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BACKGROUND: Olive oil consumption has been reportedly associated with lower mortality rates, mostly from cardiovascular
diseases, but its potential impact on cancer death remains controversial. Moreover, biological mechanisms possibly linking olive oil
consumption to mortality outcomes remain unexplored.

METHODS: We longitudinally analysed data on 22,892 men and women from the Moli-sani Study in Italy (follow-up 13.1y), to
examine the association of olive oil consumption with mortality. Dietary data were collected at baseline (2005-2010) through a 188-
item FFQ, and olive oil consumption was standardised to a 10 g tablespoon (tbsp) size. Diet quality was assessed through a
Mediterranean diet score. Multivariable-adjusted Cox proportional hazard models, also including diet quality, were used to estimate
hazard ratios (HRs) and 95% confidence intervals (Cls). The potential mediating role of inflammatory, metabolic, cardiovascular and
renal biomarkers on the association between olive oil intake and mortality was evaluated on the basis of change-in-estimate and
associated p values.

RESULTS: Multivariable HRs for all-cause, cancer, cardiovascular and other cause mortality associated with high (>3 tbsp/d) versus
low (<1.5 tbsp/d) olive oil consumption were 0.80 (0.69-0.94), 0.77 (0.59-0.99), 0.75 (0.58-0.97) and 0.97 (0.73-1.29), respectively.
Taken together, the investigated biomarkers attenuated the association of olive oil consumption with all-cause and cancer mortality
by 21.2% and 13.7%, respectively.

CONCLUSIONS: Higher olive oil consumption was associated with lower cancer, cardiovascular and all-cause mortality rates,
independent of overall diet quality. Known risk factors for chronic diseases only in part mediated such associations suggesting that
other biological pathways are potentially involved in this relationship.

European Journal of Clinical Nutrition (2024) 78:684-693; https://doi.org/10.1038/541430-024-01442-8

INTRODUCTION
Olive oil is possibly the most typical feature of a traditional
Mediterranean diet (MD) and is the nearly exclusive source of
added fat within this moderately high-fat dietary pattern [1, 2].
The health benefits of olive oil are due to its high levels of
unsaturated fatty acids (up to 99% of the total weight in extra-
virgin type), in particular of monounsaturated acids such as oleic,
as well as to other minor components as phenolics, phytosterols
and tocopherols [3], all contributing to its well-known anti-
inflammatory and antioxidant properties [4], as well as anti-
thrombotic functions that are relevant for cardiovascular health
maintenance [5]. Furthermore, olive oil has been shown to
improve cardiovascular health by a favourable modulation of
the lipid profile and platelet function homoeostasis, lowering
blood pressure and reducing the atherogenic process [6]. Large

observational cohort studies worldwide showed that regular olive
oil intake is related to a decreased risk of major non-
communicable diseases such as cardiovascular diseases (CVD)
[7, 8], neurodegenerative diseases [8] and certain cancers [9, 10]
and higher survival [11, 12]. In one of its three arms, the large
PREDIMED dietary intervention trial specifically tested an MD with
free provision of extra-virgin olive oil and reported clinically
meaningful reductions (versus a control group on a low-fat diet) in
major CVD events [13], as well as in breast cancer incidence [14].

However, epidemiological evidence on the potential health
advantages of olive oil consumption in relation to cancer mortality
is less robust and provides inconsistent results. While a large
number of studies analysed the association of olive oil with cancer
risk [9], only six cohort studies [7, 8, 15-18] have specifically
examined its relationship with cancer death, mostly conducted in
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Mediterranean countries [7, 15, 16, 18]. A meta-analysis that
pooled the results of five out of these six studies [11] indicated an
inverse association between increasing olive oil consumption and
cancer mortality, although statistical significance was not held.
Specifically, only one report from a large US population, where the
average consumption of olive oil is substantially lower than that in
Mediterranean countries, indicated a reduced risk of cancer death
associated with greater olive oil intake [8]. Moreover, none of the
above-mentioned cohorts examined the biological mechanisms
potentially linking olive oil consumption to health outcomes.

To increase knowledge on the potential benefits of olive oil for
human health and, in particular, in relation to cancer death, and fill
the knowledge gap on the mechanistic pathways involved, we
prospectively evaluated the association of olive oil consumption
with all-cause and cause-specific mortality in the context of an MD
by taking advantage of the large dataset of the Moli-sani Study on
24,325 adult men and women living in southern ltaly. As a
secondary aim, we examined the role of several biomarkers
representative of different physiological processes (e.g., inflam-
matory, cardiovascular and metabolic) common to major chronic
diseases as potential explanatory factors of the putative relation-
ship between olive oil intake and mortality.

METHODS
Study population
We analysed data from the Moli-sani Study, a population-based cohort
established in 2005-2010 in the southern ltalian region of Molise, with an
enrolment of 24,325 men and women aged =35 years, having the main
purpose of investigating genetic and environmental risk factors in the onset
and progression of CVD, cerebrovascular disease and cancer [19]. Exclusion
criteria were pregnancy at the time of recruitment, disturbances in mental or
decision-making impairments, current poly-traumas or coma or refusal to sign
the informed consent. Details of the study are available elsewhere [19-21].
For the purpose of the present analyses, we excluded subjects with
missing data on diet, incomplete dietary or medical questionnaires,
reporting implausible energy intakes (<800 kcal/d in men and <500 kcal/d
in women or >4000kcal/d in men and >3500kcal/d in women) and
without information on cause-specific death. We finally analysed 22,892
individuals (94.1% of the whole study sample). Supplementary Fig. 1 shows
the flowchart for the selection of study participants.

Follow-up for vital status and ethics

The Moli-sani Study cohort was followed up for mortality since March 2005
through December 31st, 2020. Cause-specific mortality was assessed by
the Italian mortality registry, validated by Italian death certificates (ISTAT
form) and coded according to the International Classification of Diseases
(ICD-9). Cancer death was considered when the underlying cause of death
included ICD-9 codes 140-208. CVD mortality included deaths from
diseases of the circulatory system, when the underlying cause of death
included ICD-9 codes 390-459. Non-cardiovascular/non-cancer causes of
death were included in ‘other cause mortality’ group. The Moli-sani Study
complies with the Declaration of Helsinki and was granted the approval of
the Ethics Committee of the Catholic University in Rome, Italy. Written
informed consent was obtained from all participants.

Dietary assessment at baseline

Dietary intake was assessed at study entry (2005-2010) by an interviewer-
administered semi-quantitative European Prospective Investigation into
Cancer and Nutrition (EPIC) food frequency questionnaire (FFQ) validated
and adapted to the Italian population to assess participants’ diet during
the past 12 months. The FFQ contains 14 sections (pasta/rice, soup, meat
(excluding salami and other cured meats), fish, raw vegetables, cooked
vegetables, eggs, sandwiches, salami and other cured meats, cheese, fruit,
bread/wine, milk/coffee/cakes and herbs/spices), with 248 questions
concerning 188 different food items [22].

Participants were asked to indicate the number of times a given item was
consumed (per day, week, month or year) from which the frequency of
consumption was calculated. The quantity of food consumed was assessed by
asking the participant to select one among several images of different food
portions or a predefined standard portion when no image was available.
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Frequencies and quantities of each food were then linked to Italian Food
Tables [23], using a specifically designed software [24], to obtain quantitative
estimates of daily intake of macro- and micro-nutrients plus energy.

Total daily olive oil intake was calculated based on the participant’s
reported olive oil used for cooking at home, including frying, baking and
dressing and defined as number of tablespoon (Tbsp) per day. We used
10g as the standard weight for one Thsp [25], and derived the following
five categories of consumption: none to 1.5 Thsp/d; >1.5 to <2 Thsp/d; >2
to <2.5 Tbsp/d; >2.5 to <3 Tbsp/d; and >3 Tbsp/day. For analyses purposes,
olive oil intake was also modelled as a continuous variable as a 1 Tbsp-
increment per day. Adherence to the traditional MD was appraised by the
Mediterranean diet score (MDS) developed by Trichopoulou et al. [26] by
assigning one point to healthy foods (such as fruits and nuts, vegetables,
legumes, fish and cereals) monounsaturated (MUFA) to saturated fat (SFA)
ratio, whose consumption was above the sex-specific medians of intake;
foods presumed to be detrimental (meat and dairy products) were scored
positively if their consumption was below the median. All other intakes
received zero points. For ethanol, men who consumed 10-50g/d and
women who consumed 5-25 g/d received one point; otherwise, the score
was zero. The MDS ranged from 0 to 9 (the latter reflecting maximal
adherence) [26]. For analyses purposes, the fat component (MUFA to SFA
ratio) was excluded from the MDS computation to avoid overadjustment
bias, since it is a strong proxy of olive oil intake.

Assessment of covariates at baseline (2005-2010)

At baseline, information on socio-demographic variables, lifestyles and
medical history was obtained by interviewer-administered questionnaires.
Education was based on the highest qualification attained and was
categorised as up to lower secondary (approximately <8 years of study),
upper secondary school (9-13 years of study) and postsecondary education
(>13 years of study). Urban or rural environments were defined on the
basis of the urbanisation level as described by the European Institute of
Statistics (EUROSTAT definition); urbanisation level was provided by the
Italian National Institute of Statistics [27]. Marital status was grouped as
married/in couple, separated/divorced, single and widowed. Housing
tenure was classified as rented, 1 dwelling ownership and >1 dwelling
ownership. Subjects were classified as never, current or former smokers
(reported not having smoked at all over the previous 12 months or more).
Leisure-time physical activity (PA) was assessed by an interviewer-
administered structured questionnaire [28] and expressed as daily energy
expenditure in metabolic equivalent task hours (MET-h/d) for sport, walking
and gardening. Height and weight were measured and body mass index
(BMI) was calculated as kg/m? and grouped into three categories normal
(<25 kg/m?), overweight (=25 <30 kg/m?), or obese (=30 kg/m?). Personal
history of CVD (angina, myocardial infarction, revascularization procedures,
peripheral artery diseases and cerebrovascular events) and/or cancer was
self-reported and confirmed by medical records and therapy at study entry.
Participants were considered to have diabetes, hypertension or hyperlipi-
daemia at baseline if they were taking disease-specific drugs. Menopausal
status and use of hormonal contraception or hormone-replacement
therapy were self-reported at baseline visits.

Selection and assessment of risk factors at baseline
(2005-2010)
Biomarkers reflecting different underlying pathways common to chronic
disease incidence and progression [29-31] were selected by subject area
knowledge according to the following criteria: (1) previously studied for
their relevance in pathways predisposed to non-communicable chronic
disease onset; (2) shown in epidemiologic studies to be related to
chronic disease onset or mortality; and (3) already analysed within the
Moli-sani Study cohort. Blood samples were collected at baseline
(2005-2010) in participants who had fasted overnight and had refrained
from smoking for at least 6 h; lipids (total cholesterol, HDL cholesterol,
triglycerides) and blood glucose were assayed in serum samples by
enzymatic reaction methods using an automatic analyser (ILab 350,
Instrumentation Laboratory, Milan, Italy); quality control for lipids and
glucose was obtained by a commercial standard (SeraChem1 and
SeraChem2). For SeraChem1 and SeraChem2, the coefficients of
variability were 4.9% and 5.2%, respectively, for blood cholesterol;
3.2% and 3% for HDL; 5.2% and 5.3% for triglycerides; and 4.7% and
4.1% for blood glucose.

High-sensitivity C-reactive protein (CRP) was measured in fresh serum
samples by a particle-enhanced immune-turbidimetric assay (ILab 350,
Instrumentation Laboratory, Milan, Italy). Quality control for CRP was
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maintained using an in-house serum pool and a commercial laboratory
standard whose inter-day coefficients of variability were 5.5% and 4.2%,
respectively.

A hemocromocytometric analysis was performed by cell count
(Coulter HMX, Beckman Coulter, IL, Milan, Italy) within 3h of blood
collection. Quality control was performed using three different levels of
standards: Abnormal 1, a pathologically high control; Abnormal 2, a
pathologically low control; and Normal (Coulter HMX, Beckman Coulter).
Coefficients of variability for white blood cells were 6.2%, 3.3%, and 3.0%
for Abnormal 1, Abnormal 2, and Normal, respectively. Markers of lipid
metabolism (i.e, ApoA, apoB100, lipoprotein a), renal function (i.e.,
cystatin C, creatinine), glucose metabolism (i.e., insulin, C-peptide) and
serum vitamin D were measured subsequently on thawed samples
stored frozen in liquid nitrogen at the biological bank of the Moli-sani
Study, in the framework of the collaborative BiomarCaRE (Biomarker for
Cardiovascular Risk Assessment in Europe) research project, whose
primary objective is to assess the value of established and emerging
biomarkers for CVD risk prediction by using data from 23 cohorts across
Europe [29].

Statistical analysis

Baseline characteristics of study participants across levels of olive oil
consumption were presented as means and standard deviations (SDs) or as
percentages for categorical traits. Differences in the distribution of baseline
covariates were calculated by using generalised linear models adjusted for
age, sex and energy intake (GENMOD procedure for categorical variables
and GLM procedure for continuous variables in SAS software).

Hazard ratios (HRs) were used to quantify the association of olive oil
intake with all-cause and cause-specific deaths. HRs with 95% confidence
intervals (95% Cls) were calculated using Cox regression models with time-
on-study on the time scale and adjusting for baseline age as covariate in
the model. We visually assessed the proportional hazards assumption (log
(—log) plots of survival curves) and identified no violation. Individuals
contributed person time until their date of emigration, date of death, or
loss to follow-up or until end of follow-up, whichever occurred first. In
cause-specific analyses, we included participants who died from a cause
other than the one under study and censored them at the date of the
competing death event.

On the basis of previous literature and biological plausibility, three
models for the association of olive oil with mortality risk were fitted:
Model 1 was adjusted for age (continuous), sex and energy intake (kcal/
d; continuous); Model 2 as in Model 1 and further controlled for
educational level (up to lower secondary school; upper secondary
school; postsecondary), housing (rented, ownership of one dwelling, and
ownership of more than one dwelling), residence (urban/rural), leisure-
time PA (continuous), smoking status (never, current, former), BMI
(continuous), history of cancer (no/yes), history of CVD (no/yes), diabetes
(no/yes), hypertension (no/yes), hyperlipidaemia (no/yes), menopausal
status (no/yes/unascertained), use of hormonal contraception (no/yes/
unascertained) and hormonal replacement therapy (no/yes/unascer-
tained); Model 3 as in Model 2 and further adjusted for the MDS
deprived of its MUFA to SFA ratio component (continuous; range 0-8).

To maximise data availability, missing data on covariates were handled
using multiple imputations (SAS PROC M, followed by PROC MIANALYZE;
n =10 imputed datasets).

In accordance with predefined mediation principles [32, 33], a biomarker
was considered a potential mediator of the association of olive oil intake
with mortality if (a) it was on the causal pathway of this association by
subject area knowledge [31, 34, 35]; (b) it was associated with both the
exposure and the outcome. These criteria were tested in distinct
multivariable regression models for each potential explanatory factor
individually (Supplementary Table 1) and through Cox models that
included olive oil consumption as a covariate (Supplementary Table 2).

The multivariable Model 3 served as the reference for the analysis used to
estimate the extent to which selected risk factors explained the association of
olive oil intake with mortality. For the mediation analysis, we used the
publicly available %MEDIATE macro in SAS [36] which calculates the point
and interval estimates of the percent of exposure effect explained by one or
more intermediate variables, with 95% Cl and P values. Each marker was
alternately, and at the end simultaneously, included (as continuous variables)
into the multivariable-adjusted Model 3. To test the robustness of our
findings, we ran pre-planned sensitivity analyses by (a) excluding participants
with baseline CVD, cancer, diabetes, hypertension and hyperlipidaemia
(therefore, assessing a potential bias resulting from modified habitual dietary
intakes due to illness); (b) excluding BMI from the models since it could be in
the causal pathway; (c) excluding baseline chronic health conditions and BMI
as covariates; and (d) excluding deaths occurred during the first 2 years of
follow-up. Additionally, to test for potential effect modifications, we ran
subgroup analyses by various baseline risk factors: age groups (35-64 and
>65 years), sex, educational levels, smoking status, BMI categories and levels
of adherence to the MD. Appropriate multiplicative terms for testing
interactions were included into the multivariable-adjusted models to test for
a difference of effect. To test for a potential non-linear, continuous
relationship between olive oil and mortality risk, we used multivariable Cox
regression analysis with olive oil intake (1tbsp/d increase) modelled as
restricted cubic splines (three knots at 5%, 50% and 95% of the distribution)
[37]1 and used the value of 1 tbsp of olive oil as the reference value.

Data analysis was generated using SAS/STAT software, version 9.4 (SAS
Institute Inc., Cary, NC, USA).

RESULTS

The analysed sample consists of 11,976 women (52.3%) and 10,916
men (47.7%) with a mean age at enrolment of 554y (SD + 11.7), and
an average olive oil consumption of 233 g/d (SD +8.9). Baseline
characteristics of participants according to olive oil consumption are
shown in Table 1. As compared to participants in the bottom olive
oil consumption category (<1.5 tbsp/d), participants reporting higher
olive oil consumption (>3 tbsp/d) were younger, prevalently men,
had higher socioeconomic status, were more physically active, and
were prevalently living in rural areas. Also, they were more likely to
be obese and reported lower prevalence of chronic health
conditions (Table 1). Greater consumption of olive oil was associated

Table 1. Main characteristics of the study population (n = 22,892) across categories of daily olive oil consumption in the Moli-sani Study, Italy
(2005-2010).
All Olive oil consumption (Tbhsp/d)
<1.5 >1.5 to <2 >2 to <2.5 >2.5 to <3 >3 p value

No. of subjects (n, %) 22,892 (100.0) 3636 (15.9) 5320 (23.2) 5543 (24.2) 3939 (17.2) 4454 (19.5) -
Total olive oil (g/d; means £ SD) 23.3+89 11.8+2.7 17.7+14 225+14 274+14 39.9+6.8 -
Men (%) 47.7 41.5 46.4 48.8 49.8 51.0 <0.0001
Age, years (mean + SD) 554117 57.9+13.1 559+11.9 551114 546+ 11.1 53.9+10.9 <0.0001
Educational level (%) 0.0016

Up to lower secondary 52.2 54.1 52.6 51.5 53.2 50.2

Upper secondary 34.8 333 35.2 359 338 35.2

Postsecondary 129 12.5 12.1 12.5 129 14.5

Missing data 0.1 0.1 0.1 0.1 0.1 0.1
Urban residence (%) 67.2 72.8 68.3 66.1 65.3 64.2 <0.0001
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Table 1. continued

Housing (%)
Rent
1 dwelling ownership
>1 dwelling ownership
Missing data
Marital status (%)
Married/in couple
Single
Divorced
Widower
Missing data
Smoking status (%)
Non-smokers
Current
Former
Missing data

Leisure-time physical activity, MET-h/
day (mean + SD)?

BMI, kg/m? (mean + SD)
BMI, kg/m? (%)

Normal weight (<25)

Overweight (225 < 30)

Obese (=30)

Missing data
History of cardiovascular disease (%)

Yes

Missing data
History of Cancer (%)

Yes

Missing data
Diabetes (%)

Yes

Missing data
Hypertension (%)

Yes

Missing data
Hyperlipidaemia (%)

Yes

Missing data
Menopausal status (%)

Yes

Unascertained

Missing data
Hormonal contraception (%)

Yes

Missing data
Hormonal replacement therapy (%)

Yes

Missing data

All

8.8
82.2
8.8
0.2

85.6
26
5.1
6.6
0.1

49.6
229
27.4

0.1
35+4.0

28.0+4.8

27.6
42.8
29.6
0.1

5.2
1.6

35
0.4

4.8
1.2

283
0.7

7.7
0.9

30.0
0.1
0.1

14.6
0.1

3.0
0.1

Olive oil consumption (Thsp/d)

<1.5

104
82,5
6.9
0.2

77.4
28
6.9
12.8
0.1

523
23.2
24.5

0.0
26+3.1

28.1+4.7

31.1
41.1
27.7
0.1

6.6
20

4.3
0.5

5.6
1.6

33.1
1.0

9.1
0.9

38.9
0.0
0.1

12.8
0.0

3.0
0.0

Means are reported as raw data. P values are from univariate models.

Tbsp tablespoon, 10 g.
#Available for 22,695 participants.
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>1.5 to <2

9.1
83.5
7.2
0.2

85.2
26
5.0
7.1
0.1

50.8
224
26.7

0.1
32+3.6

27.7+£4.7

27.9
43.8
28.2
0.1

5.1
1.8

3.2
0.4

5.1
1.0

29.9
0.7

7.9
1.0

31.7
0.1
0.0

14.7
0.0

3.2
0.0

>2 to <2.5

8.0
8.7
8.1
0.2

87.7
25
4.4
53
0.1

49.5
23.2
27.2

0.1
3.5+3.7

279+47

259
43.8
30.2
0.1

48
14

3.6
04

4.5
1.2

26.8
0.8

74
1.0

28.8
0.1
0.0

14.5
0.1

29
0.0

>2.5 to <3

85
82.2
9.1
0.2

88.6
24
4.4
4.5
0.0

48.8
226
28.5

0.1
39+44

28.2+4.8

27.0
42.2
30.8
0.0

4.8
1.5

3.0
0.1

4.5
1.2

26.8
0.5

74
0.7

27.4
0.1
0.1

14.4
0.0

29
0.0

>3

83
78.5
13.0
0.2

87.6
2.7
5.2
44
0.1

46.9
23.6
29.5

0.0
44+47

28.1+49

27.0
42.2
30.7
0.1

4.7
1.3

34
0.3

4.3
13

253
0.6

6.8
0.8

24.7
0.1
0.1

16.5
0.1

3.0
0.1
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p value
<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0048

0.015

<0.0001

0.0042

<0.0001

0.0002

0.91
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with higher MDS and energy intake, and a greater consumption of
fruits, vegetables, legumes, fish and prevalence of moderate alcohol
intake (Supplementary Table 3). Furthermore, high olive oil
consumers reported less cereals, meat and dairy products intakes.
The contribution of fats to total energy intake increased across
categories of olive oil consumption, whereas that of carbohydrates
decreased, as well as dietary cholesterol intake (Supplementary
Table 3). Differences in the intake of other vegetable oils and dietary
saturated fat were also observed, while margarine and butter
consumption did not vary across categories of olive oil consumption
(Supplementary Table 3).

The cohort of 22,892 participants was followed up for mortality
for a median of 13.1 years (interquartile range = 12.1-14.2 years;
291,810 person-years) during which 2566 deaths were ascertained
(939 from cancer, 910 from CVD and 723 from other causes).
Results from a multivariable-adjusted model also including the diet
quality (i.e., the MDS deprived of its fat component) showed that,
as compared to participants reporting lower olive oil consumption
(1.5 tbsp/d), higher consumption (>3 thsp/d) was associated with
lower all-cause (HR=0.80; 95% Cl 0.69-0.94), cancer (HR=0.77;
95% Cl 0.59-0.99) and CVD mortality rates (HR=0.75; 95% Cl
0.58-0.97) (Table 2, Model 3); these results remained substantially
unchanged when consumption of other vegetable oils was added
to the model (HR=0.80; 95% Cl 0.69-0.93; HR=0.76; 95% Cl
0.59-0.98 and HR = 0.75; 95% Cl 0.58-0.98 for all-cause, cancer and
CVD mortality, respectively; data not shown). Consistently,
multivariable-adjusted survival curves estimates for all-cause,
cancer and CVD mortality across categories of olive oil consump-
tion were well separated (Fig. 1A-C). No association with mortality
from other causes was found (Table 2; Model 3 and Fig. 1D). The
multivariable dose-response analysis between a 1 tbsp increase in
olive oil consumption with all-cause and cancer mortality showed a
direct linear dose-response relationship (p value for overall
association =0.051 and p value for non-linearity =0.27 for all-
cause mortality; p value for overall association = 0.051 and p value
for non-linearity = 0.32 for cancer mortality) (Fig. 2A, B). Dose-
response analyses for CVD or other cause mortality did not provide
significant results (Fig. 2C, D).

The inverse association of olive oil (1tbsp increment) with
cancer mortality was confirmed in sensitivity analyses where
baseline chronic conditions and BMI were alternately excluded, as
well as deaths occurred during the first 2 years of follow-up
(Supplementary Table 4).

Results from pre-specified subgroup analyses for the association
between olive oil intake (1 tbsp increment/day) with all-cause and
cause-specific mortality are reported in Supplementary Tables 5, 6.
There was no evidence of effect modification for most of the
variables analysed (i.e., sex, age, educational level, smoking status,
PA and adherence to the MD), although the inverse associations of
olive oil consumption with all-cause and cancer mortality were
limited to non-obese participants (p values for interaction = 0.052
and 0.004, respectively).

Analysis of mechanistic pathways

The associations of olive oil intake with all potential explanatory
factors (selected biomarkers) are shown in Supplementary Table 1.
Olive oil consumption was inversely associated with biomarkers of
renal function (i.e., serum levels of cystatin C and creatinine),
blood glucose, total cholesterol, triglycerides, Apolipoprotein A1,
CRP, the granulocyte-to-lymphocyte ratio and traditional cardio-
vascular risk factors, such as systolic and diastolic blood pressure
and heart rate; a direct relationship with serum Vitamin D
concentrations was otherwise observed (Supplementary Table 1).
The HRs for all-cause, cancer and CVD mortality associated with
the selected biomarkers are shown in Supplementary Table 2; all
risk factors here considered, with the exception of triglycerides
and Apolipoprotein A1 levels, were associated with all-cause and
CVD mortality; markers associated with higher cancer mortality

SPRINGER NATURE

were blood glucose, CRP, the granulocyte-to-lymphocyte ratio,
diastolic blood pressure and resting heart rate, whereas serum
vitamin D concentrations were inversely related.

Of the investigated biomarkers, traditional CVD risk factors (i.e.,
blood pressure levels and resting heart rate) produced the highest
change in the association of olive oil intake with all-cause (14%
attenuation; p value=0.0069) and cancer mortality (9.5%
attenuation; p value =0.0018) (Table 3).

DISCUSSION

In this large cohort of middle-aged and elderly Italians, higher
olive oil consumption was significantly associated with a lower
rate of cancer mortality, the rate of CVD and all-cause mortality
also being significantly reduced.

While previous research supported the favourable association
between olive oil and cancer risk [9], only a few cohorts analysed
its potential impact on cancer death. Amongst the prospective
studies included in the meta-analysis by Martinez-Gonzalez et al.
[11], only one [8] out of five cohorts included [7, 15-17] reported a
significant inverse association between olive oil intake and cancer
mortality. This is apparently in contrast with our findings, although
a later study not included in this meta-analysis found a substantial
reduction in the risk of cancer death associated with consumption
of two or more tablespoons of olive oil per day in a Spanish cohort
followed for nearly 20 years [18].

Our data confirm the lower rate for CVD mortality associated
with higher amounts of olive oil, in line with previous cohort
studies providing similar effect sizes in CVD mortality reduction in
association with regular olive oil consumption [8, 38].

Our findings on survival are in agreement with prior cohort
studies whose results have been recently summarised in two
distinct meta-analyses; Xia et al. [12] meta-analysed findings from
11 independent cohorts for a total of 713,000 subjects and
173,817 all-cause deaths, and found that, compared with the
lowest, the highest intake of olive oil was associated with 17%
reduced risk of all-cause mortality. Advantages in mortality risk
reduction were previously reported by a meta-analysis of
Martinez-Gonzalez et al. [11] using data from 10 cohort studies
and 1 RCT and showing an 11% reduced mortality risk associated
with a 25 g/d increase of olive oil consumption.

There are different putative biological mechanisms through
which olive oil consumption may help maintain a good health and
therefore prolong survival.

The health-promoting properties of olive oil are largely
attributed to its exceptional composition, which also varies
according to the type of olive oil; MUFA, and, in particular, oleic
acid which constitutes up to 99% of olive oil weight, as in the case
of extra-virgin olive oil, were proven to have modulatory effects in
a wide range of physiological functions, while some studies also
suggest a beneficial effect on cancer, autoimmune and inflamma-
tory diseases, besides its ability to ease wound healing [39]. Olive
oil is also a source of polyphenols, especially hydroxytyrosol that
has the ability of scavenging free radicals and reactive oxygen/
nitrogen species, as well as activating endogenous antioxidant
systems in the body [40] that are relevant to chronic disease
initiation. Oleuropein (one of the main phenolic compounds of
olive oil, which gives a bitter and pungent taste to extra-virgin olive
oil) has vasodilatory and hypotensive effects [41], and is able to
inhibit platelet aggregation [42] which is critical to major chronic
diseases including cancer progression [43]; vitamin E, of which a-
Tocopherol is its major form [44], acts as a powerful antioxidant
with anti-inflammatory [45] and anti-cancer properties [46].

We found that olive oil consumption was inversely associated
with several markers reflecting different biological processes
linked to major chronic diseases onset, such as markers of renal
function, serum lipids, blood glucose, inflammatory markers and
also with established cardiovascular risk factors such as blood
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a) Olive oil consumption (tbsp/d) and all-cause mortality b) Olive oil consumption (tbsp/d) and cancer mortality
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Fig. 1 Adjusted survival curves for all-cause and cause-specific mortality across categories of olive oil consumption in the Moli-sani Study
Cohort, Italy, 2005-2010. Survival curves estimates for a all-cause, b cancer, ¢ cardiovascular, and d other cause mortality across categories of
olive oil consumption were obtained from a multivariable model adjusted for age, sex, educational level, housing tenure, marital status,
smoking status, body mass index, leisure-time physical activity, history of cancer, history of CVD, diabetes, hypertension, hyperlipidaemia,
place of residence, menopausal status, use of hormonal contraception, hormonal replacement therapy, and the Mediterranean diet score
deprived of its fat component.
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Fig. 2 Hazard ratios for all-cause and cause-specific mortality in association with olive oil intake, modelled by spline curves in the Moli-
sani Study Cohort, Italy, 2005-2010. Risk estimates (hazard ratios with 95% confidence interval) for a all-cause, b cancer, ¢ cardiovascular, and
d other cause mortality were obtained from the multivariable model adjusted for age, sex, educational level, housing tenure, marital status,
smoking status, body mass index, leisure-time physical activity, history of cancer, history of CVD, diabetes, hypertension, hyperlipidaemia,
place of residence, menopausal status, use of hormonal contraception, hormonal replacement therapy, and the Mediterranean diet score
deprived of its fat component. Olive oil consumption was considered as a continuous exposure and the reference value for hazard ratios was 1
tablespoon. The dashed lines indicate 95% confidence bands. Three knots were used, located at the 5th, 50th, and 95th percentiles of olive oil
consumption.
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#Biomarkers of renal function include serum cystatin C and creatinine levels.

PInflammatory biomarkers include C-reactive protein levels and the granulocyte-to-lymphocyte ratio.

“Cardiovascular risk factors include systolic and diastolic blood pressure and resting heart rate. Analyses for cancer death did not include systolic blood pressure.
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pressure and resting heart rate, and a novel, although still
controversial cardiovascular risk factor, as serum vitamin D levels
(inverse association). Of these, cardiovascular risk factors were
found to act as potential explanatory factors of the inverse
association between olive oil with all-cause and cancer mortality,
and this supports the notion that major chronic diseases (e.g.,
CVD, cancer and neurodegenerative diseases) may share modifi-
able risk factors, and possibly molecular mechanisms of disease, as
postulated by the ‘common soil hypothesis’ [31, 47, 48].

Despite the fact that the proportion explained by these factors
was relatively small, our analyses offer interesting insights on the
mechanisms through which olive oil can favourably impact on
human health. Hypertension is a well-established risk factor for CVD,
but it has also been associated with an increased risk of developing
certain cancers, such as prostate cancer in men, and endometrial
and breast in women and with higher cancer-related mortality [49].
Additionally, hypertension is also a known risk factor for renal cancer
[50]. In line with these works, our data suggested an increased risk of
cancer death in association with higher blood pressure and heart
rate. The relationship between diet, heart rate and cancer is,
however, less explored, with a few observational studies [51, 52]
reporting an association between diet quality and this independent
risk factor for CVD and all-cause mortality [53]. A large study on over
50,000 US men and women [54] found that higher resting heart rate
was associated with an increased risk of overall cancer mortality,
through mechanisms that include increased sympathetic nerve
activity, which is reflected by higher heart rate, and that might
contribute to the initiation and progression of cancer through
-adrenergic signalling on the regulation of multiple cellular
processes [55]. Also, dysregulation of the sympathetic nervous
system and hypothalamic-pituitary-adrenal axis may promote
angiogenesis, tumour cell proliferation and survival, alteration of
the immune response and exacerbate inflammatory networks in the
tumour microenvironment [56]. Finally, subgroup analyses indicated
that the inverse association of olive oil intake with all-cause and
cancer mortality was limited to non-obese participants; this finding
is relatively novel, since prior cohort studies in this field failed to
observe an effect modification of BMI [7, 15, 17, 57]. Potential
explanations include that obese individuals tend to underreport
dietary intakes to a greater extent than non-obese individuals [58],
and this might have biased the results. Moreover, BMI could be on
the causal pathway between olive oil and health outcomes.
However, future research is warranted to elucidate potential
biological mechanisms underpinning the observed interactions
between BMI and olive oil.

Strengths and limitations of the study

Strengths of the present study include a well-defined Italian
Mediterranean population, where we collected information about
dietary, socioeconomic and lifestyle factors using standardised
and validated questionnaires, allowing to minimise sources of bias
and confounding. Moreover, the robustness of our findings was
reinforced by sensitivity and subgroup analyses.

The current study has, however, several limitations that need to
be mentioned. First, this is an observational study and therefore
causality cannot be inferred. Second, dietary data were self-
reported with consequent potential measurement errors, recall
and selection bias. Third, dietary information and laboratory data
were obtained at baseline only, thus potential changes occurring
over life course might have modified the strength of the findings;
nevertheless, there is some evidence that diet in adulthood tends
to remain stable over time [59] as well as most of the biomarkers
here tested were not found to vary substantially over time [60].
Fourth, we were not able to distinguish different types of olive oil
consumed by our participants. Although this is a common
limitation of most studies in this field [57], the effect of olive oil
on human health might vary according to the type, mainly
because of different content in bioactive compounds [15]. Also,
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we acknowledge that results on cancer mortality should be
interpreted carefully, considering that we incorporated different
cancer types with heterogeneous prognosis.

Moreover, we acknowledge that once a condition (e.g., cancer)
has been diagnosed, survival depends on various factors,
including specific treatment efficacy and timing of diagnosis,
which are not directly related to the health effects of olive oil
consumption. However, it is unlikely that these factors could have
acted as confounders of the association between olive oil and
survival; for instance, it is unlikely that high olive oil consumers
had earlier diagnosis than participants consuming less olive oil.

Finally, caution is warranted in generalising these findings to
other populations.

CONCLUSIONS

In this large cohort of Italian Mediterranean adults, higher
consumption of olive oil was associated with lower risk of cancer,
cardiovascular and all-cause mortality, independent of the overall
quality of the diet. The maximum benefit was observed at intakes
higher than three tablespoons per day which correspond to
approximately >30 g of olive oil per day.

Part of the inverse relationship between olive oil consumption
and cancer mortality was explained by well-established CVD risk
factors (i.e., blood pressure and resting heart rate), that might also
be involved in cancer onset and progression [31, 61], therefore,
reinforcing the notion of a ‘common soil’ of underlying risk factors
from which these two groups of diseases originate.

However, these results do not necessarily prove causality of the
observed associations since the selected mediators may merely be
markers of pathogenic processes, not necessarily being on the
causal pathway to mortality.

Our findings suggest to preserve or encourage the daily use of
olive oil within a traditional MD, but future studies are warranted
to increase knowledge on the mechanistic pathways involved.
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