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Abstract
The aim of this study was to characterize the expression of paraoxonase 2 (PON2) in mouse brain
and to assess its antioxidant properties. PON2 levels were highest in lung, intestine, heart and
liver, and lower in brain; in all tissues, PON2 expression was higher in female than in male mice.
PON2 knockout [PON2-/-] mice did not express any PON2, as expected. In brain, the highest
levels of PON2 were found in the substantia nigra, the nucleus accumbens and the striatum, with
lower levels in the cerebral cortex, hippocampus, cerebellum and brainstem. A similar regional
distribution of PON2 activity (measured by dihydrocoumarin hydrolysis) was also found. PON3
was not detected in any brain area, while PON1 was expressed at very low levels, and did not
show any regional difference. PON2 levels were higher in astrocytes than in neurons isolated from
all brain regions, and were highest in cells from the striatum. PON2 activity and mRNA levels
followed a similar pattern. Brain PON2 levels were highest around birth, and gradually declined.
Subcellular distribution experiments indicated that PON2 is primarily expressed in microsomes
and in mitochondria. The toxicity in neurons and astrocytes of agents known to cause oxidative
stress (DMNQ and H2O2) was higher in cells from PON2-/- mice than in the same cells from wild-
type mice, despite similar glutathione levels. These results indicate that PON2 is expressed in
brain, and that higher levels are found in dopaminergic regions such as the striatum, suggesting
that this enzyme may provide protection against oxidative stress-mediated neurotoxicity.
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Introduction
The paraoxonase (PON) multigene family consists of three members (PON1, PON2 and
PON3), whose genes share a high degree of identity, and are located adjacent to each other
on chromosome 7q21-22 in humans and on chromosome 6 in mouse (Primo-Parmo et al.,
1996). Phylogenetic analysis suggests that PON2 is the oldest PON family member, from
which PON1 and PON3 have evolved (Draganov and La Du, 2004). The name of these
enzymes derives from paraoxon, the active metabolite of the organophosphorus insecticide
parathion, which is hydrolyzed by PON1 in vitro, though not efficiently in vivo (Li et al.,
2000), and has been extended to the other two PONs, which do not have esterase activity. In
contrast, all three PONs are lactonases, displaying overlapping but distinct substrate
specificities for lactone hydrolysis (Draganov et al., 2005). All three PONs can hydrolyze 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; PON2 has the highest acyl-HCL hydrolytic activity
of the three PON isozymes (Draganov et al., 2005; Stoltz et al., 2007; Teiber et al., 2008;
Horke et al., 2010). Two common polymorphisms have been found in human PON2, an Ala/
Gly substitution at position 147, and a Ser/Cys substitution at position 311 (Primo-Parmo et
al., 1996; Mochizuki et al., 1998). The PON2 Ser311Cys polymorphism has been shown to
affect lactonase activity, with PON2 Cys311 displaying lower activity (Stoltz et al., 2009).

PON1 and PON3 are expressed primarily in liver, and their protein products are associated
with high-density lipoproteins in plasma, though more recent data suggest a wider
expression pattern (Marsillach et al., 2008). In contrast, PON2 is a ubiquitously expressed
intracellular enzyme, but is not present in plasma (Mochizuki et al., 1998; Ng et al., 2001;
Marsillach et al., 2008). 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 (Mochizuki et al., 1998; Ng et al., 2001;
Rosenblatt et al., 2003; Levy et al., 2007; Stoltz et al., 2007; Marsillach et al., 2008;
Precourt et al., 2009). More limited information exists on PON2 expression in the nervous
system. PON2 mRNA has been found in mouse and human brain (Primo-Parmo et al., 1996;
Mochizuki et al., 1998; Ng et al., 2006), and PON2 protein has been detected in mouse brain
(Ng et al., 2006; Marsillach et al., 2008).

In several tissues, PON2 has been shown to exert an antioxidant effect (Ng et al., 2001).
PON2 antagonizes oxidative stress induced by various sources in the intestine of humans
and rats (Levy et al., 2007), in human vascular endothelial cells (Horke et al., 2007), in lung
epithelial carcinoma cells (Horke et al., 2010), in Caco-2/15 cells (Precourt et al., 2009), and
in mouse macrophages (Rosenblat et al., 2003). Given that neurotoxicity and
neurodegenerative disorders are often associated with increased oxidative stress (Reynolds
et al., 2007; Sayre et al., 2008), a better understanding of the expression and function of
PON2 in brain tissue seemed warranted.

Materials and Methods
Materials

Neurobasal-A medium, DMEM medium, fetal bovine serum (FBS), Hank's balanced salt
solution (HBSS), GlutaMAX, gentamycin, and SuperScript® III First-Strand Synthesis
System were from Invitrogen (Carlsbad, CA). TaqMan Gene Expression Master Mix was
from Applied Biosystems Inc. (Foster City, CA). Anti PON2, PON1, PON3 antibodies were
from Abcam (Cambridge, MA, USA). Dimethylsulfoxide (DMSO), hydrogen peroxide
(H2O2), 2,3-dimethoxy-1,4-naphthoquinone (DMNQ), mouse anti-β-actin antibody, reduced
glutathione, 5-sulfosalicylic acid, naphthalene dicarboxaldehyde, dihydrocoumarin (3,4-
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dihydro-2H,1-benzopyran-2-one), and 3-(4,5-dimethyltiazol-2-yl)-2,5 diphenyltetrazolium
bromide (MTT) were from Sigma-Aldrich (St. Louis, MO).

Animals
PON2 wild-type (PON2+/+) and knockout (PON2-/-) mice, kindly provided by Drs. A.J.
Lusis, D.M. Shih and S. Reddy (UCLA) were used in this study. PON2-/- mice were
generated using the embryonic stem cell line XE661 (strain 129/Ola) and a gene-trap vector,
as described in detail elsewhere (Ng et al., 2006). After germ line transmission, backcrossing
was performed with C57BL/6J mice for six generations. Control mice were wild-type
littermates. Genotyping of mice was done as described by Ng et al., (2006). For
developmental studies, mice were sacrificed at gestational day (GD) 20, and at postnatal
days (PND) 1, 7, 14, 21, 30 and 60. Mice were housed in a specific pathogen-free facility
with ad libitum access to food and water and a 12-h light cycle. All procedures for animal
use were in accordance with the National Institute of Health Guide for the Use and Care of
Laboratory Animals, and were approved by the University of Washington Institutional
Animal Care and Use Committee.

Primary cell cultures
Primary astrocytes from all brain regions were obtained from PND 0.5 mice, except for
cerebellar astrocytes, which were obtained from PND 7 mice, as previously described
(Giordano et al., 2008). Briefly, brain regions were dissected, mechanically dissociated and
incubated with trypsin, followed by trituration, repeated washing, and filtering. After
counting, cells were plated at a density of 107 cells per flask in 75 cm2 tissue culture flasks
pre-coated with poly-D-lysine and grown in DMEM containing 10% (v/v) FBS, 100 U/ml
penicillin and 100 μg/ml streptomycin at 37°C in 5% CO2 / 95% (v/v) air. After 10 days in
culture, cells were plated in 24-well plates for the experiments at a density of 5×104

astrocytes/well. Cultures of cerebellar granule neurons (CGN) were prepared from 7 day-old
mice, as described by Giordano et al., (2006; 2008). Neurons were grown for 10-12 days
before treatments. Neurons from other brain regions were prepared from PND 0.5 mice, as
described by Giordano et al., (2008). Briefly, brain regions were collected in HBSS medium
containing 0.02% (w/v) bovine serum albumin (BSA) and 10 mM HEPES. Tissues were
digested for 25 min in HBSS containing papain (1 mg/ml) and DNAse 40 μg/ml) and
centrifuged at 300 × g (max g-force is always indicated) for 5 min at room temperature. The
supernatant (containing papain) was removed and the pellet was gently triturated in
Neurobasal A Medium supplemented with B27, using a Pasteur pipette to dissociate larger
aggregates. Cells were centrifuged at 200 × g at 4°C for 10 min and the cell pellet was
gently resuspended. Neurons were then counted, seeded on poly-D-lysine coated 48-well
plates at a density of 5 × 104 / cm2, and cultured in neurobasal medium supplemented with
B27 (minus AO). Neurons were cultured 8 days before experiments. Microglia were isolated
from the cortical astrocyte cultures by shaking the flasks, collecting the medium and
spinning at 300 × g at 4°C for seven minutes. Cells were resuspended in a medium
containing: DMEM-F12 (Invitrogen), 1% (v/v) G5 supplement (Invitrogen), and 0.1% (w/v)
BSA, and plated on PDL-coated 24-well plates. After 3 days incubation, cells were collected
and used for analysis. Cultures were determined to be at least 95% pure microglia by
determining the number of β-III tubulin-positive neurons and GFAP-positive astrocytes
relative to Iba-1-positive microglia (Klintworth et al., 2009).

Western blots
Immunoblots were carried out as described by Giordano et al., (2006). Twentyfive μg of
protein were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
immunoblotted using antibodies against PON1, PON2, PON3 and β-actin. After
electrophoresis, proteins were transferred to polyvinylidene difluoride membranes that were

Giordano et al. Page 3

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incubated with antibodies using the following dilutions: 1:250 (for PON1, PON2, and
PON3), and 1:1500 (for β-actin). After the transfer the blots were rinsed in Tris-buffered
saline (pH=7.5) and incubated with horseradish peroxidase-conjugated anti-rabbit secondary
antibody at the appropriate dilution of 1:750 (for PON2 and PON3), or incubated with
horseradish peroxidase-conjugated anti-mouse secondary antibody at the dilutions of 1:2500
for β-actin, or 1:750 (for PON1). Band intensity was measured by densitometry, and the
intensity of the bands was normalized to β-actin content.

Deglycosylation of PON2 with Peptide-N-glycosidase F
Peptide-N-glycosidase F (PNGase F) (Biolabs) digestion was performed as described by
Marsillach et al. (2010) and Stoltz et al. (2009), and according to the manufacturer's
directions. This enzyme releases asparagine-linked oligosaccharides from glycoproteins by
hydrolyzing the amide group of the asparagine side chain. Briefly, cell lysates were
collected in lysis buffer (50 mM Tris HCl, pH 7.5 (at 18°C), 138 mM NaCl, 5 mM EDTA, 1
mM EGTA, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin and
aprotinin), and incubated with PNGase F (5 units) for 1 or 4 h at 37 °C. The reaction was
stopped by adding SDS buffer and incubating at 100 °C for 5 min. Deglycosylation was then
assessed with SDS-PAGE followed by immunoblot.

RT-PCR
Reverse transcription was performed according to the manufacturer's established protocol
using total RNA and the SuperScript® III First-Strand Synthesis System. For gene
expression measurements, 4 μL of cDNA were included in a PCR reaction (25 μL final
volume) that also consisted of the appropriate forward (FP) and reverse (RP) primers at 360
nM each, 80 nM TaqMan probe, and TaqMan Gene Expression Master Mix. The PCR
primers and the dual-labeled probes [6-carboxyfluorescein (FAM) and 6-carboxy-
tetramethyl-rhodamine (TAMRA)] for all genes were designed using ABI Primer Express v.
1.5 software (Applied Biosystems Inc., Foster City, CA). Amplification and detection of
PCR amplicons were performed with the ABI PRISM 7900 system (Applied Biosystems
Inc., Foster City, CA) with the following PCR reaction profile: 1 cycle of 95°C for 10 min,
40 cycles of 95°C for 30 sec and 62°C for 1 min. β-actin amplification plots derived from
serial dilutions of an established reference sample were used to create a linear regression
formula in order to calculate expression levels, and β-actin gene expression levels were
utilized as an internal control to normalize the data.

PON2 activity assay
PON2 activity was measured as described by Rosenblatt et al., (2003). Briefly, tissues and
primary cells were washed and resuspended in Tris buffer containing 25 mM Tris/HCL, pH
7.6 at 18°C / 1 mM CaCl2. The homogenates were sonicated twice for 10 seconds on ice. An
aliquot was saved to measure protein concentration. Enzyme activities were measured using
200 to 300 μg of protein per mL assay mixture. The lactonase activity was measured
kinetically using dihydrocoumarin (DHC) as substrate, by monitoring the absorbance at 270
nm in a SpectraMax 190 microplate reader (Molecular Devices, Sunnyvale, CA).

Cytotoxicity assay
Cell viability was quantified colorimetrically using the metabolic dye MTT, as previously
described (Giordano et al., 2006; Huang et al., 2010). Cells in 24-well plates were treated
with either H2O2 (1-10 μM) or DMNQ (1-50 μM), dissolved in distilled water and DMSO,
respectively, for 24 h at 37°C. At the end of exposure, medium was removed and cells were
incubated with 500 μl/well of Locke's buffer solution containing 4 μg/ml MTT for 30 min.
MTT was removed and the reaction product was dissolved in 0.25 ml DMSO/well. The
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absorbance was read at 570 nm in a SpectraMax 190 microplate reader, and results
expressed as percentage of viable cells relative to controls. Values of IC50 were determined
from concentration-response curves using 4-5 concentrations of each compound.

Subcellular fractionation
Subcellular fractionation of cerebellar granule neurons and of cerebellar astrocytes was
performed as described by Cox and Emili, (2006), with some modifications (Huang et al.,
2010), to isolate the following fractions: cytosol, nucleus, mitochondria, microsomes
(representing endoplasmic reticulum, Golgi, intracellular vesicles and plasma membrane),
and cytoskeleton. Briefly, cells were collected and homogenized as described by Darte and
Beaufay, (1983) in ice-cold lysis buffer containing 250 mM sucrose, 50 mM Tris–HCl (pH
7.4, 18°C), 5 mM MgCl2, 1 mM DDT and 1 mM PMSF, using a tight fitting Teflon pestle,
and then disrupted by ten slow passages through a syringe needle (16G × 0.5 cm). After
centrifugation at 800 × g at 4°C for 15 min, the supernatant was removed and saved, and the
pellet was resuspended for another series of five passages through the needle. The whole
process was repeated until a total of 30 passages were reached. The supernatants (crude
cytoplasmic fraction) were pooled, and served as source for cytosol, mitochondria and
microsomes. The pellet, which contained the nuclei and cytoskeletal fraction, was re-
homogenized in buffer containing 1% (v/v) Nonidet P-40, as described by van den Bos et
al., (1996) and Ramsby and Makowski, (1999). The insoluble pellet was denoted as
“cytoskeletal fraction”, resuspended in buffer containing 1% (v/v) SDS, and stored at -80°C
until further analysis. The supernatant was saved as the nuclear fraction. Mitochondria were
isolated from the crude cytoplasmic fraction by bench-top centrifugation at 6000 × g at 4°C
for 15 min. The mitochondrial pellet was washed and pelleted twice in lysis buffer. The
cytosolic fraction was obtained after removal of the microsomal fraction by
ultracentrifugation at 100,000 × g at 4°C in for 1 h.

Assay of reactive oxygen species (ROS) formation
ROS formation was determined by fluorescence using 2′,7′-dichlorofluorescein diacetate
(DCFH2-DA), as previously described (Giordano et al., 2006; Huang et al., 2010). DCFH2-
DA is readily taken up by cells and is subsequently de-esterified to DCFH2, which can be
oxidized to dichlorofluorescein (DCF) by hydrogen peroxide, peroxynitrite, and other ROS
or reactive nitrogen species. Cells were first washed with Locke's solution and then
preincubated for 30 min at 37°C with DCFH2-DA (50 nmol/mg cell protein) in Locke's
solution. DCFH2 was added from a stock solution prepared in DMSO which was also added
to the blank. Cells were then washed with Locke's solution to remove extracellular DCFH2-
DA before treatments with H2O2 or DMNQ. After treatments (at 37°C), cells were washed
twice with Locke's buffer and lysed with 0.1 M KH2PO4 and 0.5% (v/v) Triton X-100, pH
7.2 for 5 min. Cell lysates were then scraped from the dishes, and the supernatant was
collected. The fluorescence (λEX = 488 nm and λEM = 525 nm) was read immediately, using
a SpectraMax 190 spectrophotometric plate reader. ROS formation was expressed as the
amount of fluorescence per mg of protein measured using the bicinchoninic acid protein
assay kit.

Measurement of glutathione levels
Total intracellular GSH levels were measured as described by Giordano et al., (2006).
Briefly, cells were homogenized in Locke's buffer and an aliquot was taken to measure
protein concentration by the bicinchoninic acid method. A second aliquot was diluted (1:1)
in 10% (w/v) 5-sulfosalicylic acid (SSA), centrifuged at 13,000 × g for 5 min at 4°C, and the
supernatant was used for GSH determination. Aliquots from the SSA fraction were added to
a black flat-bottomed 96-well plate, and pH was adjusted to 7 with 0.2 M N-
ethylmorpholine / 0.02 M KOH. Oxidized glutathione was reduced by adding 10 μl of 10
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mM tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP) for 15 min at room temperature.
The pH was then adjusted to 12.5 by using 0.5 NaOH before derivatizing samples with 10
mM naphthalene dicarboxaldehyde for 30 min. Finally, samples were analyzed on a
spectrofluorometric plate reader (λEX = 472 and λEM = 528 nm). After incubation, the total
amount of GSH in the sample was expressed as nanomoles per mg of protein, determined
from a standard curve obtained by plotting known amounts of GSH incubated in the same
experimental conditions versus fluorescence.

Statistical analysis
Data are expressed as the mean ± S.D. of at least three independent experiments. Statistical
analysis was performed using one-way or two-way ANOVA followed by a Bonferroni test
for multiple comparisons.

Results
PON2 expression in mouse tissues

PON2 protein was identified in several mouse tissues by Western blot (Fig. 1A,B). Highest
levels were found in lung and small intestine, followed by heart and liver, while lower levels
were present in testis, kidney and brain. Interestingly, PON2 expression in tissues from
female mice was always significantly higher than in male animals (Fig. 1A,B). In brain, and
to a lesser extent in kidneys and testis, but not in other tissues, the PON2 antibody
recognized two bands, the lower at MW ∼43 kDa, which corresponds to the reported MW of
PON2. The upper band (MW ∼53 kDa) had been found at times by other investigators (see
Discussion), and may represent a PON2 isoform. As expected, no PON2 (either of the two
bands) was detected in brain or liver from PON2-deficient (PON2-/-) mice (Fig. 1C).

PON2 expression in brain regions
PON2 expression was then examined in several brain regions by Western blot (Fig. 2A,B).
The highest levels of PON2 were found in the nucleus accumbens, the substantia nigra and
the striatum, with lower levels in cerebral cortex, cerebellum, hippocampus and brainstem.
In every brain region, PON2 levels were higher in female mice than in male mice (Fig.
2A,B). PON1 was detected at very low levels (20- to 40-fold less than PON2) in all brain
areas, but did not show any regional or gender difference (Fig. 2A,B,C). PON3 was not
detected in whole brain (Fig. 2C), or in any brain region (not shown).

PON2 activity in brain regions
The lactonase activity of PON2 (measured by dihydrocoumarin hydrolysis) was measured in
all brain regions. As shown in Fig. 3, the activity followed the same regional distribution as
PON2 protein levels, with the highest activity in nucleus accumbens, substantia nigra and
striatum, and lower levels in other brain areas. PON2 enzymatic activity was also higher in
female than in male mice in all brain regions (Fig. 3).

PON2 expression and activity in brain cells
PON2 protein levels were then examined in astrocytes and in neurons isolated from several
brain regions (Fig. 4). PON2 levels were significantly higher in astrocytes than in neurons in
all brain regions (Fig. 4A,B). Furthermore, the highest levels of PON2 were found in cells
isolated from the striatum. PON2 was also present in cortical microglia, at levels similar to
those found in neurons (Fig. 4A,B). The activity of PON2 was measured in astrocytes and
neurons isolated from the cerebral cortex and the striatum. As shown in Fig. 4C, the highest
activity was present in astrocytes, and it was higher for both cell types in striatum than in
cerebral cortex.
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PON2 mRNA levels
PON2 mRNA levels were measured by quantitative RT-PCR in striatum and cerebellum
(Fig. 5A), as well as in astrocytes and neurons isolated from the striatum and cerebellum
(Fig. 5B). As with PON2 protein (Figs. 2, 4), the levels of PON2 mRNA were higher in
striatum than in cerebellum and higher in female than in male mice (Fig. 5A). As was the
case with PON2 protein, astrocytes had higher levels of PON2 mRNA than neurons, and
PON2 mRNA levels were higher in striatum than cerebellum in both cell types (Fig. 5B).

Developmental expression of PON2 in mouse brain
Levels of PON2 protein in the whole brain of female mice were measured by Western blot
at GD 20 and at PND 1, 7, 14, 21, 30, and 60. As shown in Fig. 6, PON2 levels were highest
before (GD 20), and shortly after (PND 1-7) birth, and gradually declined. In two-month old
female mice, PON2 levels were only 30% of the levels on PND1 (Fig. 6).

Subcellular distribution of PON2 in neurons and in astrocytes
To determine the subcellular distribution of PON2 protein, cerebellar granule neurons and
cerebellar astrocytes were fractionated according to Cox and Emily, (2006), with some
modifications (Huang et al., 2010), and PON2 levels were measured in cellular fractions
[cytosol, membranes (microsomes), nucleus, mitochondria, and cytoskeleton] by Western
blot. The subcellular distribution of PON2 was similar in astrocytes and neurons. However,
differences were found in the localization of the 43 kDa lower band (the putative PON2) and
the upper band (the putative PON2 alternate isoform). As shown in Fig. 7, in both cell types,
the highest levels of 43 kDa PON2 were found in mitochondria, followed by membranes
(microsomes). No PON2 was detected in the cytosolic, nuclear, or cytoskeletal fractions. In
contrast, the upper-band PON2 isoform was expressed at highest levels in the nucleus and
the cytoskeleton, neither of which contained significant levels of the 43 kDa band (Fig.
7A,B).

Susceptibility of cerebellar and striatal neurons and astrocytes to agents eliciting
oxidative stress

To provide an indication of whether PON2 exerts a protective effect toward oxidative stress
in brain cells, as observed in other tissues and cell types, we investigated the cytotoxicity of
two known oxidants, H2O2 and DMNQ, in cerebellar and striatal astrocytes, and in
cerebellar granule neurons and striatal neurons, isolated from wild-type (PON2+/+) and
PON2-deficient (PON-/-) mice (Table 1). In all instances, cells from PON2-/- mice were
more susceptible to the toxicity of both compounds, by a factor of 5 to 11-fold. The
differential susceptibility was higher in astrocytes than in neurons, and was higher in cells
from striatum than in those from the cerebellum, in accordance with the relative levels of
PON2 expression. The protection afforded by PON2 to neurons and astrocytes was related
to its ability to scavenge reactive oxygen species (ROS) upon exposure to oxidants. Fig. 8
shows the levels of ROS induced by either H2O2 or DMNQ in astrocytes and neurons from
striatum and cerebellum, isolated from PON2+/+ and PON2-/- mice. For both compounds, in
all cell types from both brain regions, ROS levels were significantly higher in PON-/- mice
(Fig. 8 A-H). Since glutathione (GSH) is a major determinant of cellular protection toward
oxidative stress, we also measured GSH levels in these cells. As shown in Fig. 9, GSH
levels did not differ between astrocytes and neurons isolated from striatum and cerebellum
of PON2-/- and PON2+/+ mice.
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Discussion
Results of the present study represent the first characterization on PON2 in mouse brain, and
suggest that this enzyme exerts antioxidant actions in this tissue. In agreement with previous
findings (Mochizuki et al., 1998; Ng et al., 2001; Rosenblatt et al., 2003; Levy et al., 2007;
Stoltz et al., 2007; Marsillach et al., 2008; Precourt et al., 2009) we found that PON2 is
expressed ubiquitously in mouse tissues. Highest levels were found in lung and small
intestine, followed by heart and liver, while lower levels were found in testis, kidney and
brain. A new finding is that PON2 protein levels were consistently higher, in all tissues
examined, in female mice than in male mice. This may suggest a modulatory effect of
estrogens on PON2 expression, which deserves further investigations. Of interest is that
PON2 (as the other PONs) is capable of hydrolyzing several estrogen esters (Teiber et al.,
2007). Furthermore, estrogens have been shown to increase PON1 activity both in humans
(Sutherland et al., 2001), and in cultured hepatocytes (Ahmad and Scott, 2010). However, in
the latter case, such increase was attributed to an increased stabilization of PON1 and not to
an increased expression. In preliminary experiments, we have found that exposure of mouse
striatal astrocytes to estradiol (20 μM for 24 h) caused a 70% increase in PON2 protein
levels (Tait, Giordano, Costa, unpublished observation). The potential modulation of PON2
by sex hormones warrants further investigation, which is in progress.

The antibody used to detect PON2 identified two bands in some tissues (brain, testis,
kidney), but not in others. The lower band represents a protein of ∼43 kD, which is the
reported MW for PON2. Some previous studies had identified one band for PON2 in human
macrophages, human endothelial cells, human and rat intestine, and Caco-2 cells (Ng et al.,
2001; Shiner et al., 2004; Levy et al., 2007; Precourt et al., 2009). In contrast, two bands of
PON2, with small differences in molecular weight, were found in Caco-2 cells, human and
mouse gastrointestinal tracts, mouse liver, A549 cells, human umbilical vein derived cells,
and human artery smooth muscle cells (Shamir et al., 2005; Ng et al., 2006; Horke et al.,
2007; 2010). The detection of two bands for PON2 would suggest the presence of two
isoforms of this enzyme, in accordance with the two splice variants of mRNA (Mochizuki et
al., 1998; Horke et al., 2007; 2010). Furthermore, PON2 is known to have four putative N-
linked gycosylation sites at asparagine residues (Stoltz et al. 2009). However,
deglycosylation experiments showed that both putative isoforms were glycosylated, as
indicated by a shift of both bands upon incubation with PNGase F (Fig. 10). Further studies
are needed, involving purification of the upper band, and its analysis (e.g. by mass
spectrometry), to identify its structural features and other potential post-translation
modifications. This may be of relevance, given for example the findings of the subcellular
distribution study (Fig. 7). Of note, nevertheless, is that neither band was detected in tissues
from PON2 -/- mice (Fig. 1C; Ng et al., 2006).

Regional analysis of PON2 protein expression in the CNS indicated highest levels in nucleus
accumbens, substantia nigra and striatum, three dopaminergic areas known to present high
levels of oxidative stress due to their high iron content and to dopamine metabolism (Floor,
2000; Shadrina et al., 2010). Lower levels were found in other brain regions (cerebellum,
cerebral cortex, hippocampus, brainstem), and levels in female mice were consistently
higher than those found in male animals. The pattern of PON2 lactonase activity and of
PON2 mRNA levels followed similar regional and gender profiles. Previously, PON2
mRNA levels were identified in whole brain from mice (Primo-Parmo et al., 1996; Ng et al.,
2006) and humans (Mochizuki et al., 1998; Mackness et al., 2010); however, regional
distribution had not been studied. PON1 was expressed at very low levels in brain regions
and did not show any regional or gender difference, while PON3 was not detected in any
brain area.
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Western blot analysis of PON2 in astrocytes and neurons from different brain regions
indicated that in each brain area, astrocytes displayed higher PON2 levels than neurons. This
was confirmed by measurements of PON2 activity and of PON2 mRNA levels. The higher
expression of PON2 in astrocytes is of interest, as these cells also have a higher GSH
content than neurons (Rice and Russo-Menna, 1998; Giordano et al., 2008), underlying the
importance of astrocytes in protecting the nervous system from oxidative stress. Cortical
microglial cells also expressed PON2, at levels similar to neurons. In preliminary
experiments, PON2 expression was also measured in two human cell lines, SH-SY5Y
neuroblastoma and 132-1N1 astrocytoma cells. In contrast to mouse primary cells, levels of
PON2 protein in the human cell lines were slightly higher in the neuroblastoma cells than in
the astrocytoma cells (Tait, Giordano, Costa, unpublished)

Developmental analysis showed that PON2 protein levels in whole brain were highest
before birth (GD 20) and early after birth (PND 1-7), and gradually declined with age,
reaching a plateau of about 30% of the highest level between 1 and 2 months of age. This
finding would suggest that PON2 may be relevant in early brain development to protect
brain cells from oxidative stress (Sola et al., 2007; Blomgren et al., 2007; Hayashi, 2009). A
more detailed regional study would be of interest to ascertain the expression of PON2 in
different brain regions during development. Also of interest would be investigating the
development of PON2 expression in other tissues, such as the liver, in which PON1 has been
shown to be very low at birth, and to gradually increase with age (Li et al., 1997).

Cerebellar astrocytes and cerebellar granule neurons were utilized for a cellular
subfractionation study, to determine the intracellular distribution of PON2. Some important
findings have emerged from these experiments. First, PON2 levels in both cell types were
highest in mitochondria, followed by microsomes. Second, intracellular distribution of the
two PON2 isoforms was not homogeneous, as high levels of the putative splice variant were
found in the nucleus and the cytoskeleton. In earlier studies in HeLa cells (Ng et al., 2001)
and in Caco-2 cells (Shamir et al., 2005), PON2 had been described as a plasma membrane-
associated protein, and in mouse macrophages PON2 was associated with the microsomal,
but not the cytosolic fraction (Rosenblat et al., 2003). In EA.hy cells (human umbilical vein
endothelial cells) Horke et al., (2007) found that PON2 was enriched in the nuclear
envelope, and was also present in mitochondria and the endoplasmic reticulum, a finding
later confirmed by the same investigators (Altenhofer et al., 2010). In a subsequent study in
Caco-2 cells, Rothem et al., (2007) identified the endoplasmic reticulum as the major
intracellular localization for PON2. In HeLa cells, PON2 protein was found highly-
expressed in mitochondria, specifically in the inner mitochondrial membrane (Devarajan et
al., 2010). In agreement with these findings, we found that in mouse cerebellar astrocytes
and neurons the highest levels of PON2 protein were in the mitochondria and the
microsomes. The finding that the nucleus and the cytoskeleton of both cell types expressed
high levels of the putative alternative PON2 isoform and none of the 43 kDa isoform(Fig. 7)
is still unclear, and warrants further investigation.

In several tissues, PON2 has been shown to exert an antioxidant effect (Ng et al., 2001).
PON2 has been shown to antagonize oxidative stress induced by various factors in human
and rat intestine (Levy et al., 2007), in human vascular endothelial cells (Horke et al. 2007),
in lung epithelial carcinoma cells (Horke et al., 2010), in Caco-2/15 cells (Precourt et al.,
2009), and in mouse macrophages (Rosenblatt et al., 2003). We compared the cytotoxicity
of two oxidative stress-producing agents, H2O2 and DMNQ, in striatal and cerebellar
astrocytes and neurons from wild type and from PON2-/- mice. As predicted, cells from
PON2-/- mice were more susceptible to the toxicity of these compounds, and the degree of
susceptibility was related to the relative PON2 content of wild type cells (i.e. the higher the
PON2 levels, the higher the ratio of IC50s between wild-type and PON-/- mice). These
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findings were confirmed by direct measurements of ROS. As shown in Fig. 8, both
compounds caused significantly higher levels of oxidative stress in astrocytes and neurons
from PON2-/- mice than in wild type mice. Since glutathione (GSH) is a major determinant
of cellular susceptibility to oxidative stress, we also measured GSH levels in all cell types.
As shown in Fig. 9, GSH levels were identical in cells from wild type or PON2-/- mice,
indicating that the observed differential susceptibility was due to the differential expression
of PON2.

Mitochondria are a major source of free radical related oxidative stress (Higgins et al.,
2010), and the preponderant localization of PON2 in mitochondria would support a role for
this enzyme in protecting cells from oxidative damage. A recent study in HeLa cells has
shown that PON2 binds to Coenzyme Q10 that associates with complex III in mitochondria,
and that PON2 deficiency causes mitochondrial dysfunction (Devarajan et al., 2010).
Furthermore, 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 H2O2 and peroxynitrite (Altenhofer et al., 2010).
Interestingly, the Cys311Ser mutation that influences lactonase activity (Stoltz et al., 2009)
does not appear to affect PON2's antioxidant properties, suggesting independent hydrolytic
and anti-oxidant functions (Altenhofer et al., 2010).
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Fig. 1.
PON2 protein expression in tissues from male and female mice. A. Quantification of PON2
levels in tissues (mean ± SD; n = 3). *Significantly different from male, p<0.05. B.
Representative Western blot of results shown in Fig. 1A. C. PON2 expression in liver and
brain of PON2+/+ and PON2-/- mice.
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Fig. 2.
Expression of PONs in mouse brain. A. PON2 (left) and PON1 (right) protein levels in brain
areas of male and female mice (mean ± SD; n =3). *Significantly different from male,
p<0.05. B. Representative Western blot of results shown in Fig. 2A. C. Comparison of
PON1, PON2 and PON3 expression in whole female mouse brain, showing the absence of
PON3.
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Fig. 3.
PON2 lactonase activity (measured by dihydrocoumarin hydrolysis) in brain areas of male
and female mice. Results are the mean (± SD) of three separate determinations. *
Significantly different from male mice, p<0.05.
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Fig. 4.
PON2 protein abundance and lactonase activity in astrocytes and neurons from different
mouse brain areas. A. PON2 protein levels in astrocytes and neurons from different brain
areas and in cortical microglia (mean ± SD; n=3). B. Representative Western blot of results
shown in Fig. 4A. C. PON2 lactonase activity in neurons and astrocytes from striatum and
cerebral cortex (mean ± SD; n=3). *Significantly different from neurons, p<0.05.
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Fig. 5.
PON2 mRNA levels in mouse brain. A. PON2 mRNA levels in striatum and cerebellum of
male and female mice (mean ± SD; n = 3). *Significantly different from male, p<0.05. B.
PON2 mRNA levels in striatal and cerebellar astrocytes and in striatal neurons and
cerebellar granule neurons (mean ± SD; n =3). *Significantly different from neurons,
p<0.05.
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Fig. 6.
Developmental expression of PON2 protein in female mouse brain. A. PON2 levels,
measured by Western blot on GD 20 and PND 1, 7, 14, 21, 30 and 60 (mean ± SD; n =3). B.
Representative blots of results shown in Fig. 6A.
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Fig. 7.
Distribution of PON2 protein in subcellular fractions of mouse cerebellar granule neurons
and cerebellar astrocytes. A. PON2 levels (measured by Western blot) in subcellular
fractions. Cell fractionation was carried out as described in Methods. Shown are
quantifications of the lower band, corresponding to PON2 (A), and of the upper band (B).
(mean ± SD; n = 3). C. Representative blots of results shown in Fig. 7A and 7B.
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Fig. 8.
Oxidative stress induced by H2O2 and by DMNQ in striatal and cerebellar astrocytes and in
striatal neurons and cerebellar granule neurons from PON2+/+ and PON2-/- mice. Cells were
incubated with different concentrations of each compound for 60 min and ROS levels were
measured as described in Methods. A-D. Effects on cerebellar granule neurons (A, C) and
cerebellar astrocytes (B, D). E-H. Effects on striatal neurons (E, G) and striatal astrocytes
(F, H). Results are the mean (± SD) of three separate determinations. *Significantly different
from PON2-/- mice, p<0.05.
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Fig. 9.
Levels of glutathione (GSH) in striatal and cerebellar astrocytes, striatal neurons and
cerebellar granule neurons from PON2+/+ and PON2-/- mice. Results are the mean (± SD) of
three separate determinations.
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Fig. 10.
Effect of enzymatic deglycosylation on PON2 in primary striatal astrocytes. Enzymatic
deglycosylation with PNGase F was performed as described in Methods. Note that the MW
of both bands shifted after 1 and 4 hr of PNGase incubation indicating that both native
proteins are glycosylated.

Giordano et al. Page 23

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Giordano et al. Page 24

Table 1
Toxicity of oxidants in astrocytes and neurons from PON2+/+ and PON-/- mice

Cell type PON2+/+ PON2-/- Ratio (95% CI)

IC50 (μM)

Striatal neurons

H2O2 9.6 ± 1.5 1.2 ± 0.4 8.7 (4.8-17.6)

DMNQ 12.6 ± 1.6 1.7 ± 0.3 7.6 (5.3-10.8)

Cerebellar granule neurons

H2O2 6.2 ± 1.3 1.2 ± 0.7 5.2 (2.4-19.9)

DMNQ 10.8 ± 1.8 2.3 ± 0.6 4.7 (2.9-8.4)

Striatal astrocytes

H2O2 42.0 ± 4.2 3.7 ± 0.9 11.3 (7.8-19.0)

DMNQ 47.1 ± 1.3 5.6 ± 0.4 8.4 (7.5-9.6)

Cerebellar astrocytes

H2O2 34.1 ± 1.3 4.7 ± 1.0 7.3 (5.4-11.0)

DMNQ 43.0 ± 1.4 6.1 ± 0.2 7.1 (6.6-7.6)

Cell viability was measured by the MTT assay as described in Methods. Values of IC50 (μM) were determined from concentration-response curves
using 4-5 concentrations of each compound in duplicate. Values are expressed as mean (± SD) of three separate experiments. All the IC50 values in
PON2+/+ mice were significantly different (p<0.05) from the co respective ones in PON2-/- mice (one way ANOVA and Bonferroni Multiple
Comparison Test). The 95% confidence intervals for each ratio were calculated by propagation of error for quotients. Ratios were not significantly
different from each other.
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