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Abstract
Olive oil (OO) polyphenols have been shown to improve HDL anti-atherogenic function, thus demonstrating beneficial effects against cardiovascular
risk factors. The aimof thepresent studywas to investigate the effect of extra virgin highpolyphenol oliveoil (HPOO) v. lowpolyphenol olive oil (LPOO)
on the capacity of HDL to promote cholesterol efflux in healthy adults. In a double-blind, randomised cross-over trial, fifty participants (aged 38·5 (SD
13·9) years, 66% females) were supplemented with a daily dose (60 ml) of HPOO (320 mg/kg polyphenols) or LPOO (86 mg/kg polyphenols) for 3
weeks. Following a2-weekwashout period, participants crossedover to the alternate treatment. SerumHDL-cholesterol efflux capacity, circulating lipids
(i.e. total cholesterol, TAG, HDL, LDL) and anthropometrics were measured at baseline and follow-up. No significant between-group differences were
observed. Furthermore, no significant changes in HDL-cholesterol effluxwere foundwithin either the LPOO andHPOO treatment arms;mean changes
were 0·54% (95% CI (0·29, 1·37)) and 0·10% (95% CI (0·74, 0·94)), respectively. Serum HDL increased significantly after LPOO and HPOO intake by
0·13 mmol/l (95% CI (0·04, 0·22)) and 0·10 mmol/l (95% CI (0·02, 0·19)), respectively. A small but significant increase in LDL of 0·14 mmol/l (95% CI
(0·001, 0·28))wasobserved following theHPOO intervention.Our results suggest that additional research iswarranted to further understand the effect of
OO with different phenolic content on mechanisms of cholesterol efflux via different pathways in multi-ethnic populations with diverse diets.
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CVD is the leading cause of mortality globally and accounted for
18·6 million deaths in 2019(1). Dyslipidaemia has a well-estab-
lished role in the initiation and progression of atheromatous
plaque formation and is recognised as an independent risk factor
for the development of atherosclerosis-related vascular dis-
ease(2–4). Elevated serum levels of LDL-cholesterol and related
oxidation products (i.e. oxidised LDL) are involved in the pro-
gression of the atherogenic process(5). While serumHDL-choles-
terol iswidely known to be inversely correlatedwith CVD, recent
data indicate that increased HDL–cholesterol levels do not nec-
essarily imply a reduction in the risk of cardiovascular events and
that raised functional capacity of HDL may be responsible for
cardiovascular protection(6).

One of the main anti-atherogenic functions of HDL is the regu-
lation of cholesterol homoeostasis through the reverse cholesterol
transport pathway, in which excess cholesterol is removed from
peripheral cells and transported to the liver for excretion in the
bile and faeces(7,8). The efflux of cholesterol from cells to HDL
is considered the primary step of reverse cholesterol transport
and occurs via two major pathways: ATP-Binding Cassette trans-
porters A1 andG1 (ABCA1 andABCG1) and the scavenger recep-
tor B1. Specifically, ABCA1 facilitates the efflux of phospholipids
and free unesterified cholesterol from cells to lipid-poor apoA-1
through a process that involves the binding of apoA-1 to the
ABCA1 transporter, while ABCG1 and scavenger receptor B1
mediate cholesterol efflux from macrophages to HDL(9–11).

Previous evidence indicates that certain diets have ben-
eficial effects on cardiovascular health(12). The traditional
Mediterranean diet has been widely reported to be beneficial
in the prevention and management of CVD(13,14). Various com-
ponents of this dietary pattern are cardioprotective, including the
high consumption of extra virgin olive oil (EVOO). EVOO has a
favourably high content of MUFA as well as important active
minor compounds, including polyphenols (i.e. tyrosol, hydrox-
ytyrosol (HT) and oleuropein)(15,16).

Olive oil (OO) polyphenols have been demonstrated to
mediate the prevention andmanagement of CVD and associated
risk factors (e.g. dyslipidaemia) through various mechanistic
pathways(17). In particular, EVOO polyphenols have shown to
improve levels of serum HDL-cholesterol(18) as well as the func-
tionality of HDL by reducing HDL oxidative modifications and
improving its physiochemical properties(19–21). They also activate
ABCA1 expression which is a key protein involved in cholesterol
efflux(19).

While numerous in vitro and in vivo studies have explored
the effects of OO on serum lipid levels(19,22–24), there is scarce
evidence on the effect of OO polyphenols on HDL-cholesterol
efflux capacity. Furthermore, most of the intervention studies
are limited to Mediterranean populations that are accustomed
to high OO intake(17), thus highlighting the need for additional
evidence inmulti-ethnic populations with different habitual food
cultures. Therefore, the primary aim of the present study was to
investigate the effect of 3 weeks daily consumption of either raw
extra virgin high polyphenol olive oil (HPOO) (320 mg/kg, phe-
nolic content; 60 ml/d) or low polyphenol olive oil (LPOO) (86
mg/kg, phenolic content; 60ml/d) onHDL-mediated cholesterol
efflux capacity in Australian adults with no previously diagnosed
medical conditions. The secondary aim was to compare the

effect of the two OO treatments on serum lipids (i.e. total cho-
lesterol, TAG, LDL-cholesterol and HDL-cholesterol).

Materials and methods

Study design and procedure

The OLIVAUS study(25) was a double-blind, cross-over, rando-
mised controlled trial that aimed to investigate the effect of extra
virgin HPOO compared with a commercially available LPOO on
several CVD risk factors in a healthy adult population. Secondary
outcomes (i.e. haemodynamic indices, oxidative status and
inflammatory markers) have been reported elsewhere as this
is not within the scope of this article(26,27). A pilot study was con-
ducted prior to the main study, to test the feasibility of the study
protocol and the data collection tools(28). This study was con-
ducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human
subjects were approved by the La Trobe University Human
Research Ethics Committee (HEC17-067). Written informed con-
sent was obtained from all subjects. The trial protocol has been
registered with the Australia New Zealand Clinical Trials Registry
(ACTRN12618000706279) and was created in accordance with
the SPIRIT statement(29).

Study participants were recruited in Melbourne, Australia
through La Trobe University using email advertisements, mailing
lists, word of mouth and posters on campus. The inclusion and
exclusion criteria used in the OLIVAUS study to identify eligible
participants are presented elsewhere(25). Enrolled participants
were randomly allocated in a 1:1 ratio, to one of the two
treatment arms, that is, extra virgin HPOO or LPOO.
Randomisation was performed in blocks of six using a compu-
terised random number generator in excel software. The block
randomisation sequence was developed by an independent
senior researcher not otherwise involved in the study.

Study participants were instructed to consume a daily dose of
60 ml of either HPOO or LPOO, over two intervention periods of
3 weeks each, added in their usual diet in its raw form. A 3-week
study duration was chosen based on previous literature, where
most studies were relatively short in durationwithmost interven-
tion phases lasting on average, 3 weeks(18). Furthermore, the
researchers considered potential compliance issues, namely that
the study was conducted in a non-Mediterranean population
where EVOO is less habitually consumed and accepted. The
two kinds of OOhad the same nutrient composition (i.e. fat-solu-
ble vitamins and fatty acids) but differed in their phenolic content
(320 mg/kg in HPOO v. 86 mg/kg in LPOO). Two washout peri-
ods of 2 weeks each preceded the first and the second interven-
tion periods of test oils’ administration. During these periods,
participants were instructed to avoid consumption of olives
and OO. A 2-week washout period was chosen on the basis that
this was sufficient to eliminate the carry-over effect of OO poly-
phenols between interventions, considering the short half-life of
OO’s phenolic compounds(30). Furthermore, a daily dose of 60
ml OO was chosen in the current study, since this reflects the
habitual amount consumed in Mediterranean populations,
where the cardioprotective benefits of virgin OO have previ-
ously been reported(17,18,31).
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The intervention OO were stored in the same dark, sealed
containers, thus ensuring blinding of the participants and
researchers. They were supplied to study subjects at the begin-
ning of each intervention period. To ensure further blinding to
the type of OO, each container was assigned a different code
number that was concealed from study participants and
researchers. The code was disclosed only after the completion
of the statistical analyses. Participant’s adherence to the interven-
tion was assessed by measuring the volume of unconsumed OO
returned at the end of each intervention period. To confirm fur-
ther adherence, study participants were also asked to record the
daily volume of OO consumed over each 3-week intervention
period using a log sheet. This information was collected by
the researchers at the end of each intervention period.
Detailed descriptions and rationale of the study’s protocol and
information on the phenolic concentrations and composition
of the two intervention OOs are provided elsewhere(25).

Measurements

Socio-demographics, use of medication and dietary
supplements. At the first baseline intervention period, study
participants’ socio-demographic data and any information
related to medication and dietary supplement intake were col-
lected during a scheduled interview by trained researchers using
a standardised questionnaire(25).

Dietary intake. A 3-d food diary was used to collect dietary
intake data during two non-consecutive weekdays and one
weekend day at baseline and follow-up of each intervention
period. Participants were instructed to record details on the
foods and beverages consumed, including the type/brand,
quantity in household measures and cooking methods.
Emphasis on strategies that incorporate OO into their habitual
diet in a raw, uncooked form was provided by the researchers.
All dietary intake data were analysed for energy, macro- and
micronutrient content using FoodWorks®9 software (Xyris
Software Pty Ltd). Data related to food groups high in phenolic
content (flavonoids, lignans, polyphenols, other polyphenols,
stilbenes) that were consumed from study participants during
the intervention were also extracted with the use of the nutri-
tional analysis software. A comprehensive database, Phenol-
explorer(32), that generates an instant estimate of the polyphenol
composition in foods along with their average phenolic concen-
trations was used to calculate the phenolic content of the above-
mentioned food groups and therefore to determine their inclu-
sion in the statistical analyses.

Physical activity. Physical activity was assessed during the
week preceding the interviews at the first baseline and at the last
follow-up meeting using the Active Australia Survey question-
naire, a tool that has been validated in the Australian popula-
tion(33). This questionnaire is designed to assess participation
in a range of leisure time physical activities of light, moderate
and vigorous intensity. It consists of eight questions, which
assess the number of sessions and total weekly time (hours
and/or minutes) spent for each activity type. The amount of time
(in minutes per day) that study participants were engaged in

physical activity of different intensity was calculated and used
for data analysis.

Anthropometry. Anthropometric measurements were con-
ducted at baseline and follow-up of each intervention period.
Body weight was measured using a digital scale (WM203) to
the closest 0·1 kg and with study participants in light clothing
and barefoot. Standing height was measured using a wall-
mounted stadiometer (SE206) to the nearest 0·1 cm. BMIwas cal-
culated using Quetelet’s equation. Study participants were cate-
gorised as underweight (BMI< 18·5 kg/m2), normal weight (BMI
18·5–24·9 kg/m2), overweight (BMI 25·0–29·9 kg/m2) or obese
(BMI≥ 30 kg/m2)(34). Waist circumference (WC) was measured
directly over the skin at the umbilicus level, using a flexible steel
tape calibrated in cm with mm graduations (Lufkin W606PM) to
the nearest 0·1 cm. Participants were classified as normal
(WC< 94 cm in men and <80 cm in women), high CVD risk
(WC 94–102 cm in men and 80–88 cm in women) and very high
CVD risk (WC> 102 cm in men and 88 cm in women)(35).

Biochemical analyses. Biomarkers were measured from early-
morning venous blood samples collected from the participants
by a trained researcher at baseline and follow-up of each inter-
vention period. Participants attended La TrobeUniversity follow-
ing a 10-h overnight fast. Collected venous blood was
centrifuged (Hettich Rotina 420r) at 2350 rpm for 10 min at 4°
C, and the extracted plasma and/or serum was apportioned into
aliquots of 500 μl each and stored at −80°C until analysis.

HDL-cholesterol efflux capacity. The HDL-cholesterol efflux
capacity in serum plasma (collected in serum separating tubes)
was measured using the Cholesterol Efflux Fluorometric Assay
Kit (BioVision) following the manufacturer’s instructions.
Laboratory analysis for cholesterol efflux assay was conducted
by AL, KP and OF. Briefly, 5 × 104 J774A.1 (macrophage) cells
were seeded into 96-well tissue culture plates and grown in sup-
plemented phenol red-free Gibco Dulbecco’s Modified Eagle
Medium for 24 h. Cells were washed with serum-free, phenol
red-free Dulbecco’s Modified Eagle Medium and labelled for 1
h in 1:1 ratio labelling reagent to serum-free, phenol red-free
Dulbecco’s Modified Eagle Medium. The labelling medium
was removed before the cells were incubated in equilibration
medium for 18–19 h. Samples were pre-treated with serum treat-
ment reagent containing polyethylene glycol with precipitates
apo-B-containing lipoproteins’ to remove interferents (LDL/
VLDL) prior to addition to the cells according to the protocol;
2 μl (2 %) of each pre-treated human serum sample, assayed
in duplicate, was added and incubated with the cells for 4 h at
37°C. Supernatant was transferred to black walled 96-well plates
and fluorescence measured using a FLUOstar Omega spectro-
photometer (BMG LabTech) with excitation and emission wave-
lengths 485 and 520 nm, respectively. Cells were lysed and the
lysate was transferred to black-walled 96-well plates and fluores-
cence measured. Percentage cholesterol efflux was measured
using the following equation: % Cholesterol Efflux = (Relative
Fluorescence Units (RFU) of supernatant/RFU of cell lysate þ
RFU of supernatant) × 100. The average intra-assay CV
was 2·2 %.
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Total cholesterol, LDL-cholesterol, HDL-cholesterol and
TAG. Serum cholesterol concentrations were measured using
the Alinity c Cholesterol Assay kit (Abbott GmbH & Co) accord-
ing to the manufacturer’s instructions. Briefly, cholesterol esters
were enzymatically hydrolysed by cholesterol esterase to choles-
terol and NEFA (intra-assay CV was 1·0 %). The Alinity c Direct
LDL Assay kit (Sekisui Diagnostics P.E.I. Inc) was used for the
direct, quantitative determination of LDL-cholesterol in human
serum (intra-assay CV was 0·8 %). Serum HDL-cholesterol con-
centrations were measured using the Ultra HDL Assay kit
(Abbott GmbH & Co). This assay is a homogeneous method
in which HDL-cholesterol concentrations are measured without
the need for off-line pre-treatment or centrifugation steps (intra-
assay CV was 1·0 %). Finally, the Alinity c Triglyceride Assay
(Abbott GmbH & Co) was used for the quantitation of TAG in
human serum. With this method, TAG are enzymatically hydro-
lysed by lipase to NEFA and glycerol (intra-assay CV was 1·8 %).

Sample size calculation

The sample size was calculated to detect a 5 % change in the pri-
mary outcome, HDL-cholesterol efflux, based on results of pre-
vious research(21). A sample size of fifty participants was
considered adequate to provide>80 % statistical power to detect
significant between-group differences of 5 %, a SD of 11 % in
HDL-cholesterol efflux capacity levels and a drop-out rate
of 20 %.

Statistical analysis

All statistical analyses were conducted using the SPSS statistical
software for Windows (IBM, version 24.0; IBM). Normality of
continuous variables was assessed using the Kolmogorov–
Smirnov test. Repeated-measures ANOVA was used to examine:
(a) treatment effects (between-group differences, i.e., HPOO v.
LPOO, at each time point of measurement); (b) time effects
(within-group changes in each intervention arm from baseline
to follow-up) and (c) treatment × time interaction effects
(differences in the changes from baseline to follow-up between
the two intervention arms).We performed both per protocol and
intention-to-treat analyses. The per protocol analysis included
only those participants who had complete data from baseline
to follow-up in the first and/or second intervention period.
Multiple imputations of missing data were conducted for the
intention-to-treat analysis. Because both methods of data analy-
ses provided concordant results in terms of mean values, mean
changes and statistical significance, results from the intention-to-
treat analysis are presented in this article. Adjustments for sex
and age were made in all statistical analyses. Continuous varia-
bles are presented either as mean ± SD, as estimated marginal
means and SE or as mean change and 95 % CI of change. In addi-
tion, categorical variables are presented as frequency (n) and
percentage. Statistical significance is set at P< 0·05 and all
reported P values are two-tailed.

Results

Fifty volunteers (n 33 females and n 17 males) were enrolled in
the study from July 2018 to October 2019 and were randomly

allocated in a 1:1 ratio, to one of the two treatment arms, that
is, HPOO or LPOO. Following a 2-week washout period, partic-
ipants crossed over to the alternate treatment. Four participants
(n 2, HPOO and n 2, LPOO) discontinued the study post first
intervention phase due to inability to comply (i.e. found chal-
lenging to consume 60 ml/d OO in its raw, uncooked form)
and three participants (n 3, HPOO) withdrew post second inter-
vention phase for personal reasons. In total, forty-three partici-
pants (86 %) completed the study (Fig. 1). Furthermore,
participant compliance to treatment was overall high and did
not differ significantly between the two treatment arms as shown
in online Supplementary Table 1.

Baseline characteristics of study participants

Baseline characteristics of the total sample (n 50) and by treat-
ment arm in terms of socio-demographics, anthropometric and
biochemical indices are presented in Table 1. The mean age
of participants was 39 (SD 14) years (age range, 20–70 years),
and the majority were born in Australia (70 %). The mean BMI
and WC of participants were 24·7 (SD 3·5) kg/m2 and 86·9 (SD
11·2) cm, respectively. In addition, 48 % of the study population
was classified as overweight or obese, while 16 % of study par-
ticipants were considered at high CVD risk and 34 % very high
CVD risk according to their WC measurements. Mean serum
HDL-cholesterol efflux capacity concentration was 53·1 (SD
4·8) % for the total cohort. Mean circulating TAG, total choles-
terol, HDL- and LDL-cholesterol were 1·0 (SD 0·5) mmol/l, 5·0
(SD 0·5) mmol/l, 1·5 (SD 0·3) mmol/l and 3·0 (SD 0·9) mmol/l,
respectively.

Effect of low polyphenol olive oil and high polyphenol
olive oil on dietary intake and physical activity

As reported previously, no significant between-group
differences were observed in dietary energy, macro- and micro-
nutrient intake from baseline to follow-up(26,27). A significant
increase in dietary energy intake was observed within both
the LPOO (by 1806·1 kJ/d, 95 % CI 1075·4, 2536·8) and HPOO
(by 1766·6 kJ/d, 95 % CI 1035·9, 2497·3) treatment arms.
Similarly, consumption of LPOO and HPOO led to a significant
increase in total fat (by 49·3 g/d, 95 % CI 41·1, 57·4 and 46·0 g/d,
95 % CI 37·8, 54·1, respectively), SFA (by 7·4 g/d, 95 % CI 4·0,
10·8 and 6·5 g/d, 95 % CI 3·1, 9·9, respectively), MUFA (by
36·8 g/d, 95 % CI 33·2, 40·3 and 35·1 g/d, 95 % CI 31·6, 38·6,
respectively) and PUFA intake (by 3·1 g/d, 95 % CI 1·0, 5·1
and 3·0 g/d, 95 % CI 1·0, 5·1, respectively) from baseline to fol-
low-up.

Data related to food groups high in phenolic content (i.e.
whole grain cereals, fruits, vegetables, legumes, nuts/seeds, soya
products, oils, fruit juices, alcoholic drinks and coffee) that par-
ticipants consumed during the intervention (online
Supplementary Table 2) were also analysed. Results demon-
strated no significant between-group differences or within-
group changes in the intake of the above-mentioned food
items/beverages from baseline to follow-up. However, a signifi-
cant increase in oil intake was observed within both treatment
arms as expected due to the increased intake of the intervention
oils (online Supplementary Table 3). Regarding physical activity,
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no within-group changes or between-group differences were
observed in daily energy expenditure in leisure time physical
activity over the intervention period (data not shown).

Effect of low polyphenol olive oil and high polyphenol
olive oil on anthropometric data

No significant between-group differences were observed in any
of the examined anthropometric outcomes (i.e. weight, BMI,
WC) (online Supplementary Table 4). A small but significant
increase in bodyweight by 0·4 kg (95 %CI 0·2, 0·7)was observed

only within the LPOO treatment arm. No within-group changes
were observed in any of the other outcomes (i.e. BMI and WC).

Effect of low polyphenol olive oil and high polyphenol
olive oil on HDL-cholesterol efflux capacity and serum
lipids

The effect of the two OO interventions on HDL-cholesterol
efflux capacity is illustrated in Fig. 2. No significant between-
group differences were observed regarding the changes in
HDL-cholesterol efflux capacity from baseline to follow-up.

Assessed for eligibility (n = 105)

All volunteers underwent 2-week washout
phase (abstain from olive oil and olives)

Allocated to Group 1 intervention
High polyphenol olive oil

Received allocated intervention (n = 25)
Did not receive allocated intervention (n = 0)

Allocated to Group 2 intervention
Low polyphenol olive oil

Received allocated intervention (n = 25)
Did not receive allocated intervention (n = 0)

Allocated to Group 1 intervention
Low polyphenol olive oil

Received allocated intervention (n = 23)
Did not receive allocated intervention (n = 0)

Allocated to Group 2 intervention
High polyphenol olive oil

Received allocated intervention (n = 23)
Did not receive allocated intervention (n = 0)

Lost to follow-up

Discontinued intervention (n=2, inability to
comply)

Discontinued intervention (n = 3, personal
reasons)

Lost to follow-up

Discontinued intervention (n = 0)

Lost to follow-up

Lost to follow-up

Discontinued intervention (n=2, inability to
comply)

Not meeting inclusion criteria (n = 44)
Declined to participate (n = 7)
Other reasons (n = 4)

Excluded (n = 55)

Randomised (n = 50)

2-week washout phase

Completed the study (n = 43)

Fig. 1. OLIVAUS study participant flow diagram.
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There were no significant changes in HDL-cholesterol efflux
capacity observed within either the LPOO and HPOO groups;
mean changes were 0·54 % (95 % CI 0·29, 1·37) and 0·10 %
(95 % CI 0·74, 0·94), respectively, for the total sample. No
between-group differences were observed in circulating TAG,
total cholesterol, HDL-cholesterol and LDL-cholesterol for the
total sample from baseline to follow-up (Table 2). However,
compared with baseline, serum HDL-cholesterol significantly
increased after LPOO and HPOO intake by 0·13 mmol/l (95 %
CI 0·04, 0·22) and 0·10 mmol/l (95 % CI 0·02, 0·19), respectively.
There was a small but significant increase in LDL-cholesterol by
0·14 mmol/l (95 % CI 0·001, 0·28) following the HPOO interven-
tion; however, no significant differences were observed
between the two treatment arms. No significant within-group

changes or between-group differences were observed in TAG
and total cholesterol.

Discussion

The present double-blind, cross-over, randomised controlled
trial investigated the effect of 3-week daily consumption of either
raw extra virgin HPOO (320 mg/kg, phenolic content; 60 ml,
daily dose) or LPOO (86 mg/kg, phenolic content; 60 ml daily
dose) on HDL-cholesterol efflux capacity and serum lipids in
Australian adults with no previously diagnosed medical condi-
tion. Our results showed no significant differences in any of
the examined biomarkers between the two treatment arms. A

Table 1. Baseline descriptive characteristics of study participants
(Mean values and standard deviations)

Total sample (n 50)
Low polyphenol OO

(n 25)
High polyphenol OO

(n 25)

P*Mean SD Mean SD Mean SD

Socio-demographics
Age (years) 38·5 13·9 38·1 14·8 39·0 13·2 0·818
Education (years) 17·3 3·5 17·3 4·2 17·2 2·8 0·968

Sex
% % %

Females 66 64 68 0·765
Males 34 36 32

Region of birth
% % %

Australia, NZ, Pacific 70 68 72 0·321
Islanders
Europe 10 4 16
South America 8 12 4
Middle East and Asia 12 16 8

Anthropometrics
Height (cm) 168·9 9·6 170·6 10·4 167·2 8·6 0·22
Weight (kg) 70·7 12·8 72·7 13·7 68·5 11·8 0·249
BMI (kg/m2) 24·7 3·5 24·9 3·7 24·4 3·2 0·617
Waist circumference (cm) 86·9 11·2 88·2 11·9 85·6 10·6 0·434

Weight status categories†
% % %

Underweight 2 0 4 0·252
Normal weight 50 56 44
Overweight 44 36 52
Obese 4 8 0

Waist circumference categories‡
% % %

Normal 50 44 56 0·632
High risk 16 20 12
Very high risk 34 36 32
Biochemical indices
HDL-cholesterol efflux (%) 53·1 4·8 52·7 4·6 53·3 5·0 0·663
TAG (mmol/l) 1·0 0·5 1·1 0·7 0·9 0·3 0·334
TC (mmol/l) 5·0 1·0 4·9 1·1 5·2 0·9 0·37
HDL-cholesterol (mmol/l) 1·5 0·3 1·5 0·3 1·6 0·3 0·15
LDL-cholesterol (mmol/l) 3·0 0·9 3·0 0·9 3·1 0·8 0·582

OO, olive oil; NZ, New Zealand; TC, total cholesterol.
* P-values for testing between-group differences in continuous variables were derived from the independent samples t-test. P-values for examining associations between categorical
variables were derived from the χ2 test.

†Weight status categories: underweight, BMI< 18·5 kg/m2; normal weight, 18·5≤BMI< 25 kg/m2; overweight, 25≤BMI< 30 kg/m2; obese, BMI≥ 30 kg/m2(34).
‡Waist circumference categories: normal, WC< 80 cm in women and <94 cm in men; high risk, 80–88 cm in women and 94–102 cm in men; very high risk: WC> 88 cm in women
and> 102 cm in men(35).
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non-significantmean increase inHDL-cholesterol efflux capacity
was observed within both the LPOO and HPOO groups for the
total sample, while serum HDL-cholesterol increased signifi-
cantly within both treatment arms. A small but significant
increase in circulating LDL-cholesterol was also observed in
the HPOO arm.

Although an increase in HDL-cholesterol efflux capacity was
observed within both arms in our study (þ0·54 %, LPOO;
þ0·10 %, HPOO), this did not reach statistical significance which
is inconsistent with previous studies. For example, Hernaez
et al.(21) demonstrated that the daily consumption of 25 ml
raw HPOO (366 mg/kg, phenolic content) or LPOO (2·7 mg/
kg, phenolic content) for 3 weeks significantly increased HDL-
cholesterol efflux capacity by 3·05 %only in theHPOO treatment
arm compared with the LPOO arm (-2·34 %) in healthy men. A
significant increase in the capacity of HDL to promote choles-
terol efflux by 14·81 % was also reported for healthy adults, after
12 weeks of EVOO intake (793 mg/kg, phenolic content; 25 ml
daily dose) in a non-controlled single-arm study(9). Supporting
these data, another study showed that the consumption of a
functional virgin OO enriched with OO and thyme phenolic
compounds (500 mg/kg, total phenolic content; 25 ml daily
dose) for 3 weeks, compared with a virgin OO (80 mg/kg, phe-
nolic content), enhanced the ability of HDL to induce cholesterol
efflux frommacrophages via the increased expression of choles-
terol efflux-related genes in hypercholesterolaemic adults(36).
The differences in phenolic content of the intervention oils used
in the aforementioned clinical trials compared with our study
could potentially explain the different reported effects.

A beneficial effect of HPOO intake on HDL-cholesterol efflux
capacity was also supported by a recent systematic review and
meta-analysis, which examined the effect of HPOO v. LPOO
(150–800 mg/kg v. 0–132 mg/kg, phenolic content, respectively;
25–75 ml, daily dose)(18). However, most of the studies included
in this meta-analysis were conducted in Mediterranean popula-
tions, who are accustomed to highOOconsumption. In addition,
previous research has primarily assessed the effect of EVOO as
part of the MedDiet(37), further suggesting that many of the OO
attributed benefits might be also related to other elements of this

diet (i.e. fruits, vegetables) that have a proven cardioprotective
effect and/or the synergistic effects between EVOO and other
plant-derived polyphenols. These observations highlight that
additional studies with diverse ethnicities and food cultures
are required to confirm the reported beneficial effects of
HPOO and determine if there are also genetic differences that
may predispose individuals to the cardiovascular benefits asso-
ciated with polyphenol intake.

The molecular mechanisms by which phenolic compounds
promote cholesterol efflux still require further elucidation.
These mechanisms involve the passive diffusion process as well
as pathways that are mediated by the transmembrane transport-
ers ABCA1, ABCG1 and the scavenger receptor B1. Specifically,
ABCA1 facilitates cholesterol efflux from cells to lipid-poor
apolipoproteins while ABCG1 and the scavenger receptor B1
receptor are responsible for the efflux of cholesterol frommacro-
phages to HDL(38,39). EVOO phenolic compounds, especially
HT, have been shown to stimulate ABCA1 protein expression,
enhancing cholesterol efflux to lipid poor apoA1-containing lip-
oprotein particles via direct binding to ABCA1(40). Sola et al.(41)

reported an increase in apoA-1 concentrations after virgin OO
consumption in high-CVD risk individuals; Violante et al.(42) also
demonstrated that consumption of EVOO for 3months increased
serum apoA-1 in hypercholesterolaemic subjects. Given that par-
ticipants in the present study were healthy and without any pre-
viously diagnosed medical condition, this may be one
explanation for the non-significant changes in HDL-cholesterol
efflux following both LPOO and HPOO intake.

The effect of the two kinds of OO on serum lipids was also
examined in the current study. Results demonstrated that both
extra virgin HPOO and LPOO consumption significantly
increased circulatingHDL-cholesterol after 3weeks. There is evi-
dence supporting the effect of OO polyphenols on serum HDL-
cholesterol; however, the data are once again inconsistent. In
2015, a meta-analysis reported no effect of EVOO intake (150
mg/kg, phenolic content) on circulating HDL-cholesterol in both
healthy and adults with CVD(17), while another systematic review
demonstrated that EVOO intake (2·28–75 g daily dose) increased
the levels of serum HDL-cholesterol in dyslipidaemic subjects(2).
A dose-dependent increase of circulating HDL-cholesterol was
also reported in the EUROLIVE study, a European multicentre
study, after consumption of three types of OO differing in their
phenolic content (2·7 mg/kg, phenolic content; 164 mg/kg, phe-
nolic content and 366 mg/kg, phenolic content, respectively)(22).
Another study however demonstrated that increased concentra-
tion of OO polyphenols in the lipoprotein fraction may increase
HDL particle size, stability and antioxidant status but not circu-
lating HDL-cholesterol levels.

It has been reported that the daily consumption of OO rich in
polyphenols reduces LDL-cholesterol and improves lipoprotein-
associated atherogenic ratios(43). In contrast, another study
reported that 1-year intervention with a MedDiet enriched with
EVOO improved various LDL atherogenic related characteristics
but did not improve the plasma LDL-cholesterol concentrations
in a sub-sample of adults at high CVD risk(44). Our results are con-
sistent with this positive association between OO intake and
LDL-cholesterol levels. However, as recently also reported by
the current study(27), the levels of ox-LDL were found to be

Total sample

HDL-c Efflux (%)
(mean change from baseline)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

LPOO
HPOO

Fig. 2. Effect of 3-week daily consumption of extra virgin high polyphenol olive
oil (HPOO; 320mg/kg polyphenols; n 43) and low polyphenol olive oil (LPOO; 86
mg/kg polyphenols; n 44) onHDL-cholesterol efflux. Nowithin-group changes or
between-group differences were observed in HDL-cholesterol efflux. Data are
expressed as mean changes ± standard errors from baseline to follow-up.
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reduced in the HPOO treatment arm, thus highlighting that the
increase in LDL-cholesterol does not necessarily imply increased
atherogenic risk.

With regard to the dietary intake changes and any potential
confounding effect caused by differences in dietary intake, the
OLIVAUS study showed that both treatment oils equally
increased the intake of energy and macronutrients (i.e. fatty
acids), while no significant within-group changes or between-
group differences were observed in the intake of foods high
in polyphenols (online Supplementary Tables 2 and 3). It is note-
worthy that both the LPOO andHPOO tested in the current study
had the same nutritional composition in terms of fat-soluble vita-
mins and fatty acids, so the observed improvements in the exam-
ined biomarkers should be exclusively associated with the
intervention oils’ phenolic content. However, the concentration
of HT, which is the most biologically active phenolic compound
found in virgin OO(45), was higher in the LPOO (5·3 mg/kg, HT)
comparedwith HPOO (3·3mg/kg, HT) in the current study, pos-
sibly explaining the more pronounced increase in HDL-choles-
terol efflux capacity in the LPOO treatment arm. This finding also
suggests that further research is warranted to explore the effects
of different phenols on CVD risk markers.

The findings of the present study should be interpreted in
light of its strengths and limitations. A strength of this study
was its randomised, cross-over double-blind, controlled design,
which confers strong inter-individual variability. Another
strength was that study participants retained their habitual diet,
hence allowing us to directly assess the effects of OO intake.
Furthermore, our findings indicate that amoderate concentration
of OO polyphenols (i.e. 86 mg/kg) can still induce positive
effects on CVD risk markers. These results, if verified in future
studies, might have a direct impact on the OO industry and
human nutrition. One of the study’s limitations is that although
participant compliance to the intervention was overall high,
measurements of compliance relied on self-reporting methods

and were therefore subjective. Another limitation is the fact that
there was only a 4-fold difference in the phenolic content
between the HPOO and LPOO (320 mg/kg v. 86 mg/kg, respec-
tively), compared with other studies that showed significant
effects on HDL efflux but had 6 to 14-fold difference in the
respective phenolic content. Lastly, despite the inclusion of a
washout period before the initiation of the intervention and
between the intervention periods, there is no guarantee that
any potential carry-over effect on the examined biomarkers
was completely avoided. However, pairwise comparisons that
examined potential carry-over effects were insignificant for all
biomarkers.

Conclusions

The OLIVAUS study examined the effect of OO polyphenols on
HDL-cholesterol efflux capacity and serum lipids in healthy
Australian adults. No significant differences between the two
OO treatment arms were observed in any of the examined out-
comes. A non-significant mean increase in serum HDL-choles-
terol efflux capacity was observed within both the LPOO and
extra virgin HPOO treatment arms after consumption of the
two kinds of OO for 3 weeks each. Furthermore, a significant
increase in circulating HDL-cholesterol was observed within
both treatment arms. However, the non-significant findings of
our study indicate that additional studies of longer duration
are warranted to further understand the effect of OO poly-
phenols of different content and/or profile on mechanisms of
cholesterol efflux via different pathways, especially in a multi-
ethnic population with different food cultures.

Acknowledgements

The authors would like to acknowledge Professor Andrew
Pipingas and Dr Greg Kennedy for contributing to the protocol
development. We would also like to acknowledge the work of

Table 2. Effect of low polyphenol OO v. high polyphenol OO on mean changes in serum lipids
(Mean values with their standard error of the means; 95 % confidence intervals)

Biomarker

Baseline Follow-up
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Treatment × effect P-value 0·613 0·860
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All statistical analyses were adjusted for sex and age.
* Indicates statistical significance (P < 0.05).
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