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ABSTRACT
Paraoxonase 1 (PON1) belongs to a family of enzymes with related functions, being the best studied 

member. PON1 is a HDL-associated protein of which function is to protect LDL particles from oxidative 
modifications. The status of PON1 is influenced by different genetic, life style and dietary factors. This 
short review is aimed to present some new aspects regarding the antioxidant properties of PON1 with 
emphasis on the influence exerted by different factors. Also, a special attention is paid to the relationship 
between PON1 and low- and high-density lipoproteins in the context of atherosclerosis which affects the 
endothelial cells.
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INTRODUCTION

P araoxonases (PONs) form a group of 
related enzymes (PON1, PON2, and 
PON3). The degree of amino acids 
sequence homology is about 60% 
concerning these proteins (1). In hu-

mans, the three corresponding genes (PON1, 
PON2, and PON3) are located on chromo-

some 7q21.3-22.1. Analysis of the phylogene-
tic data indicated that PON2 was the first gene 
appeared during the evolution. PON1 and 
PON3 appeared later through a process of 
gene duplication (1).

From the moment of their discovery, PONs 
where highly investigated. For example, using 
the term ”paraoxonase” as a search keyword, 
PubMed gives back as many as 3438 results.
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It is known that PONs have many biological 
functions, including inactivation of pro-oxidant 
and pro-inflammatory mediators, metabolism 
of certain drugs and xenobiotics, and regula-
tion of cells proliferation (2). PONs can be des-
cribed by the term “enzyme promiscuity” as 
they act on many structurally unrelated sub-
strates (3). On the other hand, in spite of the 
great number of studies concerning the biology 
and biochemistry of these enzymes, their phy-
siological substrates are still elusive.

Besides the differences with respect to their 
enzymatic activities, PONs differ also by the tis-
sue distribution pattern. Thus, PON1 and 
PON3 are synthesized by the liver and secreted 
into the circulation where they become associ-
ated with HDL particles, while PON2 is an in-
tracellular enzyme (4). It was found that the 
amount of high-density lipoprotein (HDL)-as-
sociated PON3 is between 50-60 and 100 
times smaller than the concentration of PON1 
(5). PON2 is located in the perinuclear region, 
the endoplasmic reticulum membrane and mi-
tochondria. PON2 is present in cells from the 
vasculature relevant for the process of athero-
sclerosis: endothelial cells, smooth muscle 
cells, and adventitial fibroblasts (2).

The activity of PON1 was investigated in 
many pathological conditions, including car-
dio- and cerebrovascular diseases, preeclamp-
sia, diabetes mellitus, metabolic syndrome 
(6,7). 

ENZYMATIC ACTIVITIES OF PONS

The term ”paraoxonases” is misleading, but 
it is still in use today because of its historical 

relevance. The organophosphate pesticide 
paraoxon was one of the first substrates used in 
the studies concerning these enzymes. To date, 
PONs are considered to have three major en-
zymatic activities: lactonase, paraoxonase, and 
arylesterase activities. The lactonase activity is 
regarded as being physiologically relevant and 
it is present in all the three members of the 
PONs’ family.

There is data that, besides the aforemen-
tioned activities, at least PON1 has also a lac-
tonizing, as well as a peroxidase-like activity 
(8).

PONs act as lactonases, hydrolyzing a broad 
spectrum of lactones (9). Some physiologically 
relevant lactones include 5-hydroxy-eicosatet-

raenoic acid 1,5-lactone, an oxidation product 
of arachidonic acid, N-acyl-homoserine lac-
tones, and homocysteine thiolactone.

N-(3-oxododecanoyl)-L-homoserine lactone, 
a key component of the quorum-sensing sys-
tem used by Gram-negative bacteria like Pseu-
do monas aeruginosa, is a substrate for PON1 
(10). Moreover, both in vitro and in vivo studies 
indicated that PON2 and PON3 offer protec-
tion against the infection with Pseudomonas 
aeruginosa by the inactivation of N-acyl-homo-
serine lactone (11).

Homocysteine, a sulfur-containing amino 
acid, appears as an intermediate of the methio-
nine metabolism and it is a risk factor for coro-
nary artery disease (12). Its thiolactone results 
during the editing step of the protein synthesis 
when methionyl~tRNA synthetase incorpo-
rates homocysteine instead of methionine.

High levels of homocysteine are toxic for 
cells, in particular for vascular endothelial cells 
as they lack cystathionine  synthase, the en-
zyme involved in the catabolism of this com-
pound.

The toxicity of homocysteine thiolactone 
arises from induction of oxidative stress as well 
as from the modification of different proteins 
through N- and S-homocysteinylation (13). As a 
consequence of the covalent modification pro-
teins lose their biological properties. Among 
the targets of the processes of N- and S-homo-
cysteinylation are low-density liporpotein (LDL) 
and HDL apolipoproteins, albumin and the co-
agulation factors. Thus, homocysteine thiolac-
tone is an important factor for the progression 
and development of atherosclerosis.

There is clear evidence that serum PON1 
hydrolyzes homocysteine thiolactone, being 
thus a protective factor against atherosclerosis 
(14).

Also, PONs are able to hydrolyze different 
organophosphates (paraoxonase activity), as 
well as aromatic esters (arylesterase activity). 
PON1 has the highest paraoxonase activity, 
while PON3 lacks this type of enzymatic activi-
ty. Also, there are some differences with respect 
to the ability of these enzymes to hydrolyze the 
aromatic esters.

There are some studies which indicate that 
PONs are involved in drug metabolism. Thus, 
PON1 could be involved in the bioactivation of 
clopidogrel, while PON3 is able to hydrolyze 
lovastatin and spironolactone (9,15). 
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into macrophages which start to uptake oxi-
dized LDL particles and become foam cells.

The antioxidant and anti-inflammatory pro-
perties of PON1 were demonstrated using 
PON1 KO mice (20). The absence of this en-
zyme from the HDL particles was associated 
with the dysfunction of the endothelial cells. 
There was an increased production of the su-
peroxide anion by the aortic endothelial cells, 
as well as an increased expression of the adhe-
sion molecules (20). On the other hand, PON1 
was responsible for the decrease of lipid hydro-
peroxides concentration and a reduction of the 
MCP-1 synthesis (21).

Moreover, it was found that the loss of HDL-
associated PON1 activity is associated with 
dysfunction of the endothelial nitric oxide sy-
thase (eNOS) (22). This leads to further disregu-
lation of the vascular endothelium.

In conclusion, PON1, through the afore-
mentioned mechanisms, is able to reduce the 
degree of lipid oxidation in both LDL and HDL 
particles and to limit the progression of the 
a therosclerosis. Also, these data suggest that 
not only the amount of HDL is responsible for 
its antioxidant and anti-inflammatory proper-
ties, but also the composition of the HDL par-
ticles. 

FACTORS AFFECTING PON1

Different studies indicated that, in a specific 
population, there is a variability of both 

PON1 catalytic activity (40-50 times) and con-
centration (13-15 times) (23). This degree of 
variability is a consequence of genetic as well 
as lifestyle and dietary factors (24).

There were identified seven major genetic 
polymorphisms which influence gene expres-
sion, protein synthesis or enzymatic activity of 
PON1 (25). Two of these polymorphisms are 
located into the coding region of PON1, while 
the other five are located into the promoter re-
gion.

The most investigated polymorphism is the 
one located at the position 192 in the coding 
region (Gln192Arg/Q192R) (24). This polymor-
phism gives rise to three different genotypes 
QQ, QR and RR respectively.

The aforementioned polymorphism influ-
ence the enzymatic activity of PON1 as well as 
its ability to associate with the HDL particles, 
but has almost no effect upon the serum con-
centration of the enzyme. It was found that the 

PON1 – HDL RELATIONSHIP

PON1 is a 45 kDa glycoprotein synthesized 
by the liver cells. It is secreted into circula-

tion where it becomes associated mainly with 
HDL particles and to a lesser extent with very 
low-density lipoproteins (VLDL) particles and 
chilomicrons (16). After secretion from hepato-
cytes, PON1 becomes associated with HDL 
particles in a calcium-dependent manner and 
needs also apolipoproteins A-I (apoA-I) and J 
(apoJ).

PON1 is considered to play a major role in 
the control of oxidative stress and inflammatory 
response in the circulation and at the endothe-
lial vascular wall.

The current concept is that HDL particles 
have an atheroprotective function due to (1) 
the reverse cholesterol transport, (2) the stimu-
lation of cholesterol efflux from macrophages 
which limits the formation of foam cells, (3) an-
tioxidative and anti-inflammatory properties, 
and (4) the normalisation of endothelial func-
tion (17). The HDL-associated proteome is res-
ponsible for the achievement of these func-
tions. It consists of several proteins, including 
apoA-I, lecithin: cholesterol acyltransferase 
(LCAT), PON1, cholesteryl-ester transfer pro-
tein (CETP), phospholipid transfer protein, and 
lipoprotein-associated phospholipase A2 (17). 
Some of these proteins, including apoA-I and 
PON1, have direct antioxidant and anti-inflam-
matory functions.

PON1 protects both LDL and HDL from 
oxidative modifications through the catabolism 
of oxidized cholesteryl esters and phospholi-
pids, like cholesteryl linoleat hydroperoxides, 
linoleic acid hydroperoxides and lipoprotein 
peroxides. The ability of PON1 to inactivate 
these oxidized lipids is due to a specific Cys 
residue (Cys284) (18). Some of these oxidized 
lipids, as well as some of their degradation 
products, have pro-inflammatory properties. 
They activate endothelial cells inducing the 
production of different adhesion molecules 
and chemokines (19). Expression of E- and P-
selectins, vascular cell adhesion molecule-1 
(VCAM-1) and intercellular adhesion mole-
cule-1 (ICAM-1) on the luminal surface of the 
endothelial cells it is one of the early stages in 
the atherosclerosis. On the other hand, chemo-
kines like monocyte chemoattractant protein-1 
(MCP-1) attracts monocytes into the vascular 
intima which is another hallmark of the early 
stages of atherosclerosis. Monocytes develop 
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provitamin -carotene are associated with an 
increase of serum PON1 activity (24). In vivo 
studies using mice indicated that some poly-
phenols like quercetin and naringenin induce 
an increase of PON1 gene and protein expres-
sion in liver (29). Also, the polyphenols from 
the pomegranate juice (punicalagin, gallic acid, 
ellagic acid) were found to induce the expres-
sion of the liver PON1 gene (32,33).

The mechanisms through which polyphe-
nols exert their beneficial effects upon PON1 
status and activity are not completely under-
stood. However, it was found that some of 
these compounds (quercetin, naringenin) are 
able to interact directly with the aryl hydrocar-
bon receptor (AhR) transcription factor (34). 
Also, -carotene induces the expression of the 
PON1. On the other hand, it was found that 
the polyphenols from the pomegranate juice 
favour the association of the PON1 with the 
HDL particles (35).

The dietary fatty acids represent another 
important factor to influence the PON1 status. 
There are studies which indicate that polyun-
saturated fatty acids like those from fish oil can 
affect negatively PON1 activity. This is a conse-
quence of their susceptibility to peroxidative 
modifications. On the other hand, oleic acid 
supplementation has a positive effect upon 
PON1 status, as the oleic acid-containing glyc-
erphospholipids from the HDL particles pre-
vent the oxidative modifications of PON1.

In conclusion, further studies are warranted 
for a better understanding of the influence ex-
erted by the dietary and genetic factors on 
PON1 serum activity. The aim is to find a way 
to preserve the activity of this enzyme in order 
to prevent the oxidative modifications of LDL 
and HDL particles. Also, there is a need to 
studies concerning the predictive value of the 
PON1 activities from a clinical point of view. 
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HDL particles from individuals with the QQ 
genotype act more efficiently to protect the 
LDL particles against oxidative modifications 
(26). On the other hand, in the case of the QQ 
and QR genotypes it was found that PON1 has 
an up to three times lower affinity for the HDL 
particles (27). As a consequence, in individuals 
with QQ and QR genotypes PON1 has a lower 
stability, which leads to the increase of the 
“free” PON1 serum fraction (28). Moreover, 
this ”free” fraction of PON1 raises in pathologi-
cal conditions associated with an increased 
oxidative stress, like diabetes mellitus (29). 
Also, it is a less efficient antioxidant than the 
HDL-associated fraction of PON1 and has a 
lower antiatherogenic activity.

Finally, the Q192R influences the different 
enzymatic activities of PON1. Thus, individuals 
with the RR genotype have the highest aryles-
terase activity, while individuals with the QQ 
genotype have the highest lactonase activity.

A recent population-based cross-sectional 
study made on a Finnish population indicated 
that Q192R polymorphism was associated with 
enzyme’s activity (30). Moreover, a higher ac-
tivity of PON1 was associated with a decreased 
level of oxidized lipids in LDL particles. The 
study detected no association between the 
PON1 activity and the level of oxidized lipids 
in HDL particles. These results are consistent 
with previous results from other studies.

The second most investigated genetic poly-
morphism of PON1 is L55M (Glu55Met) (24). 
This polymorphism gives rise to three different 
genotypes LL, LM and MM respectively.

A recent study indicated that both Q192R 
and L55M polymorphisms influence the res-
ponse to statins in the case of patients with dys-
lipidemia (31). This study found that pheno-
types QQ/QR and MM/ML were associated 
with increased chances of achieving the HDL 
cholesterol goal levels during statin therapy.

In conclusion, in the case of genetic factors, 
PON1’s status is influenced not only by the 
Q192R polymorphism, but also by all the other 
polymorphisms, aw well as their interaction.

On the other hand, both the status and the 
enzymatic activity of PON1 are influenced by 
lifestyle habits as well as dietary factors.

It is well documented that antioxidant vita-
mins C and E, as well as the vitamin A and its 



PARAOXONASE 1 – AN UPDATE OF THE ANTIOXIDANT PROPERTIES OF HIGH-DENSITY LIPOPROTEINS

177Maedica   A Journal of Clinical Medicine, Volume 10 No.2 2015

REFERENCES

1. Primo-Parmo SL, Sorenson RC, Teiber 
J, et al. – The human serum paraox-
onase/arylesterase gene (PON1) is one 
member of a multigene family. 
Genomics 1996;33:498-507.

2. Martinelli N, Consoli L, Girelli D, et 
al. – Chapter 3: Paraoxonases: ancient 
substrate hunters and their evolving 
role in ischemic heart disease. Adv Clin 
Chem. 2013;59:65-100.

3. Elias M, Tawfik DS – Divergence and 
convergence in enzyme evolution: 
parallel evolution of paraoxonases from 
quorum-quenching lactonases. J Biol 
Chem 2012;287:11-20.

4. Camps J, Marsillach J, Joven J – The 
paraoxonases: role in human diseases 
and methodological difficulties in 
measurement. Crit Rev Clin Lab Sci 
2009;46:83-106.

5. Aragones G, Guardiola M, Barreda M, 
et al. – Measurement of serum PON-3 
concentration: method evaluation, 
reference values, and the influence of 
genotypes in a population based study. 
J Lipid Res 2011;52:1055-1061.

6. Altunhan H, Annagur A, Kurban S, et 
al. – Total oxidant, antioxidant, and 
paraoxonase levels in babies born to 
pre-eclamptic mothers. J Obstet Gynaecol 
Res 2013;39:898-904. 

7. Taylor JK, Plaisance EP, Mahurin AJ, 
et al. – Paraoxonase responses to 
exercice and niacin therapy in men with 
metabolic syndrome. Redox Rep 
2015;20:42-48.

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

9. Draganov DI, Teiber JF, Speelman A, 
et al. – Human paraoxonases (PON1, 
PON2, and PON3) are lactonases with 
overlapping and distinct substrate 
specificities. J Lipid Res 2005;46:1239-
1247.

10. Teiber JF, Horke S, Haines DC, et al. 
– Dominant role of paraoxonases in 
inactivation of the Pseudomonas 
aeruginosa quorum-sensing signal 
N-(3-oxododecanoyl)-L-homoserine 
lactone. Infect Immun 2008;76:2512-2519.

11. Losa D, Kohler T, Bacchetta M, et al. 
– Airway epithelial cell integrity 
protects from cytotoxicity of P. 
aeruginosa quorum-sensing signals. Am 
J Respir Cell Mol Biol Am J Respir Cell 
Mol Biol. 2015 Jan 6. [Epub ahead of 
print]

12. Girelli D, Martinalli N, Olivieri O, et 
al. – Hyperhomocysteinemia and 
mortality after coronary artery bypass 
grafting. PLoS One 2006;1:e83.

13. Welch GN, Loscalzo J – Homocysteine 
and atherothrombosis. N Engl J Med 
1998;338:1042-1050.

14. Perla-Kajan J, Jakubowski H – Paraox-
onase 1 protects against protein 
N-homocysteinylation inhumans. 
FASEB J 2010;24:931-936.

15. Bouman HJ, Schoming E, van Werkum 
JW, et al. – Paraoxonase-1 is a major 
determinant of clopidogrel efficacy. Nat 
Med 2011;17:110-116.

16. Fuhrman B, Volkova N, Aviram M 
– Paraoxonase 1 (PON1) is present in 
postprandial chylomicrons. Atherioscler 
2005;180:55-61.

17. Mackness B, Mackness M – The 
antioxidant properties of high-density 
lipoproteins in atherosclerosis. 
Panminerva Med 2012;54:83-90.

18. Aviram M, Billecke S, Sorenson R, et 
al. – Paraoxonase active site required 
for protection against LDL oxidation 
involves its free sulfhydryl group and is 
different from that required for its 
arylesterase/paraoxonase activities: 
selective action of human paraoxonase 
allozymes Q and R. Arterioscler Thromb 
Vasc Biol 1998;18:1617-1624.

19. Hansson GK, Hermansson A – The 
immune system in atherosclerosis. Nat 
Immunol 2011;12:204-212.

20. Shih DM, Gu L, Xia YR, et al. – Mice 
lacking serum paraoxonase are 
susceptible to organophosphate toxicity 
and atherosclerosis. Nature 
1998;394:284-287.

21. Mackness B, Hine D, Liu Y, et al. 
– Paraoxonase 1 inhibits oxidized 
LDL-induced MCP-1 production by 
endothelial cells. Biochem Biophys Res 
Commun 2004;318:680-683.

22. Besler C, Heinrich K, Rohrer L, et al. 
– Mechanisms underlying adverse 
effects of HDL on eNOS-activating 
pathway in patients with coronary 
artery disease. J Clin Invest 
2011;121:2693-2708.

23. Richter RJ, Furlong CE – Determina-
tion of paraoxonase (PON1) status 
requires more than genotyping. 
Pharmacogenet 1999; 9:745-753.

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

25. Precourt L-P, Amre D, Denis M-C, et 
al. – The three-gene paraoxonase 
family: physiologic roles, actions, and 
regulation. Atheroscler 2011;214:20-36.

26. Mackness B, Mackness MI, Arrol S, et 
al. – Effect of the human serum 
paraoxonase 55 and 192 genetic 
polymorphisms on the protection by 
the high density lipoprotein against low 
density lipoprotein oxidative modifica-
tion. FEBS Lett 1998;423:57-60.

27. Gaidukov L, Rosenblat M, Aviram M, 
et al. – The 192R/Q polymorphs of 
serum paraoxonase PON1 differ in 
HDL binding lipolactonase stimulation, 
and cholesterol efflux. J Lipid Res 
2006;47:2492-2502.

28. Gugliucci A, Menini T – Paraoxonase 1 
and HDL maturation. Clin Chim Acta 
2015;439:5-13.

29. Khateeb J, Gantman A, Kreitenberg 
AJ, et al. – Paraoxonase 1 (PON1) 
expression in hepatocytes is upregu-
lated by pomegranate polyphenols: a 
role for PPAR-gamma pathway. 
Atheroscler 2010;208:119-125.

30. Kresanov P, Vasankari T, Ahotupa M, 
et al. – Paraoxonase-1 and oxidized 
lipoprotein lipids. The Cardiovascular 
Risk in Young Finns Study. Atheroscler 
2015;241:502-506.

31. de Souza JA, Menin A, Lima LO, et al. 
– PON1 polymorphisms are predictors 
of ability to attain HDL-C goals in 
statin-treated patients. Clin Biochem 
2015; DOI: 10.1016/j.clinbio-
chem.2015.06.009.

32. Yamagata K, Tagami M, Yamori Y 
– Dietary polyphenols regulate 
endothelial function and prevent 
cardiovascular disease. Nutrition 
2015;31:28-37.

33. Rosenblat M, Volkova N, Aviram M 
– Pomegranate phytosterol (beta-sitos-
terol) and polyphenolic antioxidant 
(punicalagin) addition to statin, 
significantly protected against 
macrophage foam cells formation. 
Atheroscler 2013;226:110-117.

34. Gouedard C, Barouki R, Morel Y 
– Dietary polyphenols increase 
paraoxonase 1 gene expression by an 
aryl hydrocarbon receptor-dependent 
mechanism. Mol Cell Biol 2004;24:5209-
5222.

35. Fuhrman B, Volkova N, Aviram M 
– Pomegranate juice polyphenols 
increase recombinant paraoxonase-1 
binding to high-density lipoprotein: 
studies in vitro and in diabetic patients. 
Nutrition 2010;26:359-366.


