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Naringenin is An Inhibitor of Human Serum Paraoxonase
(PON1): An In Vitro Study
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Background: Inhibition studies on PON1 as
an organophosphate-hydrolyzing and ather-
oprotective enzyme could be useful in
elucidating the function of PON1. This study
is aimed at examining the in vitro effects of
the flavonoid naringenin on PON1 activity in
human serum and purified enzyme. Methods:
The inhibition kinetics of the interaction
of naringenin with human PON1 in serum
and purified enzyme was determined
spectrophotometrically using paraoxon and
phenylacetate as the substrates. Results:
Naringenin could be introduced as an
effective inhibitor on purified human PON1
activity for phenylacetate as the substrate
with an IC50 value of 10 mM. Paraoxonase
and arylesterase activities of PON1, in the
serum assay, were also inhibited by
naringenin with IC50 values of 37.9 and
34.6mM, respectively. PON1, according to a

competitive-type inhibition pattern, was inhib-
ited by naringenin with Ki constant of 14.5mM
for serum paraoxonase activity. The results
were compared with a known inhibitor of
PON1, 2-hydroxyquinoline. We believe (to our
knowledge) that this is the first reported study
for kinetic parameters of PON1 inhibition by
naringenin. Conclusions: Lipophilic property
appears to be an important feature of the
structure in evaluating the inhibitor potential.
Comparison of our findings and other authors
showed that the induction of PON1 gene by
naringenin and its inhibitory effects on the
enzyme protein are probably two different
mechanisms by which the flavonoid affects
PON1. The in vitro data reported in this study
could be useful in the development of
structure–activity relationship for PON1 inhibi-
tion. J. Clin. Lab. Anal. 25:395–401, 2011.
r 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Serum paraoxonase (PON1, EC 3.1.8.1) is a serum
enzyme belonging to the class of esterases (1), and it is
physically bound to high-density lipoprotein, HDL (2,3).
The enzyme’s name derives from its ability to hydrolyze
paraoxon, an organophosphate that is metabolically
produced from the insecticide parathion (4). Paraoxon
and phenylacetate as the substrates were routinely used for
evaluating PON1 activity. There is another form of the
paraoxonase enzyme in serum that is paraoxonase 3,
PON3 (5). PON3 has almost no paraoxonase activity with
paraoxon as the substrate (2). Also, PON3 exhibit very
limited arylesterase activity with phenylacetate as the
substrate (2). Some studies suggested that the role of
PON3 may be different from PON1 (2). In addition, serum

human PON3 is less abundant than PON1 (3). PON1 is
one of the main enzymes of HDL that may account in part
for an important part of the antioxidative properties of
HDL (3,4). Studies have indicated that HDL protects low-
density lipoprotein (LDL) and cell membranes against
oxidative damage (4). It has been shown that oxidized LDL
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plays an important role in the development of athero-
sclerotic lesions and HDL can protect LDL from oxidation
and therefore prevent the production of the oxidized LDL.
This protective effect of HDL could be attributed to the
enzymes associated with HDL including PON1 (4,5). Other
physiological roles have been reported for PON1 including
hydrolysis and inactivation of homocysteine thiolactone, a
toxic metabolite of homocysteine (6). The role of this
enzyme is also showed in the activation and inactivation of
specific drugs (7). In addition, PON1 has been found to
play a role in other diseases including diabetes, familial
hypercholesterolemia, chronic renal failure, obesity, meta-
bolic syndrome, and sepsis (3,6,8,9).
Flavonoids are a large family of polyphenols, which are

widely found in vegetables and fruits and make a part of
the human diet (10,11). Several studies have indicated that
increased consumption of flavonoid-rich foods lead to a
lower risk of developing cardiovascular disease, stroke,
some forms of cancer, and other chronic diseases (10–15).
Increased oxidative stress is related to these diseases (11).
Dietary flavonoids exert their functions by antioxidant
mechanisms and are able to scavenge free radicals including
hydroxyl, peroxyl, and superoxide (11,16). Naringenin
is one of the major citrus flavanones, a subclass of
flavonoids (17). This flavonoid has some antioxidant
activities and other effects such as inhibition of some
enzymes like hydroxy methylglutaryl-coenzyme A reductase,
HMG-COA reductase (17). Involvement of naringenin in
several biological activities, such as antiradical, antilipoper-
oxidation, and anti-inflammatory, has been proven (18).
The relationship between paraoxonase enzyme and

various flavonoids has been examined in several studies
(16,19–22). In some the studies, the association between
flavonoid-containing foods and paraoxonase activity has
been investigated in vivo (16,19,20). Others have focused on
the effects of flavonoids on PON1 gene expression (21,22).
In general, in vitro studies about the relationship between
serum paraoxonase and flavonoids including naringenin are
limited and also in reported studies on the relationship
between paraoxonase enzyme and flavonoids including
naringenin as an important flavonoid, the effects of
flavonoids on the enzyme itself have not been considered.
Also, PON1 is a potential therapeutic target because it plays
a role as an antiatherosclerotic and detoxifying enzyme
(5,8). In addition, there are limited data about activators
and inhibitors of PON1. Therefore, this study was
conducted to examine the in vitro effects of the flavonoid
naringenin on human serum paraoxonase activity.

MATERIALS AND METHODS

Conditions of In Vitro Incubation

Incubation mixture consisted of human serum or
purified human PON1 (ZeptoMetrix Corporation,

Buffalo, NY) and naringenin (Sigma-Aldrich, Germany)
in 0.1M Tris/HCl buffer, pH 8.0, containing 2mM
paraoxon (O,O-diethyl-O-p-nitrophenylphosphate;
Sigma-Aldrich) and 2mM CaCl2 for the assay of
paraoxonase activity and 1mM phenylacetate (Fluka,
Germany) and 1mM CaCl2 for the determination of
arylesterase activity. The same conditions were prepared
with 2-hydroxyquinoline (2-HQ; Sigma-Aldrich) to
validate the assay of PON1 activity in serum. Concen-
trations of naringenin or 2-HQ were added as methanol
stocks to a final solvent concentration of 0.2% (v/v).
The assays were run at a constant 0.2% methanol at all
concentrations. In other words, all assays were set up to
have a constant concentration of methanol, i.e. 0.2% in
the assay cuvette. The incubation volume was 1ml for
the assay of paraoxonase activity and 3ml for the
determination of arylesterase activity.

PON1 Activity Assay in Serum

PON1 activity toward paraoxon was determined by
the addition of serum to Tris/HCL buffer (0.1M, pH
8.0) containing paraoxon (2mM) and CaCl2 (2mM).
The rate of hydrolysis of paraoxon was measured
spectrophotometrically (UV 1250, Shimadzu, Japan)
by monitoring p-nitrophenol libration at 412 nm. The
enzyme activity was expressed in U/ml serum; 1U of the
paraoxonase activity produces 1 nmol of p-nitrophenol
per min (23,24). Arylesterase activity was measured
using phenylacetate as the substrate (7). Serum was
added to the reaction mixture containing 1mM pheny-
lacetate and 1mM CaCl2 in Tris/HCL buffer (0.1M, pH
8.0). The increase in absorbance at 270 nm was recorded
after the addition of serum. 1U of arylesterase activity is
defined as 1 mmol phenylacetate hydrolyzed/min/ml (7).

Assay of Purified PON1 Activity

The inhibitory effects of naringenin were examined on
purified PON1 to establish and reveal that it works as an
inhibitor on PON1 both in the serum and as a purified
enzyme. Purified human PON1 was purchased from
ZeptoMetrix Corporation (Cat. NO. 0801384). The
assay of purified PON1 activity was performed with
phenylacetate as the substrate similar to the measure-
ment of PON1 activity in serum except purified PON1
used in the assay instead of serum.

In Vitro Inhibition Studies

The inhibition studies were performed by adding
naringenin or 2-HQ to the incubation mixture. Activity
values of PON1 for three different concentrations of
naringenin were measured by regression analysis using
Microsoft Office 2003 Excel. PON1 activity without a
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concentration of naringenin was accepted as 100%
activity. IC50 (the concentration at which 50% inhibi-
tion was observed) values were determined by activity %
values of PON1 for three different concentrations of
naringenin or 2-HQ as the inhibitor. In the serum assay,
in order to calculate Km and Vmax values of PON1 for
paraoxon as the substrate the Lineweaver–Burk graph
was plotted using six different substrate concentrations
of paraoxon (0.25, 0.5, 0.8, 1, 2, and 4 mM). The Ki value
for naringenin was calculated by secondary plot of slope
from the Lineweaver–Burk graph.

RESULTS

In this study, in vitro effects of naringenin were
examined on PON1 activity in serum and purified
enzyme. It was pleasing to detect PON1 activity in its
native environment, thus experiments were performed in
human serum as a source of native enzyme. To test
whether naringenin had a direct effect on PON1, the
compound was examined for inhibitory activity using
the purified enzyme, instead of serum, in a similar
manner. Paraoxon was used as the substrate for specific
detection of PON1 activity and this allowed the
evaluation of the enzyme activity in the presence of
other serum enzymes. For determining the inhibitory
effects of naringenin on arylesterase activity of PON1,
phenylacetate was used as the substrate. Using of
phenylacetate instead of paraoxon allowed less enzyme
to be used in the assay, thus only arylesterase activity
was determined for purified PON1.
Control experiments showed that PON1 activity in the

serum was stable at room temperature for at least
90min. Since naringenin to be assayed was dissolved in
methanol, inhibitory effects of the solvent on PON1
activity were determined (Fig. 1). Our findings demon-
strated that methanol at a concentration of 0.2% had no
a significant inhibitory effect on PON1 activity. These
results are consistent with a study by Eckerson et al. (25).
2-HQ was used as a known PON1 inhibitor to validate

the assay of PON1 activity in serum. 2-HQ was a potent
inhibitor of PON1 activity. Paraoxonase and arylester-
ase activities of serum PON1 were inhibited up to 89 and
92%, respectively, by 2-HQ at a concentration of 5 mM.
Arylesterase activity of purified PON1 was also inhib-
ited in the presence of 2-HQ with IC50 value of o1 mM.
Naringenin had a significant inhibitory effect on

PON1 activity. In the serum assay, inhibition type was
determined by Lineweaver–Burk graph (Fig. 2). This
graph was plotted using six different concentrations of
paraoxon as the substrate (0.25, 0.5, 0.8, 1, 2, and 4 mM).
The enzyme kinetic parameters were calculated by the
graph for paraoxon as follows: Km 5 0.9mM and
Vmax 5 143.6 nmol/min/ml. The kinetic data showed

that the inhibition of PON1 activity by naringenin was
of the competitive type with Ki value of 14.5 mM. Our
findings showed that paraoxonase and arylesterase
activities of serum PON1 were inhibited by the flavonoid
at a concentration of 10 mM up to 25 and 32%,
respectively. Naringenin had IC50 values in the serum
assay of 37.9 and 34.6 mM for paraoxonase and
arylesterase activities of PON1, respectively. Purified
human PON1 was also inhibited by naringenin.
Arylesterase activity of the purified PON1 was inhibited
by the flavonoid with an IC50 value of 10 mM. The
kinetic data on in vitro inhibition of PON1 by
naringenin and 2-HQ are compared in Table 1.

DISCUSSION

PON1 is an atheroprotective enzyme and also plays a
role as a detoxifying enzyme in the inactivation of some
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Fig. 1. The tolerance of the enzymatic reaction for methanol.
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incubations performed in triplicate determination.
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organophosphate toxins (5). Therefore, a better under-
standing of PON1 modulators could be useful in finding
potential therapeutic strategies (5,8). In addition, potent
compounds that affect PON1 activity in serum and as
purified enzyme could be helpful research tools for
different studies (26). PON1 is a potential therapeutic
target for preventing cardiovascular disease (26,27) and
consumption of flavonoids is also related to lower
incidence of heart disease (11), thus it seems to be
important to understand various aspects of the relation-
ship between the enzyme and flavonoids. Although the
relationship between flavonoid-rich foods and PON1
activity in vivo and also effects of flavonoids on PON1
gene expression have been reported in some studies, to
our knowledge in vitro effects of flavonoids on the
enzyme itself have not been examined. In this report, we
focused on this aspect of the topic and the potential
effects of the flavonoid naringenin on PON1 activity in
human serum and purified enzyme were determined.
In first, we performed a screening assay in serum to
evaluate the effects of 11 flavonoids, including narin-
genin, myricetin, catechin, epicathchin, morin, daidzein,
genistein, quercetin, hesperetin, hesperidin, and kamp-
ferol, on serum PON1 activity. Since the flavonoids
except naringenin did not show a significant inhibitory
effect on PON1 activity (data not shown), naringenin
was selected to continue the inhibition studies.
In this study, naringenin had a significant inhibitory

effect on human serum paraoxonase activity. Table 2
shows the comparison of the IC50 values, % inhibition,
and the structure of naringenin and 2-HQ with some
PON1 inhibitors that have been studied by Billecke et al.
(1) and Aviram et al. (23). Compounds represented in
this table are structurally unrelated. These compounds
cannot be classified as analogs of known synthetic
substrates for PON1, paraoxon, and phenylacetate.
However, lipophilic property appears to be an impor-
tant feature of the structure in evaluating inhibitor
potential. Bargota et al. indicated that the aromatic
nature of amino acids in active site of PON1 could
describe why the enzyme prefers lipophilic substrates

(28). Also, Josse et al. (29) demonstrated that the
hydrophobic or aromatic feature of the amino acid in
the PON1 active site is essential for serum paraoxonase
activity.
Findings of Aviram et al. (23) showed that paraox-

onase activity of serum PON1 was inhibited up to 58%
by PD-113487 and up to 76% by PD-65950 (the most
potent inhibitor) at a concentration of 100 mM. The
compounds used in the study of the investigators had the
inhibitory effects on paraoxonase activity of serum
PON1 but had no a significant inhibitory effect (14% for
PD-65950) on arylesterase activity of the enzyme even at
a high concentration, 100 mM. In this study, naringenin
inhibited paraoxonase and arylesterase activities of
serum PON1 up to 25 and 32%, respectively, at a
concentration of 10 mM, i.e. 10-fold less than the
concentration used by Aviram et al. (23). Arylesterase
activity of purified PON1 was inhibited by naringenin up
to 50% at a concentration of 10mM (IC50 value5

10mM). In addition, in the serum assay, the IC50 values
obtained for paraoxon (37.9mM) and phenylacetate
(34.6mM) as the substrates are better than the reported
IC50 values by Billecke et al. (1) for compounds such as
oxindole (IC50 value5 50mM) and e-caprolactam (IC50

value5 100mM). Also, it should be noted that the
reported inhibitors by Billecke et al. (1) and Aviram
et al. (23) are synthetic compounds, but the introduced
inhibitor in this study, naringenin, is a flavonoid found
at high concentrations in citrus fruits (17).
The relationship between flavonoids, paraoxonase

enzyme, and oxidative status has been investigated by
other authors. Ustundag et al. (20) showed that soy
isoflavones (genistein, daidzein and glycitin) stimulate
paraoxonase activity in rats. However, in that study,
effects of the isoflavones have been related to their
powerful antioxidant characteristics (20). Ali et al. (30)
showed that various doses of naringin can reduce
hydrogen peroxide and lipid peroxidation and increase
activity of antioxidant enzymes such as PON. However,
the authors expressed that the mechanism of naringin
effect is not obviously distinguished (30). Jeon et al.

TABLE 1. Comparison of the IC50 Values and % Inhibition of PON1 Activity by Naringenin and 2-HQ

Name of
Serum PON1 IC50 (mM) % Inhibition of serum PON1d

% Inhibition of

compound Paraoxona Phenylacetateb Purified PON1 IC50 (mM)c Paraoxona Phenylacetateb purified PON1d

Naringenin 37.9 34.6 10 25 32 50

2-HQ 1.8 1.4 o1 89 92 94

2-HQ, 2-hydroxyquinoline.
aFor the assay of paraoxonase activity.
bFor the assay of arylesterase activity.
cIC50 values were determined by arylesterase activity.
dNaringenin and 2-HQ were used at concentrations of 10 and 5mM, respectively.
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TABLE 2. Comparison of the IC50 Values, % Inhibition and the Structure of Naringenin With Some PON1 Inhibitors

Inhibitor Structure

IC50 value

(mM)c

% Inhibition of PON1 activity in serume

Paraoxonase

activity

Arylesterase

activity

Naringenin 10 25 32

2-HQ o1 89 92

3,4-Dihydro-2(1H)-quinolinea o25 NDd NDd

Oxindolea 50 NDd NDd

e-Caprolactama 100 NDd NDd

PD-65950b NDd 76 14

PD-11612b NDd 74 13

PD-92770b NDd 69 16

PD-113487b NDd 58 11

2-HQ, 2-hydroxyquinoline.
aFrom Billecke et al. (1).
bFrom Aviram et al. (23).
cFor the assay of arylesterase activity of purified PON1.
dNot determined.
eNaringenin and 2-HQ were used at concentrations of 10 and 5 mM, respectively. Reported compounds by Aviram et al. (23) were used at a

concentration of 100mM.
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indicated that naringin increases the mRNA expression
of antioxidant enzymes such as superoxide dismutase
and catalase and reduces the hepatic mitochondrial
H2O2 content (31). In a study by Lee et al. (32),
naringenin enhanced the antioxidant capacity of
erythrocytes and liver. Effects of flavonoids on the gene
expression of PON1 have been reported in some other
studies. Gong et al. (21) suggested that quercetin has
antiatherogenic property by upregulating the gene
expression of PON1. Gouedard et al. (22) evaluated
directly the effects of naringenin on PON1 gene
expression. These investigators indicated that PON1
mRNA increases following treatment with naringenin in
human hepatoma cell line (22). It may be concluded
from our findings and the reported results by Gouedard
et al. that naringenin has an affect on PON1 by
increasing gene expression, but its molecular structure
can act as an inhibitor of the enzyme protein. Therefore,
induction of PON1 gene by naringenin and its inhibitory
effects on the enzyme protein are probably two different
mechanisms by which the flavonoid affects PON1.
However, additional studies are required to clarify in
vivo effects of naringenin on PON1 gene expression and
the enzyme protein. It should be noted that inhibition of
PON1 by the flavonoid naringenin is not surprising
because the previous studies have been indicated
that flavonoids could inhibit various enzymes like
hydrolases (33).
The data about bioavailability of flavonoids are

limited (17). Bioavailability differs greatly for various
flavonoids (34). Some studies have shown that plasma
concentrations of flavonoids reach 15 mM after uptake
of 400–760ml of orange juice or grapefruit juice (17).
The result is not surprising, because citrus fruits and
juices contain high concentrations of the compounds,
several hundred milligrams per liter (17). Also, Manach
et al. (34) reported that plasma concentrations of
naringenin approximately reach 6 mM with only
200mg ingested as grapefruit juice. These are in part
comparable to concentrations of naringenin used in this
study. In addition, the greater intake of naringenin-rich
sources can increase its plasma concentrations. It has
also been indicated that naringenin is bioavailable from
some sources such as tomato paste notably used (17).
It may be concluded from this study that naringenin

could be introduced as an effective inhibitor on
paraoxonase and arylesterase activities of PON1 in
vitro. This enzyme was inhibited by naringenin in a
competitive-type inhibition pattern. Comparison of our
findings and other authors showed that naringenin
increases PON1 gene expression, but it is an inhibitor of
the enzyme protein in vitro. The in vitro data reported in
this study could be useful in the development of
structure–activity relationship for serum paraoxonase

inhibition. It remains to be investigated whether
naringenin as PON1 inhibitor using in vitro conditions
will be the enzyme inhibitor in vivo. Additional
researches are required to obtain more detailed bio-
chemical knowledge on PON1 interrelations with
flavonoids.
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