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Paraoxonase 1 (PONL1) is an antioxidant enzyme attached to HDL with an anti-atherogenic potential. It protects
LDL and HDL from lipid peroxidation. The enzyme is sensitive to various modulating factors, such as genetic
polymorphisms as well as pharmacological, dietary (including carotenoids), and lifestyle interventions. Carotenoids
are nutritional pigments with antioxidant activity. Carotenoids administered as naturally occurring nutritional
mixtures may present a synergistic beneficial effect on PON1 status. The effect of carotenoids on the enzyme
depends on age, ethnicity, gender, diet, and PON1 genetic variation. Carotenoids, especially astaxanthin, 3-
carotene, and lycopene, increase PON1 activity. This effect may be explained by their ability to quench singlet
oxygen and scavenge free radicals. -carotene and lycopene were additionally shown to upregulate PON1 gene

expression.

antioxidant paraoxonase PON1 carotenoids

| 1. The Influence of Astaxanthin on PON1 Activity

Astaxanthin is a carotenoid pigment synthesized by plants and some bacteria, algae, and fungi and distributed in
some fish such as salmon and trout as well as crustaceans 2], |t is an antioxidant, which serves as a free radical
scavenger. It protects fatty acids and cell membranes from oxidative damage Bl. It was shown to reduce lipid

peroxidation while preserving the membrane structure [,

1.1. The Influence of Astaxanthin on PON1 Activity in Animal Studies

PON1 activity was inhibited in parallel to LDL oxidation in the serum of hypercholesterolemic rabbits.
Supplementation of diet with astaxanthin restored PON1 activity Bl. This effect may be explained by a mechanism
that was introduced in a dynamic model based on the Atlantic salmon system, where the antioxidant was
transported in the bloodstream from LDL and VLDL to HDL [&. Astaxanthin may have an attachment site near
PONL1 in the HDL particle Bl. Due to this location on HDL, it can exert its protective effect on the enzyme. Even
though PON1 activity was preserved by the carotenoid, no protection of LDL oxidation was registered. This
observation may have been related to a lower PON1/HDL ratio in hypercholesterolemic rabbits in comparison to a
control group. It may also be due to other factors influencing LDL oxidation that are not under the control of
astaxanthin . Kukurt et al. described a protective effect of astaxanthin in a study on 3-nitropropionic-acid-induced
ovarian damage in rats 8. As the destruction of ovaries can be explained by an oxidative mechanism, treatment

with antioxidants may decrease the negative changes in structure. Indeed, administration of astaxanthin resulted in
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an improvement of histopathological ovarian damage. These beneficial changes were accompanied by a
restoration of PONL1 activity with a concomitant rise in total antioxidant capacity, whole blood reduced glutathione,
and HDL, as well as a reduction in total oxidant capacity and oxidative stress index. These changes speak for the

antioxidant properties of astaxanthin.

1.2. The Influence of Astaxanthin on PON1 Activity in Clinical Studies

In human studies, 90 days of carotenoid supplementation in young elite soccer players during their training
program resulted in an increase in PONL1 activity and improvement of the activity towards paraoxon and diazoxon
with a concomitant rise in total sulphhydryl group content . These changes were not observed in a group
receiving a placebo. It was previously observed that exposure of PONL1 to hydroxyl radicals and superoxide anions
caused a fall in PON1 activity and the number of PON1-free thiol groups . The authors suggest that astaxanthin
supplementation might increase total sulphhydryl group content. PON1 has a free cysteine residue (Cys284),
which was shown to be important for the enzyme’s activity 2. The rise of PON1 activity may be caused by the
protection of free thiol groups in the active center of the enzyme against oxidative damage. In disease states that
lead to a reduction in PON1 activity, astaxanthin was shown to restore PON1 activity. In addition, astaxanthin
supplementation may be useful in augmented antioxidant demand, such as during the training season of soccer

players. It may deliver additional antioxidant protection and increase PON1 activity.

2. The Influence of B-Carotene on PON1 Activity and Gene
Expression

Another carotenoid, (3-carotene, is found in palm fruits, squash cultivars, green vegetables, carrots, orange-fleshed

sweet potato, cantaloupe, mango, and apricot &,

The Influence of B-Carotene on PON1 Activity and Gene Expression in In Vitro Studies

B-carotene strongly induced gene expression of PON-1 in cultured human endothelial cell lines 19, A key role in
the formation of initial arteriosclerotic lesions is played by an inflammatory interleukin-1 beta (IL-13), which induces
endothelial dysfunction 1. It was found that the promoter activities of PON1 were downregulated by IL-1pB in
HepG2 cells (12, |L-1B decreased the activity of PON-1, which may have negatively impacted the protection from
oxidative stress in endothelial cells. To prevent the development of atherosclerosis, it is important to inhibit IL-13-
mediated endothelial alterations and upregulate protective mechanisms L3141 The addition of B-carotene to
confluent endothelial cells treated with IL-13 was able to reverse the effects of IL-13 on the gene expression of
PON-1 via Ca(2+)/calmodulin-dependent kinase Il (CaMKKII) pathway induction. It led to an increase in PON-1
protein expression 19, Enhanced adherence of monocytic U937 cells to human aortic endothelial cells was
observed after treatment with IL-18 131, The addition of B-carotene, lutein, and lycopene led to a reduction in the
adhesion. In conclusion, B-carotene may induce PONL1 activity and gene expression and reduce endothelial cell
dysfunction caused by inflammatory cytokines such as IL-1f through a mechanism similar to HDL and may

reinforce the effects of HDL.
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3. The Influence of Lycopene on PON1 Activity and Gene
Expression

Lycopene is a carotenoid present in tomato, pitanga, pink-fleshed guava, red-fleshed papaya, and watermelon. The
richest source of lycopene is the Asian gac fruit and the Spanish sarsaparilla L. It is considered to possess the
most potent antioxidant activity of all carotenoids in accordance to the following ranking: lycopene > a-carotene >

B-cryptoxanthin > zeaxanthin = B-carotene > lutein (28], |ts antioxidant effects are summarized in Figure 1.
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Figure 1. Proposed mechanisms of antioxidant effects of lycopene.

Lycopene has especially high free radical scavenging properties which can be explained by a high number of
conjugated double bonds with a high singlet oxygen quenching ability 7. Experimental evidence shows that
lycopene can quench singlet oxygen (102), scavenge free nitrogen dioxide (NO<2), thiyl (RSe), and sulfonyl
(RSO-2) radicals [2&. Due to its ability to catch free radicals and decrease the damage caused by oxidative stress
in lipids, lipoproteins, proteins, and DNA, it was suggested to prevent atherogenesis and carcinogenesis 12,
Lycopene lacks hydrophilic substituents, and therefore, it is very hydrophobic. It has been strongly associated with
the ability to decrease LDL oxidation and overall lipid peroxidation 29. High consumption of tomato products

resulted in a decrease in LDL cholesterol level and an increase in LDL resistance to oxidation in healthy
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normocholesterolemic adults 2. These atheroprotective changes correlated with an increase in lycopene, o-

carotene, and (-carotene levels measured in serum.

3.1. The Influence of Lycopene on PON1 Activity and Gene Expression in Animal
Studies

Hypercholesterolemia induces oxidative stress. In a study on hyperlipidemic rats, lycopene supplementation was
shown to restore plasma antioxidant levels measured as the ferric-reducing activity of plasma (FRAP), which was
accompanied by a rise in PON1 arylesterase activity 22 The PON1 enzyme is thought to be partly responsible for
the rise in FRAP. The observed improvement in PON1 activity may have been achieved by an upregulation of
PONL1 gene expression. PON1 expression was previously seen to be upregulated by transcription factors such as
steroid regulatory element-binding protein-2 (SREBP-2), which binds to the promoter region of PON1 23!, Apart
from increasing PONL1 activity, lycopene supplementation resulted in a more favorable lipid profile. It improved the

concentration of HDL and caused a reduction in elevated levels of total cholesterol, triglycerides, LDL, and VLDL
22,

Lycopene supplementation for 1 month resulted in an increase in PON1 activity in non-diabetic rats 24, In diabetic
rats, lycopene consumption was able to restore PON1 activity, as its basal level was lower in diabetic rats than in a
control group. A slight increase in the diabetes—lycopene group and a significant increase in the lycopene group
over the control group were found. In another study, the treatment of diabetic rats with lycopene and metformin-
induced PON1 activity, an effect similar to that reached by metformin or insulin 23, The combination of these
treatments has a potential beneficial effect of lowering markers of lipid peroxidation, increasing antioxidant
defenses, as well as inhibiting postprandial glycemia and dyslipidemia 2. Thus, lycopene appears as a promising
therapeutic agent with the potential to be used in combination therapy to minimize the diabetic complications

triggered by glycation and oxidative stress.

3.2. The Influence of Lycopene on PON1 Activity and Gene Expression in Clinical
Studies

Supplementation of lycopene, as well as the implementation of a lycopene-rich diet to a group of moderately
overweight middle-aged subjects, resulted in an increase in PON1 arylesterase activity in serum as well as in
HDL2 and HDL3 subfractions 28, PON1 deficient HDL is dysfunctional and not effective in preventing LDL
oxidation. Lycopene may positively affect the structural and functional composition of Apo-Al and thereby restore
PONL1 activity in HDL patrticles.

A positive relationship between arylesterase activity and lycopene was also reported in a study on subjects with
metabolic syndrome following an energy restriction diet 22, This association can be explained by the capacity of
lycopene to scavenge free oxygen radical products, which would otherwise engage PON1 activity and decrease it
(28] Furthermore, lycopene (and other dietary antioxidants) may exert its effects through modulation of gene

expression through regulation of DNA methylation 22, Methylation of the CpG-rich region overlapping a gene’s
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promoter is considered a mechanism for inhibiting a gene’s expression B2, This mechanism was confirmed
concerning the PON1 gene, as methylation of the CpG-rich region was found to inversely correlate with PON1
arylesterase activity. Inverse correlations were also observed between methylation of different CpG sites and
dietary lycopene, vitamin C, and total tocopherol [ZZ. At the same time, all measured exogenous antioxidants

correlated positively with PON1 arylesterase activity.

In conclusion, lycopene may enhance PON1 expression by inhibiting PON1 gene methylation in subjects with
metabolic syndrome. Furthermore, lycopene supplementation was shown to restore PON1 activity in cases of
hyperlipidemia, diabetes, obesity, and metabolic syndrome. These changes were found in serum, HDL2, and
HDL3. Lycopene may favorably modify the lipid profiles in the population at risk of cardiovascular disease, as well

as improve the antioxidant composition of lipoproteins and ameliorate antioxidant defense mechanisms.

4. The Effect of a Mixture of Carotenoids on PON1 Activity
and LDL Oxidation

While it is easier to observe the specific effects of individual carotenoids when supplementing single compounds
separately, in nature, they exist in combinations. Therefore, attempts have been made to measure the effect of

carotenoids when they are administered together.

Oxidative lipid damage is a marker of the development of cardiovascular disease. PON1 hydrolyses oxidized lipids
in LDL, retards atherosclerosis Bl and predicts the development of cardiovascular disease 2. Similarly, some
dietary antioxidants work in this direction, for example, 3-carotene protects lipids from oxidation. In vitro and in vivo
enrichment of LDL with beta-carotene protected them from cell-mediated oxidation. Surprisingly, this effect was not
reached with in vivo treatment with lycopene in this study 23, However, the administration of lycopene as tomato
oleoresin (which contains a mixture of exogenous antioxidants) resulted in a strong inhibition of LDL oxidation. This
gives evidence that lycopene may act as an effective antioxidant in synergism with several other natural
antioxidants. It is very likely that, when given as a mixture, carotenoids do not only act additively but even
synergistically, potentiating each other’s effect 2634 This observed effect of higher antioxidant activity of
carotenoids, when supplied as mixtures, may be associated with the specific positioning of different carotenoids in
membranes 1€l A single oral supplementation of alpha-tocopherol, beta-carotene, lycopene, canthaxanthin, and
lutein protected LDL polyunsaturated fatty acids (PUFA) and their cholesterol moieties against oxidative
modifications 2. It has been suggested that the protection from oxidative damage and the associated

cardiovascular disease is best achieved by natural antioxidants found in fruit and vegetables.

4.1. The Influence of a Mixture of Carotenoids on PON1 Activity in Animal Studies

PON1 activity has been reported to be lower in subjects with type 2 diabetes B8, Two carotenoids, lycopene and
bixin, supplemented individually increased PON1 level and HDL in streptozotocin-induced diabetic rats BZ. The
treatment of rabbits on a hypocholesterolemic diet with bixin alone resulted in partial prevention of serum PON1

activity decrease 8. Adding curcumin to lycopene or bixin led to an even more pronounced effect of decreasing
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biomarkers of carbohydrate and lipid disturbances, increased HDL levels, decreasing oxidized LDL, and alleviating

oxidative stress 34, Therefore, combining the two antioxidants resulted in a reduction in cardiovascular risk.

4.2. The Influence of a Mixture of Carotenoids on PON1 Activity in Clinical Studies

In a randomized controlled trial on subjects with type 2 diabetes, increasing fruit and vegetable intake for 8 weeks
resulted in a rise in carotenoids (a-carotene, B-cryptoxanthin, lutein, lycopene) in serum, HDL2, and HDL3, which
was accompanied by an increase in PON1 activity in serum and HDL3 B2, The potential of a high fruit and
vegetable diet rich in carotenoids to increase PONL1 activity is especially valuable, as PON1 improves the anti-
atherogenic mechanisms of HDL and helps to fight the potential negative complications of type 2 diabetes. A
positive correlation was found between change in HDL3 B-cryptoxanthin and change in HDL3—PONL1 activity, which
further supports the idea of using carotenoids to induce the activity of PONL1. Yet, this effect is not always observed
and depends on the detailed conditions of the study. The consumption of fruits and vegetables for 6 weeks in a
group of healthy subjects resulted in a decrease in PON1 activity despite an increase in carotenoids 49, Another
study showed that postprandial PON1 activity raised only after a Mediterranean-like meal together with the
increase in carotenoids. On the contrary, the consumption of Western-like meal did not affect postprandial PON1
activity or carotenoids (41, The effect of dietary modification on carotenoids and PON1 activity in healthy individuals
was also assessed by DiMarco et al. While consumption of 2—-3 eggs/day increased plasma lutein and zeaxanthin
and caused improvements in HDL function, the intake of 3 eggs/day had the additional beneficial effect of inducing
PON1 activity 42,

Carotenoids were found to exert their antioxidant effect by the protection of PON1. Yet, the level of PON1 activity
preservation by the studied compounds varied in the observed populations. PON1 activity’s correlations with [3-
carotene, lycopene, lutein, and zeaxanthin were found in Greek but not in Anglo-Celtic subjects 3. Yet, a different
dietary intake of fruits and vegetables, which transferred to a different baseline level of carotenoids, was registered
in these two groups, which could influence the outcome. These results also suggest that ethnicity may determine
the influence of carotenoids on PONL1 activity. Possibly, other factors such as food sources of carotenoids or
different preparation methods may affect this relationship. In particular, olive oil usage with vegetables, which was
registered to be higher in Greek subjects, may be a confounding factor due to its protective activity towards PONL.
Virgin olive oils increased PON1-associated specific activities in a randomized study 4. Furthermore, after
stratification, the observed relationship was significant only in subjects with the R-allele of PON1-192

polymorphism [42],

In other studies, the influence of PON1 gene polymorphism on the modulation of antioxidant activity by dietary
antioxidants was also noted. A higher intake of oleic acid was related to an increased PON1 activity only in the
PON1-192 RR genotype group 2. Furthermore, in a study on elderly volunteers, where antioxidant protection
offered by components of tomato juice (especially 3-carotene and lycopene) was more advantageous in subjects
with the R-allele 481, PON1 activity increased in all volunteers, including the control group. However, antioxidant
status improved and LDL-oxidation decreased only in R-allele carriers but not in the QQ genotype group. The

same group of authors observed the effect of tomato (as a source of B-carotene and lycopene) and carrot juice (as
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a source of B-carotene and a-carotene) consumption on PON1 activity and lipid peroxidation in healthy young
volunteers for 2 weeks preceded by 2 weeks of low-carotenoid intake. In this setting, as opposed to the previous
study, neither of the juices affected PON1 activity. However, tomato juice consumption resulted in a reduction in
lipid peroxidation in R-allele carriers in comparison to QQ subjects. Carrot juice did not affect lipid peroxidation
regardless of the PON1-192 genotype 481, Again, the QQ homozygous subjects did not gain any additional
antioxidant protection of the lipids with this nutritional intervention. These results suggest that there may be a
higher potential for improving the antioxidant defense of PON1 and protection from atherosclerosis through the
modulation of HDL function by using dietary antioxidants in subjects with R-allele than in the QQ-genotype.
Interestingly, it is the PON1 isoenzyme corresponding to the RR genotype that has a low hydrolyzing activity
towards lipid hydroperoxides [47. Additionally, given that in some populations, subjects of the RR genotype or with
R-allele were shown to be at increased risk of coronary artery disease 2849 it would be indeed very valuable to
find ways of enhancement of PON1 activity, particularly in these individuals. PON1 polymorphism modifies the
effect of carotenoids on different diseases related to oxidative stress, not necessarily related to atherosclerosis.
The distribution of PON1 polymorphism is known to vary between different populations. For the PON1-192
polymorphism, the R-allele was most widely distributed among Mexican (51.7-43.7% depending on the ethnic
group) 29, Japanese (65.2%) B, and Chinese (64.8%) (22 people. Among the Mexican population, the Mestizos
have the highest frequency of the RR genotype. Important differences were reported after the comparison of the
Mexican and Asian populations to Caucasians. The lowest R-allele frequency was observed in German (22.5%)
B3 British (29%) B4, and French (29%) 58I58] populations. Taking into account the allele distribution frequency
may help assess the target population, in which carotenoid supplementation improves antioxidant status and limits
lipid peroxidation. Another area in which carotenoids may be useful is the osteoporosis risk attenuation. Yet this
effect may also be affected by PON1 polymorphism. High serum lycopene was associated with lower bone
resorption markers only with subjects with the LL genotype and Q allele B4, Dietary interventions may be a
therapeutic option, applied especially in groups where they offer the greatest advantage. Further research should

be encouraged to identify these groups.

In a study on a cohort of 60 Australian Aboriginal people, PON1 arylesterase activity correlated with total
carotenoid concentration, as well as the individual carotenoids -carotene, lycopene, cryptoxanthin, and lutein plus
zeaxanthin B8, In addition, correlations of paraoxonase activity with plasma total carotenoids concentration, due
mainly to a strong correlation with lycopene concentration, were found. Dietary and lifestyle intervention in this
study increased PONL1 activity, homocysteine, and carotenoid concentration. Change in PONL1 activity correlated
with the change in HDL cholesterol, but the increased HDL cholesterol could not account for all PON1 activity rise.
Correlation between carotenoid concentration and PON1 activity were detected at baseline and after the
intervention. Yet the authors were not able to find a correlation between change in carotenoids and change in
PONZ1 activity. Not all studies prove that carotenoids influence PONL1 activity. Ferre et al., in a study on 388
individuals, found no correlation between B-carotene intake and PON1 activity B2, The participants of this study
were randomly selected with a wide age range (18-75 years) with an equal proportion of men. Kleemola et al.

describe an inverse relationship between p-carotene and PONL1 activity, but the volunteers in this study were young
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and healthy university students and employees, mostly women 2. These conflicting results can be explained, at

least in part, by differences in the studied populations.

4.3. Conclusion on the Effect of a Mixture of Carotenoids on PON1 Activity

In most of the studies, supplementation of a mixture of carotenoids in their natural form with food increases PON1
activity in serum and/or HDL3. Studies focused on the determination of correlations of individual mixtures of
carotenoids with PON1 activity suggest that the relationship between these antioxidants exists only in some
populations. While this is observed for most carotenoids and carotenoid mixtures, 3-carotene exceptionally shows
no correlation or even an inverse correlation with PON1 activity. PON1-192 polymorphism was found to modify the
effect of carotenoids on antioxidant status improvement, lipid peroxidation, LDL-oxidation, and bone turnover
markers.
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