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Abstract
N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL) is a quorum-sensing molecule
produced by gram-negative microbial pathogens such as Pseudomonas aeruginosa (PAO1).
3OC12-HSL is involved in the regulation of bacterial virulence factors and also alters the function
of the host immune cells. Others and we have previously shown that paraoxonase 2 (PON2), a
member of the paraoxonase gene family expressed in immune cells, hydrolyzes 3OC12-HSL. In
this study, we examined i) whether macrophage PON2 participates in 3OC12-HSL hydrolysis, ii)
the effect of PON2 deficiency in acute PAO1 infection in mice and iii) the effect of 3OC12-HSL
on PON2 deficient (PON2-def) macrophages. When compared to wild type macrophages, both
intact cells and membrane-enriched protein lysates obtained from PON2-def macrophages show a
marked impairment in their ability to hydrolyze 3OC12-HSL. PON2 expression (message and
protein) is not altered in response to 3OC12-HSL in macrophages. 3OC12-HSL treated PON2-def
macrophages showed i) an increase in ER stress and oxidative stress, ii) defective
phosphatidylinositol 3-kinase (PI3 kinase)/AKT activation, and iii) reduced phagocytosis function.
Moreover, the nitration to phosphorylation ratio of Tyr458 in p85 protein, the regulatory subunit
of PI3-kinase that has been correlated with the phagocytosis function of macrophages, was
increased in PON2-def macrophages. Antioxidant treatment reversed the effects of PON2
deficiency in macrophage phagocytosis function. Furthermore, following administration of
1.6×107CFU of PAO1, bacterial clearance was significantly reduced in the lungs (5.7 fold), liver
(2.5 fold), and spleen (14.8 fold) of PON2-def mice when compared to wild type mice. Our results
suggest that PON2 plays an important role in innate immune defense against PAO1 infection.
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1. Introduction
Pseudomonas aeruginosa (PAO1) is an opportunistic pathogen that causes a wide variety of
acute infections in immune-compromised patients, as well as chronic respiratory infections
in patients suffering from cystic fibrosis, cancer, and other chronic respiratory diseases [1].
To facilitate the establishment of infection, PAO1 produces cell-associated and extracellular
virulence factors, which are regulated by quorum sensing (QS) [2]. QS is a mechanism
wherein small diffusible molecules, specifically acyl homo serine lactones (AHL), are
produced and detected by the organisms’ surrounding molecules. As the number of bacteria
increase, intracellular levels of AHLs achieve a threshold concentration, including the
activation of targeted transcriptional regulators [3]. This process is well described for the
formation of biofilm in chronic infection by PAO1 and 3OC12-HSL; a member of the AHL
family is shown to be the primary QS molecule [4]. Biofilms typically display a marked
resistance to antibiotic killing and therefore infections associated with biofilm-forming
bacteria are difficult to eradicate[5]. 3OC12-HSL is shown to induce stress signaling in
immune cells, reduce immune cell function, and improve bacterial survival. Hence,
inactivation of these molecules or its effect on host cells is a therapeutic target for PAO1
associated disease.

Paraoxonases, a family of Ca2+dependent esterases consisting of PON1, PON2 and
PON3[6], hydrolyze 3OC12-HSL[7]. The PON gene family is located on chromosome 6 in
mice and on chromosome 7 in humans [8]. In humans, PON1 mRNA expression is limited
to the lung and liver [8]. In contrast, hPON2 is ubiquitously expressed including kidney,
liver, lung, placenta, small intestine, spleen, stomach, testis, and vascular cells. In humans,
PON3 is restricted to the lung, liver, and kidney [8]. In addition, hPON1 and hPON3 are
associated with HDL in the circulatory system whereas hPON2 protein is undetectable in
HDL, LDL, or cell supernatants; it is, however, associated with intracellular membrane
fractions [9]. A property shared by all PON proteins is the capacity to hydrolyze lactones
[7]. In particular, AHLs have been identified as substrates common for all PON proteins,
with PON2 exhibiting the highest specific activity [7].

Macrophages play a central role in response to extracellular and intracellular pathogens [10].
Our previous studies have shown that PON2 is expressed in this immune effector cell and
plays an important role in macrophage function under chronic inflammatory conditions [11].
Based on this evidence, we hypothesized and tested whether PON2-def influences the innate
immune response in an acute PAO1 infection model.

2. Materials and Methods
2.1 Animals

Male PON2-def mice on the C57BL6/J background and littermate controls, 8 to 10 weeks
old, were used in all experiments. The Animal Research Committee at the University of
California, Los Angeles approved all experiments.

2.2 Membrane-Enriched Tissue and Cell Homogenates
Wild type and PON2-def mice were injected intraperitoneally with 1.5 ml of a solution
consisting of 3% thioglycollate broth. Three days later, macrophages were collected from
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the peritoneal cavity. Cells were homogenized on ice in 1 volume of 25 mM Tris, pH 7.4,
containing 1 mM CaCl2 with 10 passes on a Polytron homogenizer followed by 10 passes on
a potter-elvehjem homogenizer. Samples were centrifuged at 17,000 × g for 30 minutes at
4°C and pellets re-suspended in extraction buffer containing 25 mM Tris HCl, pH 7.4, 1 mM
CaCl2, and EDTA-free protease inhibitors (Roche, San Francisco, CA). The following day,
samples were centrifuged at 2000 × g for 5 minutes and supernatants collected and stored at
4°C.

2.3 3OC12-HSL inactivation Bioassay
Reactions were carried out at room temperature in a 50 μL volume of 25 mM Tris-HCl, pH
7.4, 1 mM CaCl2 containing 10 μg of macrophage crude membrane extracts and 0.5 μM
3OC12-HSL. Reactions were stopped with an equal volume of acetonitrile, and 0.01 mL of a
1:100 dilution was used to measure 3OC12-HSL by a quantitative bioassay using E. coli
MG4 (pKDT17) as described previously (13). 3OC12-HSL and E. coli MG4 were kindly
provided by K. Janda (The Scripps Research Institute, San Diego, CA) and E. Greenberg
(University of Iowa), respectively.

2.4 Measurement of oxidative stress, glutathione, and phagocytosis in macrophages
Peritoneal macrophages isolated from experimental animals were treated with 3OC12-HSL
as described under the corresponding figure legends. 3OC12-HSL concentrations used were
based on previous reports [12, 13]. Mitochondrial enriched fractions were isolated as
described previously[14] and superoxide assays were carried out by incubating 4 μg of
macrophage mitochondria with 5 μM dihydroethidium in a 96-well plate format at 37 °C for
60 min. The reaction was stopped by the addition of 0.6% triton and ethidium bromide/DNA
fluorescence measured (excitation at 544 nm and emission at 612 nm) using a BMG Labtech
fluorescence microplate reader [15]. 2′,7′-dichlorofluorescein (DCF) assay was used to
quantify intracellular oxidative stress as previously described [16]. Briefly, peritoneal
macrophages from wild type or PON2-def mice were cultured onto 96-well plates (5 × 104

cells/well) and loaded with 100 μM 2′,7′-dichlorodihydrofluorescein diacetate (Invitrogen,
Invitrogen-Molecular Probes, Grand Island, NY, USA) for 1 hr at 37°C. Cells were then
washed with Krebs-Ringer buffer and treated with 50 μM 3OC12-HSL in Krebs-Ringer
buffer. Fluorescence was measured at the indicated times using a fluorescence microplate
reader (Spectra Max Gemini XS, Molecular Devices) with an excitation wavelength at 485
nm and an emission wavelength at 530 nm. After treatment with 3OC12-HSL, macrophage
phagocytosis function was assayed using a kit according to the manufacturer’s protocol
(Invitrogen, Molecular probe, Grand Island, NY). Glutathione assay was performed
according to the manufacturer’s protocol (Cayman Chemical Company, Ann Arbor,
Michigan).

2.5 Analysis of gene expression
RNA was extracted using an RNeasy Plus kit (Qiagen, Valencia, CA) and cDNA
synthesized using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA). ER stress markers CHOP, GRP78 and ERO1-α expression levels were
determined by RT-PCR using an iCycler thermal cycler (Biorad, Hercules, CA).

2.6 Assessment of TNF-α Protein Levels
Protein levels of TNFα were determined using an enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
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2.7 Immunoblotting and immunoprecipitation
Macrophages were isolated from experimental groups and treated with 3OC12-HSL as
described under the figure legends. Total protein (50 ug) were resolved by 4–15% SDS-
PAGE, transferred onto nitrocellulose membranes and blocked in Tris-buffered saline with
0.1% Tween 20 (TBST) containing 5% (w/v) nonfat milk for 1 hour. The following primary
antibodies were used at the dilution indicated Anti-PON2 antibody (1:500; Genescript,
Piscataway, NJ), anti-CHOP antibody (1:250; Santa Cruz Biotechnology Inc., Santa Cruz,
CA), anti-ERO1-α antibody (Novus Biologicals, Littleton, CO), GRP78 antibodies (Santa
Cruz Biotechnology Inc., Santa Cruz, USA) at 1: 2000, Phospho-AKT (Ser473) and total
AKT antibodies were used at 1: 1000 dilution (Cell Signaling technology, Danvers, MA),
and mouse β-actin antibody was diluted at 1:5000 (Sigma Aldrich, St. Louis, MO). For the
phagocytosis experiments, macrophages were treated with 3OC12-HSL and phagocytosis
was measured (as described in the manufacturer’s protocol, Invitrogen, Molecular probe,
Grand Island, NY) for different time points as described under the figure legend. Cells were
washed with PBS buffer and lysed with lysate buffer containing 1% Triton X-100. 250μg
total cell lysates from each treatment were incubated overnight with 25μl anti-nitro-tyrosine
agarose beads (Millipore, MA). The immunoprecipitated products were washed 3 times with
PBS, resolved on SDS-PAGE gels and blotted with p85-PI3K antibodies (1: 1000 dilution;
Cell Signaling technology, Danvers, MA) or probed with nitrotyrosine antibody. Primary
antibodies were diluted in TBS containing 3% milk protein at 4°C overnight followed by
incubation with appropriate secondary antibody (1:5000) coupled to horseradish peroxidase
and proteins were illuminated using an ECL Plus Western blotting kit (GE Healthcare, UK).

2.8 Acute Systemic Infection
PAO1 strain grown to mid-logarithmic phase in Luria broth was harvested by centrifugation
at 1500 × g for 15 minutes and washed twice in pyrogen-free 0.9% NaCl. Bacteria were
suspended in 10 mL of 0.9% NaCl and the number of bacteria determined by serial dilution
in sterile isotonic saline and cultured onto Luria agar. Mice (n=9–10) were administered
roughly 1×107 colony forming units (CFU) of PAO1 into the peritoneal cavity. Mice were
sacrificed 3 hours following infection; blood and organs were collected and immediately
processed as described below.

2.9 Determination of Bacterial Outgrowth
Serial 10-fold dilutions in sterile isotonic saline were made of the homogenates and 50 μL
volumes were plated onto LB agar and incubated at 37°C. CFU were counted after 24 hours.
For cytokine measurements, tissue homogenates or serum were spun at 1,500 × g for 15
minutes at 4°C and supernatants were filtered through a 35 μm-pore-size filter (Becton
Dickinson, Lincoln Park, NJ) and frozen at −20°C until cytokine measurement.

3. Results
3.1 Quorum quenching is impaired in macrophages from PON2-def mice

Macrophages are vital immune cells that contribute to innate immune defense whose
function influences the quality, duration, and magnitude of most inflammatory reactions
[17]. PON2 is highly expressed in macrophages and has been shown to alter their activation
state [18]. Therefore, we first evaluated the capacity of membrane extracts from PON2-def
peritoneal macrophages to inactivate 3OC12-HSL. As shown in Fig.1, PON2-def membrane
lysates (Fig.1A) as well as intact macrophages (Fig.1B) are impaired in 3OC12-HSL
hydrolysis compared to wild type lysates and macrophages. PON2 mRNA (Fig.1C) and
protein levels (Fig.1D) are not affected by 3OC12-HSL in wild type macrophages.
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3.2 Bacterial clearance is impaired in PON2-def mice following acute PAO1 infections
To determine whether PON2 deficiency altered the innate immune response in an in vivo
acute systemic infection model, approximately 10-week old mice were administered
1.6×107CFU of PAO1 into their peritoneal cavity and sacrificed 3 hours post-infection.
Bacterial clearance was significantly decreased in organs collected from PON2-def mice,
relative to wild type mice. Bacterial colonization was increased by 2.5 fold in the liver, 5.7-
fold in the lungs, and 14.8 fold in the spleen of PON2-def mice. (Fig. 2A–2C).

3.3 Pro inflammatory response in PON2-def mice following PAO1 infection
To determine whether PON2 deficiency altered the proinflammatory response, we quantified
the levels of TNFα in the serum and liver of PON2-def mice following PAO1 infection. No
changes in serum TNFα protein levels were detected 3 hours post-infection (Fig. 3A).
However, a significant 3-fold increase in liver mRNA levels was observed in PON2-def
mice, relative to wild type (Fig.3B).

3.4 PON2-def macrophages have reduced phagocytosis function in response to 3OC12-
HSL

The immune defense is vital for the activation of the cellular effector functions, including
the efficient uptake, the phagocytes, and intracellular killing by means of production of
oxygen radicals. Recognition is accomplished by pattern recognition receptors, which are
selective for groups of bacterial molecules, including lipopolysaccharides, lipoteichoic acid,
or peptidoglycans. Recent study indicates that 3OC12-HSL is an “interkingdom” signaling
molecule that also interacts with mammalian cells and alters the host cell function. Since
macrophages are important for innate immune function, we asked whether 3OC12-HSL
alters the phagocyte function of macrophage, and whether PON2 modulates it. To test this,
macrophages from wild type and PON2-def mice were treated with 3OC12-HSL and their
phagocytosis function was analyzed at different time points. As seen in Fig. 4A
phagocytosis function is slightly but significantly increased in untreated PON2-def
macrophages compared to untreated wild type macrophages. However, PON2-def
macrophages show impaired phagocytosis compared to wild type macrophages at all time
points tested following 3OC12-HSL treatment (Fig. 4A).

Increases in the generation of phosphatidylinositol phosphates (PIP) within the phagocytic
cup is an early and important event of phagocytosis. It has been reported that PI3 kinase
catalyzes the production of PIPs by phosphorylating phosphatidylinositol. PI3 kinase is a
heterodimer composed of a regulatory subunit (P110) and a catalytic subunit (P85).
Phosphorylation of 85 is important for downstream effects including PIP formation. Hence
we performed immuno blotting with phospho-PI3 kinase p85 (Tyr 458). In untreated cells
there was a slight increase in the level phospho PI3 kinase in PON2-def macrophages
compared to wild type macrophages. However, following 3OC12-HSL treatment, there was
a decrease in phospho-PI3 kinase p85 in the macrophages of PON2-def mice compared to
control macrophages (Fig. 4B). Similarly, we observed decreased AKT Phosphorylation in
PON2-def macrophages upon treatment with 3OC12-HSL (Fig. 4C). The p85 subunit of PI3
kinase has been proposed as a direct target for tyrosine nitration. Hence, we examined the
nitrotyrosine level in p85 subunit using immunoprecipitation using an anti-nitrotyrosine
antibody followed by Western blotting using p85-PI3K p85 antibody or anti-nitrotyrosine
antibody. As shown in Fig 4D, 3OC12-HSL treatment significantly increased the
nitrotyrosine content of p85 (but not another nitrosylated 66 kDa protein) in PON2-def
macrophages compared to control macrophages. As seen in Fig 4E, in contrast to 3OC12-
HSL (Fig 4A) C4-HSL treatment neither induces nor inhibits the phagocytosis function in
both wild and PON2-def mice over the course of the time points tested.

Devarajan et al. Page 5

Mol Genet Metab. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5 PON2-def macrophages treated with 3OC12-HSL harbor enhanced oxidative stress
Increase in superoxide is the major source for peroxynitrite formation and eventually leads
to nitrosylation of many proteins especially targeted at the tyrosine residues. It has been
reported that 3OC12-HSL treated bone marrow derived macrophages show dramatic
morphological alterations in mitochondrial swelling and distension of the ER. These
organelles are major sources of reactive oxygen species including superoxide which damage
the organelles. In this juncture, we analyzed the role of PON2 in 3OC12-HSL mediated
macrophage oxidative stress in an ex vivo model. Macrophages from PON2-def mice show
increased mitochondrial superoxide levels under untreated condition and it was further
increased upon treatment with 3OC12-HSL in time dependent manner compared to wild type
macrophages (Fig. 5A). Similarly, total ROS was increased in the macrophages of PON2-
def mice compared to control in both untreated as well as treated conditions (Fig. 5B).
Compared to wild type macrophages, ER stress marker ERO-1α, GRP78 (Fig. 5C–D) was
significantly increased in PON2-def macrophages after treatment with 3OC12-HSL at 60 and
90 min whereas CHOP was elevated at 90 min at the gene expression level (Fig. 5E) and
protein level (Fig. 5F). In contrast to ROS, glutathione level was significantly decreased in
PON2-def mice upon 3OC12-HSL treatment, but not under untreated condition (Fig. 5G).

3.6 Antioxidants rescue the impaired phagocytosis function in PON2-def macrophages
In order to examine whether ROS/RNS, play an important role for phagocytosis function,
cells were pretreated with uric acid followed by 3OC12-HSL treatment and phagocytosis
function was analyzed. As seen in Fig. 6A–B, phagocytosis function of macrophages was
improved when the ROS levels were reduced by uric acid treatment in both wild type and
PON2-def macrophages. Similar results observed when macrophages from wild type and
PON2-def mice were pretreated with N-acetyl cysteine (data not shown)

4. Discussion
PAO1 is ubiquitously present in the environment and is known to cause nosocomial
infections. 3OC12-HSL, a quorum-sensing molecule secreted by PAO1, participates in
bacterial colonization and inhibition of host immune response. Anti-quorum-sensing
molecules are therapeutic targets for treating PAO1 associated diseases. PON2 has been
shown to inactivate 3OC12-HSL in vitro. PON2 is expressed in immune cells; however,
studies to date have only focused on the role of PON2 in atherosclerosis, neuronal disease
and type 2 diabetes [18]. In this study, we examined the role of PON2 in innate immune
response in an acute infection model. We demonstrate, for the first time, that 1) both intact
cells and membrane-enriched protein lysates obtained from PON2-def macrophages are
significantly impaired in their ability to inactivate 3OC12-HSL, 2), PAO1 is cleared
dramatically slower in PON2-def mice compared to their control littermates, 3) PON2-def
macrophages are defective in PI3 kinase/AKT activation leading to reduced phagocytosis
function following 3OC12-HSL treatment, and 4) 3OC12-HSL induced ER stress and
mitochondrial oxidative stress are elevated in PON2-def macrophages.

3OC12-HSL is a small lipid-based molecule that exhibits structural similarities to many
eukaryotic hormones. Vikstrom et al. reported that 3OC12-HSL disrupts the barrier integrity
of human epithelial Caco-2 cells [19]. A significant reorganization of actin cytoskeletons,
lower trans epithelial electrical resistance, and reduced expression and phosphorylation state
of key tight-junction proteins were demonstrated in gut epithelial cells exposed to 3OC12-
HSL [19]. It has been documented that 3OC12-HSL inhibited the expression of two specific
nucleotide receptors, P2Y2 and P2Y4, in airway epithelial cells lacking a functional cystic
fibrosis trans membrane conductance receptor (CFTR). This effect was reversed when
CFTR was expressed in an adenovirus vector [20]. Kravchenko et al. have shown that
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3OC12HSL selectively impairs the regulation of NF-kB signaling in LPS activated bone
marrow derived macrophages [21]. This impaired signaling is not a direct effect because in
the presence of 3OC12HSL, purified IKK complex and a constitutive active form of its
subunit IKK-β, neither promoted nor inhibited its kinase activity[21].

Imamura et al. reported that mucin 5AC mRNA and protein levels were increased in NCI-
H292 human lung epithelial cells exposed to 3OC12-HSL [22]; thus, studies from various
laboratories revealed that 3OC12-HSL alters host cell and tissue function. Present study
suggests that 3OC12-HSL increases mitochondrial oxidative stress, ER stress, and
inflammation in PON2-def macrophages. It has been reported that PON2 modulates the
mitochondrial oxidative stress during adverse conditions in female mice in a proatherogenic
apoE−/−/C57BL/6 background as well as in a cell culture model when treated with ER stress
inducers; tunicamycin and thapsigargin. Current study revealed that PON2-deficiency in
C57BL/6 background (apoE+/+) increases the ER stress in macrophages under 3OC12-HSL
induced condition suggesting PON2-def alone can enhance the ER stress in macrophages.
Transgenic PON3 animal model studies suggest that PON3 has protective properties for
atherosclerosis and obesity only in male mice but not in female mice[23]. Current study
together with our previous findings suggests that the anti-oxidant properties of PON2 are not
gender specific [24–26].

It has been shown that intact tracheal cells do not hydrolyze the 3OC12-HSL in contrast to
their cell lysates. Horke et al have shown that 3OC12-HSL down-regulates PON2 expression
(both mRNA and protein) in EA.hy 926 cells. The same studies revealed that decreased
expression of PON2 is at least partly mediated by increase in cytosolic Ca2+ induced by
3OC12-HSL [27]. In our study, i) a decreased expression of PON2 by 3OC12-HSL in
peritoneal macrophages is not observed, and ii) both lysate and intact cells hydrolyze the
3OC12-HSL in macrophages. The most likely explanation for these differences is that
3OC12-HSL effects are cell type specific. Supporting our results, recently, Kim et al.
reported that silencing the hPON2 in human aortic endothelial cells (HAEC) increases ROS
levels and NF-kB mediated inflammation when exposed to 3OC12-HSL and over-expression
of PON2 in HeLa cells reduces ROS levels and NF-kB mediated inflammatory genes [13].
In the same report, it was further demonstrated that both lysates and intact cells hydrolyze
3OC12-HSL in both cell types [13].

Our studies show that PON2-def mice have reduced bacterial clearance in an acute infection
model. In the current study, we have chosen the early time point since later time point
PON2-def mice die faster than wild type. Phagocytes such as neutrophils and macrophages
represent a powerful defense system against invading microorganisms. Phagocytes produce
ROS during phagocytosis or stimulation with a wide variety of agents. ROS/RNS contribute
to appropriate macrophage inflammatory activation and is also required for effective
phagocytosis and clearance of invading pathogens [28, 29]. However, phagocytosis can
actively produce more highly reactive radicals and molecules, which rapidly damage or alter
the biological macromolecules that are important for cell function. Prolonged exposure of
macrophages to ROS alters their viability and phagocytosis function [30]. Indeed, PON2-def
macrophages show modest superoxide level and are sufficient to induce the phagocytosis
and during this infection process produce more ROS. Thus, ROS/RNS generation can
further induce the generation of ROS/RNS via a mechanism proposed as “ROS/RNS
induced ROS/RNS generation”. Oxidative stress resulting from such feed-forward loops can
affect macrophage functions. Nitric oxide (NO) is a free radical that is an important
biological signaling molecule under physiological condition. However, under
pathophysiological conditions, nitric oxide alters several biological processes through the
generation of reactive nitrogen species (RNS). It has been reported that RNS modulates the
activation of PI3-kinase-Akt signaling in various pathological conditions. Our study suggest
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that increased superoxide or ROS forms peroxinitrate which compete with phosphorylation
site of p85 leading to defective signaling and alters the phagocytes function. Supporting our
finding, Morrow et al demonstrated that antioxidants preserve the phagocytosis function of
macrophages after PAO1 infection [31].

Unexpectedly in a sepsis model, PON1 knockout mice protect against the PAO1 infection
due to up regulation of PON2 and PON3 [32]. Nevertheless, overexpression of PON1 in
Drosophila protect from PAO1 lethality [33]. In the current report, liver and lung of PON2-
def mice show lower bacterial clearance following PAO1 infection in mice. Simanski et al
[34]infected keratinocytes (either expressing control siRNA or PON2 siRNA) with PAO1
(1.5 × 103 CFU) and showed that silencing PON2 has more bacterial colonization when
compared to control siRNA infected cells. Bacterial products and cytokines released in
response to extravascular infection are known to influence atheroma-associated cells [35].
O’Connor et al [35] proposed the ‘echo hypothesis’ to explain the role of microbial infection
and atherosclerosis. In conclusion, we suggest that PON2 plays a role in innate immune
function via redox signaling mechanisms during early infection. It is possible that under
chronic pathophysiological conditions, PON2 keep QS molecules under check and prevents
bacterial colonization and modulates the pro-inflammatory pathways mediated by bacterial
products. Studies are underway in our laboratory to address and understand the role of
PON2 in 1) screen various bacteria including 3OC12-HSL-deficient pseudomonas strain and
dissect the mechanisms in the impairment of bacterial clearance in PON2-def mice 2)
biofilm formation in chronic infection model and 3) atherosclerosis in a chronic lung
infection model.
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AHL Acyl homo serine lactones

PON2-def Paraoxonase 2-deficiency

PI3 kinase Phosphatidylinositol 3-kinase

3OC12-HSL N-(3-oxododecanoyl)-L-homoserine lactone

DCF Dichlorofluorescein

PAO1 Pseudomonas aeruginosa

CFU Colony Forming Units

ER Endoplasmic Reticulum
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Highlights

• 3OC12-HSL is a quorum sensor produced by Pseudomonas aeruginosa (PAO1)

• PAO1 clearance is significantly reduced in PON2-def mice

• The phagocytosis function of PON2-def macrophages is inhibited by 3OC12-
HSL

• Increased nitration of PI3 kinase correlates with reduced phagocytosis function
in PON2-def macrophages

• Antioxidant treatment reversed the phagocytosis function in PON2-def
macrophages

• PON2 plays an important role in innate immune defense against PAO1 infection
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Fig.1. Quorum quenching is impaired in macrophages from PON2-def mice
A) 4 μg of peritoneal macrophage membrane extract from PON2-def and wild type mice
(n=3) were incubated with 0.5 μM 3OC12-HSL at different time points (0, 30, 60, 90,s and
120 minutes). The amount of 3OC12-HSL remaining was measured by a quantitative
bioassay using E. coli MG-4 (pKDT17) as described previously (13). * P < 0.05 relative to
wild type at all the indicated time points. B) 0.5 μM 3OC12-HSL was added to intact
macrophages containing DMEM medium. At different times points (0, 30, 60, 90, and 120
minutes) medium was collected and the amount of 3OC12-HSL remaining was measured as
described previously (13). C) Peritoneal macrophages were isolated from experimental
groups and treated with 3OC12-HSL for indicated time periods (0, 60, 120, and 240 minutes)
and PON2 gene expression was evaluated by quantitative RT-PCR. D) Total proteins were
extracted from macrophages of experimental groups after treated with 50 μM 3OC12-HSL
for the indicated time periods as above and PON2 protein was detected as described in the
material and methods.
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Fig.2. Bacterial clearance is impaired in PON2-def mice following acute PAO1 infections
PAO1 was administered by intraperitoneal inoculation to PON2-def and wild type mice (n=
9–10). Three hours late, the mice were sacrificed and the organs were collected. PAO1
colony forming units (CFU) in each organ were measured as described under materials and
methods. Mean (± SD) CFU in the indicated organs are shown; (A) liver, (B) lungs, and (C)
spleen. * p < 0.05 relative to organs from wild type mice.
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Fig.3. Pro-inflammatory cytokine response is altered in PON2-def mice following PAO1 infection
TNFα concentrations in (A) serum and (B) liver homogenates of PON2-def and wild type
mice (n=9–10) 3 hours after intraperitoneal inoculation with 107 CFU of P. aeruginosa
(PAO1). Data are means ± SD. * p < 0.05.
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Fig.4. PON2-def macrophages have reduced phagocytosis function in response to 3OC12-HSL
Peritoneal macrophages were isolated from experimental groups; treated with 50 μM 30C12-
HSL for 0, 30, 60, and 90 minutes and phagocytosis assay was performed as described in
manufacturer’s protocol at different times points. A) Phagocytosis function was analyzed
(n= 3 independent experiments). Representative data are means ± SD. * p < 0.05. B) Total
proteins were extracted from lysate and tyrosine phosphorylation of PI3K regulatory subunit
P85 (Upper panel), and (C) total PI3K p85 subunit were analyzed by immunoblotting. D)
Tyrosine-nitrated proteins were immunoprecipitated with nitrotyrosine antibody and
subjected to western blotting with PIK P85 antibody (Top panel) or subjected to western
blotting with nitrotyrosine antibody (bottom panel) as described in the methods. E)
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Peritoneal macrophages were isolated from experimental groups; treated with C4-HSL (50
μM) for 0, 30, 60, and 90 minutes and phagocytosis function was analyzed
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Fig.5. Macrophage oxidative stress is increased in PON2-def mice in response to 3OC12-HSL
Peritoneal macrophages isolated from PON2-def (n=3) and wild type (n=3) mice were
stimulated with 3OC12-HSL for different times points 0, 30, 60, and 90 minutes. (A)
Mitochondrial enriched fraction was isolated from cells at the indicated time points and
superoxide was quantified. (B) Total ROS was quantified using the DCF assay a described
under methods. RNA was isolated from macrophages of experimental groups after treatment
with 3OC12-HSL at the indicated time points and (C) ER01-α, (D) GRP78, (E) CHOP gene
expression was analyzed using real time qPCR. (F) Immunoblots showing protein levels (in
50 μg of total lysates) of the corresponding genes from the same experiment. (G)
Glutathione levels were measured (n= 3–4 independent experiments). Data are means ± SD.
* p < 0.05.

Devarajan et al. Page 17

Mol Genet Metab. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig.6. Uric acid, an antioxidant reduces ROS and improves the phagocytosis function in PON2-
def macrophages
Peritoneal macrophages obtained from PON2-def and wild type littermate control mice were
pretreated overnight with uric acid (10μM) followed by 3OC12-HSL for 90 minutes. A)
Phagocytosis function and B) ROS levels were analyzed. Data are means ± SD. n= 3–4
independent experiments. * p < 0.05.
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