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Paraoxonase 1 (PON1) is a more potent antioxidant and stimulant of
macrophage cholesterol efflux, when present in HDL than in

lipoprotein-deficient serum: Relevance to diabetes

Mira Rosenblat, Rachel Karry, Michael Aviram ∗

The Lipid Research Laboratory, Technion Faculty of Medicine, The Rappaport Family Institute for Research in the
Medical Sciences and Rambam Medical Center, 31096 Haifa, Israel

Received 14 April 2005; received in revised form 12 July 2005; accepted 17 August 2005
Available online 17 October 2005

Abstract

The present study analyzed serum paraoxonase 1 (PON1) distribution among HDL and lipoprotein-deficient serum (LPDS) in atherosclerotic
patients, and compared PON1 biological functions in these fractions.
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Serum HDL and LPDS fractions were isolated from control healthy subjects, diabetic and hypercholesterolemic patients. PON1 activities and
rotein in HDL/LPDS, as well as its ability to protect against lipid peroxidation and to stimulate HDL/LPDS-mediated macrophage cholesterol
fflux were measured. In LPDS from controls, PON1 protein and a significant paraoxonase activity were found, whereas arylesterase and
actonase activities were substantially reduced compared to HDL, by 78% and 88%, respectively. In diabetic patients, PON1 protein and
araoxonase activity in HDL were significantly decreased by 2.8- and 1.7-fold, respectively, compared with controls’ HDL. In parallel, in
hese patient’s LPDS, PON1 protein and paraoxonase activity were markedly increased by 3.7- and 1.7-fold, respectively, compared with
ontrols’ LPDS. PON1 in HDL (but not PON1 in LPDS) significantly decreased AAPH-induced lipid peroxides formation by 33%, and
ncreased macrophage cholesterol efflux by 31%.

We conclude that PON1 is less antiatherogenic when present in LPDS than in HDL. The abnormal serum PON1 distribution in diabetic
atients, could be responsible for the accelerated atherosclerosis development in these patients.

2005 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Paraoxonase 1 (PON1) is an HDL-associated esterase/
actonase [1–3] and its activity is inversely related to the
isk of cardiovascular diseases [4,5]. Recently, PON1 was
hown to be associated also with triglyceride-rich lipopro-
eins (chylomicrons and VLDL), but not with LDL [6,7]. The
rystal structure elucidation of a variant of PON1 obtained
y directed evolution, showed that PON1 consists of a six-
laded � propeller with a unique active site [8]. The role
f PON1 in atherosclerosis development was demonstrated
n studies, which used mice lacking PON1 [9,10], or over-

∗ Corresponding author. Tel.: +972 4 8542970; fax: +972 4 8542130.
E-mail address: aviram@tx.technion.ac.il (M. Aviram).

expressing PON1 [11,12]. PON1 antiatherogenic properties
include protection of LDL, HDL and macrophages against
oxidative stress [9,10,12–15], attenuation of oxidized-LDL
uptake by macrophages [16], inhibition of macrophage
cholesterol biosynthesis [17], and stimulation of HDL-
mediated cholesterol efflux from macrophages [18]. Among
HDL subfractions, HDL3, which is important in reverse
cholesterol transport, carries the highest PON1 activity
[19].

Most of serum PON1 is localized on the surface of HDL,
and HDL major apolipoprotein, A-I (apoA-I) was shown to
stabilize PON1 activity [1,2]. Under pathological conditions,
such as in patients with low plasma apoA-I levels, PON1 dis-
tributed from small-size HDL to the LPDS [20]. In human
apoA-I deficiency, 38% of PON1 protein was found in the

021-9150/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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lipoprotein-free fraction, whereas in healthy subjects only 5%
of total serum PON1 protein was in LPDS [21]. In humans
and rabbits most of the PON1 arylesterase activity was shown
to be HDL-associated, whereas in mice 30% of this activity
was found in LPDS [22]. In the absence of apoA-I in mice,
total PON1 arylesterase activity was reduced and over 60%
was found in LPDS [22]. PON1 arylesterase activity and dis-
tribution were restored in apoA-I deficient mice following
injection of adenoviruses encoding human apoA-I [22]. We
hypothesized that PON1distribution between HDL and LPDS
could have important consequences on PON1 antiatherogenic
properties. Thus, the aim of the present study was to ana-
lyze serum PON1 distribution between HDL and LPDS in
atherosclerotic patients, and to assess PON1 functions when
present in HDL versus in LPDS.

2. Methods

2.1. Subjects

Blood samples were collected from a control group con-
sisted of three male healthy volunteers, three male NIDDM
patients, and three male hypercholesterolemic patients. The
controls were non-smokers, with no diabetes (serum glucose
levels below 100 mg% and hemoglobin A1c levels were in
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15–17, LDL between 23 and 26, HDL between 27 and 36,
and LPDS between 37 and 60. The HDL peak is consisted of
two peaks: the first one is HDL2 and the second one HDL3.

2.2.2. Isolation of serum lipoproteins by discontinuous
density gradient ultracentrifugation (UC)

HDL and LPDS were prepared from human serum
obtained from fasted normolipidemic volunteers, or dia-
betic patients by density gradient ultracentrifugation [23].
Solid KBr was added to 4 ml serum to increase its den-
sity to 1.25 g/ml. This solution was overlayered with 4 ml
of d = 1.084 g/ml KBr–NaCl solution, and overlayerd with
4 ml of d = 1.006 g/ml. The KBr solutions contained 2 mM
of CaCl2 and 100 �M of diethylenetriaminepeta-acetic acid
(DTPA) to preserve PON1 activity [24]. The tubes were cen-
trifuged in a SW41 rotor (Beckman Coulter Canada Inc.)
at 35,000 rpm (100,000 × g) for 48 h at 4 ◦C. The VLDL,
LDL, HDL and LPDS fractions were visualized, isolated and
stored at 4 ◦C [23]. The HDL and LPDS fractions were dia-
lyzed against 50 mM Tris–HCl, 2 mM CaCl2, pH 7.4, and
their protein content was determined using the Folin phenol
reagent [25].

2.3. PON1 preparation
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he range of 4.8–6.2%), with no hypertension, or coronary
rtery disease, and they did not take any medications. The
iabetes mellitus duration in the patients was 4–10 years
ith serum glucose levels above 160 mg% and hemoglobin
1c in the range of 7.5–11.3%. All patients had no

schemic heart disease, no hypercholesterolemia and were no
mokers.

The hypercholesterolemic patients were no smokers,
ith no diabetes, hypertension, or coronary artery dis-

ase, and they did not take any medications. Their serum
otal and LDL cholesterol levels were above 270 mg/dl and
70 mg/dl, respectively, and their serum triglycerides levels
ere lower than 200 mg/dl. The serum samples were imme-
iately analyzed for glucose, lipids (cholesterol and triglyc-
ride) apolipoprotein A-I levels, PON1 activities and basal
xidative status. Then the serum samples were fractionated.

.2. Isolation of serum lipoproteins

.2.1. Isolation of serum lipoproteins by fast-protein
iquid chromatography (FPLC)

Serum lipoproteins were separated by size exclusion chro-
atography on an FPLC system [22]. Two hundred micro-

iters of serum were diluted ×2 with phosphate buffered
aline (PBS) and filtered. These diluted serum samples
ere fractionated through Superose 6 column (1 cm × 30 cm,
harmacia) using prefiltered and degassed PBS pH 7.5. The
ow rate was 0.5 ml/min, and sixty 0.5 ml fractions were col-

ected and immediately analyzed for PON1 arylesterase and
araoxonase activities. VLDL was eluted between fractions
.3.1. Human PON1
PON1 (a generous gift from Dr. Draganov, University of

ichigan, Ann Arbor, USA) was purified from the sera of
ealthy human volunteers, by chromatography using Blue
garose, DEAE and Con-A columns, as previously described

26].

.3.2. Evolved PON1
Evolved PON1 (a generous gift from Dr. Dan Tawfic from

he department of Biological Chemistry, the Weitzman Insti-
ute of Science, Rehovot, Israel) was generated in E. coli
fter a directed evolution process as previously described
27].

.3.3. PON1 Western blot analysis
Western blot analysis was performed using SDS-PAGE,

0% bis-acrylamide gels. From the UC HDL or LPDS frac-
ions, 20 �l were loaded on the gel, and from the FPLC
ractions 150 �l were loaded. Blocking of the gel was in
% BSA for 2 h at room temperature. The primary antibody
a generous gift from Dr. Draganov, Ann Arbor, Michigan,
SA) was mouse monoclonal anti-human PON1 diluted

1:5000, v/v, in T-TBS with 1% BSA), and it was incu-
ated with the membrane over night. The secondary antibody
orseradish peroxidase-conjugated anti-mouse IgG (Sigma)
iluted 1:5000 in T-TBS was incubated for 1 h at room tem-
erature. The membranes were developed using the ECL
estern blotting kit (Amersham). Two micoliters (diluted

:200) of purified hPON1 (3.8 mg/ml) were loaded as posi-
ive control. The membranes were exposed for 5 min.
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2.3.4. Arylesterase activity
Arylesterase activity was determined using 5 �l serum or

10 �l of the HDL or LPDS fraction in a total volume of 1 ml of
50 mM Tris–HCl, pH 8.0 containing 1 mM CaCl2 and 1 mM
phenyl acetate. The increase in OD at 270 nm was monitored
along 1 min. One unit is defined as 1 �mol of phenyl actetate
hydrolyzed per milliliter per miniute [26].

2.3.5. Lactonase activity
Lactonase activity was determined using 10 �l of serum or

50 �l of HDL or LPDS fractions in a total volume of 1 ml of
50 mM Tris–HCl, pH 8.0 containing 1 mM CaCl2 and 1 mM
dihydrocoumarin. The increase in OD at 270 nm was than
monitored along 1 min. One unit is defined as 1 �mol of dihy-
drocoumarine hydrolyzed per milliliter per minute [3].

2.3.6. Paraoxonase activity
Paraoxonase activity towards paraoxon was determined

spectrophotometrically at 412 nm using 10 �l serum or 50 �l
of HDL or LPDS fractions [26]. One unit of paraoxonase
activity is defined as 1 nmol of 4-nitrophenol formed per
minute.

2.4. Serum, HDL or LPDS lipids peroxidation
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2.7. Statistics

Student’s t-test was performed for all statistical analyses.
Results are given as mean ± S.D.

3. Experimental results

3.1. Paraoxonase1 (PON1) distribution in human serum
from healthy subjects, diabetic patients and
hypercholesterolemic patients

A representative fast protein liquid chromatography
(FPLC) profile of serum lipoprotein fractions obtained from
healthy subjects is shown (Fig. 1A). PON1 arylesterase and
paraoxonase activities were measured in the lipoproteins and
in the LPDS fractions (Fig. 1A and C). Whereas most of
serum arylesterase activity was recovered in the HDL frac-
tion, very low activity levels were found in the VLDL and
LDL fractions, but up to 12% of total serum arylesterase
activity was found in the LPDS fraction (Fig. 1B). Simi-
lar results were obtained for serum lactonase activity (data
not shown). In contrast to the data obtained for serum distri-
bution of arylesterase and lactonase activities, a substantial
paraoxonase activity was noted in the LPDS fraction which
could account for 44% of total serum paraoxonase activity
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HDL or LPDS from healthy subject (5 paraoxonase U/ml)
ere incubated without or with 100 mM of 2.2′-azobis,2-

midinopropane hydrochloride (AAPH, Wako, Japan) for
h at 37 ◦C [28]. At the end of the incubation period, the
mount of lipid peroxides [29] was measured. Basal serum
ipid peroxidation status was measured by the thiobarbituric
cid reactive substances (TBARS) assay [30].

.5. Cells

J774 A.1 murine macrophage cells were purchased from
he American Tissue Culture Collection (ATCC, Rockville,

D). The cells were grown in Dulbecco’s modified Eagle’s
edium (DMEM) containing 5% FCS and 100 U peni-

illin/ml, 100 �g streptomycin/ml, and 2 mM glutamine.

.6. Macrophage cholesterol efflux determination

J774 A.1 macrophages were incubated with [3H]-labeled
holesterol (2 �Ci/ml) for 1 h at 37 ◦C, followed by cell
ash in ice-cold PBS (×3) and a further incubation in the

bsence or presence of HDL or LPDS (5 paraoxonase U/ml))
or 3 h at 37 ◦C [18]. Cellular and medium [3H]-labeled
holesterol was quantitated and the percentage of choles-
erol efflux was calculated [the ratio of [3H]-label in the

edium × 100/([3H]-label in the medium + [3H]-label in the
ells)] [18]. HDL or LPDS-mediated cholesterol efflux rep-
esents the value obtained in the presence of HDL or LPDS
inus the value obtained in cells incubated without HDL or
PDS.
Fig. 1C). Paraoxonase activity in the VLDL and LDL frac-
ions was very low (Fig. 1C).

HDL and LPDS were also isolated from the healthy sub-
ects by discontinuous density-gradient ultracentrifugation
UC). Similar to the FPLC fractions results, also in the UC
PDS fraction, paraoxonase activity was almost the same
s that obtained in HDL (Fig. 2A). In contrast, arylesterase
ctivity was lower in LPDS than in HDL by 78% (Fig. 2B),
nd lactonase activity was lower in LPDS than in HDL by
8% (Fig. 2C). Upon comparing PON1 arylesterase activity
n HDL obtained by FPLC versus UC (Figs. 1B and 2B), we
ound that per 1 ml serum the activity in the FPLC HDL was
igher by 38% as compared to the activity observed in the UC
DL, showing loss of HDL-associated PON1 activity during

he ultracentrifugation procedure.
The above results from FPLC and UC clearly indicate that

ON1 in LPDS loses its arylesterase and lactonase activi-
ies and maintain its paraoxonase activity, whereas in HDL,
ON1 possesses all three activities.

In order to prove that the LPDS paraoxonase activity is
ndeed related to PON1, we used the PON1 specific inhibitor
-hydroxyquinoline (200 �M). The PON1 inhibitor resulted
n a significant 60% reduction in HDL arylesterase activity
from 22.4 ± 1.5 to 9.0 ± 1.0 U/ml), and also in a signif-
cant 76% reduction in LPDS arylesterase activity (from
.9 ± 0.5 to 0.7 ± 0.7 U/ml). Similarly, paraoxonase activi-
ies in HDL and LPDS were also significantly reduced by
he addition of PON1 inhibitor or mouse anti human PON1

onoclonal antibody (diluted 1:10, v/v) to these fractions
data not shown). These results clearly indicate that the
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Fig. 1. Paraoxonase activities in lipoprotein fractions and in lipoprotein-deficient serum (LPDS) separated from the serum of healthy subjects by FPLC. Serum
samples (100 �l diluted ×2) from three healthy subjects were fractionated by FPLC and 60 fractions of 0.5 ml each were collected and the protein absorbance
was monitored at 260 nm (A), arylesterase (B) and paraoxonase (C) activities were measured in all fractions. Results are given as mean ± S.D. (n = 3).

arylesterase/paraoxonase activity in LPDS, as well as in HDL
is indeed related to PON1.

Under pathological conditions, the distribution of PON1
in serum between HDL and LPDS could have been altered,
as was previously shown in patients with apoA-I defi-
ciency [20,21]. Thus, we next analyzed PON1 distribution
in serum from atherosclerotic patients, including diabetic
and hypercholesterolemic patients. Increased oxidative stress
was noted in the serum obtained from diabetic and hyper-
cholesterolemic patients versus healthy controls, since the

basal serum TBARS levels in the diabetic and hypercholes-
terolemic patients were elevated by 116% and 72%, respec-
tively, compared with the controls (Table 1). Serum paraox-
onase, arylesterase and lactonase activities were significantly
reduced in the diabetic patients by 46%, 51%, and 64%,
respectively, compared with the activities measured in the
controls (Table 1). In the hypercholesterolemic patients these
activities were also reduced by 37%, 39% and 41%, respec-
tively (Table 1). Serum apolipoprotein A-I (apoA-I) levels
were significantly lower in the diabetic patients by 39%

Table 1
Serum oxidative stress, glucose, lipids and PON1 activities in diabetic patients and in hypercholesterolemic patients vs. healthy subjects

Healthy subjects Diabetic patients Hypercholesterolemic patients

Oxidative stress (nmol TBARS/ml) 2.5 ± 0.2 5.4 ± 0.4* 4.3 ± 0.6*

Glucose (mg%) 83 ± 6 350 ± 20* 95 ± 7
Triglyceride (mg%) 113 ± 11 202 ± 5 178 ± 7
Total cholesterol (mg%) 191 ± 12 155 ± 27 268 ± 10*

LDL-cholesterol (mg%) 112 ± 21 88 ± 32 192 ± 5*

HDL-cholesterol (mg%) 50 ± 5 22 ± 3* 40 ± 3*

Apolipoprotein A-I (mg%) 170 ± 68 103 ± 10* 153 ± 20*

Paraoxonase activity (U/ml) 340 ± 37 183 ± 35* 208 ± 12*

Arylesterase activity (U/ml) 113 ± 16 55 ± 7* 71 ± 3*

Lactonase activity (U/ml) 22 ± 4 8 ± 3* 13 ± 3*

Serum samples were collected from three healthy subjects, three diabetic patients and three hypercholesterolemic patients. Basal serum oxidative status was
determined by the TBARS assay. Results represent mean ± S.D. (n = 3).

* p < 0.01 vs. healthy subjects.
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Fig. 2. Paraoxonase activities in the HDL and in the LPDS fractions sepa-
rated from the serum of healthy subjects by density gradient ultracentrifuga-
tion. The serum samples (3.5 ml) of three healthy subjects were fractionated
and paraoxonase (A), arylesterase (B), and lactonase (C) activities were mea-
sured in the HDL and LPDS fractions. Results represent the mean ± S.D.
(n = 3), and are given as units in fraction which originated from 1 ml of
serum. *p < 0.01 vs. HDL.

and in the hypercholesterolemic patients only by 10%, com-
pared with the controls (Table 1). Serum HDL cholesterol
levels were also significantly reduced in the diabetic and
hypercholesterolemic patients by 56% and by 20%, respec-
tively, compared with the levels present in healthy subjects
(Table 1).

Using FPLC or ultracentrifugation fractionation, we next
compared the distribution of PON1 between HDL and LPDS
in serum from diabetic patients to that observed in healthy
subjects (Fig. 3). In the FPLC system, paraoxonase activity
in HDL from the diabetic patients (expressed as percentage
of total activity in HDL + LPDS) was significantly reduced
by 2.8-fold, compared to the control healthy HDL paraox-
onase activity (Fig. 3A). In contrast, paraoxonase activity
in the patients’ LPDS fractions was significantly higher, by
1.7-fold, as compared to the control healthy LPDS (Fig. 3A).
Similar results for paraoxonase activity were obtained upon
serum fractionation by ultracentrifugation, with a 1.3-fold
reduction in the diabetic patient HDL activity, and a 1.6-fold
increase in the diabetic patient LPDS paraoxonase activity,
compared with the activities observed in control healthy HDL
or LPDS (Fig. 3B). We next measured apoA-I concentrations
in the controls group and the diabetic patients HDL and LPDS
samples. The apoA-I levels in the diabetic patient’s HDL sam-
ples were reduced by 63%, compared with the apoA-I levels

in controls HDL (3.5 ± 0.3 versus 9.5 ± 2.4 mg/fraction). In
contrast, in the diabetic patient’s LPDS apoA-I levels were
increased by 21% compared with apoA-I levels in control
LPDS (0.33 ± 0.12 versus 0.27 ± 0.06 mg/fraction). In the
diabetic patients, 8.4% of total serum apoA-I concentration
were found in the LPDS fraction, in comparison to only 3.2%
that were noted in control’s LPDS, indicating increased dis-
sociation of apoA-I (like PON1) from HDL to the LPDS
fraction in diabetes versus controls. Paraoxonase activity in
the diabetic patients HDL was reduced by 30%, in compari-
son to the activity observed in control’s HDL when expressing
it as units per mg of HDL apoA-I (data not shown). In hyper-
cholesterolemic patients the distribution of PON1 in serum
was found to be similar to that observed in the healthy con-
trols subjects with 56% of total paraoxonase activity in HDL,
and 44% in LPDS (data not shown).

In order to demonstrate that the paraoxonase activity in
LPDS is indeed related to PON1 we performed Western blot
analysis using PON1 monoclonal antibody. In the FPLC sys-
tem, the amount of PON1 protein in the diabetic patient HDL
was significantly reduced by 2.8-fold as compared with the
control healthy HDL (Fig. 3C). In contrast, the amount of
PON1 protein in the diabetic patient LPDS was increased by
3.7-fold as compared to the healthy control LPDS (Fig. 3C).
Similar results were obtained for the ultracentrifugation frac-
tions; PON1 protein was reduced by 2.5-fold in the diabetic
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DL, or increased by 2.9-fold in the diabetic LPDS, com-
ared with the control HDL or LPDS, respectively (Fig. 3D).
hese results correlate with PON1 paraoxonase activity in

he HDL or LPDS fractions obtained by both serum fraction-
tion methods. In the UC fractions, the PON1 protein content
as considerably lower in LPDS versus HDL in both groups

controls and diabetic patients). However, the PON1 protein
ontent in the control healthy LPDS was found to be about 5%
f the total PON1 protein found in HDL + LPDS, whereas,
n the diabetic patients, as much as 30% of the total PON1
rotein in HDL + LPDS was found in their LPDS fractions
Fig. 3D).

The diabetic patient HDL (obtained by UC) con-
ained 8.6 ± 2.0 nmol lipid peroxides/ml compared with only
.8 ± 0.1 nmol/ml in the control healthy HDL (n = 3), sug-
esting that the increased oxidative stress in the diabetic
atient HDL may be the result of its reduced PON1 levels
nd activity.

The increase in PON1 in LPDS (both protein and activity)
n the diabetic patients versus healthy controls may be the
esult of a reduced capability of the diabetic HDL to bind
ON1. To analyze this possibility, similar volumes of HDL
rom control or diabetic patient (separated by ultracentrifu-
ation) were incubated with PON1 (50 paraoxonase U/ml)
or 20 h at 37 ◦C, followed by a second ultracentrifugation
n order to remove unbound PON1. Paraoxonase activity in
he patient HDL (expressed as units per milligram of apoA-I)
as increased by only 4% as compared to 127% increment

n control HDL (data not shown), suggesting that the patient
DL is indeed less capable of binding PON1.
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Fig. 3. Comparison between HDL and LPDS PON1 paraoxonase activity and protein in fractions isolated from the serum of healthy subjects and diabetic
patients. The HDL and LPDS fractions were isolated from the serum of 3 healthy subjects (controls), or from three diabetic patients by FPLC or by density
gradient ultracentrifugation (UC). Paraoxonase activity was determined in the FPLC HDL and LPDS fractions (A), as well as in the UC fractions (B). PON1
protein was analyzed by Western blot analysis, and the densitometric analysis of the protein bands, as well as the bands pictures are given for the FPLC (C)
and UC (D) fractions. HDL-C: control HDL, HDL-D: diabetic HDL, LPDS-C: control LPDS, LPDS-D; diabetic LPDS. Results are presented as mean ± S.D.
#p < 0.01 diabetic HDL vs. control HDL. *p < 0.01 diabetic LPDS vs. control LPDS.

3.2. PON1 in HDL but not in LPDS protects against
lipid peroxidation

PON1 presence in HDL or in LPDS could have impor-
tant consequences on PON1 antioxidant capability. Thus, we
next analyzed the ability of PON1 in LPDS versus HDL
(obtained from controls) to protect against AAPH-induced
lipids peroxidation (Fig. 4A). HDL or LPDS (5 paraoxonase
U/ml) were incubated without or with 50 paraoxonase U/ml
of evolved PON1 for 2 h at 37 ◦C. Upon adding 100 mM of
AAPH, the extent of lipid peroxidation in LPDS, measured
by the lipid peroxides assay, was increased by 36% compared
with HDL. In HDL incubated with the PON1, compared with
control HDL (incubated without PON1,) a 33% decrement in
AAPH-induced lipid peroxides level was noted (Fig. 4A). In
contrast, enrichment of LPDS with PON1 had no significant
effect on LPDS lipid peroxidation (Fig. 4A). Similar results
were observed with purified human PON1 (data not shown).
These results indicate that PON1 in HDL, but not lipoprotein-
free PON1 in LPDS protects against lipid peroxidation.

To analyze whether HDL, in comparison to LPDS
can stimulate PON1 paraoxonase activity, HDL or LPDS
(5 paraoxonase U/ml) were incubated without or with PON1
for 2 h at 37 ◦C, followed by paraoxonase activity measure-
ment (Fig. 4B). The observed paraoxonase activity of PON1
in HDL was significantly higher by 26%, compared to the cal-
culated values (paraoxonase activities in HDL + that added
as purified PON1, Fig. 4B). In contrast, the observed paraox-
onase activity in LPDS was similar to the calculated value
(Fig. 4B). These results suggest that HDL, but not LPDS,
increases PON1 paraoxonase activity, probably by its ability
to stabilize the enzyme.

3.3. PON1 in HDL stimulates cholesterol efflux from
macrophages more than when present in LPDS

We have recently shown that HDL-associated PON1 has
a stimulatory role in HDL-mediated cholesterol efflux from
macrophages [18]. Thus, we next compared the ability of
PON1 in LPDS versus PON1 in HDL (obtained from three
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Fig. 4. The effect of HDL or LPDS enrichment with PON1 on their sus-
ceptibility to AAPH-induced lipids peroxidation. (A) HDL and LPDS
(5 paraoxonase U/ml) were incubated with evolved PON1 (50 paraoxonase
U/ml), as well as with the PON1 vehicle solution for 2 h at 37 ◦C. The HDL
and LPDS samples were further incubated without or with 100 mM of AAPH
for 2 h at 37 ◦C. The extent of AAPH-induced lipids peroxidation was mea-
sured by the lipid peroxides assay and calculated as described under the
Methods section. (B) HDL and LPDS (5 paraoxonase U/ml) were incubated
with evolved PON1 (50 paraoxonase U/ml) for 2 h at 37 ◦C, and paraoxonase
activity was determined at the end of the incubation period. The calculated
values are the sum of the values obtained for HDL or LPDS alone + added
PON1 activity. Results are given as mean ± S.D. of three different experi-
ments. *p < 0.01 vs. HDL.

healthy subjects) to induce macrophage cholesterol efflux
(Fig. 5). LPDS ability to induce cholesterol efflux from J774
A.1 macrophages compared to HDL (at a similar PON1
paraoxonase activity) was found to be 3.4-fold lower (Fig. 5).
To analyze PON1 contribution to HDL/LPDS mediated
macrophage cholesterol efflux, we have preincubated HDL
or LPDS with PON1 inhibitor 2-hydroxyquinoline (200 �M).
Cholesterol efflux from the cells by HDL preincubated with
the inhibitor was reduced by 25%, compared with the extent
of cholesterol efflux by non-treated HDL (Fig. 5). In con-
trast, cholesterol efflux by LPDS preincubated with the PON1
inhibitor was reduced only by 10%, compared with the extent
of cholesterol efflux by non-treated LPDS (Fig. 5). Further-
more, we next enriched the HDL or the LPDS fractions with
similar paraoxonase activity of purified PON1. Cholesterol
efflux from J774 A.1 macrophages by HDL enriched with
PON1 (50 U/ml of paraoxonase activity) was 31% higher than
that observed with HDL (that was not enriched with PON1,
Fig. 5). In contrast, LPDS enrichment with a similar puri-
fied PON1 paraoxonase activity, increased cholesterol efflux
from the cells by only 13%, compared with the value obtained
on using LPDS that was not enriched with PON1 (Fig. 5).
These results suggest that PON1 in HDL can stimulate
macrophage cholesterol efflux significantly more than PON1
in LPDS.

Fig. 5. Comparison between the ability of HDL and LPDS (derived from
healthy subjects) to induce macrophage cholesterol efflux: effect of PON1
enrichment. HDL and LPDS were isolated from three healthy subjects by
ultracentrifugation. J774 A.1 macrophages were incubated at 37 ◦C for 1 h
with [3H]-cholesterol (2 �Ci/ml) following by cell wash and a further incu-
bation for 3 h at 37 ◦C without or with non-treated HDL fractions (100 �g
of protein/ml) or with non-treated LPDS fractions (at similar paraoxonase
activity as in HDL). The cells were also incubated with HDL or LPDS
fractions that were preincubated for 1 h at 37 ◦C with the PON1 inhibitor
2-hydroxyquinoline (200 �M), or with HDL and LPDS that were enriched
with evolved PON1 (50 paraoxonase U/ml). HDL or LPDS-mediated choles-
terol efflux was then determined. Results are given as mean ± S.D. of three
different experiments. *p < 0.01 vs. HDL.

4. Discussion

The present study demonstrated, for the first time, that in
diabetes a significant amount of serum PON1 is dissociated
from HDL to the LPDS fraction. Furthermore, we have shown
that PON1 in LPDS, unlike PON1 in HDL, is not able to pro-
tect against lipids peroxidation, and to stimulate macrophage
cholesterol efflux.

Western blot analysis in serum fractions revealed [6,7]
PON1 presence mainly in HDL (>90%), but also in the
triglyceride-rich lipoproteins chylomicrons (∼1%) and in
VLDL (∼2%), and in the lipoprotein-deficient serum (LPDS,
∼5%) [21]. The present study confirmed a similar content of
PON1 protein in LPDS separated by ultracentrifugation, but
lower levels (∼1%) in LPDS prepared by FPLC. This phe-
nomenon could be related to the ultracentrifugation forces
that dissociate HDL surface constituents (apoA-I, phospho-
lipids and also PON1) from the lipoprotein to LPDS. Fur-
thermore, the activity of PON1 in the HDL obtained by
ultracentrifugation was lower than in HDL from the FPLC
and this could be related to loss of PON1 activity during the
high-salt centrifugation. However, in both lipoprotein sep-
aration methods we observed the same phenomenon in the
diabetic patients versus controls (Fig. 3).

An interesting finding of the present study is the significant
paraoxonase activity observed in LPDS, up to similar levels
a
s
a
p

s that observed in HDL. Paraoxon hydrolysis in LPDS is not
pecifically PON1 activity, and it may be related in part to
non-specific hydrolytic activity due to albumin. However,
araoxon hydrolysis is wildly used to measure serum PON1
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activity (although the serum contain albumin). Upon exclud-
ing the early phase of paraoxon hydrolysis we observed the
same phenomena for the diabetic patients versus controls.
Previous study [22] showed by using FPLC that there was
almost no arylesterase activity in the LPDS fraction, and con-
cluded that PON1 is completely associated with HDL. This
study however did not measure paraoxonase activity which
is considered to be a more specific activity of PON1 [31].
The present study also could not detect significant amount
of arylesterase (as well as lactonase) activity in the LPDS
fraction, but we measured substantial paraoxonase activity in
this fraction, suggesting that PON1 conformational changes
when present in LPDS versus HDL result in the loss of its
arylesterase and lactonase activities, but stimulate its paraox-
onase activity. It might be also that the lactonase/arylesterase
activities of PON1 are more important than the paraoxonase
activity to its physiological roles (in oxidation protection
and cholesterol efflux), which are probably related to PON1-
association with HDL [32].

Western blot analysis, as well as the use of PON1 specific
inhibitor, or the mouse anti human PON1 antibody, all pro-
vided clear evidence that PON1 protein is indeed present not
only in HDL, but also in LPDS, and the observed paraoxonase
activity in LPDS, as in HDL is related to PON1.

HDL-associated PON1 was previously shown to protect
against lipid peroxidation [9,10,12–15], a phenomenon that
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serum PON1 activity is decreased [35,36,38], a phenomenon
which could be related to PON1 inactivation by oxidized
lipids [39].

In diabetic patients, serum paraoxonase, arylesterase and
lactonase activities, were all significantly lower than the
activities measured in control healthy subjects, and also lower
than those activities in hypercholesterolemic patients. Fur-
thermore, apoA-I concentration in the diabetic patients was
substantially reduced in comparison to controls and hyperc-
holesterolemic patients. ApoA-I deficiencies in human and
mice, were associated with a significant reduction in serum
PON1 activities [1,20–22]. Furthermore, as shown in the
present study in diabetes, not only serum PON1 activities
were reduced in comparison to control healthy subjects,
but also the distribution of PON1 from HDL to LPDS was
clearly demonstrated, as was shown previously in human
and mice apoA-I deficiencies [20–22]. The dissociation of
PON1 from the diabetic HDL to LPDS could be the result
of reduced apoA-I levels in HDL, and/or of HDL lipid per-
oxidation. Furthermore, glycation of HDL or directly of
PON1 in HDL as occur in diabetes may result in detach-
ment of PON1 itself from the HDL and PON1 inactivation
[40]. We have shown that the diabetic HDL was less able
to bind PON1, even when expressing the activity per mg of
HDL apoA-I, further indicating that the diabetic HDL (unlike
normal HDL) has a poor capability of stabilizing PON1
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as attributed to its ability to hydrolyze specific oxidized
ipids in lipoproteins [13,33], in macrophages [10,11] and in
he atherosclerotic lesions [34]. We have also shown recently
nother antioatherogenic property of PON1, i.e. its ability to
timulate macrophage cholesterol efflux [18].

The present study demonstrated that PON1 in LPDS ver-
us HDL loses its protection against LPDS or HDL lipid
eroxidation, and its ability to stimulate macrophage choles-
erol efflux. These phenomena could be related to the ability
f HDL but not of LPDS, to stabilize PON1, secondary to the
ffect of apoA-I, the major apolipoprotein in HDL [1,2], as
ell as HDL-associated specific phospholipids, which bind

he PON1 N-terminal leader sequence [1].
The lipids in LPDS that can be oxidized are various free

hospholipids, or in association with unesterified cholesterol,
s well as albumin-bound free fatty acids. The LPDS choles-
erol acceptor which is responsible for macrophage choles-
erol efflux could be free apoA-I as well as phospholipids.

Both diabetic and hypercholesterolemic patients are at
igh risk to develop accelerated atherosclerosis, which could
e related to the increased oxidative stress observed in these
atients [35–38]. However, although the extent of oxida-
ive stress in diabetic and hypercholesterolemic patients was
imilar, the type of oxidative stress is different. This was evi-
enced by the type of reactive oxygen and nitrogen species
ROS/RNS) formed under these diseases, and the consequent
ifferent lipid peroxides formed. Such a different pattern of
xidative stress could be related to the abnormal distribu-
ion of PON1 between HDL and LPDS in diabetes, but not
n hypercholesterolemia. Under both of the above diseases,
ctivity.
The PON1 activity in the diabetic patients HDL was sig-

ificantly reduced, compared with control’s HDL even when
xpressing it per HDL apoA-I content, suggesting PON1 dis-
ociation in diabetic patients from HDL to the LPDS. How-
ver, the enzyme never dissociates itself from the lipid envi-
onment, and indeed it was shown to be associated with phos-
holipids (Getz and Reardon [4]). In the diabetic patients’
PDS we observed increased amount of apoA-I, compared
ith the controls’ LPDS, which was paralleled by increased

mount of PON1. Thus, we suggest that the PON1 in LPDS
s associated with apoA-I and phospholipids. Furthermore,
PDS PON1 can be also associated with very high-density

ipoproteins which are heavier and much smaller particles in
ize than HDL2 and HDL3.

We have previously shown that PON1 protects against
therosclerosis, by its ability to reduce macrophage foam
ell formation (via reducing oxidative stress and stimulation
f cholesterol efflux from macrophages; [10,12,15,18]). The
resent study observations, suggest that PON1 association
ith HDL is important for PON1 ability to perform its anti-

therogenic effects, and dissociation of PON1 from HDL to
he LPDS fraction is accompanied by the loss of PON1 anti-
therogenic properties.

Further studies thus should question whether appropri-
te means to increase HDL apoA-I and to reduced specific
ypes of oxidative stress (such as that present in diabetes)
an change the distribution of PON1 in serum towards HDL-
ssociation, a pattern which is related to enhanced PON1
nti-atherogenicity.
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