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Abstract

Paraoxonase 1 (PON1) is associated with HDL and modulates the antioxidant and anti-inflammatory role of HDL. The goals of the present
study were to investigate the effect of ageing and the role of PON1 on the anti-inflammatory activity of HDL, and to determine whether
extra-virgin olive oil (EVOO) consumption could improve the atheroprotective activity of HDL. HDL and PON1 were isolated from the
plasma of ten young (Y-HDL and Y-PON1) and ten elderly (E-HDL and E-PON1) healthy volunteers before and after 12 weeks of
EVOO consumption. Inflammation was assessed by measuring intracellular adhesion molecule 1 (ICAM-1) expression. THP-1 (human
acute monocytic leukaemia cell line) monocyte chemotaxis was measured using a Boyden chamber. Oxidative damage to HDL was
assessed by measuring conjugated diene formation and changes in electrophoretic migration. Y-HDL had more anti-inflammatory activity
than E-HDL. The conjugated diene content and the electrophoretic mobility of E-HDL were higher than those of Y-HDL. Y-PON1 had
significant anti-inflammatory activity, reducing ICAM-1 expression by 32:64 (sp 2:63) %, while E-PON1 had no significant effect. THP-1
chemotaxis measurements confirmed the ICAM-1 expression results. The 12 weeks of EVOO consumption significantly increased the
anti-inflammatory activities of both HDL and PON1. The anti-inflammatory activity of HDL was modulated by PON1 and was lower
in the elderly volunteers. EVOO consumption increased the anti-inflammatory effect of HDL and reduced the age-related decrease in
anti-atherogenic activity.
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CVD, including CHD, stroke and peripheral vascular diseases,
are clinical features of advanced atherosclerosis and are often
associated with ageing™. CVD account for 70-80% of deaths
among men and women over 65 years of age®.

The ageing process is accompanied by an increase in modi-
fications to lipoproteins®® that result in a greater susceptibility
of LDL and HDL to lipid peroxidation®> and a reduction in
the anti-atherogenic activity of HDL®”. A number of epide-
miological and interventional studies have shown that there
is an inverse relationship between plasma HDL levels and
CcvD®. This beneficial effect has been attributed principally
to the capacity of HDL to promote cholesterol efflux from
peripheral cells through reverse cholesterol transport and to
protect LDL against oxidation and against the pro-inflammatory
effect of oxidised LDL (oxLDL)”. HDL inhibit the expression
of adhesion molecules on endothelial cells, contributing to the
reduction in the recruitment of blood monocytes into artery

walls""?. Previous studies in our laboratory have shown that
there is a significant age-related decrease in the antioxidant
activity of HDL and in the capacity of HDL to mediate
cholesterol efflux*'"1? However, to date, no studies have
addressed the changes in the anti-inflammatory activity of
HDL with ageing and the factors that may modulate this
important anti-atherogenic property of HDL in the elderly.

The anti-inflammatory activity of HDL has been attributed to
apoAl and phospholipids, including sphingosine-1-phosphate
and sphingosyl-phosphorylcholine>
strong evidence that this activity also involves paraoxonase 1
(PON1), which acts alone or in combination with other
HDL-associated enzymes to inhibit or retard the inflammatory
process 1719,

Human serum PONT1 is primarily synthesised by the liver and
is associated exclusively with HDL?”. PONT activity is inversely
related to cardiovascular risks*®2?. Shih er al.*® eloquently

However, there is

Abbreviations: E-HDL, HDL isolated from the plasma of elderly volunteers; E-PON1, paraoxonase 1 isolated from the plasma of elderly volunteers; EVOO,
extra-virgin olive oil; ICAM, intracellular adhesion molecule; oxLDL, oxidised LDL; PON1, paraoxonase 1; Y-HDL, HDL isolated from the plasma of young
volunteers; Y-PON1, paraoxonase 1 isolated from the plasma of young volunteers.
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showed that PON1 plays a role in the anti-atherogenic
properties of HDL. HDL from PONI knockout mice do not
protect LDL against oxidation or reduce the amount or chemo-
tactic activity of monocyte chemotactic protein-1, unlike HDL
from wild-type mice”'®. PON1 has been reported to inhibit the
induction of MCP1 in endothelial cells, probably due to its
antioxidant activity®”. Marsillach er al®® suggested that
PON1 protects against liver inflammation mediated by mono-
cyte chemotactic protein-1, while Watson et al.*® suggested
that PON1 possesses phospholipase-A2-like activity that
allows it to hydrolyse oxidised phospholipids at the sn-2
position. PON1 also inhibits oxLDL-induced inflammation
and reduces intracellular adhesion molecule (ICAM)
expression on endothelial cells"">'®.

There is a growing body of evidence, including results from
prospective studies, indicating that reduced HDL-associated
PONT activity is predictive of vascular disease in humans***.
Low PONI1 paraoxonase activity has been found in numerous
pathological conditions associated with atherosclerosis, inclu-
ding type 1 and 2 diabetes, hypercholesterolaemia and the
metabolic syndrome, as well as in elderly populationsm’26_28).
All these conditions have a pro-inflammatory baseline state.
The composition of HDL is altered during the acute-phase
response of the innate immune system. In particular, acute-
phase HDL differs from normal HDL in terms of its protective
effect against atherosclerosis®” .

Atherosclerosis is a disease with a multi-faced aetiology.
Diet is one of the most important environmental factors influ-
encing the progression of the disease. The Mediterranean diet,
which has been used in the Mediterranean Basin for over 2000
years, is rich in cereals, vegetables, fruits and legumes, and is
low in cholesterol and SFA. The main source of fat is virgin
olive oil, especially first-press extra-virgin olive oil (EVOO),
which retains important minor compounds that have anti-
atherosclerotic properties®”. Considerable attention is being
paid to the potential health benefits of olive oil. Human con-
sumption of olive oil lowers major atherosclerotic risk factors
by improving the lipoprotein profile, blood pressure, glucose
metabolism and oxidative stress®*"
anti-atherosclerotic effect by increasing HDL levels®®. However,
the effect of olive oil consumption on the atheroprotective
properties of HDL (functionality of HDL) has not been
investigated. The functionality of HDL may be as relevant to
cardiovascular risk assessment as plasma HDL concen-
trations®®. The main goals of the present study were to
assess the anti-inflammatory properties of HDL as a function
of ageing and the involvement of PON1 in this process, and
to determine whether consuming EVOO for 12 weeks would
improve the anti-inflammatory activity of HDL in both young
and elderly volunteers.

. Olive oil may exert its

Materials and methods
Chemicals

SDS, EDTA, bovine serum albumin and O,O-diethyl-O-p-
nitrophenyl-phosphate (paraoxon) were from Sigma-Aldrich.
Dialysis membranes were from Spectrum Medical Industries,

Inc. Dulbecco’s modified Eagle’s medium and fetal bovine
serum were from Wisent, Inc. Anti-CD54 monoclonal antibody
(ICAM-1, clone 1A29) and anti-mouse IgG; monoclonal
antibody (clone 4639) were from BD Bioscience. All other
chemicals were from Sigma-Aldrich. THP-1 (human acute
monocytic leukaemia cell line) cells were from the American
Type Culture Collection (ATCC). The EA.hy926 endothelial
hybrid cell line was kindly provided by Dr C. J. Edgell
(University of North Carolina, NC, USA). Roswell Park
Memorial Institute (RPMI)-1640 medium was from Invitrogen
Canada, Inc. EVOO was from Atlas Olive Oils.

Study procedure and extra-virgin olive oil
supplementation

A total number of twenty healthy subjects (eleven men and
nine women) were recruited and were divided into two
groups; ten young (20-30 years) and ten elderly (65-85
years) subjects in each group. They were all healthy normoli-
pidaemic non-smokers. None had clinical or laboratory signs
of hypertension, inflammation or diabetes, and all had
normal thyroid function test results. None was smoking, or
taking medications or oral antioxidant supplements.

Participants were asked to consume 25 ml/d of EVOO in its
raw state for 12 weeks. None of the participants followed any
specific recommendation regarding diet or physical activity
before the study. All subjects participated normally in all their
daily activities without modifications throughout the study dur-
ation. Blood tests were performed at recruitment (T0; baseline)
and after 12 weeks of EVOO consumption (T12).

The present study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all procedures
involving human subjects were approved by the Ethics Commit-
tee of the University Institute of Geriatrics of Sherbrooke
(#2009/19). Written informed consent was obtained from
all subjects.

Blood collection

After an overnight fast, 80 ml of blood samples, which pro-
vided approximately 35ml of plasma, were collected from
the volunteers in EDTA- (LDL and HDL purification) and
heparin-containing tubes (PONT1 purification) at TO and T12.
Plasma was separated by low-speed centrifugation (1500 g),
and 20ml were used immediately to isolate lipoproteins
(LDL and HDL). The remaining plasma (20ml) was stored at
—80°C until used to purify PONT.

LDL and HDL isolation

EDTA-containing plasma samples (20 ml) obtained from the
young and elderly donors were used within 1h of collection
to isolate LDL and HDL (at TO and T12) using the method of
Sattler er al.®®. Briefly, LDL (1-019 < d < 1-063) and HDL
(1063 < d < 1-19) were separated by ultracentrifugation at
100000 rpm for 2h at 15°C using a TLA 100.4 rotor. The lipo-
protein samples were placed in Spectrapor membrane tubing
(12000-14 000 exclusion limit; Spectrum Medical Industries)
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and dialysed extensively overnight at 4°C in 10 mM-sodium
phosphate buffer (pH 7-:0) with two changes of buffer. HDL
and LDL concentrations are expressed as total protein concen-
trations, which were determined by spectrophotometry
(595 nm) using the Bio-Rad Protein Assay as described by
the manufacturer (Bio-Rad Laboratories).

LDL peroxidation and measurement of the basal
oxidative status of HDL

Peroxidation was performed as previously described using
transition metal ions as oxidising agents®”. Briefly, 100 wg/ml
of LDL were suspended in 10 mm-sodium phosphate buffer
(pH 7) containing 10 wm-cupric sulphate. The suspension
was incubated at 37°C for 16 h. The reaction was stopped by
adding 200 pM-EDTA and cooling to 4°C. LDL peroxidation
was determined by measuring conjugated diene formation
by monitoring absorbance at 234 nm®®.

The basal oxidative status of HDL was determined by
measuring the conjugated diene content and the electro-
phoretic mobility of HDL immediately after isolation.

Measurement of oxidative stress

Systemic oxidative stress was evaluated by the measurement
of plasma carbonyl content, which was assayed as described
by Levine et al.®”. Briefly, the carbonyl content was deter-
mined by dinitrophenylhydrazine derivatisation and detected
in trichloroacetic acid-precipitable materials by absorbance
at 370 nm (g = 22000 per M cm).

Paraoxonase 1 purification

PON1 was purified from the plasma of each volunteer. Briefly,
frozen heparin-containing plasma (20 ml) was defibrinated,
and PON1 was purified using blue agarose (Cibacron Blue
3GA) as described previously™, with some modifications.
The defibrinated plasma samples were mixed with an equal
volume of blue agarose that had been pre-equilibrated over-
night with buffer A (20 mM-Tris—HCl, pH 8:0) containing
2mM-CaCl, and 4m-NaCl. The mixtures were rinsed four
times with 100 ml of buffer A containing decreasing concen-
trations of NaCl (4, 3, 2 and 1M) and then twice with 100 ml
of NaCl-free buffer A to reduce the ionic strength. The mix-
tures were then loaded in a column and the bound PON1
was released from the blue agarose using buffer A containing
0-1% deoxycholic acid. The high activity fractions were
pooled, dialysed and concentrated using a Centricon 30
microconcentrator (Amicon). The PON1 concentrate was
then applied to a concanavalin A-sepharose (Sigma) column
(15 cm/1 cm; Amicon Corporation) that had been equilibrated
overnight with buffer B (25 mm-Tris—HCI, pH 7-4) containing
1 mm-CaCl,, 0-15M-NaCl and 0-1% (v/v) Triton X-100. The
pooled fractions from the Cibacron Blue 3GA chromatography
step were applied at a rate of 0-35 ml/min to the column. The
column was washed with the same buffer to eliminate most of
the impurities (minor amounts of apoAl and albumin
remained)(59). The bound enzyme was eluted (1 ml fractions)

using a linear gradient of 40ml of buffer A and then 40 ml
of buffer B containing 0-35M-methyl a-mannopyranoside at
0-5ml/min. The fractions with the highest PON1 activity
were pooled and concentrated using a Centricon 30 micro-
concentrator, which also removed most of the contaminating
concanavalin A fragments“®.

Paraoxonase genotype determination

PON1 R192Q genotypes were determined by PCR using a
previously published protocol““ , with slight modifications. For
the 192 polymorphism, sense primer 5-TATTGTTGCTGTGG-
GACCTGAG-3' and antisense primer 5-CACG CTAAACCCAA-
ATACATCTC-3', which encompass the 192 polymorphic region
of the human PON1 gene, were used. The PCR mixture con-
tained 200ng of DNA template, 0-5um of sense primer and
0-5mM of antisense primer, 200 uM-dNTPs and 1U of Tagq
DNA polymerase (New England Biolabs). DNA was denatured
for 5min at 95°C. The PCR protocol was as follows: forty-six
denaturing cycles (1 min at 94°C), a 30s annealing step at
61°C and a 1 min extension step at 72°C. The 99bp PCR pro-
duct was digested with 5U of Alw [ restriction endonuclease
(New England Biolabs) for 4 h at 37°C. The digestion products
were separated on 2% agarose gels and visualised using SYBR
Green (Sigma). The R-genotype (arginine) contains a single
Alw [ restriction site, which results in 66 and 33bp products.
The Q-genotype (glutamine) is not cut, which allows the
PONI1 192 genotype to be determined.

Paraoxonase 1 and arylesterase activities
and paraoxonase 1 plasma concentrations

PON1 paraoxonase activity was measured by monitoring
the increase in absorbance at 412nm using paraoxon
(0,0-diethyl-O-p-nitrophenylphosphate; Sigma) as the sub-
strate, as already described".

PON1 paraoxonase and arylesterase activities were mea-
sured by monitoring the increase in absorbance at 270 nm
using phenylacetate as the substrate, as already described .

Plasma PON1 concentrations were measured using ELISA
kits (Uscn Life Science, Inc.). Absorbance at 405nm was
measured using a microplate reader (Bio-Rad), and a calibra-
tion curve (3-12-200ng/ml) was used to determine PON1
protein concentrations.

Cell cultures

The EAhy926 endothelial hybrid cell line was used to
measure the ICAM-1 expression. EA.hy926 cells, which are
the most similar of all immortalised human endothelial cell
lines to human umbilical vein endothelial cells, were used to
avoid the variability and time and effort associated with
primary isolations“?. EAhy926 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10 %
fetal bovine serum, 5mwm-hypoxanthine, 20 pm-aminopterin,
0-8 mM-thymidine and 100 wg/ml of penicillin/streptomycin.
Human THP-1 monocytes were cultured in RPMI-1640
medium in a 5% CO, atmosphere at 37°C. The medium was
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supplemented with 10% heat-inactivated fetal bovine serum,
10% pyruvate sodium, 1-5mg/ml of glucose and 100 U/ml
of penicillin.

Expression of intracellular adhesion molecule 1

The expression of the adhesion molecule ICAM-1 on EA.hy926
cells was analysed by flow cytometry. The cells were washed
with PBS before being trypsinised for 2min at 37°C. Trypsin
was inactivated by adding medium containing 10% fetal
bovine serum. The cells were centrifuged (2 min, 4000 rpm),
and the supernatant was discarded. The cells were incubated
with a phycoerythrin-conjugated anti-ICAM-1 monoclonal
antibody (1 g/ 10° cells) for 15min at 25°C. T hey were then
washed with PBS and analysed using a FACSCalibur instru-
ment (Becton Dickinson). Data were analysed using CellQuest
software (BD Biosciences).

Chemotaxis assay

THP-1 chemotaxis was measured using a modified Boyden
chamber chemotaxis assay. Assays were performed in
duplicate using 200 pl of cells in the upper chamber. THP-1
monocytes were suspended at a concentration of 2 X 10°
cells/ml in chemotaxis buffer (RPMI-1640 medium without
phenol red). The two chambers were separated by a 5pm
pore size polycarbonate filter (Osmonics). Basal migration
(negative control) was measured in the absence of chemoat-
tractant (medium alone). Chemotaxis was assessed in the
presence of 10 nm-N-formyl-methionine-leucine-phenylalanine.

After a 2h incubation at 37°C in a 5% CO, atmosphere, the
chambers were disassembled and the upper side of the filter
was scraped free of cells. Cells on the lower side of the filter
were removed using 10 mM-EDTA and were combined with
the cells that had migrated into the lower chamber. The cells
were centrifuged, resuspended in 150 pl PBS and counted
by a flow cytometer. Events were acquired over a fixed
period using CellQuest software (BD Biosciences).

Statistical analysis

Values are means and standard deviations. Mean values were
compared using a one-way ANOVA followed by a Bonferroni
or Mann—Whitney test. P values less than or equal to 0-05
were considered to be significant. Statistical analyses were
performed wusing GraphPad Prism software, version 5.0
(GraphPad Software, Inc.).

Results

The twenty volunteers (eleven males and nine females) were
distributed into two groups as a function of age (young, 7 10,
mean age 29 (sp 5:41) years; elderly, n 10, mean age 71-60
(sD 4-62) years). The baseline demographic and anthropometric
characteristics of the volunteers are summarised in Table 1.
The two age groups had comparable normal BMI (23-85
(sD 4:07) and 25-28 (sD 4-27) kg/mZ for the young and elderly
volunteers, respectively). While total cholesterol, LDL and
plasma glucose values were normal for the two groups, they
were slightly but significantly higher in the elderly volunteers

Table 1. Anthropometric and biochemical characteristics of the volunteers at baseline and after 12 weeks of extra-virgin olive oil (EVOO) consumption

(Mean values and standard deviations)

Baseline 12 weeks of EVOO
Young (n 10) Elderly (n 10) Young (n 10) Elderly (n 10)
Mean SD Mean SD Mean SD Mean )

Total volunteers (n) 10 10 10 10

Male 6 5 6 5

Female 4 5 4 5
Average age (years) 29 541 71 4.62 29 5-41 71+ 4.62
Weight (kg) 68-15 16-40 65-72 9.97 68-07 15.33 65-86 9-38
BMI (kg/m?) 23-85 4.07 25.28 4.27 23-83 3-53 25-35 414
Systolic blood pressure (mmHg) 114-80 8-06 141.91*** 18.54 115.50 12.18 129-13t 13-4
Diastolic blood pressure (mmHg) 73-65 8-41 80-70* 4.32 74 8-41 76-71t 5.83
Total cholesterol (mmol/l) 4.55 0-63 5.34** 0-54 4.52 0-98 5.017 0-61
TAG (mmol/l) 1.45 091 1.044 0-37 1.154 0-54 0-98 0-4
HDL-C (mmol/l) 1.34 0-41 1.52 0-36 1.49 0-27 1.52 0-35
LDL-C (mmol/l) 2-53 0-65 3:34*** 0-39 2.50 0-75 3:042 0-46
TC:HDL-C 313 0-53 3-66 0-53 3-09 0-63 34 0-57
LDL-C:HDL-C 1.94 0-46 2-31 0-51 1.71 0-47 2-04 0-51
CRP (mg/l) 3-42 2-04 3-3 0-56 371 2.24 3.47 1.73
Glucose (mmol/l) 4.04 0-48 5-46*** 0-36 4.33 0-41 4-591ttt 0-41
ApoA1 (g/l) 1.87 0-86 1.62 0-30 1.57 0-18 1.57 0-36
ApoA1:HDL 1.19 0-23 0-93 0-36 1.07 013 1.05 012
ApoB (g/l) 0-84 0-20 0-89 017 0-79 0-23 0-89 0-107

HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; TC, total cholesterol; CRP, C-reactive protein.

Mean values were significantly different for the elderly volunteers compared with the young volunteers at baseline: * P<0-05, ** P<0-01, *** P<0-001 (Mann—Whitney test).
Mean values were significantly different for the elderly volunteers after 12 weeks of EVOO consumption compared with the elderly volunteers at baseline: + P<0-05 and

1111 P<0-0001 (Mann—Whitney test).
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than in the young volunteers (Table 1). In addition, at TO,
the elderly volunteers had significantly higher diastolic and
systolic blood pressures than the young volunteers. There
were no significant differences between the two groups for
the other biochemical and clinical parameters. Plasma tyrosol
and hydroxytyrosol contents were measured and showed a
small (not statistically significant) increasing trend after 12
weeks of EVOO consumption (results not shown).

Effect of ageing on the anti-inflammatory activity of HDL

The anti-inflammatory activity of HDL is due in part to the
capacity to reduce the expression of adhesion molecules
such as ICAM-1 on endothelial cells. Initial experiments
were carried out to determine the basal anti-inflammatory
activity of HDL as a function of age. HDL from young
(Y-HDL) and elderly (E-HDL) volunteers (200 pg/ml) were
incubated for 16h with EA.hy926 cells. Cells exposed to
10ng/ml of TNF-a were used as a positive control. TNF-a
induced an 8990 (sp 4:03)% (P<0-001) increase in ICAM-1
expression, whereas HDL alone induced a significant decrease
in ICAM-1 expression (Fig. 1(a)). Interestingly, Y-HDL had
higher anti-inflammatory activity, reducing ICAM-1 expression
by 71-28 (sp 4:26)% compared with 5578 (sp 1:75)% for
E-HDL (P<0-05).

We also investigated the anti-inflammatory activity of HDL
in the presence of oxLDL. oxLDL (100 wg/mD induced a
40-14 (sp 9-80)% (P<0-05) increase in ICAM-1 expression
compared with EA.hy926 cells incubated in the absence of
oxLDL (Fig. 1(b)). However, 200 pg/ml of HDL significantly
reduced the pro-inflammatory effect of oxLDL. The anti-
inflammatory effect was age-dependent. In addition, Y-HDL
had greater anti-inflammatory activity than E-HDL, reducing
ICAM-1 expression by 46:28 (sp 2:5)% (P<0-001), while
E-HDL had no significant effect (Fig. 1(b)).

In an attempt to determine the factors involved in the
age-related decrease in the anti-inflammatory activity of
HDL, we assessed the oxidative modifications to the lipid
and protein fractions of Y- and E-HDL by measuring conju-
gated diene formation and electrophoretic mobility. The
conjugated diene content (Fig. 2(a)) and electrophoretic
mobility (Fig. 2(b)) of E-HDL were significantly higher than
those of Y-HDL.

Effect of ageing on the anti-inflammatory activity of
paraoxonase 1

The anti-inflammatory activity of HDL has been attributed, in
part, to the activity of PON1¢¢
responsible for the decrease in the anti-inflammatory activity
of E-HDL, we investigated the effect of ageing on the
anti-inflammatory activity of PON1. Plasma PON1 R192Q
genotypes, paraoxonase and arylesterase activities, and PON1

). To elucidate the mechanism

plasma concentrations were determined for all the volunteers.
The PON1 genotypes (R192Q) were equally distributed
between the two age groups (Table 2). We observed no signifi-
cant differences in PON1 paraoxonase and PON1 paraoxonase
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{b) 200 ¢
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% ICAM-1 expression
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Fig. 1. Age-related decrease in the capacity of HDL to reduce intracellular
adhesion molecule 1 (ICAM-1) expression on endothelial cells. HDL
(200 pg/ml) isolated from healthy young (Y-HDL) and elderly (E-HDL)
volunteers were incubated with EA.hy926 endothelial cells for 16h. Cells
incubated with 10 ng/ml of TNF-a were used as a positive control. ICAM-1
expression was assessed by fluorescence-activated cell sorter analysis.
The anti-inflammatory effect of HDL was measured in the (a) absence or (b)
presence of 100 wg/ml of oxidised LDL (oxLDL). Values are means, with
standard deviations represented by vertical bars. Mean values were
significantly different: * P<0.05, ** P<0-01, *** P<0-001 (one-way ANOVA
followed by Bonferroni multiple comparison post-test).

Baseline

and arylesterase activities or PON1 plasma concentrations
between the two age groups.

PON1 was purified from the plasma of all the young
(Y-POND) and elderly (E-PON1) volunteers and was used at
the same protein concentration (40 g protein/ml). The anti-
inflammatory activities of the purified PON1 samples were
assessed by their capacity to inhibit or reduce ICAM-1
expression on EA.hy926 cells. The cells were incubated with
100 pg/ml of oxLDL alone, 100 wg/ml of oxLDL and 200 pg/
ml of pooled HDL, or PONIl-enriched HDL (40 pg/ml of
PON1). Enriching HDL with PONT1 significantly increased the
anti-inflammatory effect (Fig. 3(a)). Y-PON1
induced the highest anti-inflammatory activity, with a 32-64
(sD 2:63)% (P<0-01) decrease in ICAM-1 expression com-
pared with pooled HDL alone, while E-PON1-enriched HDL
had no significant effect.

However,
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Fig. 2. Measurement of basal oxidative damage to HDL. (a) Conjugated
diene levels were assessed by measuring the optical density (OD) at 234 nm.
**Mean values were significantly different (P<0-01). (b) Electrophoretic
mobility was assessed by migrating young-HDL (Y-HDL) and elderly-HDL
(E-HDL) on 0-6 % agarose gels and staining with Fat Red 7B in 95 % metha-
nol. The arrow indicates the starting point. Relative electrophoretic mobilities
were determined by comparing the electrophoretic mobility of E-HDL to
Y-HDL at baseline. (A colour version of this figure can be found online at
http://www.journals.cambridge.org/bjn).

To confirm the anti-inflammatory activity of PON1 and the
age-related decrease in PON1 activity, we investigated its
capacity to reduce macrophage migration and chemotaxis by

incubating THP-1 monocytes alone (basal condition) or
with oxLDL in the absence or presence of pooled HDL for
2h at 37°C. In another series of experiments, Y- and E-
PONI1 samples were incubated separately for 4h with HDL
to produce PONIl-enriched HDL. The samples were then
supplemented with oxLDL and their chemotactic activity
was assessed. OxLDL (100 pg/ml) significantly increased
monocyte migration (Fig. 3(b)) while 200 pg/ml of HDL
reduced monocyte migration by 38-14 (sp 9-59) % (P<0-05).
Interestingly, while the ability of HDL to inhibit THP-1 che-
motaxis was significantly improved by enriching HDL with
PON1, Y-PON1 was more effective at reducing THP-1
chemotaxis (—62-:84 (sp 13:16)%). No significant effect
was observed when oxLDL was incubated with E-PONI1-
enriched HDL compared with oxLDL incubated with HDL
alone (Fig. 3(b)).

Effect of extra-virgin olive oil consumption on biochemical
and clinical parameters

In the second part of the present study, we investigated
the effect of 12 weeks of EVOO consumption on the anti-
inflammatory activity of HDL. As shown in Table 1, 12
weeks of EVOO consumption did not induce significant
changes in the lipid profile (LDL-cholesterol, HDL-cholesterol,
total cholesterol and TAG) or other clinical parameters of
either age group. However, plasma glucose concentrations
(546 (sp 0-36) mmol/l at TO v. 459 (sp 0-41) mmol/l at T12,
P<0:0001) and systolic (14191 (sp 1854) wv. 12913
(sp 13-4)mmHg, P<0-05) and diastolic (80-70 (sp 4:32) wv.
76:71 (sp 5:83) mmHg, P<0-05) blood pressures in the elderly
group were significantly reduced at T12.

There was no significant change in PON1 paraoxonase
activity in either group after 12 weeks of EVOO consumption,
although a slight increase was observed in the elderly
group. There was a significant increase in arylesterase activity

Table 2. Paraoxonase 1 (PON1) R192Q genotypes, activities and plasma concentrations of the volunteers at baseline and after 12 weeks of extra-vir-

gin olive oil (EVOO) consumption
(Mean values with their upper and lower limits)

Baseline 12 weeks of EVOO
Young Elderly Young Elderly
Upper Lower Upper Lower Upper Lower Upper Lower
Mean limit limit Mean limit limit Mean limit limit Mean limit limit
PON1 192
genotypes
R192R 2 3 - -
R192Q 8 7 - -
Q192Q 0 0 - -
Paraoxonase 260-70 116-67  494.91 241-60 119-12 358-60 257-0 168-25  381-93 323-70 132.63  383-15
activity (u/ml)
Arylesterase 78-36 43-05 109-92 110-13 67-99 174.50 80-23 56-79 117.71 130.74**** 128.7 180-0
activity (u/ml)
PON1 294.27 158-94 40794  328:47 30123  388-33  292.31 207-97  382-34 362-291 341.79  407-28
concentration
(ng/ml)

****Mean value was significantly different compared with young volunteers at baseline (P<0-0001).
1 Mean value was significantly different compared with elderly volunteers at baseline (P<0-05).
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Fig. 3. Anti-inflammatory activity of paraoxonase 1 (PON1) decreases with
age. The anti-inflammatory activity of PON1 was assessed (a) by measuring
intracellular adhesion molecule 1 (ICAM-1) expression on EA.hy926 endo-
thelial cells and (b) by measuring THP-1 (human acute monocytic leukaemia
cell line) monocyte chemotaxis using a modified Boyden chamber chemotac-
tic assay. PON1 purified from the plasma of healthy young (Y-PON1) and
elderly (E-PON1) volunteers was used at a concentration of 40 ug protein/ml.
EA.hy926 cells were used 2d post-confluence and were incubated for 16 h
with 100 pg/ml of oxidised LDL (oxLDL) alone or in the presence of
200 pg/ml of oxLDL and HDL or PON1-enriched HDL. For the chemotactic
measurements, THP-1 monocytes were suspended at a concentration of
2 x 10° cells/ml in chemotactic buffer (RPMI-1640 medium without phenol
red). Basal migration (negative control) was measured in the absence of che-
moattractant (medium alone). Chemotaxis was assessed in the presence of
10 nm-N-formyl-methionine-leucine-phenylalanine. Values are means, with
their standard deviations represented by vertical bars. Mean values were sig-
nificantly different: ** P<0.01, *** P<0.001, **** P<0-0001 (one-way ANOVA
followed by Bonferroni multiple comparison post-test).

and PONI1 plasma concentrations in the elderly group at T12
(Table 2).

Extra-virgin olive oil consumption increases the
anti-inflammatory activity of HDL and reduces
oxidative damage to HDL

The effect of EVOO consumption on the anti-inflammatory
activity of HDL was assessed by measuring ICAM-1 expression
on EA hy926 cells in the presence of HDL obtained at TO
and T12. The results from confluent EA.hy926 cells incu-
bated with 100 pg/ml of oxLDL alone or in combination
with 200 pg/ml of Y-HDL or E-HDL obtained at T12 were

compared with the results obtained at TO. While used at the
same concentration (200 pg/mb), Y- and E-HDL obtained at
T12 had a greater anti-inflammatory effect than Y- and
E-HDL obtained at TO. The anti-inflammatory effect of HDL,
upon 12 weeks of EVOO intake, was more improved in
E-HDL than Y-HDL, as reflected through the ICAM expression
reduction by 32.2 v. 18.5%, respectively. At T12, the anti-
inflammatory activity of E-HDL was the same as that of
Y-HDL at TO (Fig. 4(a)). These results were confirmed by
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Fig. 4. Extra-virgin olive oil (EVOO) consumption improves the anti-
inflammatory activity of HDL and the ability of HDL to reduce THP-1 (human
acute monocytic leukaemia cell line) monocyte chemotaxis. (a) The anti-
inflammatory activity of HDL was assessed by measuring intracellular
adhesion molecule 1 (ICAM-1) expression on EA.hy926 endothelial cells and
(b) by measuring THP-1 monocyte chemotaxis using a modified Boyden
chamber chemotactic assay. THP-1 monocytes were suspended at a
concentration of 2 x 10° cells/ml in chemotactic buffer (RPMI-1640 medium
without phenol red). Basal migration (negative control) was measured in the
absence of chemoattractant (medium alone). Chemotaxis was assessed in
the presence of 10 nm-N-formyl-methionine-leucine-phenylalanine. EA.hy926
cells and THP-1 monocytes were incubated for 16h with 100 pg/ml of
oxidised LDL (oxLDL) alone or in the presence of 200 wg/ml of young-HDL
(Y-HDL) or elderly-HDL (E-HDL). Y- and E-HDL were isolated from the
plasma of the volunteers at baseline (T1) and after 12 weeks of EVOO
consumption (T12). Values are means, with their standard deviations rep-
resented by vertical bars. Mean values were significantly different: * P<0-05,
**pP<0-01, ***P<0-001, ****P<0-0001 (one-way ANOVA followed by
Bonferroni multiple comparison post-test).
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Fig. 5. Effect of 12 weeks of extra-virgin olive oil (EVOO) consumption on
oxidative modifications to HDL. (a) Conjugated diene formation was
assessed by optical density (OD) measurements at 234 nm. (b) Electrophor-
etic mobility was assessed by separating young-HDL (Y-HDL) and elderly-
HDL (E-HDL) on 0-6 % agarose gels and staining with Fat Red 7B in 95 %
methanol. The arrow indicates the starting point. Relative electrophoretic
mobilities were assessed by comparing the electrophoretic mobility of E-HDL
with Y-HDL at baseline and after 12 weeks of EVOO consumption (Table 3).
(c) Systemic oxidative stress status was evaluated by the measurement of
plasma carbonyl content. (A colour version of this figure can be found online
at http://www.journals.cambridge.org/bjn)

experiments comparing the capacity of Y- and E-HDL at TO
and T12 to reduce monocyte chemotaxis (Fig. 4(b)).

We also measured the oxidative damage to Y- and E-HDL at
T12 and compared the results with those obtained at TO. The
12 weeks of EVOO consumption induced a significant
decrease in the conjugated diene content of E-HDL, while
no significant changes were observed for Y-HDL (Fig. 5(a)).
In addition, 12 weeks of EVOO consumption reduced the
electrophoretic mobility of E-HDL but had no effect on
Y-HDL (Fig. 5(b); Table 3). These results were confirmed by
the determination of systemic oxidative status as measured
by the plasma carbonyl content. Indeed, 12 weeks of EVOO
content decreased significantly the plasma carbonyl content
for both young and elderly volunteers (Fig. 5(c)).

Extra-virgin olive oil increases the anti-inflammatory
activity of purified paraoxonase 1

PON1 was purified from plasma samples from all the
volunteers at TO and T12. HDL isolated from pooled plasma
from the young and elderly volunteers were enriched with
40 pg/ml of E- or Y-PONI. Inflammation was assessed by
measuring ICAM-1 expression on EA.hy926 cells, and the
results were compared with ICAM-1 expression in the pre-
sence of HDL alone or HDL enriched with E-PON1 obtained
at TO. Enriching HDL with E-PONT1 isolated from the plasma
of the elderly volunteers at TO did not increase the anti-
inflammatory activity of HDL (Fig. 6), while E-PON1 obtained
at T12 significantly increased the anti-inflammatory activity of
HDL as measured by the significant reduction in ICAM-1
expression compared with HDL alone or HDL enriched with
E-PON1 obtained at TO (9521 (sp 3-15), 140-66 (sp 8:15)
and 144-86 (sD 9-:30) %, respectively, P<0-05). The 12 weeks
of EVOO consumption thus increased the anti-inflammatory
activity of E-PON1 by approximately 32:31% (P<0:05).
Interestingly, there was no significant change between TO
and T12 in the ability of Y-PON1-enriched HDL to reduce
ICAM-1 expression (results not shown).

Discussion

A number of epidemiological studies have confirmed that
there is an association between the Mediterranean diet and a
reduction in CVD“?| and have attributed this beneficial
effect to the high intake of olive 0il“”. The consumption of
large amounts of olive oil decreases TNF-a levels and reduces
systemic inflammation®. However, the effect of olive oil
on the anti-inflammatory activity of HDL has never been
investigated. The main goals of the present study were to
investigate the effect of ageing on the anti-inflammatory
activity of HDL and to determine whether 12 weeks of
EVOO consumption could improve this activity.

HDL inhibit the cytokine-induced expression of endothelial
cell adhesion molecules (ICAM-1, vascular cell adhesion
molecule 1 and E-selectin) both in vitro and in models of
acute inflammation®®*”. The present results showed that
there is a significant decrease in the anti-inflammatory activity
of HDL in the elderly volunteers compared with the young
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Table 3. Relative electrophoretic mobility (REM) of
elderly-HDL (E-HDL) compared with young-HDL (Y-LDL)
at baseline and after 12 weeks of extra-virgin olive oil
(EVOO) consumption

Baseline 12 weeks of EVOO
Y-HDL H-HDL Y-HDL H-HDL
REM 1 1-31 1 1.2

volunteers and that the decrease is independent of HDL
concentrations. Morgantini et al.®® showed that the anti-
inflammatory activity of HDL is impaired in type 2 diabetes
and attributed this alteration to oxidative stress conditions
that may be induced by hyperglycaemia. The formation of
conjugated dienes and the increase in the electrophoretic
mobility of HDL as well as the carbonyl content in the
plasma from the elderly volunteers indicated that there is an
increase in oxidative damage to the lipid and/or protein
fractions of HDL, which may occur as a result of oxidative
stress conditions that develop with ageing.

Previous studies have attributed the inflammatory activity of
HDL principally to apoAl and sphingosine-1-phosphate”.
However, animal studies have shown that a deficiency in
PON1 predisposes to vascular inflammation®. These results
point to an important role for PON1 in the anti-inflammatory
activity of HDL®®. PON1, a lactonase synthesised by the
liver, is bound exclusively to HDL in the bloodstream. This
enzyme is thought to degrade oxidised phospholipids and to
play an important role as an antioxidant and anti-inflammatory
molecule. Several studies have demonstrated that PON1
paraoxonase activity is significantly reduced in hyper-
cholesterolaemia, diabetes mellitus, chronic renal failure and
cardiac diseases'">' 7>, We previously demonstrated that
this activity also decreases with ageing and showed that
there is a link between the paraoxonase and antioxidant
activities of PON1?159,

The mechanism of PON1 involvement in the anti-inflamma-
tory activity of HDL has not been clearly established. PON1
has been reported to inhibit MCP1 induction in endothelial
cells, probably due to its antioxidant activity®". Marsillach
et al*® suggested that PON1 protects against liver inflam-
mation mediated by monocyte chemotactic protein-1, while
Watson et al*® suggested that PON1 possesses phospho-
lipase-A2-like activity that allows it to hydrolyse oxidised
phospholipids at the sn-2 position. A number of studies
have indicated that the anti-inflammatory activity of HDL is
associated with the ability of PON1 to hydrolyse the oxidised
phospholipid constituents of oxLDL and oxidised HDL®”
We recently demonstrated that PON1 inhibits oxidised
lipid-induced ICAM-1 expression on endothelial cells by
hydrolysing oxidised phospholipids and that this effect is
dependent on its interaction with other HDL-associated
enzymes"'>. The results reported here show that enriching
HDL with PONI1 significantly increases the anti-inflammatory
activity of HDL. Interestingly, the capacity of purified
E-PON1 to modulate the anti-inflammatory activity of HDL
was lower than that of Y-PON1. This result confirmed that

PONT1 plays a major role in regulating the anti-inflammatory
activity of HDL and that the age-related decrease in the anti-
inflammatory activity of HDL may be due to a reduction in
the activity of PON1. We observed no age-related changes in
the enzymatic activity of PON1 or its plasma concentration
or in the level of apoAl, an activator of PON1, suggesting
that the decrease in the anti-inflammatory activity of PON1
in the elderly volunteers may be caused by oxidative modifi-
cations to PONI that affect its anti-inflammatory activity,
which may explain the reduction in the capacity of PON1 to
modulate the anti-inflammatory activity of HDL. Previous
studies have shown that PON1 loses its enzymatic and antiox-
idant activities in oxidative stress conditions®®>®. Garin
et al.®” also showed that oxidative stress conditions induce
a significant decrease in PONI1 activity, probably due to
the displacement of PON1 from HDL. Van Lenten et al
demonstrated that the alterations to the anti-inflammatory
activity of HDL during acute-phase immune responses are
due to the displacement of HDL-associated proteins. Moreover,
we previously demonstrated that the age-related decrease in
the antioxidant activity of HDL is due to an alteration to the
active site of PON1°®%V " The increase in oxidative
damage to HDL, as measured by the formation of conjugated
dienes and the change in electrophoretic mobility, confirms
the presence of oxidative stress conditions that may induce
the oxidation of PON1 and contribute to the alteration of
the anti-inflammatory activity of HDL. While it is not known
whether oxidative modifications to PON1 occur, oxidative
damage to the protein fraction of HDL, as shown by the
increase in electrophoretic mobility, may indicate that PON1
is also modified during ageing.
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Fig. 6. Effect of 12 weeks of extra-virgin olive oil (EVOO) consumption on the
anti-inflammatory activity of paraoxonase 1 (PON1). The anti-inflammatory
activity of PON1 was assessed by measuring intracellular adhesion molecule
1 (ICAM-1) expression on EA.hy926 endothelial cells. PON1 was isolated
from the elderly (E-PONT1) volunteers at baseline (T1) and after 12 weeks of
EVOO consumption (T12). EA.hy926 cells were used 2d post-confluence and
were incubated for 16 h with 100 pg/ml of oxidised LDL (oxLDL) alone or with
HDL enriched with E-PON1 (40 pg/ml) obtained at T1 and T12. Values are
means, with their standard deviations represented by vertical bars. Mean
values were significantly different: ** P<0-01, ****P<0.0001 (one-way
ANOVA followed by Bonferroni multiple comparison post-test).
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There is a growing scientific consensus that antioxidants,
particularly the polyphenolic forms, may help lower the
incidence of diseases such as certain cancers as well as CVD
and neurodegenerative disease. A number of studies have
reported that the high polyphenol content of EVOO is respon-
sible for its anti-inflammatory activity(&) . This beneficial effect
is mediated by preventing the production of inflammatory
cytokines and by inhibiting the production of adhesion mol-
ecules that activate endothelial cells“>?. The present results
showed that EVOO consumption also improves the anti-
inflammatory activity of HDL. Interestingly, this effect was
significant only for E-HDL.

In addition to its high MUFA content, principally oleic acid,
EVOO contains other biologically active substances, including
a-tocopherols, B-carotene, sterols, terpene, squalene and
phenolic compounds(63 =69 The strong antioxidant nature of
phenolic compounds has an anti-atherogenic effect, protect-
ing lipids, especially lipoproteins, against oxidation®®. This
is in agreement with the present results showing that EVOO
consumption resulted in a significant decrease in oxidative
damage to the lipid and protein fractions of E-HDL as
shown by the changes in conjugated diene content, electro-
phoretic mobility and plasma carbonyl measurement. The
anti-inflammatory activity of PON1 also increased following
the consumption of EVOO, especially in E-PONI1. This
suggested that the polyphenols in EVOO protect the protein
fraction of HDL from oxidative damage and improve the
anti-inflammatory activity of E-PON1.

EVOO only induced a significant increase in the arylesterase
activity of E-PON1. The hydrolysis of phenylacetate, the sub-
strate used to assay arylesterase activity, did not depend on
the polymorphic form of PON1. The arylesterase activity of
PON1 is considered to correspond to the concentration of
the enzyme®”. The present results showed that there is a sig-
nificant increase in PON1 paraoxonase and arylesterase
activity and plasma PON1 concentrations together with a
lower conjugated diene content in the HDL of the elderly vol-
unteers after 12 weeks of EVOO consumption. The increase in
PONT1 paraoxonase and arylesterase activity and PON1 plasma
concentrations may be due to the polyphenols in EVOO and
may explain the improvement in the functionality of HDL in
the elderly group. Some flavonoids, such as quercetin and
catechin, increase serum PONI1 activity in mice®® due to
their antioxidant properties. Noll et al®” showed that red
wine polyphenol extracts increased hepatic PONI gene
expression and hepatic and plasma PONI1 activities in a
murine model of hyperhomocysteinaemia.

The increase in the anti-inflammatory activity of HDL
following the consumption of EVOO by the elderly volunteers
was independent of plasma HDL concentrations, indicating
that a polyphenol-rich dietary supplement can improve the
functionality of HDL and that polyphenols are as important,
if not more so, than serum HDL concentrations in determining
the atheroprotective capacity of HDL7®. Several studies,
including the present study, have shown that the athero-
protective effect of HDL, especially in terms of antioxidant
activity and cholesterol efflux, decreases significantly with
ageing'**®_ The results of the present study also showed

that the anti-inflammatory activity of HDL is lower in elderly
individuals and that this decrease is due principally to the
oxidative stress conditions that characterise the ageing
process. This confirms the assertion that the beneficial effect
of EVOO consumption on the anti-inflammatory activity of
HDL is mediated by its ability to reduce oxidative stress
conditions and HDL-associated oxidative damage.

It is noteworthy that, in addition to its beneficial effect on
the anti-inflammatory activity of E-HDL, 12 weeks of EVOO
consumption significantly reduced blood glucose concen-
trations and systolic and diastolic blood pressures in the
elderly volunteers. These results are in agreement with
previous studies showing that olive oil consumption has a
beneficial effect on the blood pressure of both normotensive
and hypertensive individuals”"’®. This beneficial effect is
related to the high MUFA and polyphenol contents of
EVOOY®. The atherogenic index (total cholesterol:HDL)
did not change significantly after 12 weeks of EVOO
consumption, but it had a tendency to decrease in the
elderly volunteers.

While EVOO consumption did not have a significant effect
on the anti-inflammatory activities of Y-HDL and Y-PON1, this
does not obviate the fact that it has a beneficial effect,
especially in preventing CVD in both young and elderly
populations. While elderly individuals, who are more subject
to high oxidative stress and inflammation, may benefit
the most from EVOO supplementation, an antioxidant- and
polyphenol-rich diet could contribute to preventing the
development of oxidative stress conditions and maintaining
optimal cardioprotective functions, even in the absence of
CVD risk factors.

In conclusion, the present results showed that there is a
significant decrease in the anti-inflammatory activity of HDL
with age and that PON1 is involved in the regulation of this
atheroprotective activity. The decrease in activity was inde-
pendent of plasma HDL concentrations and was probably
due to the oxidative stress conditions that occur with ageing.
An EVOO-rich diet could significantly reduce the age-related
decreases in the anti-inflammatory activities of HDL and
PON1 by reducing or preventing the damage caused by
oxidative stress. The present results indicated that EVOO con-
sumption increases the anti-inflammatory activity of HDL,
which may explain its beneficial effect on CVD, and that an
antioxidant-enriched diet is important, especially in elderly
populations. Nevertheless, the present study has some limi-
tations: (1) the design of the study lacks a control group or
washout period before the EVOO intervention; (2) the diet
of the participants was not controlled. Indeed, dietary
changes, besides EVOO consumption, could promote an
increase in HDL functionality (i.e. other polyphenols or anti-
oxidants); (3) the sample is too small to allow firm conclusions
to be drawn or to extrapolate the obtained results to a general
population. Therefore, due to these limitations, the present
study should be considered as a pilot study. However, further
studies, considering these limitations, are needed to confirm
the present results.
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