of a
given PON in metabolism of a specific compound without solid /7 vivo data to support the
conclusion.

6. Concluding remarks and future directions

PON1 was the first member of the PON family of enzymes discovered and characterized.
Since it is a hydrophobic protein that retains its leader sequence, it was difficult to purify and
the purified PON1 would change positions to higher molecular weight bands following
purification [15]. Purification and sequencing of rabbit PON1 facilitated the isolation of the
rabbit and human PON1 cDNAs which in turn allowed for the characterization of the PON1
gene structure [156, 157]. Development of the genetically modified mouse model for three
PONs by Shih, Lusis and co-workers at UCLA [33, 84, 130] has provided an invaluable
resource for understanding the physiological roles of PON1 from modulating OP exposures
to risk of disease.
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Perhaps the most important conclusion from all of the studies reported to date is that any
epidemiological studies related to PON1 genetic variability and risk of exposure or disease
need to include measurements of PON1 activities. This point should be immediately evident
from examining Figures 1 and 2. The more activity one has, the more rapidly they are going
to metabolize endogenous or xenobiotic toxins whether insecticide metabolites or products
of oxidative stress. Figure 2 also illustrates the importance of analyzing PON1 status for
each of the PON1,g, functional genotypes (Q/Q; Q/R and R/R) separately. In addition to
these quite evident points, there is a second point that is not yet so clear, which relates to the
observation by several authors of a decrease in PON1 activity that is accompanied by an
increase in PON1 concentration in a variety of oxidative stress-related diseases. Further
research on this PON1 inactivation by oxidative stress is needed.

The earlier proposals that the thiolactonase activity of PONL1 is important for detoxifying
homocysteine thiolactone [57] and bioactivating clopidogrel [152] do not make sense in light
of the much higher activity of biphenyl hydrolase-like protein in the case of homocysteine
thiolactone [61] and the role of the cytochromes P450 in the case of clopidogrel
bioactivation [154, 155].

PON?2 is emerging as a potentially important intracellular defense mechanism against
oxidative stress, particularly given its widespread tissue distribution and mitochondrial
localization. Its identification and initial characterization in brain tissue suggest that this
enzyme may play a relevant role in determining susceptibility to oxidative stress and
neuroinflammation, and that its positive modulation may represent a novel strategy for
neuroprotection. Gender differences in PON2 expression also represent a finding of much
interest, as gender is a variable that is often ignored in toxicological and neurotoxicological
studies, though most scientists would readily acknowledge that major differences may exist
between males and females in their response to toxicants, which may be ascribed to
differences in exposure, toxicokinetics and metabolism, and to pharmacodynamic factors
[110, 158, 159]. As many adverse health outcomes in the CNS and other organs involve
oxidative stress, this finding may explain the gender-dependent differential incidence of
several diseases. The lactonase activity of PON2 and its potential anti-inflammatory actions
may also pertain to other pathological processes, providing the stimulus for numerous
investigations addressing gender effects. The protective action of PON2 toward oxidative
stress and neuroinflammation suggest that attempts aimed at increasing its levels of
expression may be useful. So far, limited research has been carried out in this area. However,
dietary or pharmacological modulation of PON2 may be of interest and may provide new
avenues for neuroprotection or explanations for known neuroprotective effects. A caveat to
this strategy is represented by the findings that in tumor cells PON2 is up-regulated, by still
unknown mechanisms [97]. Though CNS tumors have not been specifically investigated, the
finding appeared to be valid for tumors of different tissues. Given its characteristics, it is not
surprising that PON2 would thus provide resistance of these cells to apoptosis and that a
useful therapeutic strategy would be one causing a decrease of PON2 [97].

Recent studies on PON3 have demonstrated the potential anti-oxidant and anti-inflammatory
role that this less characterized member plays in a variety of human diseases, from
atherosclerosis, to metabolic syndrome, HIV infection, chronic liver disease and innate
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immunity. Of note is that the antioxidant capacity of PON3 is higher than that of PONL1. The
intriguing oncogenic role of PON3 demands further research. The functions and effects of
PON2 and PON3 seem to be very similar. Thus, it could be speculated that PON2 and PON3
act by a common antioxidant and anti-inflammatory mechanism. It should be noted that
PON2 and PONS3 have very distinct substrate specificities, with PON2 showing a dominant
lactonase activity and PON3 preferably hydrolyzing large lactones (i.e. statins) or arylesters.
A link between PON3 polymorphisms and disease has yet to be identified, which may
suggest a more important role by environmental factors in modulating PON3 activity and
expression.

In summary, it is clear that PONs 1, 2 and 3 are potent antioxidant and anti-inflammatory
enzymes. Their distinct substrate specificity and localization point out that they may have
different functions in the human body. The role of PONL1 in protecting against exposure to
specific OP compounds has been solidly confirmed with the PON1 genetically modified
mouse model systems.

Based on the value demonstrated for determining PON1 status, it will be important to
develop protocols for determining status assays for PONs 2 and 3. Such protocols would
greatly facilitate the understanding of the contribution of genetic variability of PONs 2 and 3
to disease. The ability to produce recombinant PONs may have utility in restoring function
of PONs in individuals with defective PON genes and for treating OP exposures with
recombinant engineered PON1. The initial studies on the roles of PONs 2 and 3 in
preventing apoptosis in cancer cells suggest an important future direction in understanding
and modulating these activities. The recent studies showing the gender differences in PON2
levels and the importance of PONs in protecting against oxidative stress and infectious
disease point directions for additional research. Understanding the role of gender differences
in PON2 levels and disease susceptibility to and dietary modification that may increase
PONZ2 levels and resistance to oxidative stress are important areas of future research.
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AD
Alzheimer’s disease

apoE~’~
apolipoprotein E knockout

AREase
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arylesterase

Blmh
bleomycin hydrolase

BPHL
biphenyl hydrolase-like protein

CAAD
carotid artery disease

CNS
central nervous system

CVvD
cardiovascular disease

CPO
chlorpyrifos oxon

CPS
chlorpyrifos

DHC
dihydrocoumarin

DMNQ
2,3-dimethoxy-1,4-naphtoquinone

DzO
diazoxon

DZS
diazinon

E600

diethyl p-nitrophenyl phosphate or paraoxon

EDTA
ethylenediaminetetraacetic acid

ELISA

enzyme-linked immunosorbent assay

FPLC
fast protein liquid chromatography

GSH
glutathione
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H202
hydrogen peroxide

HCTL
homocysteine thiolactone

HCTLase
homocysteine thiolactonase

HDL
high-density lipoprotein

HIV
human immunodeficiency virus

kDa
kilodalton

LC-MS/MS
liquid chromatography-tandem mass spectrometry

LDL
low-density lipoprotein

LDLR™~
low-density lipoprotein receptor knockout

MW
molecular weight

NADPH
nicotinamide adenine dinucleotide phosphate

OP
organophosphate

PD
Parkinson’s disease

PO
paraoxon

POase
paraoxonase

PON1, PON2, PON3
paraoxonase-1, -2, -3

PON1**, PON2**
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PONIand PONZ2 wild-type

PON1~/~, PON2~/-, PON3~/~
PON1, PONZ2and PON?3 knockout

PS

p

arathion

gRT-PCR

q

uantitative real-time polymerase chain reaction

ROS
reactive oxygen species

SDS
sodium dodecyl sulfate

SNV

S

ingle nucleotide variant

UCLA
University of California Los Angeles

UTR

u

References

1.

ntranslated region

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-
117. [PubMed: 13032041]

. Primo-Parmo SL, Sorenson RC, Teiber J, La Du BN. The human serum paraoxonase/arylesterase
gene (PONL1) is one member of a multigene family. Genomics. 1996; 33:498-507. [PubMed:
8661009]

. La Du BN, Furlong CE, Reiner E. Recommended nomenclature system for the paraoxonases. Chem
Biol Interact. 1999; 119-120:599-601.

. Deakin S, Leviev I, Gomaraschi M, Calabresi L, Franceschini G, James RW. Enzymatically active
paraoxonase-1 is located at the external membrane of producing cells and released by a high
affinity, saturable, desorption mechanism. J Biol Chem. 2002; 277:4301-4308. [PubMed:
11726658]

. Marsillach J, Mackness B, Mackness M, Riu F, Beltran R, Joven J, Camps J. Immunohistochemical
analysis of paraoxonases-1, 2, and 3 expression in normal mouse tissues. Free Radic Biol Med.
2008; 45:146-157. [PubMed: 18440321]

. Aldridge WN. Serum esterases. 1. An enzyme hydrolysing diethyl p-nitrophenyl phosphate (E600)
and its identity with the A-esterase of mammalian sera. Biochem J. 1953; 53:117-124. [PubMed:
13032042]

. Sorenson RC, Primo-Parmo SL, Kuo CL, Adkins S, Lockridge O, La Du BN. Reconsideration of the
catalytic center and mechanism of mammalian paraoxonase/arylesterase. Proc Natl Acad Sci U S A.
1995; 92:7187-7191. [PubMed: 7638166]

. 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; 105:12780-12784. [PubMed: 18711144]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

Page 21

9. Geldmacher-v Mallinckrodt M, Diepgen TL. The human paraoxonase-polymorphism and

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

specificity. Toxicol Environ Chem. 1988; 18:79-196.
10.

Brophy, VH., Jarvik, GP., Furlong, CE. PON1 Polymorphisms. In: Costa, LG., Furlong, CE.,
editors. Paraoxonase (PON1) in Health and Disease: Basic and Clinical Aspects. Kluwer
Academic Press; Boston: 2002. p. 53-57.

Ortigoza-Ferado J, Richter RJ, Hornung SK, Motulsky AG, Furlong CE. Paraoxon hydrolysis in
human serum mediated by a genetically variable arylesterase and albumin. Am J Hum Genet.
1984; 36:295-305. [PubMed: 6324579]

Yuknavage KL, Fenske RA, Kalman DA, Keifer MC, Furlong CE. Simulated dermal
contamination with capillary samples and field cholinesterase biomonitoring. J Toxicol Environ
Health. 1997; 51:35-55. [PubMed: 9169060]

Martinez Vidal JL, Egea Gonzalez FJ, Martinez Galera M, Castro Cano ML. Diminution of
Chlorpyrifos and Chlorpyrifos oxon in Tomatoes and Green Geans Grown In Greenhouses. J Agric
Food Chem. 1998; 46:1440-1444.

Armstrong JL, Yost MG, Fenske RA. Development of a passive air sampler to measure airborne
organophosphorus pesticides and oxygen analogs in an agricultural community. Chemosphere.
2014; 111:135-143. [PubMed: 24997910]

Furlong CE, Richter RJ, Chapline C, Crabb JW. Purification of rabbit and human serum
paraoxonase. Biochemistry. 1991; 30:10133-10140. [PubMed: 1718413]

Hassett C, Richter RJ, Humbert R, Chapline C, Crabb JW, Omiecinski CJ, Furlong CE.
Characterization of cDNA clones encoding rabbit and human serum paraoxonase: the mature
protein retains its signal sequence. Biochemistry. 1991; 30:10141-10149. [PubMed: 1657140]

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; 3:73-76. [PubMed:
8098250]

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. [PubMed: 7916578]

Li WF, Costa LG, Richter RJ, Hagen T, Shih DM, Tward A, Lusis AJ, Furlong CE. Catalytic
efficiency determines the in-vivo efficacy of PON1 for detoxifying organophosphorus compounds.
Pharmacogenetics. 2000; 10:767-779. [PubMed: 11191881]

Davies HG, Richter RJ, Keifer M, Broomfield CA, Sowalla J, Furlong CE. The effect of the human
serum paraoxonase polymorphism is reversed with diazoxon, soman and sarin. Nat Genet. 1996;
14:334-336. [PubMed: 8896566]

Brophy VH, Jampsa RL, Clendenning JB, McKinstry LA, Jarvik GP, Furlong CE. Effects of 5’
regulatory-region polymorphisms on paraoxonase-gene (PON1) expression. Am J Hum Genet.
2001; 68:1428-1436. [PubMed: 11335891]

Suehiro T, Nakamura T, Inoue M, Shiinoki T, Ikeda Y, Kumon Y, Shindo M, Tanaka H, Hashimoto
K. A polymorphism upstream from the human paraoxonase (PON1) gene and its association with
PONL1 expression. Atherosclerosis. 2000; 150:295-298. [PubMed: 10856521]

Leviev I, Kalix B, Brulhart Meynet MC, James RW. The paraoxonase PON1 promoter
polymorphism C(-107)T is associated with increased serum glucose concentrations in non-diabetic
patients. Diabetologia. 2001; 44:1177-1183. [PubMed: 11596674]

Liu ME, Liao YC, Lin RT, Wang YS, Hsi E, Lin HF, Chen KC, Juo SH. A functional
polymorphism of PON1 interferes with microRNA binding to increase the risk of ischemic stroke
and carotid atherosclerosis. Atherosclerosis. 2013; 228:161-167. [PubMed: 23497787]

Lee JA, Damianov A, Lin CH, Fontes M, Parikshak NN, Anderson ES, Geschwind DH, Black DL,
Martin KC. Cytoplasmic Rbfox1 Regulates the Expression of Synaptic and Autism-Related Genes.
Neuron. 2016; 89:113-128. [PubMed: 26687839]

Furlong, CE., Richter, RJ., Li, W-F., Brophy, VH., Carlson, C., Rieder, M., Nickerson, D., Costa,
LG., Ranchalis, J., Lusis, AJ., Shih, DM., Tward, A., Jarvik, GP. The functional consequences of
polymorphisms in the human PON1 gene. In: Mackness, MMB.Aviram, M., Paragh, G., editors.
The Paraoxonases: Their Role in Disease, Development and Xenobiotic Metabolism. Springer;
Dordrecht, The Netherlands: 2008. p. 267-281.

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

Page 22

Jarvik GP, Jampsa R, Richter RJ, Carlson CS, Rieder MJ, Nickerson DA, Furlong CE. Novel
paraoxonase (PON1) nonsense and missense mutations predicted by functional genomic assay of
PONL1 status. Pharmacogenetics. 2003; 13:291-295. [PubMed: 12724622]

Kim DS, Crosslin DR, Auer PL, Suzuki SM, Marsillach J, Burt AA, Gordon AS, Meschia JF, Nalls
MA, Worrall BB, Longstreth WT Jr, Gottesman RF, Furlong CE, Peters U, Rich SS, Nickerson
DA, Jarvik GP. NESP on behalf of the. Rare coding variation in paraoxonase-1 is associated with
ischemic stroke in the NHLBI Exome Sequencing Project. J Lipid Res. 2014; 55:1173-1178.
[PubMed: 24711634]

Main AR. The Role of A-esterase in the acute toxicity of paraoxon, TEEP and parathion. Can J
Biochem Physiol. 1956; 34:197-216. [PubMed: 13304740]

Costa LG, McDonald BE, Murphy SD, Omenn GS, Richter RJ, Motulsky AG, Furlong CE. Serum
paraoxonase and its influence on paraoxon and chlorpyrifos-oxon toxicity in rats. Toxicol Appl
Pharmacol. 1990; 103:66-76. [PubMed: 1690462]

Li WF, Costa LG, Furlong CE. Serum paraoxonase status: a major factor in determining resistance
to organophosphates. J Toxicol Environ Health. 1993; 40:337-346. [PubMed: 7693961]

Li WF, Furlong CE, Costa LG. Paraoxonase protects against chlorpyrifos toxicity in mice. Toxicol
Lett. 1995; 76:219-226. [PubMed: 7539166]

Shih DM, Gu L, Xia YR, Navab M, Li WF, Hama S, Castellani LW, Furlong CE, Costa LG,
Fogelman AM, Lusis AJ. Mice lacking serum paraoxonase are susceptible to organophosphate
toxicity and atherosclerosis. Nature. 1998; 394:284-287. [PubMed: 9685159]

Furlong CE, Richter RJ, Seidel SL, Costa LG, Motulsky AG. Spectrophotometric assays for the
enzymatic hydrolysis of the active metabolites of chlorpyrifos and parathion by plasma
paraoxonase/arylesterase. Anal Biochem. 1989; 180:242-247. [PubMed: 2479288]

Cole TB, Walter BJ, Shih DM, Tward AD, Lusis AJ, Timchalk C, Richter RJ, Costa LG, Furlong
CE. Toxicity of chlorpyrifos and chlorpyrifos oxon in a transgenic mouse model of the human
paraoxonase (PON1) Q192R polymorphism. Pharmacogenet Genomics. 2005; 15:589-598.
[PubMed: 16007003]

Cole TB, Beyer RP, Bammler TK, Park SS, Farin FM, Costa LG, Furlong CE. Repeated
developmental exposure of mice to chlorpyrifos oxon is associated with paraoxonase 1 (PON1)-
modulated effects on cerebellar gene expression. Toxicol Sci. 2011; 123:155-169. [PubMed:
21673326]

Harel M, Aharoni A, Gaidukov L, Brumshtein B, Khersonsky O, Meged R, Dvir H, Ravelli RB,
McCarthy A, Toker L, Silman I, Sussman JL, Tawfik DS. Structure and evolution of the serum
paraoxonase family of detoxifying and anti-atherosclerotic enzymes. Nat Struct Mol Biol. 2004;
11:412-419. [PubMed: 15098021]

Worek F, Seeger T, Goldsmith M, Ashani Y, Leader H, Sussman JS, Tawfik D, Thiermann H, Wille
T. Efficacy of the rePON1 mutant 11G1 to prevent cyclosarin toxicity in vivo and to detoxify
structurally different nerve agents in vitro. Arch Toxicol. 2014; 88:1257-1266. [PubMed:
24477626]

Goldsmith M, Ashani Y, Simo Y, Ben-David M, Leader H, Silman I, Sussman JL, Tawfik DS.
Evolved stereoselective hydrolases for broad-spectrum G-type nerve agent detoxification. Chem
Biol. 2012; 19:456-466. [PubMed: 22520752]

Mackness MI, Arrol S, Durrington PN. Paraoxonase prevents accumulation of lipoperoxides in
low-density lipoprotein. FEBS Lett. 1991; 286:152-154. [PubMed: 1650712]

Richter RJ, Furlong CE. Determination of paraoxonase (PON1) status requires more than
genotyping. Pharmacogenetics. 1999; 9:745-753. [PubMed: 10634137]

Richter RJ, Jarvik GP, Furlong CE. Determination of paraoxonase 1 status without the use of toxic
organophosphate substrates. Circ Cardiovasc Genet. 2008; 1:147-152. [PubMed: 20031556]
Jarvik GP, Rozek LS, Brophy VH, Hatsukami TS, Richter RJ, Schellenberg GD, Furlong CE.
Paraoxonase (PON1) phenotype is a better predictor of vascular disease than is PON1(192) or
PON1(55) genotype. Arterioscler Thromb Vasc Biol. 2000; 20:2441-2447. [PubMed: 11073850]

. Durrington PN, Mackness B, Mackness MI. Paraoxonase and atherosclerosis. Arterioscler Thromb

Vasc Biol. 2001; 21:473-480. [PubMed: 11304460]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 23

Besler C, Heinrich K, Rohrer L, Doerries C, Riwanto M, Shih DM, Chroni A, Yonekawa K, Stein
S, Schaefer N, Mueller M, Akhmedov A, Daniil G, Manes C, Templin C, Wyss C, Maier W,
Tanner FC, Matter CM, Corti R, Furlong C, Lusis AJ, von Eckardstein A, Fogelman AM, Luscher
TF, Landmesser U. Mechanisms underlying adverse effects of HDL on eNOS-activating pathways
in patients with coronary artery disease. J Clin Invest. 2011; 121:2693-2708. [PubMed: 21701070]
Parra S, Alonso-Villaverde C, Coll B, Ferre N, Marsillach J, Aragones G, Mackness M, Mackness
B, Masana L, Joven J, Camps J. Serum paraoxonase-1 activity and concentration are influenced by
human immunodeficiency virus infection. Atherosclerosis. 2007; 194:175-181. [PubMed:
16942773]

Ferre N, Marsillach J, Camps J, Mackness B, Mackness M, Riu F, Coll B, Tous M, Joven J.
Paraoxonase-1 is associated with oxidative stress, fibrosis and FAS expression in chronic liver
diseases. J Hepatol. 2006; 45:51-59. [PubMed: 16510204]

Marsillach J, Ferre N, Vila MC, Lligona A, Mackness B, Mackness M, Deulofeu R, Sola R, Pares
A, Pedro-Botet J, Joven J, Caballeria J, Camps J. Serum paraoxonase-1 in chronic alcoholics:
relationship with liver disease. Clin Biochem. 2007; 40:645-650. [PubMed: 17335791]

Ferre N, Feliu A, Garcia-Heredia A, Marsillach J, Paris N, Zaragoza-Jordana M, Mackness B,
Mackness M, Escribano J, Closa-Monasterolo R, Joven J, Camps J. Impaired paraoxonase-1 status
in obese children. Relationships with insulin resistance and metabolic syndrome. Clin Biochem.
2013; 46:1830-1836. [PubMed: 24028901]

Martinelli N, Garcia-Heredia A, Roca H, Aranda N, Arija V, Mackness B, Mackness M, Busti F,
Aragones G, Pedro-Botet J, Pedica F, Cataldo I, Marsillach J, Joven J, Girelli D, Camps J.
Paraoxonase-1 status in patients with hereditary hemochromatosis. J Lipid Res. 2013; 54:1484—
1492. [PubMed: 23471031]

Ozer EA, Pezzulo A, Shih DM, Chun C, Furlong C, Lusis AJ, Greenberg EP, Zabner J. Human and
murine paraoxonase 1 are host modulators of Pseudomonas aeruginosa quorum-sensing. FEMS
Microbiol Lett. 2005; 253:29-37. [PubMed: 16260097]

Stoltz DA, Ozer EA, Taft PJ, Barry M, Liu L, Kiss PJ, Moninger TO, Parsek MR, Zabner J.
Drosophila are protected from Pseudomonas aeruginosa lethality by transgenic expression of
paraoxonase-1. J Clin Invest. 2008; 118:3123-3131. [PubMed: 18704198]

Jakubowski H. Homocysteine is a protein amino acid in humans. Implications for homocysteine-
linked disease. J Biol Chem. 2002; 277:30425-30428. [PubMed: 12093791]

Seshadri S, Beiser A, Selhub J, Jacques PF, Rosenberg IH, D’Agostino RB, Wilson PW, Wolf PA.
Plasma homocysteine as a risk factor for dementia and Alzheimer’s disease. N Engl J Med. 2002;
346:476-483. [PubMed: 11844848]

Undas A, Perla J, Lacinski M, Trzeciak W, Kazmierski R, Jakubowski H. Autoantibodies against
N-homocysteinylated proteins in humans: implications for atherosclerosis. Stroke. 2004; 35:1299—
1304. [PubMed: 15131313]

Khodadadi S, Riazi GH, Ahmadian S, Hoveizi E, Karima O, Aryapour H. Effect of N-
homocysteinylation on physicochemical and cytotoxic properties of amyloid beta-peptide. FEBS
Lett. 2012; 586:127-131. [PubMed: 22200570]

Jakubowski H. Calcium-dependent human serum homocysteine thiolactone hydrolase. A protective
mechanism against protein N-homocysteinylation. J Biol Chem. 2000; 275:3957-3962. [PubMed:
10660550]

Zimny J, Sikora M, Guranowski A, Jakubowski H. Protective mechanisms against homocysteine
toxicity: the role of bleomycin hydrolase. J Biol Chem. 2006; 281:22485-22492. [PubMed:
16769724]

Billecke S, Draganov D, Counsell R, Stetson P, Watson C, Hsu C, La Du BN. Human serum
paraoxonase (PON1) isozymes Q and R hydrolyze lactones and cyclic carbonate esters. Drug
Metab Dispos. 2000; 28:1335-1342. [PubMed: 11038162]

La Du, BN. Historical Considerations. In: Costa, LG., Furlong, CE., editors. Paraoxonase (PON1)

in Health and Disease: Basic and Clinical Aspects. Kluwer Academic Publishers; Boston/
Dordrecht/London: 2002. p. 1-25.

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Page 24

Marsillach J, Suzuki SM, Richter RJ, McDonald MG, Rademacher PM, MacCoss MJ, Hsieh EJ,
Rettie AE, Furlong CE. Human valacyclovir hydrolase/biphenyl hydrolase-like protein is a highly
efficient homocysteine thiolactonase. PLoS One. 2014; 9:e110054. [PubMed: 25333274]

Puente XS, Lopez-Otin C. Cloning and expression analysis of a novel human serine hydrolase with
sequence similarity to prokaryotic enzymes involved in the degradation of aromatic compounds. J
Biol Chem. 1995; 270:12926-12932. [PubMed: 7759552]

Kim I, Chu XY, Kim S, Provoda CJ, Lee KD, Amidon GL. Identification of a human
valacyclovirase: biphenyl hydrolase-like protein as valacyclovir hydrolase. J Biol Chem. 2003;
278:25348-25356. [PubMed: 12732646]

Mochizuki H, Scherer SW, Xi T, Nickle DC, Majer M, Huizenga JJ, Tsui LC, Prochazka M.
Human PON2 gene at 7g21.3: cloning, multiple mRNA forms, and missense polymorphisms in the
coding sequence. Gene. 1998; 213:149-157. [PubMed: 9714608]

Ng CJ, Wadleigh DJ, Gangopadhyay A, Hama S, Grijalva VR, Navab M, Fogelman AM, Reddy
ST. Paraoxonase-2 is a ubiquitously expressed protein with antioxidant properties and is capable of
preventing cell-mediated oxidative modification of low density lipoprotein. J Biol Chem. 2001;
276:44444-44449. [PubMed: 11579088]

Giordano G, Cole TB, Furlong CE, Costa LG. Paraoxonase 2 (PON2) in the mouse central nervous
system: a neuroprotective role? Toxicol Appl Pharmacol. 2011; 256:369-378. [PubMed:
21354197]

Rosenblat M, Draganov D, Watson CE, Bisgaier CL, La Du BN, Aviram M. Mouse macrophage
paraoxonase 2 activity is increased whereas cellular paraoxonase 3 activity is decreased under
oxidative stress. Arterioscler Thromb Vasc Biol. 2003; 23:468-474. [PubMed: 12615656]

Levy E, Trudel K, Bendayan M, Seidman E, Delvin E, Elchebly M, Lavoie JC, Precourt LP, Amre
D, Sinnett D. Biological role, protein expression, subcellular localization, and oxidative stress
response of paraoxonase 2 in the intestine of humans and rats. Am J Physiol Gastrointest Liver
Physiol. 2007; 293:G1252-1261. [PubMed: 17916643]

Stoltz DA, Ozer EA, Ng CJ, Yu JM, Reddy ST, Lusis AJ, Bourquard N, Parsek MR, Zabner J, Shih
DM. Paraoxonase-2 deficiency enhances Pseudomonas aeruginosa quorum sensing in murine
tracheal epithelia. Am J Physiol Lung Cell Mol Physiol. 2007; 292:1.852-860. [PubMed:
17122353]

Devarajan A, Bourquard N, Hama S, Navab M, Grijalva VR, Morvardi S, Clarke CF, Vergnes L,
Reue K, Teiber JF, Reddy ST. Paraoxonase 2 deficiency alters mitochondrial function and
exacerbates the development of atherosclerosis. Antioxid Redox Signal. 2011; 14:341-351.
[PubMed: 20578959]

Horke S, Witte I, Wilgenbus P, Kruger M, Strand D, Forstermann U. Paraoxonase-2 reduces
oxidative stress in vascular cells and decreases endoplasmic reticulum stress-induced caspase
activation. Circulation. 2007; 115:2055-2064. [PubMed: 17404154]

Draganov DI, La Du BN. Pharmacogenetics of paraoxonases: a brief review. Naunyn
Schmiedebergs Arch Pharmacol. 2004; 369:78-88. [PubMed: 14579013]

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; 46:1239-1247. [PubMed: 15772423]

Stites DP, Siiteri PK. Steroids as immunosuppressants in pregnancy. Immunol Rev. 1983; 75:117—
138. [PubMed: 6226589]

Teiber JF, Horke S, Haines DC, Chowdhary PK, Xiao J, Kramer GL, Haley RW, Draganov DI.
Dominant role of paraoxonases in inactivation of the Pseudomonas aeruginosa quorum-sensing
signal N-(3-oxododecanoyl)-L-homoserine lactone. Infect Immun. 2008; 76:2512-2519. [PubMed:
18347034]

Horke S, Witte I, Altenhofer S, Wilgenbus P, Goldeck M, Forstermann U, Xiao J, Kramer GL,
Haines DC, Chowdhary PK, Haley RW, Teiber JF. Paraoxonase 2 is down-regulated by the
Pseudomonas aeruginosa quorumsensing signal N-(3-oxododecanoyl)-L-homoserine lactone and
attenuates oxidative stress induced by pyocyanin. Biochem J. 2010; 426:73-83. [PubMed:
19925453]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Page 25

Stoltz DA, Ozer EA, Recker TJ, Estin M, Yang X, Shih DM, Lusis AJ, Zabner J. A common
mutation in paraoxonase-2 results in impaired lactonase activity. J Biol Chem. 2009; 284:35564—
35571. [PubMed: 19840942]

Chen Q, Reis SE, Kammerer CM, McNamara DM, Holubkov R, Sharaf BL, Sopko G, Pauly DF,
Merz CN, Kamboh MI. Association between the severity of angiographic coronary artery disease
and paraoxonase gene polymorphisms in the National Heart, Lung, and Blood Institute-sponsored
Women’s Ischemia Syndrome Evaluation (WISE) study. Am J Hum Genet. 2003; 72:13-22.
[PubMed: 12454802]

Shi J, Zhang S, Tang M, Liu X, Li T, Han H, Wang Y, Guo Y, Zhao J, Li H, Ma C. Possible
association between Cys311Ser polymorphism of paraoxonase 2 gene and late-onset Alzheimer’s
disease in Chinese. Brain Res Mol Brain Res. 2004; 120:201-204. [PubMed: 14741412]
Mackness B, McElduff P, Mackness MI. The paraoxonase-2-310 polymorphism is associated with
the presence of microvascular complications in diabetes mellitus. J Intern Med. 2005; 258:363—
368. [PubMed: 16164576]

Marchegiani F, Spazzafumo L, Provinciali M, Cardelli M, Olivieri F, Franceschi C, Lattanzio F,
Antonicelli R. Paraoxonase2 C311S polymorphism and low levels of HDL contribute to a higher
mortality risk after acute myocardial infarction in elderly patients. Mol Genet Metab. 2009;
98:314-318. [PubMed: 19540141]

Li BH, Zhang LL, Yin YW, Pi Y, Yang QW, Gao CY, Fang CQ, Wang JZ, Li JC. Association
between paraoxonase 2 Ser311Cys polymorphism and ischemic stroke risk: a meta-analysis
involving 5,008 subjects. Mol Biol Rep. 2012; 39:5623-5630. [PubMed: 22183305]

Precourt LP, Seidman E, Delvin E, Amre D, Deslandres C, Dominguez M, Sinnett D, Levy E.
Comparative expression analysis reveals differences in the regulation of intestinal paraoxonase
family members. Int J Biochem Cell Biol. 2009; 41:1628-1637. [PubMed: 19401157]

Ng CJ, Bourquard N, Grijalva V, Hama S, Shih DM, Navab M, Fogelman AM, Lusis AJ, Young S,
Reddy ST. Paraoxonase-2 deficiency aggravates atherosclerosis in mice despite lower
apolipoprotein-B-containing lipoproteins: anti-atherogenic role for paraoxonase-2. J Biol Chem.
2006; 281:29491-29500. [PubMed: 16891303]

Ng CJ, Hama SY, Bourquard N, Navab M, Reddy ST. Adenovirus mediated expression of human
paraoxonase 2 protects against the development of atherosclerosis in apolipoprotein E-deficient
mice. Mol Genet Metab. 2006; 89:368-373. [PubMed: 16935014]

Rosenblat M, Coleman R, Reddy ST, Aviram M. Paraoxonase 2 attenuates macrophage triglyceride
accumulation via inhibition of diacylglycerol acyltransferase 1. J Lipid Res. 2009; 50:870-879.
[PubMed: 19091699]

Meilin E, Aviram M, Hayek T. Paraoxonase 2 (PONZ2) decreases high glucose-induced macrophage
triglycerides (TG) accumulation, via inhibition of NADPH-oxidase and DGAT1 activity: studies in
PON2-deficient mice. Atherosclerosis. 2010; 208:390-395. [PubMed: 19748094]

Higgins GC, Beart PM, Shin Y'S, Chen MJ, Cheung NS, Nagley P. Oxidative stress: emerging
mitochondrial and cellular themes and variations in neuronal injury. J Alzheimers Dis. 2010;
20(Suppl 2):5453-473. [PubMed: 20463398]

Altenhofer S, Witte |, Teiber JF, Wilgenbus P, Pautz A, Li H, Daiber A, Witan H, Clement AM,
Forstermann U, Horke S. One enzyme two functions: PON2 prevents mitochondrial superoxide
formation and apoptosis independent from its lactonase activity. J Biol Chem. 2010; 285:24398-
24403. [PubMed: 20530481]

Bourquard N, Ng CJ, Reddy ST. Impaired hepatic insulin signalling in PON2-deficient mice: a
novel role for the PON2/apoE axis on the macrophage inflammatory response. Biochem J. 2011;
436:91-100. [PubMed: 21361875]

Schweikert EM, Amort J, Wilgenbus P, Forstermann U, Teiber JF, Horke S. Paraoxonases-2 and -3
Are Important Defense Enzymes against Pseudomonas aeruginosa Virulence Factors due to Their
Anti-Oxidative and Anti-Inflammatory Properties. J Lipids. 2012; 2012:352857. [PubMed:
22570791]

Mackness B, Beltran-Debon R, Aragones G, Joven J, Camps J, Mackness M. Human tissue
distribution of paraoxonases 1 and 2 mRNA. IUBMB Life. 2010; 62:480-482. [PubMed:
20503442]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

93.

94.

95.

96.

97.

98.

99.

100

101

102.

103.

104.

105.

106.

107.

108.

109

Page 26

Garrick JM, Dao K, de Laat R, Elsworth J, Cole TB, Marsillach J, Furlong CE, Costa LG.
Developmental expression of paraoxonase 2. Chem Biol Interact. 2016; doi: 10.1016/j.cbi.
2016.04.001

Giordano G, Tait L, Furlong CE, Cole TB, Kavanagh TJ, Costa LG. Gender differences in brain
susceptibility to oxidative stress are mediated by levels of paraoxonase-2 expression. Free Radic
Biol Med. 2013; 58:98-108. [PubMed: 23376469]

Costa LG, Tait L, de Laat R, Dao K, Giordano G, Pellacani C, Cole TB, Furlong CE. Modulation
of paraoxonase 2 (PON2) in mouse brain by the polyphenol quercetin: a mechanism of
neuroprotection? Neurochem Res. 2013; 38:1809-1818. [PubMed: 23743621]

Shamir R, Hartman C, Karry R, Pavlotzky E, Eliakim R, Lachter J, Suissa A, Aviram M.
Paraoxonases (PONs) 1, 2, and 3 are expressed in human and mouse gastrointestinal tract and in
Caco-2 cell line: selective secretion of PON1 and PON2. Free Radic Biol Med. 2005; 39:336-344.
[PubMed: 15993332]

Witte I, Altenhofer S, Wilgenbus P, Amort J, Clement AM, Pautz A, Li H, Forstermann U, Horke
S. Beyond reduction of atherosclerosis: PON2 provides apoptosis resistance and stabilizes tumor
cells. Cell Death Dis. 2011; 2:e112. [PubMed: 21368884]

Horke S, Witte I, Wilgenbus P, Altenhofer S, Kruger M, Li H, Forstermann U. Protective effect of
paraoxonase-2 against endoplasmic reticulum stress-induced apoptosis is lost upon disturbance of
calcium homoeostasis. Biochem J. 2008; 416:395-405. [PubMed: 18691157]

Shiner M, Fuhrman B, Aviram M. Paraoxonase 2 (PON2) expression is upregulated via a reduced-

nicotinamide-adenine-dinucleotide-phosphate (NADPH)-oxidase-dependent mechanism during

monocytes differentiation into macrophages. Free Radic Biol Med. 2004; 37:2052-2063.

[PubMed: 15544923]

. Simpkins JW, Yi KD, Yang SH, Dykens JA. Mitochondrial mechanisms of estrogen
neuroprotection. Biochim Biophys Acta. 2010; 1800:1113-1120. [PubMed: 19931595]

. Arevalo MA, Santos-Galindo M, Bellini MJ, Azcoitia I, Garcia-Segura LM. Actions of estrogens

on glial cells: Implications for neuroprotection. Biochim Biophys Acta. 2010; 1800:1106-1112.

[PubMed: 19818384]

Azcoitia |, Santos-Galindo M, Arevalo MA, Garcia-Segura LM. Role of astroglia in the

neuroplastic and neuroprotective actions of estradiol. Eur J Neurosci. 2010; 32:1995-2002.

[PubMed: 21143654]

Arnold S, Victor MB, Beyer C. Estrogen and the regulation of mitochondrial structure and
function in the brain. J Steroid Biochem Mol Biol. 2012; 131:2-9. [PubMed: 22326731]

Surmeier DJ, Guzman JN, Sanchez-Padilla J, Schumacker PT. The role of calcium and
mitochondrial oxidant stress in the loss of substantia nigra pars compacta dopaminergic neurons
in Parkinson’s disease. Neuroscience. 2011; 198:221-231. [PubMed: 21884755]

Van Den Eeden SK, Tanner CM, Bernstein AL, Fross RD, Leimpeter A, Bloch DA, Nelson LM.
Incidence of Parkinson’s disease: variation by age, gender, and race/ethnicity. Am J Epidemiol.
2003; 157:1015-1022. [PubMed: 12777365]

Wirdefeldt K, Adami HO, Cole P, Trichopoulos D, Mandel J. Epidemiology and etiology of
Parkinson’s disease: a review of the evidence. Eur J Epidemiol. 2011; 26(Suppl 1):S1-58.
[PubMed: 21626386]

Yang Y, Zhang Y, Cuevas S, Villar VA, Escano C, Asico LD, Yu P, Grandy DK, Felder RA,
Armando I, Jose PA. Paraoxonase 2 decreases renal reactive oxygen species production, lowers
blood pressure, and mediates dopamine D2 receptor-induced inhibition of NADPH oxidase. Free
Radic Biol Med. 2012; 53:437-446. [PubMed: 22634053]

Beaulieu JM, Gainetdinov RR. The physiology, signaling, and pharmacology of dopamine
receptors. Pharmacol Rev. 2011; 63:182-217. [PubMed: 21303898]

.Wang F, He Q, Sun Y, Dai X, Yang XP. Female adult mouse cardiomyocytes are protected against

oxidative stress. Hypertension. 2010; 55:1172-1178. [PubMed: 20212261]

110. Vahter M, Gochfeld M, Casati B, Thiruchelvam M, Falk-Filippson A, Kavlock R, Marafante E,

Cory-Slechta D. Implications of gender differences for human health risk assessment and
toxicology. Environ Res. 2007; 104:70-84. [PubMed: 17098226]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Page 27

Klein SL. The effects of hormones on sex differences in infection: from genes to behavior.
Neurosci Biobehav Rev. 2000; 24:627-638. [PubMed: 10940438]

Kardys I, Vliegenthart R, Oudkerk M, Hofman A, Witteman JC. The female advantage in
cardiovascular disease: do vascular beds contribute equally? Am J Epidemiol. 2007; 166:403—
412. [PubMed: 17566064]

Costa LG, Vitalone A, Cole TB, Furlong CE. Modulation of paraoxonase (PON1) activity.
Biochem Pharmacol. 2005; 69:541-550. [PubMed: 15670573]

Costa LG, Giordano G, Furlong CE. Pharmacological and dietary modulators of paraoxonase 1
(PON1) activity and expression: the hunt goes on. Biochem Pharmacol. 2011; 81:337-344.
[PubMed: 21093416]

Camps J, Marsillach J, Joven J. Pharmacological and lifestyle factors modulating serum
paraoxonase-1 activity. Mini Rev Med Chem. 2009; 9:911-920. [PubMed: 19601886]

Rosenblat M, Volkova N, Roqueta-Rivera M, Nakamura MT, Aviram M. Increased macrophage
cholesterol biosynthesis and decreased cellular paraoxonase 2 (PON2) expression in Delta6-
desaturase knockout (6-DS KO) mice: beneficial effects of arachidonic acid. Atherosclerosis.
2010; 210:414-421. [PubMed: 20042190]

Shiner M, Fuhrman B, Aviram M. Macrophage paraoxonase 2 (PON2) expression is upregulated
by unesterified cholesterol through activation of the phosphatidylinositol 3-kinase (PI3K)
pathway. Biol Chem. 2007; 388:1353-1358. [PubMed: 18020951]

Yehuda I, Madar Z, Szuchman-Sapir A, Tamir S. Glabridin, a phytoestrogen from licorice root,
up-regulates manganese superoxide dismutase, catalase and paraoxonase 2 under glucose stress.
Phytother Res. 2011; 25:659-667. [PubMed: 21053390]

Rosenblat M, Hayek T, Hussein K, Aviram M. Decreased macrophage paraoxonase 2 expression
in patients with hypercholesterolemia is the result of their increased cellular cholesterol content:
effect of atorvastatin therapy. Arterioscler Thromb Vasc Biol. 2004; 24:175-180. [PubMed:
14592851]

Fuhrman B, Khateeb J, Shiner M, Nitzan O, Karry R, Volkova N, Aviram M. Urokinase
plasminogen activator upregulates paraoxonase 2 expression in macrophages via an NADPH
oxidase-dependent mechanism. Arterioscler Thromb Vasc Biol. 2008; 28:1361-1367. [PubMed:
18436804]

Fuhrman B, Gantman A, Khateeb J, Volkova N, Horke S, Kiyan J, Dumler I, Aviram M.
Urokinase activates macrophage PON2 gene transcription via the PI3K/ROS/MEK/SREBP-2
signalling cascade mediated by the PDGFR-beta. Cardiovasc Res. 2009; 84:145-154. [PubMed:
19497963]

Lim JA, Kim SH. Transcriptional activation of an anti-oxidant mouse Pon2 gene by
dexamethasone. BMB Rep. 2009; 42:421-426. [PubMed: 19643039]

Shiner M, Fuhrman B, Aviram M. Macrophage paraoxonase 2 (PON2) expression is up-regulated
by pomegranate juice phenolic anti-oxidants via PPAR gamma and AP-1 pathway activation.
Atherosclerosis. 2007; 195:313-321. [PubMed: 17292903]

Boesch-Saadatmandi C, Pospissil RT, Graeser AC, Canali R, Boomgaarden I, Doering F,
Wolffram S, Egert S, Mueller MJ, Rimbach G. Effect of quercetin on paraoxonase 2 levels in
RAW?264.7 macrophages and in human monocytes--role of quercetin metabolism. Int J Mol Sci.
2009; 10:4168-4177. [PubMed: 19865538]

Fernandes ES, de Machado MO, Becker AM, de Andrade F, Maraschin M, da Silva EL. Yerba
mate (Ilex paraguariensis) enhances the gene modulation and activity of paraoxonase-2: in vitro
and in vivo studies. Nutrition. 2012; 28:1157-1164. [PubMed: 22964087]

Reddy ST, Wadleigh DJ, Grijalva V, Ng C, Hama S, Gangopadhyay A, Shih DM, Lusis AJ,
Navab M, Fogelman AM. Human paraoxonase-3 is an HDL-associated enzyme with biological
activity similar to paraoxonase-1 protein but is not regulated by oxidized lipids. Arterioscler
Thromb Vasc Biol. 2001; 21:542-547. [PubMed: 11304470]

Draganov DI, Stetson PL, Watson CE, Billecke SS, La Du BN. Rabbit serum paraoxonase 3
(PON3) is a high density lipoprotein-associated lactonase and protects low density lipoprotein
against oxidation. J Biol Chem. 2000; 275:33435-33442. [PubMed: 10931838]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Page 28

Rothem L, Hartman C, Dahan A, Lachter J, Eliakim R, Shamir R. Paraoxonases are associated
with intestinal inflammatory diseases and intracellularly localized to the endoplasmic reticulum.
Free Radic Biol Med. 2007; 43:730-739. [PubMed: 17664137]

Schweikert EM, Devarajan A, Witte I, Wilgenbus P, Amort J, Forstermann U, Shabazian A,
Grijalva V, Shih DM, Farias-Eisner R, Teiber JF, Reddy ST, Horke S. PON3 is upregulated in
cancer tissues and protects against mitochondrial superoxide-mediated cell death. Cell Death
Differ. 2012; 19:1549-1560. [PubMed: 22441669]

Shih DM, Yu JM, Vergnes L, Dali-Youcef N, Champion MD, Devarajan A, Zhang P, Castellani
LW, Brindley DN, Jamey C, Auwerx J, Reddy ST, Ford DA, Reue K, Lusis AJ. PON3 knockout
mice are susceptible to obesity, gallstone formation, and atherosclerosis. FASEB J. 2015;
29:1185-1197. [PubMed: 25477283]

Lu H, Zhu J, Zang Y, Ze Y, Qin J. Cloning, purification, and refolding of human paraoxonase-3
expressed in Escherichia coli and its characterization. Protein Expr Purif. 2006; 46:92-99.
[PubMed: 16139510]

Campo S, Sardo AM, Campo GM, Avenoso A, Castaldo M, D’Ascola A, Giunta E, Calatroni A,
Saitta A. Identification of paraoxonase 3 gene (PON3) missense mutations in a population of
southern Italy. Mutat Res. 2004; 546:75-80. [PubMed: 14757195]

Sanchez R, Levy E, Seidman E, Amre D, Costea F, Sinnett D. Paraoxonase 1, 2 and 3 DNA
variants and susceptibility to childhood inflammatory bowel disease. Gut. 2006; 55:1820-1821.
[PubMed: 17124163]

Erlich PM, Lunetta KL, Cupples LA, Huyck M, Green RC, Baldwin CT, Farrer LA.
Polymorphisms in the PON gene cluster are associated with Alzheimer disease. Hum Mol Genet.
2006; 15:77-85. [PubMed: 16319130]

Aragones G, Guardiola M, Barreda M, Marsillach J, Beltran-Debon R, Rull A, Mackness B,
Mackness M, Joven J, Simo JM, Camps J. Measurement of serum PON-3 concentration: method
evaluation, reference values, and influence of genotypes in a population-based study. J Lipid Res.
2011; 52:1055-1061. [PubMed: 21335322]

Aragones G, Garcia-Heredia A, Guardiola M, Rull A, Beltran-Debon R, Marsillach J, Alonso-
Villaverde C, Mackness B, Mackness M, Pedro-Botet J, Pardo-Reche P, Joven J, Camps J. Serum
paraoxonase-3 concentration in HIV-infected patients. Evidence for a protective role against
oxidation. J Lipid Res. 2012; 53:168-174. [PubMed: 22003209]

Rull A, Garcia R, Fernandez-Sender L, Garcia-Heredia A, Aragones G, Beltran-Debon R,
Marsillach J, Alegret JM, Martin-Paredero V, Mackness B, Mackness M, Joven J, Camps J.
Serum paraoxonase-3 concentration is associated with insulin sensitivity in peripheral artery
disease and with inflammation in coronary artery disease. Atherosclerosis. 2012; 220:545-551.
[PubMed: 22153698]

Garcia-Heredia A, Marsillach J, Aragones G, Guardiola M, Rull A, Beltran-Debon R, Folch A,
Mackness B, Mackness M, Pedro-Botet J, Joven J, Camps J. Serum paraoxonase-3 concentration
is associated with the severity of hepatic impairment in patients with chronic liver disease. Clin
Biochem. 2011; 44:1320-1324. [PubMed: 21854763]

Marsillach J, Becker JO, Vaisar T, Hahn BH, Brunzell JD, Furlong CE, de Boer IH, McMahon
MA, Hoofnagle AN. Group DER. Paraoxonase-3 is depleted from the high-density lipoproteins
of autoimmune disease patients with subclinical atherosclerosis. J Proteome Res. 2015; 14:2046—
2054. [PubMed: 25723336]

Shih DM, Xia YR, Wang XP, Wang SS, Bourquard N, Fogelman AM, Lusis AJ, Reddy ST.
Decreased obesity and atherosclerosis in human paraoxonase 3 transgenic mice. Circ Res. 2007,
100:1200-1207. [PubMed: 17379834]

Ng CJ, Bourquard N, Hama SY, Shih D, Grijalva VR, Navab M, Fogelman AM, Reddy ST.
Adenovirus-mediated expression of human paraoxonase 3 protects against the progression of
atherosclerosis in apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol. 2007;
27:1368-74. [PubMed: 17446441]

Ng CJ, Shih DM, Hama SY, Villa N, Navab M, Reddy ST. The paraoxonase gene family and
atherosclerosis. Free Radic Biol Med. 2005; 38:153-163. [PubMed: 15607899]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furlong et al.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Page 29

Shih DM, Xia YR, Yu JM, Lusis AJ. Temporal and tissue-specific patterns of Pon3 expression in
mouse: in situ hybridization analysis. Adv Exp Med Biol. 2010; 660:73-87. [PubMed:
20221872]

Lau GW, Hassett DJ, Ran H, Kong F. The role of pyocyanin in Pseudomonas aeruginosa
infection. Trends Mol Med. 2004; 10:599-606. [PubMed: 15567330]

Denning GM, Wollenweber LA, Railsback MA, Cox CD, Stoll LL, Britigan BE. Pseudomonas
pyocyanin increases interleukin-8 expression by human airway epithelial cells. Infect Immun.
1998; 66:5777-5784. [PubMed: 9826354]

Tougou K, Nakamura A, Watanabe S, Okuyama Y, Morino A. Paraoxonase has a major role in the
hydrolysis of prulifloxacin (NM441), a prodrug of a new antibacterial agent. Drug Metab Dispos.
1998; 26:355-359. [PubMed: 9531524]

Biggadike K, Angell RM, Burgess CM, Farrell RM, Hancock AP, Harker AJ, Irving WR, loannou
C, Procopiou PA, Shaw RE, Solanke YE, Singh OM, Snowden MA, Stubbs RJ, Walton S,
Weston HE. Selective plasma hydrolysis of glucocorticoid gamma-lactones and cyclic carbonates
by the enzyme paraoxonase: an ideal plasma inactivation mechanism. J Med Chem. 2000; 43:19—
21. [PubMed: 10633034]

Teiber JF, Draganov DI, La Du BN. Lactonase and lactonizing activities of human serum
paraoxonase (PON1) and rabbit serum PON3. Biochem Pharmacol. 2003; 66:887-896. [PubMed:
12963475]

Khersonsky O, Tawfik DS. Structure-reactivity studies of serum paraoxonase PON1 suggest that
its native activity is lactonase. Biochemistry. 2005; 44:6371-6382. [PubMed: 15835926]

Nishimuta H, Houston JB, Galetin A. Hepatic, intestinal, renal, and plasma hydrolysis of
prodrugs in human, cynomolgus monkey, dog, and rat: implications for in vitro-in vivo
extrapolation of clearance of prodrugs. Drug Metab Dispos. 2014; 42:1522-1531. [PubMed:
24994071]

Boland S, Alen J, Bourin A, Castermans K, Boumans N, Panitti L, Vanormelingen J, Leysen D,
Defert O. Novel Roflumilast analogs as soft PDE4 inhibitors. Bioorg Med Chem Lett. 2014;
24:4594-4597. [PubMed: 25149511]

Bouman HJ, Schomig E, van Werkum JW, Velder J, Hackeng CM, Hirschhauser C, Waldmann C,
Schmalz HG, ten Berg JM, Taubert D. Paraoxonase-1 is a major determinant of clopidogrel
efficacy. Nat Med. 2011; 17:110-116. [PubMed: 21170047]

Camps J, Joven J, Mackness B, Mackness M, Tawfik D, Draganov D, Costa LG, Paragh G, Seres
I, Horke S, James R, Hernandez A, Reddy S, Shih D, Navab M, Rochu D, Aviram M.
Paraoxonase-1 and clopidogrel efficacy. Nat Med. 2011; 17:1041-1042. author reply 1042-1044.
[PubMed: 21900915]

Dansette PM, Rosi J, Bertho G, Mansuy D. Cytochromes P450 catalyze both steps of the major
pathway of clopidogrel bioactivation, whereas paraoxonase catalyzes the formation of a minor
thiol metabolite isomer. Chem Res Toxicol. 2012; 25:348-356. [PubMed: 22103858]

Dansette PM, Levent D, Hessani A, Mansuy D. Bioactivation of clopidogrel and prasugrel:
factors determining the stereochemistry of the thiol metabolite double bond. Chem Res Toxicol.
2015; 28:1338-1345. [PubMed: 25970225]

Sorenson RC, Primo-Parmo SL, Camper SA, La Du BN. The genetic mapping and gene structure
of mouse paraoxonase/arylesterase. Genomics. 1995; 30:431-438. [PubMed: 8825627]
Clendenning JB, Humbert R, Green ED, Wood C, Traver D, Furlong CE. Structural organization
of the human PON1 gene. Genomics. 1996; 35:586-589. [PubMed: 8812495]

Weiss B. Same sex, no sex, and unaware sex in neurotoxicology. Neurotoxicology. 2011; 32:509-
517. [PubMed: 20875453]

Wald C, Wu C. Biomedical research. Of mice and women: the bias in animal models. Science.
2010; 327:1571-1572. [PubMed: 20339045]

Chem Biol Interact. Author manuscript; available in PMC 2017 November 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Furlong et al.

Page 30

Highlights

. Paraoxonases are lipo-lactonases with shared and unique substrate
specificities.

. PONs are associated with a variety of human diseases and PON1 with OP
exposures.

. PONL1 activity measurement is important when assessing risk of exposure or
disease.

. Intracellular PON2 protects against oxidative stress and apoptosis.

. PON3 seems to have similar functions and shares localization with PON1 and
PON2.
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Comparison of the two protocols for determining PONI status. A, Assays using the highly

toxic OP substrates DZO and PO. B, Assays using the non-OP substrates phenyl acetate and
4-(chloromethyl)phenyl acetate (CMPA). (O) indicates PONIgq102; (M), PONIgRr192; (),
PONIRRr192- Reproduced with permission from Richter et al. [42].
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Figure 2.

Hydrolysis activity phenotype distributions in cases and controls stratified by PON1;g,
genotype. Reproduced with permission from Jarvik et al. [43]
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