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    Abstract  

  The paraoxonase (PON) gene family consists of three members, PON1, 
PON2 and PON3. All PON proteins possess antioxidant properties and 
lipo-lactonase activities, and are implicated in the pathogenesis of several 
infl ammatory diseases including atherosclerosis, Alzheimer’s, Parkinson’s, 
diabetes and cancer. Despite the role of PON proteins in critical cellular 
functions and associated pathologies, the physiological substrates and 
molecular mechanisms by which PON proteins function as anti-infl ammatory 
proteins remain largely unknown. PON1 is found exclusively extracellular 
and associated solely with high-density lipoprotein (HDL) particles in the 
circulation, and, in part, confers the anti-oxidant and anti-infl ammatory 
properties associated with HDL. Recent studies demonstrated that the 
intracellular PON proteins; PON2 and PON3 (i) are associated with 
mitochondria and mitochondria-associated membranes, (ii) modulate 
mitochondria-dependent superoxide production, and (iii) prevent apoptosis. 
Overexpression of PON2 and PON3 genes protected (i) mitochondria 
from antimycin or oligomycin mediated mitochondrial dysfunction and 
(ii) ER stress and ER stress mediated mitochondrial dysfunction. These 
studies illustrate that the anti-infl ammatory effects of PON2 and PON3 
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may, in part, be mediated by their role in mitochondrial and associated 
organelle function. Since oxidative stress as a result of mitochondrial dys-
function is implicated in the development of infl ammatory diseases includ-
ing atherosclerosis and cancer, these recent studies on PON2 and PON3 
proteins may provide a mechanism for the scores of epidemiological stud-
ies that show a link between PON genes and numerous infl ammatory dis-
eases. Understanding such mechanisms will provide novel routes of 
intervention in the treatment of diseases associated with pro-infl ammatory 
oxidative stress.  
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  Fig. 5.1    PON genes are implicated in the mechanisms of 
oxidative stress       

5.1         Introduction 

 The biology of oxidative stress underlies the 
molecular mechanisms responsible for the devel-
opment of a number of infl ammatory and 
infectious diseases, including atherosclerosis, 
diabetes mellitus, systemic lupus erythematosus, 
rheumatoid arthritis, cancer, and several ailments 
associated with age. A number of enzymes have 
evolved with pro-oxidant or anti-oxidant func-
tions for maintaining oxidative homeostasis in 
cells and tissues. Understanding the function of 
such enzymes will pave way for the discovery of 
novel therapeutic agents in the fi ght against 
infl ammatory diseases including atherosclerosis. 

 The paraoxonase (PON) gene family consists 
of three members, PON1, PON2, and PON3. 
Epidemiological studies suggest that expression 
of all three PON genes negatively correlates with 
a number of infl ammatory diseases including 
atherosclerosis [ 1 ,  2 ]. PON genes are located on 
the long arm of chromosome 7 in human and 
chromosome 6 in mice [ 3 ]. PON2 appears to be 
the oldest member of the family, followed by 
PON3 and PON1, which most likely resulted 
from gene duplication [ 4 ]. PON1 was not only 
the fi rst one of the family to be identifi ed    in a 
screen for plasma hydrolases of paraoxon, the 
active metabolite of insecticide parathion [ 5 ,  6 ], 
but also the predominant member of the PON family 
in the circulation. Most of the early investigations 

were centered on toxicological research on 
PON1. Following the discovery that PON1 is 
associated with high-density lipoproteins (HDL) 
in the circulation and that PON1 plays an impor-
tant role in the protective antioxidant and anti-
infl ammatory effects of HDL [ 6 ], a new area of 
research emerged for PON1 in both its disease 
association and physiological function. In 
contrast to PON1, both PON2 and PON3 are 
predominantly localized to intracellular compart-
ments (although small amounts of hPON3 
is also associated with HDL) and modulate 
cellular oxidative stress generated both by intra-
cellular mechanisms and in response to extracellular 
stimuli [ 1 ] (Fig.  5.1 ).

   Battacharya et al. provided evidence for a 
mechanistic link between genetic determinants and 
activity of PON1 with systemic oxidative stress 
and prospective cardiovascular risk, indicating a 
potential mechanism for the atheroprotective 
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function of PON1 [ 7 ]. Stevens et al. showed that 
recombinant human PON1 protects against organo-
phosphate poisoning [ 8 ]. Stoltz et al. demonstrated 
that PON proteins can interfere with quorum sens-
ing  in vivo  and suggested a potential role for PON 
proteins as regulators of normal bacterial fl orae, a 
link between infection/infl ammation and cardio-
vascular disease [ 9 ]. Witte et al. [ 10 ] demonstrated 
that PON2 provides apoptosis resistance and stabi-
lizes tumor cells, and Schweikert et al. [ 11 ] showed 
that PON3 is upregulated in cancer tissue and 
prevents cell death. Each of the studies described 
above [ 7 – 11 ] make the compelling argument for a 
role for paraoxonases in infl ammation, toxicology, 
infection, and cancer.  

5.2     Infl ammation 
and Atherosclerosis 

 A defi nitive proof for the antiatherogenic role for 
PON genes came fi rst from PON1 defi cient and 
transgenic mice, which are susceptible to organo-
phosphate toxicity and atherosclerosis [ 12 – 14 ] and 
more recently from PON2 defi cient [ 15 ], which are 
also susceptible to atherosclerosis. In contrast, 
overexpression of human PON3 [ 16 ] as well as the 
human paraoxonase gene cluster rendered mice 
resistant to atherosclerosis [ 17 ]. Thus, all three 
members of the PON gene family are antiathero-
genic in mouse models of atherosclerosis (Fig.  5.2 ) . 

5.2.1       PON1 

 PON1 protects LDL against oxidation and 
preserves function of HDL [ 18 ,  19 ]. PON1 null 
mice by gene targeting [ 12 ,  13 ] and transgenic 

mice [ 14 ] corroborate the hypothesis that PON1 
protects against atherogenesis and is an impor-
tant contributor to HDL’s antioxidant capacity. 
The  in vivo  studies combined with the antioxi-
dant and antiatherogenic nature of PON1 under-
score the potential of PON1 as a therapeutic 
agent to prevent atheroma [ 20 ,  21 ]. The associa-
tion of PON1 with HDL and its functional con-
sequences support a causal relationship between 
PON1 and cardiovascular and its associated 
infl ammatory pathologies [ 22 – 26 ]. 

 Multiple  in vitro , animal and human studies 
have demonstrated anti-infl ammatory and anti-
oxidative functions of PON1. For example, 
PON1 defi cient mice have been shown to be 
more susceptible to lipoprotein oxidation, infl am-
mation, atherosclerosis [ 12 ,  13 ,  27 ], and hepatic 
steatosis [ 28 ], whereas PON1 transgenic mice 
over-expressing human PON1 are more resistant 
to infl ammation and atherosclerosis [ 14 ]. PON1 
has been shown to prevent LDL oxidation  in vitro  
[ 18 ,  19 ] and decreased levels of PON1 are associ-
ated with increased risk for cardiovascular disease 
in humans [ 7 ,  29 – 32 ]. 

 Recent detailed biochemical studies have 
further elucidated how PON1 exerts its anti- 
infl ammatory and anti-oxidative functions [ 23 ,  33 ]. 
Besler et al. [ 33 ] demonstrated a role of HDL-
associated PON1 activity in maintaining the 
endothelial atheroprotective effects of HDL, 
namely HDL-mediated stimulation of endothelial 
NO production. The study showed PON1 prevented 
the formation of the lipid peroxidation product 
malondialdehyde (MDA) in HDL. Increased 
MDA in HDL leads to activation of endothelial 
lectin-like oxidized LDL receptor 1 (LOX-1), 
triggering endothelial PKCβII activation, which 
in turn inhibited eNOS-activating pathways and 
eNOS-dependent NO production. The authors 
showed that HDL from PON1 defi cient mice 
failed to stimulate NO production in mouse aortic 
endothelial cells. Subsequent supplementation of 
HDL from PON1 defi cient mice with purifi ed 
PON1 partially improved the capacity of HDL to 
stimulate endothelial NO production. Huang 
et al. [ 23 ] demonstrated that under infl ammatory 
condition, myeloperoxidase (MPO), PON1, and 
HDL bind to one another, forming a ternary 

  Fig. 5.2    PON genes are anti-atherogenic in mouse mod-
els of atherosclerosis       

 

5 Infl ammation, Infection, Cancer and All That…The Role of Paraoxonases



36

complex, wherein PON1 partially inhibits MPO 
activity, while MPO inactivates PON1. MPO is a 
leukocyte-derived heme protein that promotes 
protein and lipid oxidation [ 34 ,  35 ]. During 
infl ammation, MPO binds to HDL and increases 
oxidant stress and promotes atherosclerosis. 
MPO-generated oxidant caused site-specifi c 
oxidative modifi cation of certain tyrosine and 
methionine residues of PON1, leading to 
reduced PON1 activity [ 23 ]. Conversely, PON1 
binds and partially inhibits MPO activity. 
Therefore, recent evidence suggests that PON1 
may exert its anti-infl ammatory, anti-oxidative 
functions, in part, by the prevention of MDA for-
mation leading to HDL-mediated eNOS activa-
tion in endothelial cells, and inhibition of MPO 
activity of infl ammatory HDL. PON1 has been 
and continues to be a target/candidate for devel-
oping therapeutic interventions for both infl am-
matory diseases and toxicology applications.  

5.2.2     PON2 

 PON2 defi ciency impairs respiratory complex 
activity and mitochondrial oxidative stress in 
liver, peritoneal macrophages, and aorta. PON2 
protects against atherogenesis  in vivo  by modulat-
ing lipoprotein oxidation through the reduction of 
intracellular oxidative stress [ 36 ]. The principal 
source of cellular free radicals and oxidative 
stress, ROS generated by mitochondria play a 
fundamental role for many of the signaling path-
ways contributing to cardiovascular pathologies 
[ 37 ]. Devarajan et al. [ 15 ] hypothesized that 
PON2 defi ciency may be infl uencing mitochon-
drial oxidative status. The authors evaluated the 
activities of mitochondrial ETC complexes from 
the livers of PON2 defi cient and control 
C57BL/6 J mice administered an atherogenic diet, 
and results revealed that complex I and complex 
III activities were more than 50 % lower in PON2 
defi cient mice than in controls on a corresponding 
diet [ 15 ]. Moreover, the mitochondrial superoxide 
levels were signifi cantly increased in PON2 defi -
cient mice fed an atherogenic diet, and the ATP 
levels were reciprocally decreased when com-
pared to control mice [ 15 ]. PON2 defi cient mice 

showed a signifi cantly lower level of basal 
mitochondrial oxygen consumption than the control 
peritoneal macrophage. Mitochondrial superox-
ide levels in peritoneal macrophages from PON2 
defi cient mice were signifi cantly higher (p < 0.05) 
and ATP levels were signifi cantly lower compared 
with control mice [ 15 ]. Furthermore, superoxide 
levels (using Mitosox) were signifi cantly higher 
in the supernatants of whole aorta lysates of 
PON2 defi cient mice relative to controls. PON2 
defi cient mice backcrossed onto the hyperlipid-
emic apoE defi cient background develop signifi -
cantly larger atherosclerotic lesions in the aorta 
and higher levels of macrophage immunoreactiv-
ity in the aortic sections compared to their apoE 
defi cient controls [ 15 ]. These results demon-
strated that the anti- atherogenic activity of PON2 
might be linked with mitochondrial function. 

5.2.2.1     PON2 Is Associated 
with Mitochondria, ER, 
and Plasma Membrane 

 To determine whether the changes in mitochon-
drial oxidative stress are due to a direct or indirect 
effect of PON2 on mitochondrial function, 
Devarajan et al. [ 15 ] isolated and analyzed mito-
chondria from HeLa cells for the presence of 
PON2. PON2 protein is present in percoll- purifi ed 
mitochondria from HeLa cells. To further deter-
mine the precise submitochondrial localization of 
PON2, inner and outer mitochondrial membrane 
preparations from the livers of C57BL/6 J mice 
were utilized to demonstrate that PON2 is associ-
ated with the inner mitochondrial membrane 
(IMM). Moreover, individual ETC complex pull-
down experiments showed that PON2 is associ-
ated with complex III. Western blot analyses for 
COX IV, an IMM associated protein, and VDAC, 
an outer mitochondrial membrane-associated pro-
tein, showed negligible cross-contamination of 
the two preparations in these experiments. Similar 
results were observed with mitochondria isolated 
from mouse heart tissue (unpublished STR). 
Altenhöfer et al. [ 38 ] demonstrated that PON2 
reduced superoxide release from the inner mito-
chondrial membrane, irrespective whether result-
ing from complex I or complex III of the electron 
transport chain by modulating quinones.  
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5.2.2.2     PON2 Overexpression Protects 
Against Mitochondrial 
Dysfunction 

 HeLa cells overexpressing human PON2 under the 
control of a tetracycline-inducible promoter [ 39 ] 
were treated with antimycin, a compound known 
to release ubisemiquinone from the ETC, thereby 
generating mitochondrial superoxide [ 40 ], or with 
oligomycin, a compound known to inhibit ATP 
synthesis [ 41 ]. HeLa cells overexpressing PON2 
had signifi cantly lower superoxide and signifi -
cantly higher ATP levels than control cells [ 15 ].  

5.2.2.3     PON2 Protects Against 
Endoplasmic Reticulum Stress 

 Horke S et al. [ 42 ] were the fi rst to show that 
PON2 decreases endoplasmic reticulum stress 
(ER)-induced caspase activation. PON2 was 
found associated with the nuclear membrane and 
endoplasmic reticulum and induced at both the 
promoter and protein levels by endoplasmic 
reticulum stress pathway unfolded protein 
response [ 42 ]. The authors concluded that PON2 
is an endogenous defense mechanism against 
vascular oxidative stress and unfolded protein 
response-induced cell death. Horke et al. [ 43 ] 
demonstrated that PON2 protects against ER 
stress mediated cell death by modulating calcium 
homeostasis. Devarajan et al. [ 44 ] reported that 
macrophage PON2 regulates calcium homeosta-
sis and cell survival under ER stress conditions 
and is suffi cient to prevent the development of 
aggravated atherosclerosis in PON2 and apoE 
double-defi cient mice on a Western diet, suggest-
ing that macrophage PON2 modulates mecha-
nisms that link ER stress, mitochondrial 
dysfunction and the development of atheroscle-
rosis. Taken together, these studies above [ 10 ,  15 , 
 36 ,  38 ,  39 ,  41 – 44 ] suggest that PON2 plays an 
important protective anti-oxidant role in the 
development of infl ammatory diseases.   

5.2.3     PON3 

 Of the three members of the PON family, PON3 
appears to be the least studied to date. Although 
these two proteins; PON2 and PON3 appear to 

be similar in function and their cell-type associa-
tion [ 1 ,  45 ,  46 ] recent studies suggest that both 
intracellular localization and role in infl amma-
tory diseases are likely to be distinct from each 
other [ 11 ,  16 ]. 

5.2.3.1    PON3 Protects Against 
the Development of Diabetes 
and Atherosclerosis in Mice 

 Reddy et al. [ 46 ]. were the fi rst to demonstrate 
that PON3 prevents the oxidation of low-density 
lipoprotein  in vitro . To test the role of PON3 in 
atherosclerosis and related traits, Shih et al. [ 16 ] 
generated two independent lines of human PON3 
transgenic (Tg) mice on the C57BL/6 J (B6) and 
showed that atherosclerotic lesion areas were 
signifi cantly smaller in both lines of male PON3 
Tg mice as compared with the male non-Tg lit-
termates on C57B6 background fed an athero-
genic diet. When bred onto the low-density 
lipoprotein receptor knockout mouse back-
ground, the male PON3 Tg mice also exhibited 
decreased atherosclerotic lesion areas. In addi-
tion, decreased adiposity and lower circulating 
leptin levels were observed in both lines of male 
PON3 Tg mice as compared with the male non-
Tg mice. Shih et al. demonstrated for the fi rst 
time that elevated PON3 expression signifi cantly 
decreases atherosclerotic lesion formation and 
adiposity in male mice. 

 Interestingly, isolated mitochondria from the 
PON3 defi cient livers exhibited impaired mito-
chondrial function as compared to the wild type 
mitochondria [ 11 ], suggesting that PON3 defi -
ciency, similar to PON2 defi ciency, affects mito-
chondrial function.    

5.3     Infection and Quorum 
Quenching 

 All PON proteins possess lipo-lactonase activ-
ity [ 47 ] and hydrolyze acyl- homoserine lac-
tones (AHLs) [ 48 ], which mediate bacterial 
quorum- sensing (QS) signals. The mechanism 
of QS has been extensively characterized in 
several pathogenic bacteria including  P. aerugi-
nosa , which causes catastrophic infections in 
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immunocompromised hosts, such as individuals 
with cystic fi brosis, cancer and severe burns 
[ 49 ]. About a decade ago, Greenberg’s labora-
tory was the fi rst to show that PON proteins 
possess AHL- inactivation activity [ 50 ] laying 
the foundation for a role for PON proteins in 
infection and quorum quenching. 

 Stoltz et al. [ 51 ] investigated the role of PON1, 
PON2, and PON3 in airway epithelial cell inacti-
vation of N-(3-oxododecanoyl)-l-homoserine 
lactone (3OC12-HSL), a quorum-sensing mole-
cule produced by gram-negative microbial patho-
gens such as  P. aeruginosa  (PAO1). Lysates of 
tracheal epithelial cells from PON2, but not 
PON1 or PON3, defi cient mice had impaired 
3OC12-HSL inactivation compared with wild- 
type mice. Overexpression of PON2 enhanced 
3OC12-HSL degradation by human airway 
epithelial cell lysates. 

 Devarajan et al. [ 53 ] examined the susceptibility 
of PON2 defi cient mice towards  P. aeruginosa  
and demonstrated that both intact cells and 
membrane- enriched protein lysates obtained 
from PON2 defi cient macrophages reveal a 
marked impairment in their ability to hydrolyze 
3OC12-HSL. A decrease in bacterial clearance 
was noted in the spleen, lungs, and liver of PON2 
defi cient mice by 2.5, 5.7, and 14.8 fold, respec-
tively, following administration of 1.6×10 7 CFU 
of PAO1. In an ex vivo model, macrophages of 
PON2 defi cient mice had signifi cantly reduced 
phagocytosis function compared to control 
macrophages following PAO1 infection. These 
results suggested that PON2 regulates innate 
immune defense in PAO1 infection model [ 52 ]. 

 Kim JB et al. [ 53 ] investigated the common 
and distinct pro-infl ammatory pathways acti-
vated by atherogenic lipids and quorum sensing 
lactones, in PON2 defi cient endothelial cells. 
Using expression profi ling and network model-
ing, identifi ed the unfolded protein response 
(UPR), cell cycle genes, and the mitogen-acti-
vated protein kinase-signaling pathway to be 
heavily involved in the HAEC response to 
3OC12-HSL. The network also showed striking 
similarities to a network created based on HAEC 
response to Ox-PAPC, a major component of 
minimally modifi ed low-density lipoprotein. 

HAECs in which small interfering RNA silenced 
PON2 showed increased pro-infl ammatory 
response and UPR when treated with 3OC12-
HSL or Ox-PAPC. 3OC12-HSL and Ox-PAPC 
infl uence similar infl ammatory and UPR path-
ways. The authors concluded that the antiathero-
genic effects of PON2 might include destruction 
of quorum sensing molecules, such as 3OC12-
HSL, which contribute to the proatherogenic 
effects of chronic infection. 

 Recent work by Schweikert et al. [ 54 ] demon-
strated that the anti-oxidative and anti- 
infl ammatory functions of PON2 and PON3 are 
an important part of innate defense system 
against  P. aeruginosa  infections. Taking the work 
described above on PON2 and PON3 [ 50 – 54 ] 
together with the demonstration by Stoltz et al. [ 9 ] 
that  Drosophila  are protected from  P. aeruginosa  
lethality by transgenic expression of PON1, it is 
very clear that PON proteins are natural quorum 
quenchers. Similar to PON2, PON3 not only 
hydrolyzes 3OC12-HSL, but also diminishes the 
oxidative stress and NF-κb activation induced 
by pyocyanin [ 54 ], a virulent factor produced by 
 P. aeruginosa . These studies suggest involvement 
of PON gene family in innate immunity.  

5.4     Cancer  

 Witte et al. [ 10 ] hypothesized that since ER stress 
is also relevant to cancer and associated with anti-
cancer treatment resistance, PON2 may play a 
role in tumorigenesis. Human tumors had upregu-
lated PON2, and PON2 knockdown caused apop-
tosis of tumor cells [ 10 ]. Schweikert et al. [ 11 ] 
demonstrated that PON3 is overexpressed in 
human tumors and diminishes mitochondrial 
superoxide formation by sequestering ubisemi-
quinone in cancer cells, leading to enhanced cell 
death resistance. The authors suggest that PON3, 
similar to PON2, may aid in tumor cell develop-
ment. In a review of functions and mechanisms of 
PON2 and PON3 proteins, Witte et al. [ 55 ] sug-
gest that although PON2 and PON3 proteins are 
protective from a cardiovascular standpoint, they 
may not be protective but may actually promote 
cancer cells by preventing cell death [ 55 ]. 
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 Currently,  in vivo  proof for a pro-tumorigenic 
role of PON2 and PON3 proteins is lacking and 
future studies in animal models will determine 
whether PON protein family indeed aids in can-
cer development.  

5.5     Conclusions 

 Expression of  all  three PON genes negatively 
correlates with a number of infl ammatory dis-
eases including atherosclerosis and cancer. Based 
on published studies, it is evident that all three 
PON proteins play important roles in infl amma-
tion, infection, toxicology, and cancer (Fig.  5.3 ). 
However, there is a gap in our knowledge on the 
mechanisms of action and function of PON pro-
teins. Future studies aimed at understanding the 
molecular targets of PON proteins will unravel 
novel markers and therapeutic targets for the 
treatment of infl ammatory diseases associated 
with ER and mitochondrial dysfunction mediated 
oxidative stress including atherosclerosis, bacte-
rial infections, and cancer.
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