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ABSTRACT
Background: The endothelium plays a key role in the maintenance of vascular health and represents a potential

physiological target for dietary and other lifestyle interventions designed to reduce the risk of cardiovascular diseases

(CVD) including stroke or coronary heart disease.

Objective: To conduct a systematic review and meta-analysis of randomized controlled trials (RCTs) investigating the

effects of the Mediterranean dietary pattern (MedDiet) on endothelial function.

Methods: Medline, Embase, and Scopus databases were searched from inception until January 2019 for studies that

met the following criteria: 1) RCTs including adult participants, 2) interventions promoting the MedDiet, 3) inclusion

of a control group, and 4) measurements of endothelial function. A random-effects meta-analysis was conducted.

Metaregression and subgroup analyses were performed to identify whether effects were modified by health status

(i.e., healthy participants versus participants with existing comorbidities), type of intervention (i.e., MedDiet alone or

with a cointervention), study duration, study design (i.e., parallel or crossover), BMI, and age of participants.

Results: Fourteen articles reporting data for 1930 participants were included in the meta-analysis. Study duration

ranged from 4 wk to 2.3 y. We observed a beneficial effect of the MedDiet on endothelial function [standardized mean

difference (SMD): 0.35; 95% CI: 0.17, 0.53; P <0.001; I2 = 73.68%]. MedDiet interventions improved flow-mediated

dilation (FMD)—the reference method for noninvasive, clinical measurement of endothelial function—by 1.66% (absolute

change; 95% CI: 1.15, 2.17; P <0.001; I2 = 0%). Effects of the MedDiet on endothelial function were not modified by

health status, type of intervention, study duration, study design, BMI, or age of participants (P >0.05).

Conclusions: MedDiet interventions improve endothelial function in adults, suggesting that the protective effects of

the MedDiet are evident at early stages of the atherosclerotic process with important implications for the early prevention

of CVD. This study has the PROSPERO registration number: CRD42018106188. J Nutr 2020;150:1151–1159.

Keywords: Mediterranean diet, endothelial function, flow-mediated dilation, cardiovascular disease, healthy aging,

dietary patterns

Introduction

The endothelium plays a key role in the maintenance of vascular
health via the secretion of multiple signaling molecules includ-
ing NO, endothelins, selectins, and adhesion molecules, which
in concert, control vasomotor tone and have antiatherogenic
and antiproliferative actions (1, 2). Loss of functional and
structural integrity of the endothelium is thought to be an early
pathogenic step in the development of atherosclerotic lesions
and the subsequent onset of cardiovascular diseases (CVD) (3).

Therefore, the endothelium has been identified as a tractable
physiological target for therapeutic interventions designed to
reduce the risk of CVD such as stroke, coronary heart disease,
or peripheral arterial disease (4, 5).

The Mediterranean dietary pattern (MedDiet) is character-
ized by the high consumption of olive oil, fruits, vegetables,
legumes, nuts and seeds, and unrefined grains, moderate-to-high
consumption of fish, and low consumption of red meat and
sugar-sweetened products such as sweets, cakes, and pastries
and is considered to be one of the healthiest dietary patterns
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(6, 7). Evidence from randomized controlled trials (RCTs),
such as the Lyon Diet Heart Study in France (8) and the
Prevención con Dieta Mediterránea (PREDIMED) trial in Spain
(9), demonstrates that the MedDiet is effective in both primary
and secondary prevention of CVD. Improvements in endothelial
function with the MedDiet may be one of the key mechanisms
underpinning these beneficial effects (10). Evidence from RCTs
demonstrates that, in isolation, a number of components of the
MedDiet, particularly olive oil (11), nuts (12), and oily fish (13,
14), improve endothelial function. In addition, there is evidence
that the composite MedDiet enhances endothelial function in
both healthy subjects and patients with cardiovascular and
metabolic diseases. For example, a 6-mo MedDiet intervention
in healthy older individuals induced highly significant im-
provements in endothelial function measured via flow-mediated
dilation (FMD), with the FMD percentage approximately
double baseline values (absolute increase of ∼1.3%) (15).
Similarly, in patients with prediabetes and diabetes, a 1.5-
y MedDiet intervention increased FMD by 1.1% and 1.4%,
respectively (16). In addition, markers of endothelial structure
such as carotid artery intima media thickness have also been
shown to be improved with MedDiet interventions (17).

A previous systematic review and meta-analysis in 2014 re-
ported improved endothelial function and decreased inflamma-
tion with MedDiet versus control interventions (18). However,
that review also included MedDiet-like interventions, such as
the Dietary Approaches to Stop Hypertension (DASH) in the
same analysis, which may elicit differential effects on endothe-
lial function compared with the traditional MedDiet. Moreover,
in that systematic review, only studies with an intervention
period lasting ≥12 wk were included, and the effects of shorter
MedDiet interventions were not evaluated. These limitations,
and the emergence of considerable new research in this area
over the past 5 y (e.g., 14, 15, 17–19), provide the rationale
for an updated systematic review and meta-analysis of RCTs.
Therefore, the aim of this study was to undertake a systematic
review and meta-analysis of published RCTs exploring the
effects of MedDiet interventions on structural (e.g., intima
media thickness) and/or functional (e.g., FMD) measures of
endothelial function in humans. In an attempt to understand
potential differences in findings, we also investigated whether
the effects were modified by health status, type of intervention,
study duration, study design, BMI, and age of participants.

Methods
The present systematic review was conducted according to the Preferred
Reporting Items for Systematic Review and Meta-analyses (PRISMA)
guidelines (19).

Literature search
Three databases (Medline, Embase, and Scopus) were used to search
for articles from inception until January 2019. In addition, a manual

The authors reported no funding received for this study.
Author disclosures: The authors report no conflicts of interest.
Supplemental Methods, Supplemental Tables 1–5, and Supplemental Figures
1 and 2 are available from the “Supplementary data” link in the online posting
of the article and from the same link in the online table of contents at https:
//academic.oup.com/jn/.
Address correspondence to OMS (e-mail: Oliver.Shannon@Newcastle.ac.uk).
Abbreviations used: BP, blood pressure; CVD, cardiovascular disease; FBF,
forearm blood flow; FMD, flow-mediated dilation; MedDiet, Mediterranean
dietary pattern; PREDIMED, Prevención con Dieta Mediterránea (Mediterranean
Diet Prevention Study); RCT, randomized controlled trial; SMD, standardized
mean difference.

search of reference lists of relevant reviews and articles included in
the systematic review was performed. The search was conducted based
on the predefined search terms (Mediterranean AND diet∗) AND
(“endotheli∗” [All Fields] OR “endothelial function” [All Fields] OR
“endothelial dysfunction” [All Fields] OR “vascular function” [All
Fields] OR “blood flow” [All Fields] OR “vascular reactivity” [All
Fields] OR “vasodilation” [All Fields]) and (Mediterranean AND diet∗)
AND (“Flow-mediated dilatation” OR “Flow-mediated dilation” OR
“FMD” OR “Venous occlusion plethysmography” OR “Peripheral
arterial tonometry” OR “Nitric oxide” OR “Endothelial function” OR
“Endothelial dysfunction” OR “Carotid Intima-Media Thickness” OR
“Pulse Wave Velocity” OR “Augmentation Index”). Further details of
the search strategy are provided in Supplemental Methods 1.

Study selection
The following criteria were applied to identify articles to be included in
this systematic review and meta-analysis: 1) RCTs (no further exclusion
criteria were applied in relation to study design or blinding); 2) studies
involving adults aged ≥18 y and no exclusion criteria were applied for
health status or smoking history; 3) MedDiet (which was defined as
a MedDiet by the authors of each study) administered alone or with
other clinical, pharmaceutical, or lifestyle interventions if a comparable
and valid control group was included (for example, MedDiet plus
exercise compared with control group including exercise alone); 4)
studies reporting changes in endothelial function for intervention and
control groups separately; and 5) no language or time restrictions were
applied in searching the databases.

Two investigators (CH, IM) independently screened the titles and
abstracts of the articles to evaluate eligibility for inclusion. If consensus
was reached, articles were either excluded or moved to the next stage
(full text). If consensus was not reached, articles were moved to the
full-text stage. The full texts of the selected articles were appraised
critically to determine eligibility for inclusion in the systematic review.
Disagreements were resolved by discussion between the reviewers
(including MS) until consensus was reached.

Data extraction and quality assessment
Data extraction was completed by 1 investigator (CH) and data entries
were checked for accuracy by a second investigator (IM). The following
information was extracted from the eligible articles: author, year of
publication, country, study design, inclusion and exclusion criteria,
study duration, run-in phase, intention to treat analysis, sample size,
type of intervention (control and MedDiet), age, sex, ethnicity, random-
ization procedure, blinding of exposure and outcome measurements,
compliance with the interventions, BMI, dietary intervention, weight
loss during the study, baseline and postintervention measurements of
systolic and diastolic blood pressure (BP), baseline and postintervention
measurements of endothelial function. In addition, 2 independent
reviewers (CH, IM) utilized the Cochrane risk of bias tool to assess the
risk of bias of the included studies which was classified as 1) high risk,
2) low risk, or 3) unknown risk of bias (20) and any discrepancy was
resolved by consensus with a third reviewer (MS).

Statistical analysis
Statistical analyses were performed using Comprehensive Meta-
Analysis Software Version 2 (Biostat). For this purpose, sample size,
and the mean and SD of the endothelial function measurements before
and after the intervention period (for both MedDiet intervention and
control) were extracted and used in the analyses. When no baseline
measurements were reported, the sample size, means, and SDs after
the intervention were used. If the mean and SD were not given, the
sample size and the P value of the difference between the MedDiet
and control were used to calculate the effect size (Cohen’s d). For
studies that reported changes in endothelial function at 2 or more time
points, the last endothelial function measurement was used in the meta-
analysis. The calculation of the effect sizes using different sets of data
is performed automatically by the software using integrated algorithms
(21). Data not provided in the main text or tables were extracted from
the figures. Some trials used >1 method to assess changes in endothelial
function (Table 1), which may lead to a reduced independence of

1152 Shannon et al.

https://academic.oup.com/jn/
mailto:Oliver.Shannon@Newcastle.ac.uk


TA
B

LE
1

S
um

m
ar

y
of

th
e

m
ai

n
ch

ar
ac

te
ris

tic
s

of
ra

nd
om

iz
ed

cl
in

ic
al

tr
ia

ls
in

ve
st

ig
at

in
g

th
e

ef
fe

ct
s

of
M

ed
ite

rr
an

ea
n

di
et

on
en

do
th

el
ia

lf
un

ct
io

n
in

ad
ul

ts

Au
th

or
Co

un
try

St
ud

y
de

si
gn

He
al

th
st

at
us

Ou
tc

om
e

Sa
m

pl
e

si
ze

M
al

e
(n

)
Ag

e
(y

)
BM

I
(k

g/
m

2 )
SB

P/
DB

P
(m

m
Hg

)
Du

ra
tio

n
(w

k)
Ty

pe
of

in
te

rv
en

tio
n

Ty
pe

of
co

nt
ro

l

Am
br

in
g

et
al

.(
22

)
Sw

ed
en

Cr
os

so
ve

r
He

al
th

y
FB

F
22

12
43

26
.0

—
12

M
ed

Di
et

Sw
ed

is
h

di
et

Bu
sc

em
ie

ta
l.

(2
3)

Ita
ly

Pa
ra

lle
l

Ob
es

e
FM

D
20

0
38

34
.2

12
8/

88
8

M
ed

Di
et

At
ki

ns
lo

w
-c

ar
bo

hy
dr

at
e

di
et

Ce
rie

llo
et

al
.(

24
)

Sp
ai

n
Pa

ra
lle

l
DM

2
FM

D
24

17
—

29
.5

11
6/

78
12

M
ed

Di
et

+
M

UF
A

Lo
w

-fa
td

ie
t

Da
vi

s
et

al
.(

15
)

Au
st

ra
lia

Pa
ra

lle
l

He
al

th
y

FM
D

16
6

72
71

26
.9

12
4/

71
24

M
ed

Di
et

Ha
bi

tu
al

di
et

Es
po

si
to

et
al

.(
25

)
Ita

ly
Pa

ra
lle

l
M

et
S

EF
S

18
0

89
44

28
.0

13
5/

86
96

M
ed

Di
et

Pr
ud

en
td

ie
t

Fu
en

te
s

et
al

.(
26

)
Sp

ai
n

Cr
os

so
ve

r
Hy

pe
rc

ho
le

st
ol

er
em

ic
FM

D,
BV

S
22

22
40

—
—

8
M

ed
Di

et
+

M
UF

A
N

CE
P-

1
di

et
Ja

ac
ks

et
al

.(
27

)
US

A
Pa

ra
lle

l
Ov

er
w

ei
gh

t
FM

D
30

8
51

31
.5

—
8

M
ed

Di
et

Ha
bi

tu
al

di
et

Kl
on

iza
ki

s
et

al
.(

28
)

UK
Pa

ra
lle

l
He

al
th

y
CM

22
7

55
30

.5
12

7/
79

8
M

ed
Di

et
+

ex
er

ci
se

N
on

-M
ed

Di
et

+
ex

er
ci

se
M

ai
or

in
o

et
al

.(
17

)
Ita

ly
Pa

ra
lle

l
DM

2
CI

M
T

21
5

10
6

52
29

.6
14

0/
87

12
1

M
ed

Di
et

Lo
w

-fa
td

ie
t

M
ar

in
et

al
.(

29
)

Sp
ai

n
Cr

os
so

ve
r

He
al

th
y

CM
20

10
67

31
.9

—
4

M
ed

Di
et

SF
A

di
et

M
ur

ie
-F

er
na

nd
ez

et
al

.(
30

)
Sp

ai
n

Pa
ra

lle
l

CV
D

ris
k

CI
M

T
18

7
91

67
29

.4
—

48
G1

:M
ed

Di
et

+
EV

OO
G2

:M
ed

Di
et

+
nu

ts
Lo

w
-fa

td
ie

t

Sa
la

-V
ila

et
al

.(
31

)
Sp

ai
n

Pa
ra

lle
l

CV
D

ris
k

IC
A-

IM
T

17
5

42
66

29
.6

15
0/

81
11

5
G1

:M
ed

Di
et

+
EV

OO
G2

:M
ed

Di
et

+
nu

ts
Lo

w
-fa

td
ie

t

Th
om

az
el

la
et

al
.(

32
)

Br
az

il
Pa

ra
lle

l
AC

S
FM

D,
BV

S
42

42
55

26
.4

13
6/

84
12

M
ed

Di
et

Lo
w

-fa
td

ie
t

To
rre

s-
Pe

ña
et

al
.(

16
)

Sp
ai

n
Pa

ra
lle

l
DM

2
FM

D
43

8
—

61
31

.8
—

72
M

ed
Di

et
+

EV
OO

Lo
w

-fa
td

ie
t

To
rre

s-
Pe

ña
et

al
.(

16
)

Sp
ai

n
Pa

ra
lle

l
pD

M
2

FM
D

28
9

—
58

30
.3

—
72

M
ed

Di
et

+
EV

OO
Lo

w
-fa

td
ie

t
To

rre
s-

Pe
ña

et
al

.(
16

)
Sp

ai
n

Pa
ra

lle
l

He
al

th
y

FM
D

78
—

56
29

.5
—

72
M

ed
Di

et
+

EV
OO

Lo
w

-fa
td

ie
t

A
C

S,
ac

ut
e

co
ro

na
ry

sy
nd

ro
m

es
;B

V
S,

ba
se

lin
e

ve
ss

el
si

ze
;C

IM
T,

ca
ro

tid
in

tim
a-

m
ed

ia
th

ic
kn

es
s;

C
M

,c
ut

an
eo

us
m

ic
ro

va
sc

ul
ar

fu
nc

tio
n;

C
V

D
ris

k,
ris

k
of

ca
rd

io
va

sc
ul

ar
di

se
as

e;
D

B
P,

di
as

to
lic

bl
oo

d
pr

es
su

re
;D

M
2,

ty
pe

2
di

ab
et

es
;E

FS
,

en
do

th
el

ia
lf

un
ct

io
n

sc
or

e;
E

VO
O

,e
xt

ra
vi

rg
in

ol
iv

e
oi

l;
FB

F,
fo

re
ar

m
bl

oo
d

flo
w

;F
M

D
,fl

ow
-m

ed
ia

te
d

di
la

tio
n;

G
1,

gr
ou

p
1;

G
2,

gr
ou

p
2;

IC
A

-IM
T,

in
te

rn
al

ca
ro

tid
in

tim
a-

m
ed

ia
th

ic
kn

es
s;

M
ed

D
ie

t,
M

ed
ite

rr
an

ea
n

di
et

ar
y

pa
tt

er
n;

M
et

S,
m

et
ab

ol
ic

sy
nd

ro
m

e;
n,

nu
m

be
r

of
su

bj
ec

ts
;N

C
E

P
-1

,T
he

N
at

io
na

lC
ho

le
st

er
ol

E
du

ca
tio

n
Pr

og
ra

m
D

ie
t;

pD
M

2,
pr

ed
ia

be
te

s;
S

B
P,

sy
st

ol
ic

bl
oo

d
pr

es
su

re
.

Mediterranean diet and endothelial function 1153



FIGURE 1 Flow diagram of the selection process of the randomized controlled trials included in the meta-analysis. EF, endothelial function;
MD, Mediterranean diet.

the measurements and, consequently, to overestimation of the effect
size derived from the meta-analysis. This potential confounding factor
was taken into account during analysis by estimating the mean of
the standardized effect sizes derived from each endothelial function
measurement within each such study to provide a more conservative
estimate of the effect size.

Effect sizes and 95% CIs for the MedDiet interventions were
calculated using a weighted DerSimonian-Laird random effects model
(33). Forest plots were generated to graphically present the cumulative
effect of MedDiet on endothelial function. Analyses were conducted
on all endothelial function measurements but also stratified by
type of endothelial function measurement (structural and functional).
Functional measurements include FMD derived from ultrasound,
forearm blood flow (FBF) derived from plethysmography, or cutaneous
microcirculation derived from laser Doppler. Structural measurements
include intima media thickness or vessel size, both measured by
ultrasound. In addition, we performed sensitivity analyses to test the
effects of MedDiet on FMD only, on the basis that this is the reference
method for noninvasive, clinical measurement of endothelial function
(34) and was used in the majority of studies.

Subgroup analyses were undertaken to investigate variables that
may have influenced the effects of MedDiet on endothelial function.
These factors included: health status (healthy subjects versus patients
with existing comorbidities), type of intervention (MedDiet alone or
administered with other clinical or pharmaceutical interventions), type
of endothelial function measurement (functional versus structural),
and study design (parallel or crossover). Random-effect metaregres-
sion analyses were used to determine whether participant baseline

characteristics (age, BMI) and duration of the study influenced the
effect of the MedDiet on endothelial function. Funnel plots and Egger’s
regression tests were performed to evaluate the risk of publication bias.
Heterogeneity was assessed using the Cochrane Q statistic; P <0.1
indicates significant heterogeneity. The I2 test was also utilized to
assess heterogeneity across trials where a value <25% indicates low
risk, 25–75% indicates moderate risk, and >75% indicates high risk
(35). Sensitivity analyses were conducted to identify the source of
heterogeneity by conducting stratified analyses or selectively removing
studies with a larger effect size. All of the data used in the meta-analysis
can be found in Supplemental Tables 1–5.

Results
Search results

The process of screening and selection of the studies is
summarized in Figure 1. The primary search of the 3 databases
produced 12,857 articles, after the removal of duplicates.
After title and abstract screening, 15 full-text articles were
retrieved for further evaluation. A further 4 studies were
found by manual searching of references of relevant reviews
and studies. Examination of the full text of the 19 included
articles yielded 14 studies eligible for inclusion in this systematic
review and meta-analysis. Some of these articles reported results
from independent studies testing the effects of MedDiet on
endothelial function, generating a total of 20 sets of independent

1154 Shannon et al.



FIGURE 2 Forest plot showing the overall effect of the Mediterranean dietary pattern on endothelial function in adults. Data expressed as
standardized mean differences. Horizontal lines denote 95% CIs. The size of the boxes is proportionally scaled to the effect size for each study.
DM2, type 2 diabetes; pDM2, prediabetes; a, MedDiet + extra virgin olive oil; b, MedDiet + nuts.

measures of endothelial function using different methods that
were included in the meta-analyses.

Study characteristics

The total number of participants from the 14 articles included
in this systematic review was 1930 with a median of 131
(range 20–438) participants per study. The median participant
age was 55 (range 38–71) y. Eleven of the RCTs included in
the meta-analysis were parallel trials with a control group,
whereas 3 were crossover studies (20). The paired nature of
the crossover trials was taken into account in the meta-analysis
to minimize unit-of-analysis errors and underestimation of the
effect size. The duration of the interventions ranged from 4
wk to 121 wk (Table 1). Five studies investigated the effect

of MedDiet in healthy participants (15, 16, 22, 28, 29), 3 in
people with diabetes (16, 17, 24), 2 in patients with elevated
risk of CVD (30, 31), 2 in overweight or obese participants
(23, 27), 1 in patients with metabolic syndrome (25), 1 in
people with prediabetes (16), 1 in patients with acute coronary
syndrome (32), and 1 in hypercholesterolemic men (26). Various
permutations of the MedDiet were prescribed, including: a
MedDiet (n = 8), a MedDiet plus supplementary nuts (n = 2),
a MedDiet plus supplementary extra virgin olive oil (n = 5),
a MedDiet plus MUFAs (n = 2), and a MedDiet plus exercise
(n = 1). Additionally, a variety of different control groups were
employed. These were: a low-fat diet (n = 8), a typical Swedish
diet (n = 1), the Atkins low-carbohydrate diet (n = 1), the
participants’ habitual diet (n = 2), the National Cholesterol

FIGURE 3 Forest plot showing the overall effect of the Mediterranean dietary pattern on flow-mediated dilation in adults (expressed as
percentage change). Data showed as percentage differences in means. Horizontal lines denote 95% CIs. The size of the boxes is proportionally
scaled to the effect size for each study. DM2, type 2 diabetes; pDM2, prediabetes.

Mediterranean diet and endothelial function 1155



TABLE 2 Sensitivity analysis to evaluate the influence of health status, type of intervention, type of measurement, and study design
on the effects of the Mediterranean dietary pattern on endothelial function in adults

Category
No of EF measurements

per subgroup Effect size 95% CI P
P between

groups I2

Health status 0.66
• Healthy 7 0.29 0.05– 0.53 0.01 26.5%
• Increased CVD risk 13 0.36 0.15– 0.58 0.001 79.1%

Type of intervention 0.71
• MedDiet 9 0.37 0.03– 0.77 0.04 85.7%
• MedDiet + other 11 0.29 0.19– 0.39 <0.001 0%

Type of measurement 0.05
• Functional 13 0.44 0.19– 0.69 <0.001 78.2%
• Structural 7 0.16 0.02– 0.30 0.01 0%

Study design 0.55
• Crossover 4 0.25 − 0.05– 0.56 0.10 41.7%
• Parallel 16 0.36 0.16– 0.56 <0.001 74.9%

CVD risk, risk of cardiovascular disease; EF, endothelial function; MedDiet, Mediterranean dietary pattern. P refers to the effect sizes of the subgroups in each category. P
between groups refers to the comparison of the effect sizes between subgroups within each category.

Education Program Diet (n = 1), a non-MedDiet plus exercise
(n = 1), an SFA diet (n = 1), and a prudent diet (n = 1). Several
methods were used to assess endothelial function in the included
trials. The most commonly used methods were FMD and carotid
intima-media thickness. Other methods included FBF, cutaneous
microvascular function, baseline vessel size, and calculation of
an endothelial function score (Table 1).

Meta-analysis

Meta-analysis of the 20 sets of independent results showed
that, overall, MedDiet improved endothelial function (SMD:
0.35; 95% CI: 0.17, 0.53; P <0.001; Figure 2). Heterogeneity
between studies was significant (Q = 64.60; I2 = 73.68%;
P <0.001). However, the removal of 2 studies with wider
effect estimates (22, 25) (Supplemental Figure S1) explained
the heterogeneity of the results (Q = 13.82; I2 = 0%;
P = 0.53) while still confirming a significant effect of MedDiet
on endothelial function (SMD: 0.27; 95% CI: 0.18, 0.36;
P <0.001). Subgroup analyses showed that the effect was
stronger on functional (SMD: 0.44; 95% CI: 0.19, 0.69;
P <0.001; I2 = 78.2%) compared with structural (SMD: 0.16;
95% CI: 0.02, 0.30; P = 0.01; I2 = 0%) measurements of
endothelial function. MedDiet increased FMD by 1.66% (95%
CI: 1.15, 2.17; P <0.001; Figure 3). Subgroup analyses showed
that MedDiet improved endothelial function significantly in
healthy participants (SMD: 0.29; 95% CI: 0.05; 0.53; P = 0.01;
I2 = 26.5%) and in those with increased risk of CVD (SMD:
0.36; 95% CI: 0.15, 0.58; P = 0.001; I2 = 79.1%). The effects
of the MedDiet on endothelial function were not modified
significantly by the type of study design (crossover or parallel)
or type of intervention (MedDiet alone or combined; Table
2). Metaregression analyses demonstrated no modification of
the effect size by age, BMI, or study duration (Table 3).

TABLE 3 Meta-regression analysis to evaluate potential
modifiers of the effects of Mediterranean dietary pattern on
endothelial function in adults

Slope SE Q (df = 1) P

Age, y − 0.002 0.008 0.12 0.72
Study duration, wk 0.0008 0.002 0.17 0.67
BMI, kg/m2 − 0.01 0.04 0.07 0.78

However, a significant association was found between study
duration (in weeks) with functional (slope: 0.006; SE: 0.003;
P = 0.04; Figure 4A) but not structural measurements (slope:
−0.001; SE: 0.001; P = 0.39, Figure 4B) of endothelial function.

Study quality and publication bias

Overall, the quality of the trials was modest as the majority
of the studies failed to report key information to assess the
presence of bias. Attrition bias was present in 50% of the studies
(15–17, 25, 27, 31, 32) and few studies reported selection
bias (<10% of the studies) (27). Seven studies described the
randomization method (15–17, 24, 25, 28, 32), and 3 studies
stated the methods of allocation concealment (17, 25, 29).
Five studies reported and described participant dropout (22–
24, 28, 29), whereas 3 studies described selective reporting
of the results (27, 29, 32) (Supplemental Figure S2). Visual
inspection of the Funnel plot revealed 2 studies with wider effect
estimates but overall there was no evidence of publication bias,
which was confirmed by the Egger’s Regression test (P = 0.71;
Supplemental Figure 1).

Discussion

Overall, the results of this meta-analysis demonstrate that
a MedDiet improves endothelial function. The beneficial
effects are evident for both functional and structural measures
of endothelial function, although effects were stronger for
functional measures. In addition, the effects of a MedDiet were
similar in both healthy participants and those at increased risk
of CVD and, overall, were not modified by the study design or
duration, type of intervention, BMI, or age of participants.

In a previous systematic review and meta-analysis, Schwing-
shackl and Hoffmann (18) reported improvements in en-
dothelial function with MedDiet interventions. In particular,
MedDiet interventions increased FMD by 1.86%, which is
similar to the 1.66% average improvement in FMD observed
in this analysis. Importantly, the pooled effect size reported by
Schwingshackl and Hoffmann (18) was based on the results of
only 2 studies, whereas our meta-analysis included 7 studies
that examined the effects of the MedDiet on FMD, which
adds greater confidence to this result. To contextualize these
findings, a meta-analysis by Inaba et al. (36) demonstrated
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FIGURE 4 Metaregression analysis of the association between study duration and the effect size (expressed as the standardized mean
difference [SMD]) of functional (A) and structural (B) alterations in endothelial function in adult subjects following consumption of a Mediterranean
dietary pattern.

a 13% decrease in the risk of cardiovascular events per 1%
increase in FMD. Thus, a 1.66% improvement in FMD with a
MedDiet could potentially translate into an ∼22% reduction in
cardiovascular events; however, these results require a cautious
interpretation and need corroboration in future, more robust
studies. As the MedDiet may also reduce CVD risk via a range
of other mechanisms, some of which may be independent of
the effects on endothelial function (e.g., reduced BP, decreased
oxidative stress and inflammation, altered gut microbiome
[37]), the overall effects of this dietary pattern on CVD risk
may be even greater. Indeed, in the large-scale PREDIMED
trial, CVD incidence was reduced by 31% and 28% with
an average 4.8-y MedDiet intervention supplemented with
additional olive oil or nuts, respectively (9). A novel finding
of the present analysis was that MedDiet interventions also
improved structural measures of endothelial function (e.g.,
carotid intima-media thickness). However, effects were less
pronounced than for functional changes and metaregression
revealed no relation between study duration and the effects of
the MedDiet on structural outcomes. By contrast, there was a
positive association between study duration and improvement

in functional measures of endothelial function. This suggests
that longer term consumption of the MedDiet may maximize
the effects of this dietary pattern on functional measures of
endothelial function, whilst structural changes appear to be
relatively modest irrespective of the duration of exposure to this
dietary pattern.

There are several mechanisms through which the MedDiet
could improve endothelial function and may account for the
beneficial effects observed in this study. Firstly, the MedDiet
augments the bioavailability of NO (38), which is essential
for healthy endothelial function due to its vasodilatory,
antiatherogenic, and antiproliferative actions (5). The NO
‘boosting’ effects of the MedDiet may be due to antioxidant
effects minimizing superoxide scavenging of NO (38, 39),
the provision of the NO precursors inorganic nitrate (green
leafy vegetables) and L-arginine (nuts, grains, legumes, and
fish) (39), and/or the upregulation of endothelial NO synthase
(oily fish) (40, 41). In addition, the MedDiet may improve
endothelial function by reducing the oxidation of LDL (42),
which plays a major role in endothelial dysfunction and
atherogenesis (43, 44). The lower concentrations of oxidized
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LDL with the MedDiet are likely mediated by both the
antioxidant effects of this dietary pattern and the increased
provision of MUFAs which enhance the resilience of LDL to
oxidation (45). Finally, a strong link has been reported between
inflammation and endothelial dysfunction (46), and several
studies have demonstrated beneficial effects of the MedDiet on
inflammatory markers including IL-6, C-reactive protein (CRP),
TNF-α, vascular cell adhesion protein-1 (VCAM-1), and soluble
intercellular adhesion molecule-1 (sICAM-1) (47–50). These
effects are associated with the downregulation of the NF-kB
pathway (51) and altered methylation of inflammation-related
genes (50), and may further contribute towards improvements
in endothelial function with a MedDiet.

Limitations

The overall quality of the studies included was modest. The
majority of investigations did not blind participants to the
intervention arm, with only 3 studies reporting methods of
allocation concealment. This is a notable limitation, given
the risk of expectation bias whereby the expectation of
beneficial effects could result in more favorable outcomes in
the intervention group (52). Nevertheless, it is acknowledged
that blinding participants is very difficult in dietary intervention
studies, particularly those advocating dietary pattern changes,
and in many cases this may be unfeasible (53). Some studies had
multiple assessments of endothelial function over the duration
of the trial and, for studies with longer duration, this may
result in a decline of the effects on endothelial function due
to a gradual decrease of the adherence to the interventions.
However, we included the last measurement in the meta-analysis
to standardize the approach across studies and remove any bias
related to the selection of the intermediate measurements to be
included in the analysis. A further limitation is that most studies
were conducted in older subjects. Although metaregression
revealed no influence of age on the effects of the MedDiet,
the lack of younger participants may limit our ability to
generalize our conclusions, and further research is warranted
to determine if the results are applicable to individuals at
different life stages. Additionally, since there is no universal
definition of what constitutes a MedDiet, details of the dietary
interventions differed between studies, and it is possible that
certain permutations of the MedDiet may be more effective than
others in improving endothelial function as was evident from
the high heterogeneity in our analysis. Likewise, the control
group utilized was highly variable, such that there was no
uniform benchmark against which the MedDiet was compared,
which may further contribute towards the high heterogeneity
in our analysis. Finally, there are also certain methodological
limitations of this review which warrant discussion. Notably,
we decided to only include studies where the authors identified
their intervention as a MedDiet. This means that we may have
missed some studies that administered a Mediterranean-type
diet that was not defined using this specific terminology. In
addition, given the small number of studies included in this
review, our analysis may have been underpowered to detect
differences in intervention effectiveness based on health status,
type of intervention, type of measurement, and study design.

In conclusion, the present systematic review and meta-
analysis demonstrates that the MedDiet improves both func-
tional and structural measures of endothelial function, which
likely make a large contribution towards the consistently
observed beneficial effects of this dietary pattern on cardiovas-
cular health. However, the overall quality of the evidence was
modest and more robust and well-designed trials are needed to

corroborate the evidence highlighting the positive effects of the
MedDiet on endothelial function.
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