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Abstract

Vascular dysfunction is recognised as an integrative marker of CVD. While dietary strategies aimed at reducing CVD risk include reductions

in the intake of SFA, there are currently no clear guidelines on what should replace SFA. The purpose of this review was to assess the

evidence for the effects of total dietary fat and individual fatty acids (SFA, MUFA and n-6 PUFA) on vascular function, cellular microparticles

and endothelial progenitor cells. Medline was systematically searched from 1966 until November 2010. A total of fifty-nine peer-reviewed

publications (covering fifty-six studies), which included five epidemiological, eighteen dietary intervention and thirty-three test meal

studies, were identified. The findings from the epidemiological studies were inconclusive. The limited data available from dietary interven-

tion studies suggested a beneficial effect of low-fat diets on vascular reactivity, which was strongest when the comparator diet was high in

SFA, with a modest improvement in measures of vascular reactivity when high-fat, MUFA-rich diets were compared with SFA-rich diets.

There was consistent evidence from the test meal studies that high-fat meals have a detrimental effect on postprandial vascular function.

However, the evidence for the comparative effects of test meals rich in MUFA or n-6 PUFA with SFA on postprandial vascular function was

limited and inconclusive. The lack of studies with comparable within-study dietary fatty acid targets, a variety of different study designs and

different methods for determining vascular function all confound any clear conclusions on the impact of dietary fat and individual fatty

acids on vascular function.
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CVD remains the major cause of death in Western societies.

Although CVD is a multi-factorial disease, diet has been

shown to play an important role in both the development

and progression of the disease. Dietary strategies aimed at

reducing the incidence of CVD include the recommendation

to reduce SFA in the diet. In 1994, the Committee on Medical

Aspects of Food Policy (COMA) published a report on Nutri-

tional Aspects of CVD which included a recommendation to

reduce the average intake of SFA from 16 % to no more than

11 % of food energy. Although the dietary intake of SFA has

fallen, current intakes for 19–64-year-olds assessed in the

first year of the National Diet and Nutrition Survey (NDNS)

rolling programme (February 2008 to March 2009) exceed

the COMA recommendation, at approximately 12·8 % of food

energy(1); total fat intake at 35·1 % of dietary energy is at the

recommended level of intake for the population. A key ques-

tion that needs to be addressed is whether the further desired

reduction in SFA intake should be achieved through
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replacement of dietary fat with carbohydrate (low-fat diets), or

whether substitution of SFA with n-6 PUFA or MUFA is a more

desirable population target. There is evidence for potentially

detrimental metabolic effects of low-fat, high-carbohydrate

diets in some population groups, such as type 2 diabetics(2,3),

and it is argued that n-6 PUFA and MUFA substitution is pre-

ferable since both would achieve further reductions in LDL-

cholesterol that cannot be achieved with the removal of SFA

alone. However, the benefits of n-6 PUFA or MUFA substi-

tution compared with low-fat diets on new and emerging

risk factors for CVD, including vascular function, are unclear.

Therefore, it is timely to assess a wider body of evidence on

SFA substitution with fat of differing fatty acid profiles in an

attempt to inform and strengthen the evidence base for

public health recommendations of dietary SFA replacement.

Endothelial dysfunction is strongly associated with

increased CVD risk and has emerged as a critical early modifi-

able event in the development of coronary atherosclerosis(4).

Since endothelial dysfunction results from the collective

effects of both traditional (age, smoking, blood pressure and

lipid abnormalities) and emerging (genetic make-up, insulin

resistance and inflammation) risk factors, it offers considerable

utility as an integrated and early measure of the effects of diet

and lifestyle on CVD risk(5). Numerous studies have high-

lighted the prognostic value of in vivo measures of vascular

reactivity, of both the coronary and peripheral arteries, in pre-

dicting future coronary events(4,6). Although there is currently

no ‘gold-standard’ technique for measuring vascular function,

flow-mediated dilatation (FMD) involving post-ischaemic wall

tracking of brachial artery dilatation by ultrasound has been

extensively used as a surrogate marker of coronary vascular

function(7). Other techniques include measurement of forearm

blood flow (FBF) in response to vasoactive substances using

strain gauge plethysmography(8) and laser Doppler imaging

with iontophoresis (LDI), a non-invasive technique to assess

endothelial function in the peripheral microcirculation(9,10).

Arterial stiffness is commonly measured as an estimate of the

elasticity of the vessels and has been associated with athero-

sclerosis and CVD incidence(11). Methods for the measurement

of arterial stiffness include pulse wave analysis (PWA), pulse

wave velocity (PWV) and digital volume pulse (DVP).

The relationships between traditional markers of endo-

thelial function, such as von Willebrand factor and adhesion

molecules, have been well described in the literature(12–14),

and reviewed in relation to dietary fat intake(15–19). In con-

trast, while endothelial progenitor cells and microparticles

are now recognised as potential novel biomarkers of vascular

function, there is still only limited data on the impact of dietary

fat and fatty acid intake on their circulating levels(20). Endo-

thelial progenitor cells originate in the bone marrow and are

seen in small numbers in healthy individuals, but tend to

increase following vascular injury(21). This increase has been

suggested to be related to angiogenesis, repair and mainten-

ance of the integrity of existing vessel walls(22). In addition

to the classical risk factors, emerging risk factors linked to

inflammation and vascular reactivity (as assessed by FMD)

have been associated with endothelial progenitor cell

number and/or function(23,24). Endothelial microparticles are

small vesicles that are released from endothelial cells and

can be found circulating in the blood. Several studies have

shown raised levels of endothelial microparticles, and in

some cases platelet microparticles, to be associated with endo-

thelial dysfunction and obesity(25–27).

The effects of substituting SFA with MUFA and n-6 PUFA on

plasma lipid levels and inflammatory biomarkers have been

extensively studied, yet the influence of these dietary manip-

ulations on vascular function remains unclear. Therefore, the

main scientific question in this review addressed the effects

of total dietary fat and individual fatty acids (SFA, MUFA and

n-6 PUFA) on vascular function, cellular microparticles and

endothelial progenitor cells by critically evaluating the existing

evidence from epidemiological, human dietary intervention

and postprandial test meal studies of the quantity and quality

of dietary fat (SFA, MUFA and n-6 PUFA) on vascular function,

endothelial progenitor cells and microparticles. The impact of

n-3 PUFA, in particular long-chain n-3 PUFA (DHA and EPA),

on vascular function has not been specifically addressed in

this instance due to the number of reviews that already exist

in this subject area(15,19,28). Nevertheless, the importance of

long-chain n-3 PUFA as a dietary strategy to reduce CVD inci-

dence and mortality should not be underestimated since its

consumption is associated with a lower risk of CVD develop-

ment(29,30), blood pressure and vascular function(31,32).

Subjects and methods

A systematic approach was used to identify all relevant pub-

lished literature. Database searching was performed exclu-

sively using the Medline database (US National Library of

Medicine, Bethesda, MD, USA) following a similar approach

to Dangour et al.(33). The search period covered all studies

published in English until November 2010. A protocol that

specified the method in which to conduct the literature

search was initially prepared and agreed by the review

team. The search strategy consisted of an initial identification

of relevant search terms for exposures (which included

descriptors of SFA, MUFA and n-6 PUFA, and relevant food

sources) and outcomes (which included descriptors of vascu-

lar function). The Medical Subject Heading Browser (http://

www.nlm.nih.gov/mesh/MBrowser.html) was used to identify

relevant Medical Subject Heading descriptors that were

included in the search strategy as terms and combined with

a list of relevant outcome terms. The Scientific Advisory Com-

mittee on Nutrition Framework for the Evaluation of Evidence

that Relates Food and Nutrients to Health(34) was used as a

basis to identify and assess evidence on the effects of dietary

fats on vascular function. The titles and abstracts of all papers

were assessed for relevance by three reviewers. The evidence

base of this review is restricted to epidemiological (cross-

sectional and cohort) and randomised controlled trials in

human subjects with respect to total fat, SFA, MUFA and/or

n-6 PUFA intake and measures of vascular function, as well

as novel circulating biomarkers of vascular function, micro-

particles and endothelial progenitor cells. Data from animal

and in vitro studies were collated, but not included in the

review. In addition, studies or results on the effects of total
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fat, SFA, MUFA and/or n-6 PUFA on blood pressure and

other traditional biomarkers of vascular dysfunction (such as

von Willebrand factor and cell adhesion molecules) were not

included since these have been reviewed elsewhere(15,35,36).

Only published peer-reviewed literature was accepted,

whereas ‘grey’ literature, such as dissertations, conference

proceedings, reports, letters to editors and other non-

peer-reviewed research, were excluded. Relevant reviews

were collated but not included in the review. Hand-searching

was performed on the reference lists of review articles to

confirm the completeness of initial electronic searches. All

researchers agreed on a common data extraction procedure.

Extracted data included all study characteristics such as

study type and design, volunteers’ characteristics, type of

dietary intervention, type/amount of fatty acids incorporated

in the diet, any vascular function outcomes and statistical

significance. Data extraction was performed in duplicate by

two reviewers for the first ten publications and the extracted

data were compared for any inconsistencies.

Evidence from both epidemiological studies and randomised

controlled trials is generally included in the evaluation process

of the relationship between diet and health. Although

epidemiological studies can offer informative data on possible

associations between environmental exposures, such as dietary

components, and mortality, morbidity, disease risk or bio-

markers of risk, cause and effect cannot be determined.

These studies have been of paramount importance in hypoth-

esis generation, yet consideration of significant confounding

factors in such studies is essential. In comparison, randomised

controlled trials are considered the ‘gold standard’ in terms of

the strength of the scientific evidence supporting dietary rec-

ommendations for populations. Long-term controlled dietary

intervention studies in free-living populations are well recog-

nised to be highly demanding, particularly when the study

requires changes to a major component of the diet, such as diet-

ary fat content and/or quality, but these studies are very infor-

mative. In addition to the importance of the chronic impact of

different diets, it is becoming increasingly apparent that since

individuals spend the majority of the day (approximately

18 h) in the postprandial state, determination of the metabolic

effects after the ingestion of a meal is of greater physiological

relevance than the post-absorptive, fasting state. In 2007, two

prospective cohort studies reported postprandial, non-fasting

plasma TAG concentrations to be an independent risk factor

for CVD, further adding weight to the argument that the

postprandial phase is an important factor in relation to

cardiovascular health(37,38). Postprandial test meal studies

provide information on the daily stress imposed on the endo-

thelium by exposure to post-meal levels of metabolites such

as lipids, glucose and insulin, therefore enabling the determi-

nation of the optimal amount and type of fat in the meal that

have beneficial effects on vascular health.

Due to the small number of relevant studies and the large

heterogeneity in study design, time of exposure, measures

of vascular function and types of statistical analysis, a formal

meta-analysis could not be performed. Therefore, a qualitative

systematic approach was undertaken to search and evaluate

the literature.

Results and discussion

The literature search identified 4687 publications in total.

From these studies, we identified fifty-nine relevant articles

describing fifty-six studies that examined the effects of total

fat and/or SFA and/or MUFA and/or n-6 PUFA on vascular

function, endothelial progenitor cells and microparticles.

These included six publications describing five epidemio-

logical studies, eighteen publications describing the equivalent

number of long-term dietary intervention studies and thirty-five

publications describing thirty-three postprandial test meal

studies. Data from these human studies will be presented in

two sections; the first addressing total fat quantity and the

second, the effects of individual fatty acids.

Effects of dietary fat quantity on vascular function

Epidemiological associations from cross-sectional and
cohort studies

Of the two studies identified in the literature, inconsistent find-

ings were observed in the cross-sectional(39) and longitudinal

cohort(40) studies, both conducted in children (Table 1).

Schack-Nielsen et al.(40) reported a significant positive

relationship between total energy from fat (estimated from

7 d diet diaries) and arterial stiffness measured by PWV

(aorto-radial: correlation coefficient (r) 0·32 (P¼0·004) and

aorto-femoral: r 0·20 (P¼0·051)) in healthy Danish children

followed up at the age of 10 years. However, no association

between total fat intake and arterial compliance was observed

by Schutte et al.(39) in South African children aged 10–15

years. The atherosclerotic process that is normally exacerbated

by an impaired endothelium function begins early in child-

hood(41,42). Furthermore, there is evidence to suggest that

the presence of atherosclerotic risk factors in childhood is

predictive of CVD risk later in life(43). Therefore, although

the evidence is not conclusive, future nutritional studies in

children may provide valuable information about the effect

of dietary fat intake at early stages in life on the prevention

of CVD development in adulthood.

Dietary intervention studies investigating dietary fat intake

Details of the thirteen studies, identified between 1997 and

2010, which examined the effects of a low-fat diet only or

compared diets of differing fat contents, are presented in

Table 2. In two studies, low-fat diets were associated with

an improvement in vascular function when compared with

baseline(44,45), while six studies showed that low-fat diets

either improved(46–48) or attenuated the reduction in vascular

function observed with high-fat diets(49–51). Conversely, two

studies that compared the postprandial vascular responses to

test meals representative of the previous intervention diet

reported the high-fat diets to have beneficial effects(52,53).

However, with this type of study design, it is not possible to

conclude whether the responses observed reflect the effects

of the long-term dietary intervention, since differences have

been observed with test meals of differing fatty acid compo-

sition(54), independent of background diet.
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Overall, there is weak evidence to suggest that low-fat diets

have beneficial effects on vascular function. However, the

evidence becomes stronger when the fatty acid composition

of the intervention diets is taken into consideration. Of the

seven studies comparing low-fat (,30 percentage of energy

(%E) total fat) with high-fat, SFA-rich (29·7–35·9 %E total fat)

diets, three reported an improvement in vascular function

with the low-fat diet(46–48), whereas two studies showed a

low-fat diet to attenuate the decline in vascular function

observed with the high-fat, SFA-rich diet(49,51). In addition, a

further study reported an improvement in arterial stiffness

with a low-fat (30 %E), low-cholesterol (,200 mg/d) diet,

which followed a habitual diet high in SFA(45). Nestel

et al.(47) reported that the fatty acid composition of a low-fat

diet (26 %E) may influence the improvement in arterial elas-

ticity relative to high-fat diets (46·9–50·7 %E). In overweight/

obese men and postmenopausal women, a low-fat, PUFA-

rich diet led to a significantly greater improvement in arterial

elasticity, with only a tendency for an improvement with a

low-fat, MUFA-rich diet, which did not reach statistical signifi-

cance. Interestingly, in studies that incorporated a dietary

intervention and test meal challenge, a high-fat (38 %E), SFA-

rich diet and test meal showed a similar postprandial vascular

response (measured by ischaemic reactive hyperaemia) to the

low-fat (,30 %E) diet and low-fat test meal(52,53). In addition

to these studies, Keogh et al.(44) found no change in FMD,

but an improvement in PWV relative to baseline, 8 weeks

after two weight-loss diets, a high-fat (61 %E), SFA-rich,

low-carbohydrate Atkins diet or a low-fat (30 %E), high-

carbohydrate diet, in obese adults. A further study by this

group(51) revealed that the consumption of identical diets for

1 year led to an impairment in FMD with the high-fat, SFA-

rich, low-carbohydrate diet, whereas PWV was shown to be

improved following both diets. The significant weight loss in

these two groups of obese subjects after ingestion of the

diets for 8 weeks(44) and 52 weeks(51) (7·5 and 14·9 kg,

respectively) was thought to contribute to the improvement

in PWV as opposed to the differences in dietary fat intake.

Of the five studies that compared the effects of a low-fat diet

(18–28 %E) relative to a high-fat (37–44 %E), MUFA-rich diet,

three showed no significant effect of dietary fat con-

tent(49,55,56), whereas two studies reported beneficial effects

on postprandial vascular function with a high-fat, MUFA-rich

diet and test meal compared with a low-fat diet and test

meal(52,53). However, while these data provide support for

acute beneficial effects of MUFA-rich test meals, it cannot be

concluded that these responses were dependent on the

MUFA-rich background diet, since comparisons of the

responses to the MUFA-rich test meal following background

diets of differing fat content and composition were not

made. Keogh et al.(49) suggested that even though the

amounts of dietary fat in the high-fat, SFA-rich and high-fat,

MUFA-rich diets were identical (36–37 %E), only the high-

fat, SFA-rich diet reduced the FMD response relative to the

low-fat (18 %E) and high-fat, MUFA-rich diet after 8 weeks in

healthy adults(49). This finding highlights the importance of

the fatty acid composition of the high-fat diet on vascularT
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Table 2. Chronic dietary intervention studies investigating the effects of total dietary fat on vascular function in healthy and non-healthy volunteers

Reference
Subject group,
age and n (M/F)

Study design
and duration

Description of dietary
intervention (total fat, %E)

Dietary fat composition (%E, unless specified)
Vascular
function
measure Significant outcomesSFA MUFA

n-6 PUFA
(PUFA*) Other

Healthy volunteers
Ashton et al. (2000)(55) 35–55 years (M) and

50–60 years (PMW)
n 28 (14/14)

CO, R
4 weeks per diet

HF, MUFA-rich diet (40–42 %E) 7–8 26–28 7–8* CHO: 40–45 mg/d;
Chol: 112 mg/d

Arterial
elasticity

NS

LF, high CHO diet (22–25 %E) 7–8 7–8 7–8* CHO: 55–60 mg/d;
Chol: 103 mg/d

de Roos et al. (2001)(106) 19–59 years CO, R, C LF, high CHO diet (25·7 %E) 10·3 7·8 6·9* CHO: 59·7 mg/d;
Chol: 294 mg/d

FMD NS

n 32 (11/21)

3·5 weeks per diet

HF, MUFA diet (44·4 %E) 15·5 19·3 8·8* CHO: 37·8 mg/d;
Chol: 386 mg/d

Raitakari et al. (2005)(48) Infants (7 months old),
followed up at 11 years

n 369 (182/187)

PAL, R, C LF, low SFA diet (about 30 %E) Boys: 10·8 ND ND FMD " LF, low SFA v.
control diet
(P¼0·003) in
boys only

Girls: 11·5 ND ND10·5 years

Control diet (ND) Boys: 13·2 ND ND
Girls: 12·8 ND ND

Keogh et al. (2005)(49) 20–75 years
n 40 (19/21)

CO, R
3 weeks per diet

HF, SFA-rich diet (37 %E) 19 12 4* CHO: 45 mg/d;
Chol: 326·5 mg/d

FMD # HF, SFA-rich v. HF,
MUFA-rich, HF,
PUFA-rich and LF,
high CHO diets
(P¼0·01)

HF, MUFA-rich diet (37 %E) 8 19 7* CHO: 44 mg/d;
Chol: 206·9 mg/d

HF, PUFA-rich diet (36 %E) 9 10 15* CHO: 45 mg/d;
Chol: 174·3 mg/d PWV NS

LF, high CHO diet (18 %E) 7 6 3* CHO: 65 mg/d;
Chol: 167·3 mg/d

Fuentes et al. (2008)(52)

(chronic and acute study)
Apo E3/E3 genotype

18–30 years
n 20 (20/0)

CO, R, C
4 weeks per diet

Chronic diets and acute
test meal:

IRH # SFA-rich and LF
ALNA-rich meals at 4
(P¼0·031) and 6 h
(P¼0·013) v.
MUFA-rich meal

HF, SFA-rich Western diet
(38 %E)

22 12 4* ALNA: 0·4 %E

SFA-rich meal (60 %E) 35 22 4* ALNA: 0·7 %E
HF, MUFA-rich Mediterranean

diet (38 %E)
,10 24 4* ALNA: 0·4 %E Total nitrites " fasting level with HF,

MUFA-rich v. HF,
SFA-rich (P,0·05)
or LF, ALNA-rich
diets (P,0·05)

MUFA-rich meal (60 %E) 22 38 4* ALNA: 0·7 %E
LF, ALNA-rich diet (,30 %E) ,10 12 8* ALNA: 2 %E
ALNA-rich meal (60 %E) 20 24 16* ALNA: 4 %E

Miller et al. (2009)(46) .20 years Mean age
30·6 ^ 9·6 years

n 18 (9/9)

CO, R
4 weeks per diet

HF, low CHO Atkins diet
(29·7 %E†)

15·4† ND ND Chol: 567 mg/d FMD " Ornish v. Atkins
diet (P value ND)

Mediterranean South Beach diet
(17·0 %E†)

7·7† ND ND Chol: 202 mg/d

LF, high CHO Ornish diet
(4·9 %E†)

1·6† ND ND Chol: 114 mg/d

Non-healthy volunteers
Nestel et al. (1997)(47) OB and OW (BMI

25–36 kg/m2)
C
4 weeks per diet

% total fat % total fat % total fat Arterial
elasticity

" LF-MUFA-rich
v. HF-S1
diet (P,0·05)Mean age

54 ^ 6 years
n 15 (8/7)

(PMW)

HF, SFA-rich diet 1
(HF-S1) (35·9 %E)

50·7 35·3 14·3* CHO: 42·5 mg/d;
Chol: 295 mg/d

" LF-ALNA-rich v.
HF-S1 (P,0·0001),
HF-S2 (P,0·005)
and LF-MUFA-rich
(P,0·05) diets

LF, MUFA-rich diet
(26·4 %E)

25·8 58·1 16·1* CHO: 57·9 mg/d;
Chol: 206 mg/d

LF, ALNA-rich diet
(26·3 %E)

23·4 27·5 49·1* CHO: 58·4 mg/d;
Chol: 210 mg/d

HF, SFA diet 2
(HF-S2) (34·7 %E)

46·9 36·2 16·4* CHO: 46·6 mg/d;
Chol: 287 mg/d
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Table 2. Continued

Reference
Subject group,
age and n (M/F)

Study design
and duration

Description of dietary
intervention (total fat, %E)

Dietary fat composition (%E, unless specified)
Vascular
function
measure Significant outcomesSFA MUFA

n-6 PUFA
(PUFA*) Other

Fuentes et al. (2001)(56) Caucasian HC (plasma
Chol .5·2 mmol/l)
aged 18–65 years

n 22 (22/0)

CO, R, C
4 weeks per diet

HF, SFA-rich diet
(run-in diet) (38 %E)

20 12 6* CHO: 47 FMD " HF, MUFA-rich v.
HF, SFA-rich diet
(P¼0·027)LF, high CHO diet (28 %E) ,10 12 6* CHO: 57

HF, MUFA-rich diet (38 %E) ,10 22 6* CHO: 47

Pirro et al. (2004)(45) HC (LDL .4·1 mmol/l)
Mean age

58 ^ 4 years
n 35

UC
8 weeks

LF diet (low Chol and low
SFA) (30 %E)

5 ND ND Chol: ,200 mg/d PWV # LF diet v. baseline
(P¼0·02)

Keogh et al. (2008)(44) OW and OB (BMI
27–44 kg/m2)

Abdominally obese
and $1 extra
risk factor for MS

24–64 years
n 66

PAL, R, C
8 weeks

Energy-restricted diets: FMD NS
HF, very low CHO diet
(HF) (61 %E) 20 ND ND

CHO: 4

LF, high CHO diet (LF) (30 %E) ,8 ND ND CHO: 46 PWV
# HF, low-CHO and LF,

high-CHO diets v.
baseline (both
P,0·001)

Estimate from 12 d food diaries:
HF (58·5 %E) 21 25 8*

CHO: 5·1 mg/d;
Chol: 598 mg/d

LF (27·8 %E) 6 12 7* CHO: 46·7 mg/d;
Chol: 140 mg/d

Bradley et al. (2009)(50) OW and OB (mean BMI
33·6 ^ 3·7 kg/m2)

Mean age
39 ^ 10 years

n 24 (9/15)

PAL, R, C
8 weeks

Energy-restricted diets:

# LF, high CHO diet v.
HF, low CHO diet
(P¼0·04)

HF, low CHO (60 %E) ND ND ND CHO: 20 PWA
LF, high CHO (20 %E) ND ND ND CHO: 60

Perez-Martinez et al.
(2009)(53) (chronic
and acute study)

MS
35–70 years
n 74

PAL, R, C
12 weeks

Chronic diet and acute test meal: LC n-3 PUFA
(g/d or g/meal)

IRH " IRH 4 h after HF,
MUFA-rich v.
other diets (P,0·05)HF, SFA-rich diet (38 %E) 16 12 6* 0

HF, SFA-rich meal (65 g) 38 21 6* 0
HF, MUFA-rich diet (38 %E) 8 20 6* 0
HF, MUFA-rich meal (65 g) 12 43 10* 0

Total nitrites NS

LF, high CHO diet and n-3 PUFA
(LFHCC n-3) (28 %E) 8 11 6*

1·24

LFHCC n-3 PUFA-rich meal (65 g) 21 28 16* 1·24
NO synthaseLF, high CHO diet and high oleic

sunflower-seed oil (LFHCC)
(28 %E) 8 11 6* 0

" NO synthase 4 h
after HF, MUFA-rich
v. HF, SFA-rich and
LFHCC diets
(P¼0·035)

LFHCC meal (65 g) 21 28 16* 0
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function, which will be discussed in more detail in the second

part of this review.

In the study by Ashton et al.(55), no differences were

observed between the high-fat (40–42 %E), MUFA-rich and

low-fat (22–25 %E) diets, but it was unclear whether improve-

ments in arterial elasticity were observed in response to both

diets as baseline values were unavailable. Bradley et al.(50)

compared two weight-loss regimens, one a high-fat, low-

carbohydrate (60 % fat; 20 % carbohydrate) diet containing

equal proportions of SFA (21 %E) and MUFA (21 %E), and

the other a low-fat, high-carbohydrate (20 % fat; 60 % carbo-

hydrate) diet. After 8 weeks, the low-fat diet was shown to

improve the aortic augmentation index (arterial stiffness) in

overweight and obese subjects compared with the high-fat

diet. Only one study, conducted in healthy adults, has com-

pared the effects of a high-fat (36 %E), PUFA-rich diet (type

of PUFA not reported) v. a low-fat (18 %E) diet(49), but no

differences were observed in vascular function, assessed

using FMD and PWV, between the diets (Table 2).

Effects of meal fat quantity on postprandial vascular
function

Substantial differences in study design were observed

between the twenty test meal studies published between

1996 and 2010 (Table 3). These included differences in the

type of test meal (for example, fat-containing drinks v.

mixed meals), meal fat content, frequency of blood sampling

during the postprandial period and vascular function out-

comes. Of the twenty studies, eight examined the effects of

high-fat meals only without including a comparator meal in

their design(57–64), whereas the remaining twelve studies

compared high-fat with low-fat meals(65–76).

Irrespective of the differences in study design, the majority

of the studies in healthy volunteers reported a clear impair-

ment in postprandial vascular function following a high-fat

meal (36–80 g fat). The only study to report no effect(71)

was conducted in eight young adults and may have been con-

founded by the small sample size and failing to control for the

menstrual cycle in women, a factor known to influence FMD

measurements(77). It should also be highlighted that although

there were no significant changes from baseline following the

high-fat meal in this study, the endpoint measure of FMD was

significantly higher after the low-fat meal (0 g fat) compared

with the high-fat (48 g fat) meal(71). In contrast, Phillips

et al.(76) reported an improvement in arterial stiffness in

healthy, obese and type 2 diabetic subjects 6 h after a high-

fat meal, with the return to baseline levels of arterial stiffness

shown to be delayed in type 2 diabetics (297 min from base-

line) compared with healthy subjects (161 min from baseline).

Interestingly, in two studies, similar vascular responses to a

high-fat meal were observed in both lean and obese sub-

jects(63,76), leading the authors to conclude that alterations in

postprandial vascular reactivity may be unlikely to contribute

to the increased CVD risk in obese adults(63).

Similar deleterious effects of high-fat meals on vascular

function were reported in three studies that included type 2

diabetic subjects(58,61,64). In one of these studies, the vascularT
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Table 3. Acute test meal studies investigating the effects of meal fat content on vascular function in healthy and non-healthy subjects

Reference
Subject group,
age and n (M/F)

Study
design

Description of test meal
(total fat, g or %E)

Fatty acid composition of test meal (g or %E)
Vascular function
measure
(time points) Significant outcomesSFA MUFA

n-6 PUFA
(PUFA*) Other

Healthy subjects
Plotnick et al.
(1997)(67)

24–54 years
n 20 (7/13)

CO, R, C HF meal (50 g) ND ND ND Chol: 255 mg; VitC:
1000 mg

FMD (0, 2, 4 and 6 h) # 2, 3 and 4 h after HF meal

LF meal (0 g) ND ND ND Chol: 13 mg; VitC:
1000 mg

Vogel et al.
(1997)(69)

39 ^ 10 years
n 10 (5/5)

CO, R, C HF meal (50 g) 14 g ND ND Chol: 255 mg FMD (0, 1, 2, 3, 4, 5
and 6 h)

# 2 (P¼0·05), 3 (P¼0·02)
and 4 h (P¼0·03) after
HF v. LF meal

LF meal (0 g) 14 g ND ND Chol: 13 mg

Ong et al. (1999)(66) 30 ^ 5 years
n 16 (16/0)

CO, R, C HF meal (50 g) 4 g 38 g 5 g CHO: 48 g FMD (0 and 3 h) # HF than LF/H-CHO
meal (P¼0·02)LF/H-CHO meal (5 g) 0·4 g 3·8 g 0·5 g CHO: 218 g

Marchesi et al.
(2000)(59)

21–25 years
n 10 (10/0)

UC HF meal (65 g) ND ND ND CHO: 25 g FMD (2, 4, 6 and 8 h) # HF meal at 2 (P,0·05)
and 4 h (P,0·05) only

Gaenzer et al.
(2001)(60)

29–43 years
n 17 (17/0)

R, C HF drink (65 g/m2 BSA) 41 g 20 4 CHO: 24 g;
Chol: 240 mg

EDV (4 and 8 h) Fasting EDV showed a
diurnal variation (P,0·001).
EDV at 4 h (12·00) less
than fasting EDV at 12.00
hours (P¼0·027) and
correlated inversely with the
magnitude of postprandial
triacylglycerolaemia
(8 h TAG AUC)
(r 20·81, P,0·001)

Ng et al. (2001)(65) Chinese students
aged 22 ^ 2 years

n 10 (10/0)

CO, R, C Asian HF meal (50 g) 40 g ND ND Chol: 255 mg FMD (0, 4 h) # Western and Asian HF
meals v. LF meal (P,0·006,
P,0·001, respectively)

Western HF meal (50 g) 14 g ND ND Chol: 255 mg
LF meal (0 g) 0 g ND ND Chol: 0 mg

Sarabi et al.
(2001)(68)

n 10 (10/0) C HF meal (34 %E) 26 % fat 38 % fat 36 % fat* CHO: 51 %E FBF (0, 1 and 2 h) # EDV 1 h after HF meal
(P,0·001) and return
to fasting levels at 2 h
(P,0·001 v. 1 h)

Fat-free meal 0 0 0

Healthy subjects
Bae et al. (2003)(70) 25–27 years

n 10 (10/0)
CO, R, C HF meal (53·4 g) ND ND ND CHO: 50 g FMD (0, 2, 4 and 6 h) # 2 and 4 h after HF

meal v. baseline
(P,0·05) and LF
meal (P,0·001)

LF meal (3 g) ND ND ND CHO: 178 g

Steer et al. (2003)(73) 20–30 years
n 26 (13/13)

PAL, R, C CHO/Trans FA/VitCWestern HF meal
(34 %E) 8·9† %E 12·9† %E ND 51 %E/12·3 %E/147 mg FBF (0, 1 and 2 h) # EDV (P,0·01)

1 h after HF meal
" EDV (P,0·01)

1 h after MF meal

LF meal (20 %E) 6† %E 7·4† %E ND 66 %E/6·6 %E/78 mg
MF meal (3 %E) 0·9† %E 0·5† %E ND 84 %E/1·7 %E/114 mg

Tsai et al. (2004)(57) 21–39 years
n 16 (16/0)

UC HF meal (50 g) 14 g ND ND Chol: 225 mg FMD (0, 2, 4 and 6 h) # 2, 4 and 6 h after HF
meal v. baseline
(P,0·001)

Padilla et al.
(2006)(71)

26 ^ 1 years
n 8 (5/3)

CO, C CHO/Trans FA/Chol
LF meal (0 g) 0 g ND ND 209 g/0 g/5 mg FMD (0 and 4 h) " after LF v. HF meal

(P¼0·001)HF meal (48 g) 16·5 g ND ND 91 g/4·5 g/280 mg
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Table 3. Continued

Reference
Subject group,
age and n (M/F)

Study
design

Description of test meal
(total fat, g or %E)

Fatty acid composition of test meal (g or %E)
Vascular function
measure
(time points) Significant outcomesSFA MUFA

n-6 PUFA
(PUFA*) Other

Tushuizen et al.
(2006)(62)

Caucasian aged
20–35 years

n 17 (17/0)

CO, R, C Two consecutive
HF meals at
breakfast (0 h)
and lunch (4 h)
(50 g each)

60 % of
fat (14 g)

ND ND CHO: 55 g FMD (0, 2, 4, 6 and 8 h) # 6 h after HF meal v.
baseline (P,0·05)

Water only 0 g 0 g 0 g CHO: 0 g

Shimabukuro et al.
(2007)(72)

30–42 years
n 12 (6/6)

CO, R, C High-CHO meal
(0 %E)

ND ND ND CHO: 100 %E FBF (0, 2 and 4 h) Peak FBF and total reactive
hyperaemic flow #

2 and 4 h after HF meal
(P,0·01)

HF meal (35 %E) ND ND ND CHO: 0 %E
Standard meal

(control; 32·7 %E) ND ND ND CHO: 50·4 %E

Bui et al. (2010)(75) Asian aged
26·4 ^ 4·2 years

n 11 (11/0)

CO, R HF meal (50·1 g fat) 14 g ND ND CHO: 43·8 g; Chol:
443 mg

FBF (2 and 4 h) Compared with LF meal,
FBF # with HF meal
in Asians only (P¼0·02)

FBF attenuated in Asians
compared with Caucasians
(19·3 %, P¼0·09)

Caucasian aged
26·8 ^ 4·6 years

n 8 (8/0)

LF meal (5·1 g fat) 1 g ND ND CHO: 135·8 g;
Chol: 0 mg

Healthy and
non-healthy
subjects
Anderson et al.
(2001)(58)

T2D aged 35–53 years
n 12 (7/5)

PAL Standard fat-
containing drink

80 g ND ND FMD (0 and 4 h) # in control and T2D patients
v. baseline (P,0·05)

Healthy controls
aged 30–63 years

n 12 (5/7)

# in T2D patients at baseline
and 4 h v. controls (P,0·05)

Tushuizen et al.
(2007)(61)

Caucasian T2D (n 15)
and Caucasian healthy
controls (n 12)

PAL Three isoenergetic
meals (0, 4 and 8 h)
(50 g)

60 % total
fat

ND ND CHO: 75 g FMD (0, 2, 4, 6, 8,
12, 16, 20 and 24 h)

# in T2D v. healthy
group (P,0·01) at baseline

Mean age 55 ^ 2 years
n 27 (27/0)

Over 24 h, # in both groups
# in T2D group v. healthy
group (P,0·01)

Tousoulis et al.
(2010)(74)

Young adults
n 37 (26/11)

PAL, R Extra virgin olive oil
(45·8 g)

6·4 g 35·3 g 4·2 g* FBF (0, 1, 2 and 3 h) # 1 h after maize oil v.
baseline and water
control (P,0·05)Maize oil (46 g) 6 g 12·5 g 27·5 g*

" 1 h after soya oil v.
baseline and water
control (P,0·05)

Soya oil (46 g) 7 g 11·5 g 27·5 g*
Water control 0 g 0 g 0 g

Ayer et al. (2010)(63) Obese (n 11) and
healthy controls (n 11)
aged 22 ^ 6 years

n 22 (22/8)

PAL HF meal (60 g) made
of coconut oil (24 g),
olive oil (24 g) and
sunflower-seed
oil (12 g)

25·2 g† 21·4 g† 10 g†* FMD
FBF
PWV
PWA
DVP
(0, 1 and 3 h)

NS
NS
NS
NS
NS
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response to three consecutive high-fat meals (50 g fat) was

impaired to a greater extent in type 2 diabetics compared

with healthy control subjects(61), suggesting that individuals

with increased CVD risk may handle fat differently during

the postprandial phase (Table 3).

The findings from studies that investigated the effects of

high-fat v. low-fat meals support the hypothesis that ingestion

of a high-fat meal leads to an impairment of vascular function.

Only one study has attempted to examine the dose-dependent

effect of increasing the test meal fat content on postprandial

vascular function. Steer et al.(73) reported a decrease in the

FMD response with a high-fat meal (34 %E) only, with little

effect of moderate (20 %E) or minimal (3 %E) fat meals.

There is also limited evidence relating to the maximum

amount of dietary fat, ingested in a single sitting that can influ-

ence FMD or other vascular measures. This may vary with

health status, since the activation of the endothelial response

appears to be related to, among other factors, the degree of

elevation in circulating plasma TAG levels(59,60,76), which are

known to be significantly higher in subjects with type 2

diabetes and those at risk of CVD (for example, metabolic

syndrome)(78). Of the studies that examined the effect of a

single high-fat meal, four showed a fat-induced impairment

in vascular function when the meals were rich in SFA(57–59,64),

with three further studies reporting an impairment in vascular

function after sequential ingestion of both two(60,62) and

three(61) high-fat, SFA-rich meals.

There were two studies in which the high-fat meal (50 g fat)

was MUFA-rich(66,74). While a test meal enriched with high-

oleic sunflower-seed oil was shown to decrease the postpran-

dial FMD response compared with the baseline and low-fat

meal (5 g fat)(66), 50 g of extra-virgin olive oil were found to

have no effect on reactive hyperaemia compared with

water(74). In the latter study, the change in reactive hyper-

aemia from baseline at 1 h was lower after maize oil, but

higher after soya oil. This finding suggests that the type of

fat given in the high-fat test meal, and especially the PUFA-

rich meal, may have differential effects on postprandial vascu-

lar function when compared with water. The effect of fat

quality on postprandial vascular function will be discussed

in the second part of this review.

The impact of ethnicity on the postprandial vascular

response to a high-fat (50·1 g fat) v. a low-fat (5·1 g fat) meal

has been studied by Bui et al.(75). Although there was a

tendency for FBF to be attenuated in healthy Asian males

compared with Caucasian males after the high-fat meal,

Asian males were more sensitive to the fat content of the

test meals. In this group, the FBF was greater after the low-

fat meal (336·9 ml/100 ml tissue per min) compared with the

high-fat meal (287·4 ml/100 ml tissue per min), suggesting

that genetic differences between the ethnic groups may have

contributed to the variation in response to the test meals.

Effects of meal fat quantity on cellular microparticle
number

Only five studies were published between 2004 and

2010(61,62,79–81), three of which studied the effects of mealT
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fat content on endothelial microparticles(61,79,80): two studies

on total microparticles(61,62) and another on platelet micropar-

ticles(81). A summary of these studies is presented in Table 4.

All of these studies were consistent in reporting a significant

increase in circulating microparticle number following a high-

fat meal (50–100 g fat), both in healthy subjects and those at a

higher CVD risk, suggesting that a high-fat meal may be

associated with vascular injury. In healthy volunteers, all

three studies reported an increase in circulating endo-

thelial(79,80) or platelet-derived microparticles(62) following a

high-fat meal. Although the complete fatty acid profiles of

the high-fat meals were not reported in these studies, two

stated that SFA contributed 28 % of total fat, suggesting that

SFA accounted for the deleterious effects on the vascular

wall. In the study by Ferreira et al.(79), the high-fat meal also

contained higher cholesterol levels compared with the low-

fat meal (255 v. 5 mg). However, two studies have reported

that daily egg consumption, equivalent to approximately

200 mg of dietary cholesterol, had little impact on endothelial

function in both healthy(82) and hyperlipidaemic adults(83),

suggesting that differences in the SFA content of the high-fat

(14 g) and low-fat meals (0 g) in the Ferreira study(79) may

have been responsible for the observed effects on FMD.

Studies on the effects of meal fat content on microparticles

in non-healthy volunteers showed similar increases in circulat-

ing numbers of cellular microparticles in both type 2 diabetics

and patients with established ultrasound-assessed athero-

sclerotic plaques(61,81). Tushuizen et al.(61) reported a greater

increase in cellular microparticle levels following consecutive

high-fat meals (50 g fat each) in type 2 diabetics than in

healthy controls. However, Michelsen et al.(81) showed no

difference in response to a high-fat meal (70 %E fat) between

healthy individuals and patients with established atherosclero-

tic plaques. These data strongly suggest that there may be

differences in cellular microparticle response to high-fat

meals between healthy populations and those at high CVD

risk, which warrants further investigation.

Summary

The outcomes of epidemiological (cross-sectional and cohort)

and dietary intervention studies have been inconsistent,

making it difficult to draw clear conclusions with respect to

the long-term effects of dietary fat quantity on vascular func-

tion. However, there does appear to be modest evidence for

a weak beneficial effect of low-fat diets, which was most

apparent when the comparator diet was high in SFA. It is

also worthy of note, that high-fat, MUFA-rich diets tend to

improve vascular function in a similar way to low-fat, high-

carbohydrate diets. Nevertheless, it should be taken into con-

sideration that when the MUFA-rich diets are based on virgin

olive oil, the reported beneficial effects on vascular function

may be mediated in part by its high phenolic content(84).

In comparison, evidence to support an association between

a high-fat meal and impairment of postprandial vascular func-

tion in both healthy subjects and in those with increased CVD

risk (for example, type 2 diabetics) is more consistent. There

are limited data to suggest that high-fat meals may modestly

increase the levels of circulating microparticles (a novel and

emerging biomarker of vascular function), with no data avail-

able on endothelial progenitor cells. However, data should be

viewed with caution since in the majority of the postprandial

studies, the fat content of the test meals was significantly

higher, and thus unrepresentative of an amount of fat nor-

mally ingested at a single sitting.

Effects of dietary fat quality on vascular function

Epidemiological associations from cross-sectional and
cohort studies

Of the five epidemiological studies (three cross-sectional

studies and two longitudinal cohort studies) published

between 2001 and 2010, two examined the relationship

between both dietary fat quantity and fatty acid quality with

vascular function(39,40) (see previous section and Table 1).

The remaining three (described in four publications) studied

associations between dietary fat composition and vascular

function (Table 5)(85–88). Significant associations between

fatty acid intake and vascular function were reported in the

three cross-sectional(39,85–87) and two longitudinal cohort

studies(40,88) (Tables 1 and 5). However, these studies had

limitations, including small sample sizes (n 56–174) and

sample population, with only one of the two cohort studies

being conducted in adults. There were also differing methods

of assessing dietary intake, including 24 h dietary recalls(39),

7 d intakes(40) or biomarkers of intake, such as serum

phospholipids(85), cholesteryl esters(85) and plasma/serum

fatty acids(87,88). The studies of Schutte et al.(39) and Sarabi

et al.(85) suggested that sex interactions may have masked

associations with vascular function, and that these interactions

warrant further attention. Furthermore, 24 h dietary recalls

were used to determine dietary intake, which, as a dietary

assessment tool that relies on memory, has major limitations

which could lead to inaccuracy.

There is a conflict in the associations between vascular func-

tion and different types of SFA in cross-sectional studies. The

study reported by both Sarabi et al.(85) and Lind et al.(86)

showed palmitic acid to be negatively associated (r 20·29;

P,0·05) with the endothelial function index (as assessed

by the ratio of endothelium-dependent vasodilation (EDV):

endothelium-independent vasodilation (EIDV)byvenousocclu-

sion plethysmography, reflecting the activity of endothelial NO

synthase), with stearic acid positively associated with the

endothelial function index (r 0·27; P,0·05) and FBF at recov-

ery after hyperaemia (r 0·41; P,0·01). Steer et al.(87) revealed

the total proportion of SFA, and in particular lauric and myris-

tic acid, to have a negative association with the endothelial

function index in healthy young men (r 20·37 and r 20·36

respectively, P,0·05), but not in women. In addition, Schutte

et al.(39) reported a negative association of SFA (regression

coefficient b ¼ –0·98; P¼0·008) and a positive association of

MUFA (b ¼ 1·34; P¼0·003) with pulse pressure in hyperten-

sive girls, whereas the intake of dietary PUFA was negatively

associated with pulse pressure (b ¼ –0·53; P¼0·007) in

hypertensive boys. Sarabi et al.(85) analysed associations
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Table 4. Acute test meal studies investigating the effects of meal fatty acids on microparticles in healthy and diseased subjects

Fatty acid composition of test meal (g or %E)

Reference Subject group, age and n (M/F)

Study

design

Description of test meal

(total fat, g or %E) SFA MUFA

n-6 PUFA

(PUFA*) Other

Vascular function

measure (time points) Significant outcomes

Fat quantity: healthy subjects

Ferreira et al. (2004)(79) Healthy aged 22–30 years

n 18 (10/8)

CO, UC LF meal (0 g) 0 g ND ND Chol: 5 mg EMP (0, 1 and 3 h) " 1 (P¼0·0007) and 3 h

(P,0·0001) after HF meal

HF meal (50 g) 14 g ND ND Chol: 255 mg " 1 (P¼0·001) and 3 h

(P,0·0001) after HF

v. LF meal

Tushuizen et al. (2006)(62) Healthy aged 20–35 years

n 17 (17/0)

CO, R, C Two consecutive

HF meals (50 g each) 14 g ND ND CHO: 55 g

Total MP (0, 2, 4, 6 and 8 h) " HF meal v. water

(P , 0·05)

Water only 0 g ND ND CHO: 0 g

Harrison et al. (2009)(80) Healthy aged 23–31 years

n 8 (8/0)

CO, R, C HF meal

(97 g fat/2 m2 BSA)

ND ND ND CHO: 124 g/2 m2 BSA EMP (0, 2, 4 and 6 h) " HF meals ^ exercise

(P¼0·05 for both)

Fat quantity: healthy

and non-healthy subjects

Tushuizen et al. (2007)(61) Caucasian uncomplicated T2D

(n 15) and healthy (n 12)

Aged 53–57 years

Total n 27 (27/0)

UC Three consecutive

isoenergetic meals

given at 0, 4 and

8 h (50 g/meal)

30 g ND ND CHO: 75 g Total MP, EMP (0, 2, 4, 6,

8, 12, 16, 20 and 24 h)

" CD144-EMP in T2D

v. healthy group at

baseline (P , 0·05)

and 12 h (P,0·05)

Michelsen et al. (2009)(81) Patients with atherosclerotic

plaques (echolucent (n 20)

and echogenic (n 20)) and

healthy (n 20)

Aged 56–80 years

Total n 60 (31/29)

UC HF meal (70 %E) 66 %E 32 %E 2 %E* PMP (0 and 4 h) " all groups

Fat quality: healthy subjects

Sutherland et al. (2010)(104) Healthy aged 20–70 years

n 22 (13/9)

CO, R, C HF (sunflower-seed oil)

meal (41 g) 5 g 9 g 26 g CHO: 33 g

EMP (0, 1 and 3 h) " HF (sunflower-seed oil)

compared with baseline

(P,0·05)

HF (cream) meal (41 g) 26 g 12 g 2 g CHO: 36 g

%E, percentage of energy; M, male; F, female; CO: cross-over; UC, uncontrolled; LF, low-fat; ND, not determined; Chol, cholesterol; EMP, endothelial microparticles; " , increased; HF, high-fat; R, randomised; C, controlled; CHO,
carbohydrates; MP, microparticles; BSA, body surface area; T2D, type 2 diabetics; PMP, platelet microparticles.

* Data for total PUFA.
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Table 5. Epidemiological studies investigating the associations between dietary fatty acids and vascular function

Reference
Subject group,
age and n (M/F)

Assessment of
dietary status

Fatty acid intake Vascular
function
measure Significant outcomeSFA MUFA PUFA

Cross-sectional
Sarabi et al. (2001)(85) Swedish healthy

aged 20–69 years
n 56 (31/25)

Serum lipids*
PL 0·4 (MA)

30·5 (PA)
14·4 (SA)

0·7 (POA)
12·4 (OA)

20·3 (LA) FBF Negative associations
PA in PL v. EFI (r 20·29, P,0·05)
PA in CE v. EFI (r 20·35, P,0·01)
POA in PL v. EFI (r 20·32, P,0·01)
POA in CE v. EFI (r 20·35, P,0·01)
POA in CE v. EDV (r 20·32, P,0·05)
OA in CE v. EDV (r 20·28, P,0·05)

CE 0·9 (MA)
0·2 (PDA)
11·3 (PA)
0·9 (SA)

3·7 (POA)
21·7 (OA)

50·0 (LA)
0·8 (GLA)
0·7 (DHGLA)
6·6 (AA)

Positive associations
SA in PL v. EFI (r 0·27, P,0·01)
LA in CE v. EFI (r 0·35, P,0·01)
LA in CE v. EDV (r 0·30, P,0·05)

Lind et al. (2002)(86) Same group as Sarabi
et al. (2001)(85) above

CE 0·9 (MA)
0·2 (PDA)
11·3 (PA)
0·9 (SA)

3·7 (POA)
21·7 (OA)

50·0 (LA)
0·8 (GLA)
0·7 (DHGLA)
6·6 (AA)

FBF Resting FBF v. SA (r 0·31; P,0·05)†
FBF at 80 s v. SA (r 0·41; P,0·01)†
Resting FBF v. DHGLA (r 0·32; P,0·05)†
FBF at 80 s v. DHGLA (r 20·35; P,0·05)†

Steer et al. (2003)(87) Swedish healthy
aged 20–30 years

n 74 (36/38)

Whole serum
lipids*

1·3 (MA)
25·0 (PA)
7·3 (SA)
0·2 (LAU)
34·1 (SFA)

2·9 (POA)
23·0 (OA)

26·8 (LA)
0·4 (GLA)
1·8 (DHGLA)
6·0 (AA)

LA v. EFI in males (r 20·37; P,0·05)
MA v. EFI in males (r 20·36; P,0·05)
SA v. EFI in males (r 20·31; P¼0·07)
Total SFA v. EFI in males (r 20·41; P,0·05)

Cohort
Anderson et al. (2009)(88) Adults from London

health centres
45–74 years
n 174 (89/85)

Total plasma
lipids‡

PWV PWV v. AA (r 20·25, P¼0·007)

White European 1·1 (MA)
22·0 (PA)
6·3 (SA)

3·1 (POA)
22·6 (OA)

26·0 (LA)
6·2 (AA)
1·4 (DHGLA)

Partial correlation analyses: PWV
v. AA (r 20·17; P¼0·07)

African Caribbean 0·8 (MA)
20·6 (PA)
6·4 (SA)

2·0 (POA)
19·1 (OA)

26·8 (LA)
8·0 (AA)
1·5 (DHGLA)

No differences between ethnic groups

Gujarati 1·2 (MA)
20·2 (PA)
6·4 (SA)

1·5 (POA)
17·2 (OA)

34·4 (LA)
7·2 (AA)
1·6 (DHGLA)

M, male; F, female; PL, phospholipids; MA, myristic acid; PA, palmitic acid; SA, stearic acid; POA, palmitoleic acid; OA, oleic acid; LA, linoleic acid; FBF, forearm blood flow; EFI, endothelial function index; CE, cholesteryl esters;
EDV, endothelium-dependent vasodilation; PDA, pentadecyclic acid; GLA, g-linolenic acid; DHGLA, dihomo-g-linolenic acid; AA, arachidonic acid; LAU, lauric acid; PWV, pulse wave velocity.

* Data are mean NEFA (%).
† Adjusted for age and sex.
‡ Data are weight %.
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between palmitic acid, oleic acid and linoleic acid with the

endothelial function index and EDV. Linoleic acid was posi-

tively associated with both the endothelial function index (r

0·35; P,0·01) and EDV (r 0·30; P,0·05), suggesting increased

vasodilation as a result of greater quantities of linoleic acid in

cholesteryl esters and hence, an improvement in vascular

function. In contrast, palmitic acid was negatively associated

with the endothelial function index (r 20·35; P,0·05) and

oleic acid with EDV (r 20·28; P,0·05) which implied a

decrease in vasodilation, as concentrations of these plasma

fatty acids increased in cholesteryl esters, to the detriment of

vascular function.

Data from the two longitudinal cohort studies were incon-

sistent. Although differences between the dietary fatty acid

classes and PWV were not observed in children(40), Anderson

et al.(88) reported an inverse association between the pro-

portion of arachidonic acid in total plasma lipids and arterial

stiffness (r 20·25; P¼0·007) in adults, which was independent

of ethnicity.

Dietary intervention studies investigating dietary fat
quality

Between 2000 and 2010, seven studies compared the effects of

high-fat, SFA-rich diets with either high-fat, MUFA-rich and/or

n-6 PUFA-rich diets(46,49,52,53,56,86,89) (since five of these studies

compared both dietary fat quantity and quality, they are sum-

marised separately in Table 2(46,49,52,53,56)), one study exam-

ined the effects of MUFA-rich diets only(90) and a further

study compared the effects of supplements enriched with

SFA, MUFA and n-6 PUFA(91) (Table 6). Relative to a SFA-

rich diet, a MUFA-rich diet was shown to improve vascular

function(56) or attenuate the reduction in the vascular response

observed with a SFA-rich diet(49). Similar effects on postpran-

dial vascular function were observed with MUFA-rich diets

and acute test meals, with an improvement observed by

Perez-Martinez et al.(53) and an attenuation of the reduction

in vascular response by a SFA-rich diet and test meal reported

by Fuentes et al.(52). These studies provide consistent evi-

dence that the substitution of SFA with MUFA in the back-

ground diet leads to modest improvements in vascular

function. However, the studies upon which this conclusion

is based varied in their design, and were potentially con-

founded by the effects of other dietary components such as

the quantity of fruits and vegetables, a-linolenic acid (ALNA)

and carbohydrate. As already mentioned, it should also be

noted that for two studies(52,53), measures of vascular function

were made following a test meal, the composition of which

was the same as the background diet. Since postprandial

FMD measurements have been shown to vary according to

the meal fatty acid composition, one should be cautious in

concluding that these findings result from the background

diet, rather than the fatty acids in the test meal.

Beneficial effects of MUFA-rich diets on vascular reactivity

either compared with baseline(90) or a SFA-rich meal(49,52,53,56)

cannot necessarily be attributed to the increased MUFA intake

in all of these studies. For example, Rallidis et al.(90) showed

an improvement in FMD following a Mediterranean-style

diet with intensive dietary counselling (intervention group)

compared with general advice to follow a Mediterranean-

style diet (control group). The intervention group was

shown to increase their intake of whole grains, fruits, veg-

etables, nuts, red wine and fish, in addition to extra-virgin

olive oil, which were significantly higher in total fat, MUFA,

fibre and vitamin C compared with the control group(90).

Even studies that used oil as a source of MUFA, used a variety

of oils, including extra-virgin olive oil(52,90), olive oil(56,89) and

rapeseed oil margarine and almonds(49). Additionally, the

potential impact of the polyphenolic compounds within the

extra-virgin olive oil may have influenced the results. In the

study by Keogh et al.(49), the MUFA-rich diet included rape-

seed oil-based margarine which also contains ALNA, as well

as almonds. Since almonds contain L-arginine, this may have

enhanced the bioavailability of NO and contributed to an

improvement in FMD(92). It is also difficult to determine

whether the vascular effects of replacing SFA with MUFA are

due to the increase in MUFA or simply a result of reducing

dietary SFA.

In comparison with a SFA-rich diet, only two studies

reported that MUFA-rich Mediterranean-style diets(46,89) had

no effect on vascular function. However, the lack of effect

observed by Ambring et al.(89) could have been a conse-

quence of the small difference in MUFA content between the

diets (2 %E), whereas in the study of Miller et al.(46), the con-

tribution of dietary fat of the Mediterranean South Beach diet

(17 %E) was lower than the SFA-rich Atkins diet (29·7 %E). An

additional study, which supplemented the diet with 10 g/d of

high-oleic sunflower-seed oil for 8 months, produced no effect

on ischaemic reactive hyperaemia when compared with the

SFA-rich placebo (a mixture of soyabean oil and fractionated

coconut oil)(91). However, the dosage of MUFA was relatively

low (equivalent to 1·5 g oleic acid/d) and, unlike most of the

other studies, there was no exchange of dietary SFA with

MUFA. Only one study analysed the effects of a diet rich in

both MUFA and PUFA relative to a SFA-rich diet(86). A signifi-

cant improvement in FBF was observed with the intervention

diet, but this study did not allow for conclusions to be made

on the individual classes of unsaturated fatty acids.

Only one study has compared the effects of a SFA-rich diet

with a PUFA-rich diet on vascular function, with the PUFA-rich

diet (containing ALNA) attenuating the decrease observed in

FMD with the SFA-rich diet(49) (Table 2). Limitations of this

study included the PUFA content of the diet (15·2 %E),

which was twice as high as the current recommendation in

the UK and three times higher than the population intake

recorded in the 2008–9 NDNS. In addition to this study,

Khan et al.(91) failed to show any significant changes in

ischaemic reactive hyperaemia relative to baseline following

supplementation for 8 months with 10 g/d of either n-6

PUFA-rich evening primrose oil or soyabean oil in 173 healthy

men and women. No studies to date have addressed the

impact of n-6 PUFA substitution for SFA.

Inconsistent findings were observed in the two dietary inter-

vention studies that compared the effects of high-fat, MUFA-

rich diets with PUFA-rich diets on vascular function(49,93). Of

these, a MUFA-rich diet significantly improved FMD compared
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Table 6. Chronic dietary intervention studies investigating the effects of dietary fatty acid composition on vascular function in healthy and non-healthy volunteers

Reference

Subject group, age

and n (M/F)

Study design

and duration

Description of dietary

intervention (total fat, %E)

Dietary fat composition (%E, unless specified)

Vascular

function

measure

Significant

outcomesSFA MUFA

n-6 PUFA

(PUFA*) Other

Healthy volunteers

Lind et al. (2002)(86) 30–65 years (M) and

50–65 years (F)

n 19 (13/6)

CO, R, C

4 weeks

per diet

HF, MUFA- and

PUFA-rich diet (37 %E) ND ND ND

FBF " relative maximal

FBF after

MUFA/PUFA-rich

v. SFA-rich diet (P¼0·02)

HF, SFA-rich diet (37 %E) ND ND ND

Khan et al. (2003)(91) 40–65 years (PMW)

n 173 (118/55)

PAL, R, C, DB

8 months

Supplements PA/SA† OA† LA/AA/GLA† EPA/DHA/ALNA† LDI " EDV after FO

v. baseline (P¼0·02)SFA-rich placebo 64/20 166 231/0/0 0/2/34

MUFA-rich, high-oleic

sunflower-seed oil 119/75 1448 318/0/2 0/0/7

n-6 PUFA-rich EPO 79/24 146 666/0/66 0/0/22

n-6 PUFA-rich soyabean oil 171/25 327 622/0/0 0/0/112

LC n-3 PUFA-rich tuna FO 174/53 206 223/16/3 35/188/27

EPO and FO (EPO/FO) 274/56 188 418/14/78 35/197/10

Ambring et al. (2004)(89) 20–51 years

n 22 (12/10)

CO, R, C

4 weeks

per diet

CHO/fibre

(g/d)/n-3 PUFA

FBF NS

SFA-rich diet (36 %E) 17 12 ND 48/19/1 Arterial

elasticity

NS

MUFA-rich Mediterranean-style

diet (34 %E) 8 14 ND 48/40/2

Non-healthy volunteers

Ryan et al. (2000)(93) Irish Caucasian T2D

aged 40–65 years

n 11 (11/0)

UC

8 weeks per diet

n-6 PUFA-rich run-in diet ND ND ND FMD " MUFA-rich

intervention

v. PUFA run-in

diet (P,0·0001)

MUFA-rich intervention diet ND ND ND

Positive correlation with

cholesteryl ester

OA:LA ratio (r ¼ 0·61,

P,0·001)

Rallidis et al. (2009)(90) Abdominally obese with

waist circumference

.102 cm (M) and

. 88 cm (F)

, 70 years

n 82

PAL, R, C

8 weeks

Mediterranean-style diets:

(intakes estimated from

3 d food diaries)

CHO/b-carotene/

a-tocop./vitamin C

FMD " Intervention diet

v. baseline (P,0·001)

Specific food plan and close

supervision (intervention; 47·4 %E) 9·5 26·4 6·2* 38·8/595·9/4·9/167·8

" Intervention diet

v. control diet (P¼0·042)

General advice (control; 40·3 %E) 11·8 19·8 5·7* 42·1/418·4/4·4/117·1

%E, percentage of energy; M, male; F, female; CO, cross-over; R, randomised; C, controlled; HF, high-fat; ND, not determined; FBF, forearm blood flow; " , increased; PMW, postmenopausal women; PAL, parallel; DB, double
blind; PA, palmitic acid; SA, stearic acid; OA, oleic acid; LA, linoleic acid; AA, arachidonic acid; GLA, g-linoleic acid; ALNA, a-linolenic acid; LDI, laser Doppler imaging; EDV, endothelium-dependent vasodilation; FO, fish oil;
EPO, evening primrose oil; LC, long chain; CHO, carbohydrates; T2D, type 2 diabetics; UC, uncontrolled; FMD, flow-mediated dilatation; tocop., tocopherol.

* Data for total PUFA.
† Values are given as mg/10 g emulsion.
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with a run-in diet rich in n-6 PUFA and showed a significant

association between the ratio of oleic acid:linoleic acid in adi-

pocyte membranes and FMD in type 2 diabetics(93) (Table 6).

However, this study did not include another diet for compari-

son, which limits the strength of these findings. In contrast,

Keogh et al.(49) failed to find a significant difference in FMD

between groups consuming high-fat (36–37 %E), MUFA-rich

and PUFA-rich diets. It is worth noting that the source of

MUFA and PUFA varied between these studies; Ryan et al.(93)

compared diets rich in olive oil and linoleic acid, whereas

Keogh et al.(49) compared rapeseed oil margarine and PUFA-

enriched margarine, with the addition of almonds to both

diets. It is possible that the improvements in vascular function

observed by Ryan et al.(93) could be attributed, in part, to

the increased consumption of phenolic compounds in olive

oil(84). The PUFA-rich diet used by Keogh et al.(49) contained

sources of ALNA, which may explain the lack of effect

relative to the MUFA-rich diet. Therefore, no controlled

study to date has compared the impact of MUFA and n-6

PUFA on vascular function.

Effects of meal fat quality on postprandial vascular
function

Of the studies published between 2000 and 2010, ten articles

compared the effects of moderate- or high-fat meals of

differing fat composition with an equal amount or %E from

total fat on vascular function. The study by Tousoulis

et al.(74) included a comparison of different test oils with

water and therefore is summarised in Table 3, and the remain-

ing nine studies are summarised in Table 7. Substantial

differences in study design were observed between studies

(as discussed in the previous section), which make drawing

firm conclusions difficult. Of these ten studies, seven were

performed in healthy volunteers(74,94–99), one in a mixed

group of healthy and hypercholesterolaemic subjects(100) and

two in type 2 diabetics(101,102) (Tables 3 and 7).

In studies that compared the postprandial effects of SFA

with either MUFA or n-6 PUFA in healthy subjects, two studies

reported significant impairment in FMD response following

SFA-rich meals(96,99), whereas two studies observed no signifi-

cant change in FMD(94,98). However, the lack of an effect of

the SFA-rich meal on FMD response and improvement in

arterial stiffness in the study of Berry et al.(98) should be

viewed with caution since a shea butter blend, rich in stearic

acid, was used in the test meal. Stearic acid has been reported

to be neutral with respect to CVD risk due to its minimal

cholesterol-raising effects(103), and so may not be representa-

tive of all types of SFA. Furthermore, in the study by Raitakari

et al.(94), the proportion of SFA in the SFA-rich meal was much

lower than the proportion of SFA in the study by Nicholls

et al.(96), in which a detrimental effect of SFA on postprandial

vascular function was evident (48 v. 89·6 %E). Only one study

investigated the effects of SFA in individuals at high risk of

CVD and, in particular, type 2 diabetic patients(101). This

study reported a significant decline in FMD following the

SFA-rich meal (60 %E SFA), which was apparent as early as

2 h after meal ingestion and was maintained up to 6 h

postprandially, suggesting that a SFA-rich meal may have

deleterious effects on vascular function in type 2 diabetics.

Of the studies that have examined the effects of a MUFA-

rich meal or oil alone on postprandial vascular function, six

have been performed in healthy subjects and three in subjects

at high risk of CVD. In healthy subjects, three studies reported

a reduction in postprandial FMD(95,98,99), whereas the remain-

ing three studies reported no significant changes in FMD(94,97)

or FBF(74). However, in the study by Raitakari et al.(94), both

the MUFA-rich and SFA-rich control meals were shown to

enhance peripheral vasodilation assessed using FBF. The

effects of the type of MUFA-rich oil incorporated into the

test meal on vascular function were conflicting in subjects at

high risk of CVD. In the study by Cortés et al.(100), FMD was

impaired following a meal containing olive oil (38 %E

MUFA) in both healthy and hypercholesterolaemic sub-

jects(100), whereas West et al.(102) reported an improvement

in FMD following a meal rich in high-oleic sunflower-seed

oil (50 g fat of which 32·6 g MUFA)(100,102). In contrast, no

significant alterations in FMD were observed with a meal con-

taining extra-virgin olive oil(101), or extra-virgin olive oil given

alone(74). It is highly possible that the conflicting outcomes

on the postprandial effects of MUFA on vascular function in

both healthy and non-healthy subjects may be due to the

varying sources of MUFA-rich oils used in the test meals.

Of the five studies that examined the effects of n-6 PUFA

on postprandial vascular function in healthy subjects, three

reported no significant effect on FMD(95–97), with two studies

observing an impairment in vascular function with an n-6

PUFA-rich meal(99) and n-6 PUFA-rich maize oil given

alone(74). Furthermore, in the study by Nicholls et al.(96),

the PUFA-rich meal (safflower oil, 75 %E PUFA) resulted in

an increase in post-ischaemic hyperaemia, suggesting a non-

endothelium-dependent increase in microvascular blood

flow. Interestingly, in the study of Tousoulis et al.(74), inges-

tion of soya oil alone was shown to improve reactive hyper-

aemia 1 h after ingestion, suggesting that oils rich in ALNA

and linoleic acid (maize oil) may have opposing effects on

vascular function.

In the only study performed in a mixed group of healthy

and hypercholesterolaemic subjects(100), FMD was signifi-

cantly improved in the hypercholesterolaemic individuals,

but was unchanged in healthy subjects, suggesting that

fasting lipid levels may influence the impact of the n-6 PUFA

meal in the different subject groups. However, in this study,

walnuts were the main source of PUFA, and it is not clear

whether ALNA per se or other components in walnuts (such

as L-arginine) were responsible for the observed effects. This

warrants further investigation.

Effects of meal fat quality on cellular microparticle number

Only one study has compared the effects of SFA-rich (cream)

and n-6 PUFA-rich (sunflower-seed oil) test meals on cir-

culating numbers of endothelial microparticles positive to

CD144 (a more specific marker of endothelial microparticles;

Table 4). Although ingestion of the SFA-rich meal was

associated with a greater increase in TAG concentration
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Table 7. Acute test meal studies investigating the effects of meal fatty acid composition on vascular function in healthy and non-healthy subjects

Reference

Subject group,

age and n (M/F) Study design

Description of test meal

(total fat, g or %E)

Fatty acid composition of test meal (g or %E)

Vascular function

measure

(time points) Significant outcomesSFA MUFA

n-6 PUFA

(PUFA*) Other

Healthy subjects

Vogel et al. (2000)(95) 28–55 years

n 10 (5/5)

CO, R, C HF OO meal (50 g) ND ND ND FMD

(0 and 3 h)

# OO meal v. baseline (P¼0·008)

HF rapeseed oil meal (CO) (50 g) ND ND ND

HF salmon meal (S) (50 g) ND ND ND

Raitakari et al. (2000)(94) 18–45 years

n 12 (7/5)

CO, C HF SFA meal (61 g) 48 %E 40 %E 7·4 %E* Trans FA: 4·6 %E FMD

FBF

(0, 3 and 6 h)

" resting FBF (P,0·001) and

stimulated FBF (P,0·001)

after both meals

HF MUFA meal (61 g) 10 %E 85 %E 5 %E* Trans FA: 0 %E

Williams et al. (2001)(97) 23–53 years

n 14 (14/0)

CO, R, C, DB OO-rich drink (78·4 g) 18 g 40·7 g 9·5 g* CHO: 62·5 g;

Chol: 210 mg

FMD

(0 and 4 h)

NS

SO-rich drink (78·4 g) 12·4 g 11·1 g 44·1 g* CHO: 62·5 g;

Chol: 210 mg

Nicholls et al. (2006)(96) 18–40 years

n 14 (8/6)

CO, R, C, DB SO-rich meal (1 g fat/kg BW) 8·8 %E 13·6 %E 75·0 %E FMD

FBF

(0, 3 and 6 h)

# 3 h after CO meal (P,0·05)

" post-hyperaemic FBF after

SO meal (45 %) and CO meal

(21 %) (P¼0·02)

Coconut oil-rich meal

(CO) (1 g fat/kg BW) 89·6 %E 5·8 %E 1·9 %E

Rueda-Clausen

et al. (2007)(99)

18–23 years

n 10 (10/0)

CO, R, C, DB Soup with OO 14·3 % 77·8 % 6·55 %* CHO: 50·6 kcal FMD

(0 and 3 h)

# all meals (P , 0·00001)

Soup with palm oil 43·6 % 46·4 % 9·97 %* CHO: 50·6 kcal

Soup with soyabean oil 16·3 % 24·4 % 52·78 %* CHO: 50·6 kcal

Berry et al. (2008)(98) 18–40 years

n 17 (17/0)

CO,R HF stearic acid-rich meal (50 g) 26·7 g 16·4 g 4·5 g CHO: 89 g FMD

PWV

# FMD 3 h after oleic acid-rich

meal v. baseline (P,0·001)HF oleic acid-rich meal (50 g) 0·8 g 42·5 g 4·0 g CHO: 89 g

PWA

(0 and 3 h)

# PWA and PWV 3 h after both

meals v. baseline (P,0·001)

Healthy and non-healthy subjects

West et al. (2005)(102) T2D aged

55 ^ 2 years

n 18 (13/5)

CO, R, C, DB CHO/ALNA/EPA/DHA

MUFA meal (50 g) 4·5 g 32·6 g 9·2 g 24 g/0·5 g/0 g/0 g FMD

(0 and 4 h)

" all meals (P¼0·01)

MUFA meal with ALNA (50 g) 3·5 g 31·2 g 9·2 g 24 g/3·3 g/0 g/0 g Inverse correlation between

D in TAG and D in FMD

(r ¼ -0·50, P,0·05) with

the MUFA meal

MUFA meal with EPA/DHA (50 g) 5 g 30·7 g 6·1 g 24 g/0·2 g/2·8 g/1·2 g

" TAG associated with

" FMD (r ¼ 0·49, P¼0·046

and r ¼ 0·49, P¼0·052) after

MUFA meals with ALNA

and EPA/DHA

Cortés

et al. (2006)(100)

HC aged

45 ^ 13 years

n 12 (11/1)

CO, R CHO/ALNA/Chol

HF OO meal (80 g) 35 %E 38 %E 7 %E* 22 %E/0 g/120 mg FMD

(0 and 4 h)

# OO meal v. baseline in

healthy and HC subjects

Healthy controls

aged 32 ^ 8 years

n 12 (9/3)

HF walnut meal (80 g) 35 %E 23 %E 23 %E* 22 %E/5·4 g/120 mg " in HC group after

walnut meal (P¼0·006)
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within the chylomicron-enriched fraction at 1 and 3 h post-

prandially, the n-6 PUFA-rich meal led to higher circulating

levels of endothelial microparticles compared with the SFA-

rich meal. It has been proposed that the fat content of a test

meal may increase the numbers of circulating endothelial

microparticles as a result of the increased lipaemia. However,

the findings from this study suggest that the fatty acid compo-

sition of a test meal may also play an important role in the

shedding of endothelial microparticles positive to CD144

during the postprandial state(104).

Summary

There is, at present, insufficient epidemiological evidence

(three cross-sectional studies and two longitudinal cohort

studies) to draw any firm conclusions on the association

between dietary fat composition and vascular function.

There are a number of limitations of published studies, includ-

ing study size, relevance of the population studied and

methods of assessment of vascular function.

Data were also limited on which to draw conclusions

regarding the chronic effects of dietary fatty acid composition

on measures of vascular function. However, there is moder-

ately consistent evidence to suggest a small improvement in

vascular function when MUFA-rich diets were compared

with SFA-rich diets in healthy and non-healthy individuals,

whereas data regarding the effects of n-6 PUFA diets are extre-

mely limited. The current data suggest that a reduction in diet-

ary SFA may have beneficial effects on vascular function,

and that a MUFA-rich diet may provide an alternative to the

low-fat, high-carbohydrate diet.

For the test meal studies, there was weak evidence to

suggest a modest reduction in vascular function following a

SFA-rich meal, whereas inconsistent effects were observed

with both MUFA-rich and PUFA-rich meals. Nevertheless,

meal fatty acid composition has previously been shown to

exert differential effects on plasma lipids and other metabolic

measures that might be responsible for these findings. To date,

only one study has examined the impact of meal fatty acid

composition on circulating levels of endothelial microparti-

cles, with no data available on endothelial progenitor cells

or platelet microparticles.

Conclusions

A systematic approach was used to review the literature on the

impact of both the quantity and quality of specific dietary fats

(SFA, MUFA and n-6 PUFA) on vascular function and circulat-

ing levels of cellular microparticles. The role of n-3 PUFA

was not considered in the present review as the effects of

this class of fatty acids on vascular function, including poten-

tial mechanisms of action, have been covered in depth else-

where(15,19,28,105). Few studies were designed to directly

compare the substitution of SFA with MUFA and n-6 PUFA

on vascular function, with the majority comparing diets/

meals rich in SFA, MUFA or PUFA. The measurement of

novel biomarkers of vascular function such as endothelial

progenitor cells, endothelial microparticles and plateletT
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microparticles was also extremely limited, especially after

meals of differing fatty acid composition. Differences in the

designs of both the chronic intervention and postprandial

test meal studies rendered comparisons difficult. In particular,

studies of the effects of high-fat, MUFA-rich diets used either a

combination of MUFA-rich oils or complex dietary strategies

such as the Mediterranean diet. The majority of the studies

investigating the chronic and postprandial effects of PUFA

used diets/meals that contained a mixture of both n-3

(ALNA) and n-6 PUFA.

The nature and health status of subjects and the method of

assessment of vascular function were other variables that

could have influenced outcome. Men were the most fre-

quently investigated group. However, when premenopausal

women were included, no consideration was given to the

potential impact of the menstrual cycle phase and sex hor-

mone concentrations on vascular function measures. FMD

was used in the majority of studies, while FBF, arterial stiffness

(PWV/PWA and DVP) and reactivity of the peripheral micro-

circulation (LDI) were used in a smaller number of studies.

These techniques evaluate a diverse range of vascular end-

points, which makes the comparison of the data from the

various studies difficult, since the reactivity of the macro-

and microcirculation is known to be influenced by different

physiological factors. Some studies failed to include a suitable

control or comparator group, and two studies were of a mixed

design, incorporating both a dietary intervention and post-

prandial test meal protocol. There were also issues relating

to the type of statistical analysis performed, with very few

studies investigating how the intervention diet(s) influenced

the measure of vascular function over the time course of

the study.

In conclusion, there is a requirement for suitably powered,

robust randomised controlled trials to investigate the substi-

tution of dietary SFA with both MUFA and n-6 PUFA on vascu-

lar function in adults. A dose–response study design would

provide strong evidence for the effects (or lack) of dietary

fats on vascular function. With the increased prevalence of

obesity within the population, future studies should not only

be conducted in healthy adults but also in adults at increased

cardiometabolic risk, using well-standardised measures of vas-

cular function. Future test meal studies should consider exam-

ining meals with a fat content that is more reflective of

habitual eating patterns. Data from controlled and sufficiently

powered investigations, in targeted populations, will be essen-

tial to enable development of the optimum dietary strategy to

reduce SFA intake in the diet.

Acknowledgements

The UK Food Standards Agency and Department of Health,

England have had no role in the study design, data collection,

analysis, interpretation or writing of the review. The authors

would like to thank Professor Bruce Griffin (University of

Surrey, Surrey, UK) for his valuable critique. Funding for the

present study was provided by the Food Standards Agency

and the Department of Health, England (project code

N02044). The authors’ responsibilities were as follows: J. A.

L., K. G. J., P. Y., S. T. and K. V. contributed to the conception

of the literature search strategy and design of the manuscript.

K. V. undertook the literature search. K. V., M. W., K. G. J. and

J. A. L. extracted and interpreted the data from acute, chronic

and epidemiological studies, respectively. V. S. assisted in the

extraction and interpretation of the data from epidemiological

studies. K. V., M. W., K. G. J. and J. A. L. wrote the manuscript.

S. T. assessed the possibility of a statistical meta-analysis. K. G. J.

and J. A. L. critically appraised the document at all stages.

C. M. W., P. Y. and S. T. critically appraised the final manu-

script. None of the authors has any conflicts of interest.

References

1. Bates B, Lennox A & Swan G (2010) National Diet and
Nutrition Survey: Headline Results from Year 1 (2008/2009).
http://www.food.gov.uk/multimedia/pdfs/publication/ndns
report0809year0801results.pdf

2. Garg A, Bantle JP, Henry RR, et al. (1994) Effects of varying
carbohydrate content of diet in patients with non-insulin-
dependent diabetes mellitus. JAMA 271, 1421–1428.

3. Kodama S, Saito K, Tanaka S, et al. (2009) Influence of
fat and carbohydrate proportions on the metabolic profile
in patients with type 2 diabetes: a meta-analysis. Diabetes
Care 32, 959–965.

4. Schachinger V, Britten MB & Zeiher AM (2000) Prognostic
impact of coronary vasodilator dysfunction on adverse
long-term outcome of coronary heart disease. Circulation
101, 1899–1906.

5. De Caterina R (2000) Endothelial dysfunctions: common
denominators in vascular disease. Curr Opin Lipidol 11,
9–23.

6. Landmesser U, Hornig B & Drexler H (2004) Endo-
thelial function: a critical determinant in atherosclerosis?
Circulation 109, II27–II33.

7. Deanfield J, Donald A, Ferri C, et al. (2005) Endothelial
function and dysfunction. Part I: methodological issues
for assessment in the different vascular beds: a statement
by the Working Group on Endothelin and Endothelial Fac-
tors of the European Society of Hypertension. J Hypertens
23, 7–17.

8. Higashi Y & Yoshizumi M (2003) New methods to evaluate
endothelial function: method for assessing endothelial
function in humans using a strain-gauge plethysmography:
nitric oxide-dependent and -independent vasodilation.
J Pharmacol Sci 93, 399–404.

9. Liao D, Wong TY, Klein R, et al. (2004) Relationship
between carotid artery stiffness and retinal arteriolar
narrowing in healthy middle-aged persons. Stroke 35,
837–842.

10. Ramsay JE, Ferrell WR, Greer IA, et al. (2002) Factors
critical to iontophoretic assessment of vascular reactivity:
implications for clinical studies of endothelial dysfunction.
J Cardiovasc Pharmacol 39, 9–17.

11. Boutouyrie P, Tropeano AI, Asmar R, et al. (2002)
Aortic stiffness is an independent predictor of primary
coronary events in hypertensive patients: a longitudinal
study. Hypertension 39, 10–15.

12. Haghjooyjavanmard S, Nematbakhsh M, Monajemi A,
et al. (2008) von Willebrand factor, C-reactive protein,
nitric oxide, and vascular endothelial growth factor in a
dietary reversal model of hypercholesterolemia in rabbit.
Biomed Pap Med Fac Univ Palacky Olomouc Czech
Repub 152, 91–95.

Dietary fatty acids and vascular function 321

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n



13. Lowenberg EC, Meijers JCM & Levi M (2010) Platelet-vessel
wall interaction in health and disease. Neth J Med 68,
242–251.

14. Ribeiro F, Alves AJ, Teixeira M, et al. (2009) Endothelial
function and atherosclerosis: circulatory markers with
clinical usefulness. Rev Port Cardiol 28, 1121–1151.

15. Hall WL (2009) Dietary saturated and unsaturated fats as
determinants of blood pressure and vascular function.
Nutr Res Rev 22, 18–38.

16. Kris-Etherton P, Daniels SR, Eckel RH, et al. (2001) AHA
scientific statement: summary of the Scientific Conference
on Dietary Fatty Acids and Cardiovascular Health. Con-
ference summary from the Nutrition Committee of the
American Heart Association. J Nutr 131, 1322–1326.

17. Simopoulos AP (2008) The omega-6/omega-3 fatty acid
ratio, genetic variation, and cardiovascular disease. Asia
Pac J Clin Nutr 17, Suppl. 1, 131–134.

18. Sudheendran S, Chang CC & Deckelbaum RJ (2010) N-3 vs.
saturated fatty acids: effects on the arterial wall. Prostaglan-
dins Leukot Essent Fatty Acids 82, 205–209.

19. Calder PC (2004) n-3 Fatty acids and cardiovascular disease:
evidence explained and mechanisms explored. Clin Sci
(Lond) 107, 1–11.

20. Brevetti G, Schiano V & Chiariello M (2008) Endothelial
dysfunction: a key to the pathophysiology and natural
history of peripheral arterial disease? Atherosclerosis 197,
1–11.

21. Gill M, Dias S, Hattori K, et al. (2001) Vascular trauma
induces rapid but transient mobilization of VEGFR2(þ)
AC133(þ) endothelial precursor cells. Circ Res 88,
167–174.

22. Walter DH, Rittig K, Bahlmann FH, et al. (2002) Statin
therapy accelerates reendothelialization: a novel effect
involving mobilization and incorporation of bone
marrow-derived endothelial progenitor cells. Circulation
105, 3017–3024.

23. Hill JM, Zalos G, Halcox JP, et al. (2003) Circulating
endothelial progenitor cells, vascular function, and cardio-
vascular risk. N Engl J Med 348, 593–600.

24. Kim W, Jeong MH, Cho SH, et al. (2006) Effect of green
tea consumption on endothelial function and circulating
endothelial progenitor cells in chronic smokers. Circ J 70,
1052–1057.

25. Amabile N, Guerin AP, Leroyer A, et al. (2005) Circulating
endothelial microparticles are associated with vascular
dysfunction in patients with end-stage renal failure. J Am
Soc Nephrol 16, 3381–3388.

26. Esposito K, Ciotola M, Schisano B, et al. (2006) Endothelial
microparticles correlate with endothelial dysfunction in
obese women. J Clin Endocrinol Metab 91, 3676–3679.

27. Helal O, Defoort C, Robert S, et al. (2011) Increased levels
of microparticles originating from endothelial cells, plate-
lets and erythrocytes in subjects with metabolic syndrome:
relationship with oxidative stress. Nutr Metab Cardiovasc
Dis 21, 665–671.

28. Adkins Y & Kelley DS (2010) Mechanisms underlying the
cardioprotective effects of omega-3 polyunsaturated fatty
acids. J Nutr Biochem 21, 781–792.

29. Albert CM, Campos H, Stampfer MJ, et al. (2002) Blood
levels of long-chain n-3 fatty acids and the risk of sudden
death. N Engl J Med 346, 1113–1118.

30. Bucher HC, Hengstler P, Schindler C, et al. (2002) N-3
polyunsaturated fatty acids in coronary heart disease:
a meta-analysis of randomized controlled trials. Am J Med
112, 298–304.

31. Mozaffarian D, Gottdiener JS & Siscovick DS (2006) Intake
of tuna or other broiled or baked fish versus fried fish and
cardiac structure, function, and hemodynamics. Am J
Cardiol 97, 216–222.

32. Rizza S, Tesauro M, Cardillo C, et al. (2009) Fish oil
supplementation improves endothelial function in normo-
glycemic offspring of patients with type 2 diabetes.
Atherosclerosis 206, 569–574.

33. Dangour AD, Lock K, Hayter A, et al. (2010) Nutrition-
related health effects of organic foods: a systematic
review. Am J Clin Nutr 92, 203–210.

34. Scientific Advisory Committee on Nutrition (2002) A Frame-
work for the Evaluation of Evidence that Relates Foods
and Nutrients to Health. http://www.sacn.gov.uk/pdfs/
sacn_iron_02_02.pdf

35. Gillingham LG, Harris-Janz S & Jones PJH (2011) Dietary
monounsaturated fatty acids are protective against meta-
bolic syndrome and cardiovascular disease risk factors.
Lipids 46, 209–228.

36. Margioris AN (2009) Fatty acids and postprandial inflam-
mation. Curr Opin Clin Nutr Metab Care 12, 129–137.

37. Bansal S, Buring JE, Rifai N, et al. (2007) Fasting compared
with nonfasting triglycerides and risk of cardiovascular
events in women. JAMA 298, 309–316.

38. Nordestgaard BG, Benn M, Schnohr P, et al. (2007) Nonfast-
ing triglycerides and risk of myocardial infarction, ischemic
heart disease, and death in men and women. JAMA 298,
299–308.

39. Schutte AE, Van Rooyen JM, Huisman HW, et al. (2003)
Dietary markers of hypertension associated with pulse
pressure and arterial compliance in black South African
children: the THUSA Bana Study. Cardiovasc J S Afr 14,
81–89.

40. Schack-Nielsen L, Molgaard C, Larsen D, et al. (2005)
Arterial stiffness in 10-year-old children: current and early
determinants. Br J Nutr 94, 1004–1011.

41. Juonala M, Viikari JS, Kahonen M, et al. (2008) Childhood
levels of serum apolipoproteins B and A-I predict carotid
intima-media thickness and brachial endothelial function
in adulthood: the cardiovascular risk in young Finns
study. J Am Coll Cardiol 52, 293–299.

42. Li S, Chen W, Srinivasan SR, et al. (2003) Childhood cardi-
ovascular risk factors and carotid vascular changes in adult-
hood: the Bogalusa Heart Study. JAMA 290, 2271–2276.

43. Berenson GS (2002) Childhood risk factors predict adult
risk associated with subclinical cardiovascular disease.
The Bogalusa Heart Study. Am J Cardiol 90, 3L–7L.

44. Keogh JB, Brinkworth GD, Noakes M, et al. (2008) Effects
of weight loss from a very-low-carbohydrate diet on endo-
thelial function and markers of cardiovascular disease risk
in subjects with abdominal obesity. Am J Clin Nutr 87,
567–576.

45. Pirro M, Schillaci G, Savarese G, et al. (2004) Attenuation of
inflammation with short-term dietary intervention is associ-
ated with a reduction of arterial stiffness in subjects with
hypercholesterolaemia. Eur J Cardiovasc Prev Rehabil 11,
497–502.

46. Miller M, Beach V, Sorkin JD, et al. (2009) Comparative
effects of three popular diets on lipids, endothelial func-
tion, and C-reactive protein during weight maintenance.
J Am Diet Assoc 109, 713–717.

47. Nestel PJ, Pomeroy SE, Sasahara T, et al. (1997) Arterial
compliance in obese subjects is improved with dietary
plant n-3 fatty acid from flaxseed oil despite increased
LDL oxidizability. Arterioscler Thromb Vasc Biol 17,
1163–1170.

K. Vafeiadou et al.322

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n



48. Raitakari OT, Ronnemaa T, Jarvisalo MJ, et al. (2005) Endo-
thelial function in healthy 11-year-old children after dietary
intervention with onset in infancy: the Special Turku Cor-
onary Risk Factor Intervention Project for children
(STRIP). Circulation 112, 3786–3794.

49. Keogh JB, Grieger JA, Noakes M, et al. (2005) Flow-
mediated dilatation is impaired by a high-saturated fat
diet but not by a high-carbohydrate diet. Arterioscler
Thromb Vasc Biol 25, 1274–1279.

50. Bradley U, Spence M, Courtney CH, et al. (2009) Low-fat
versus low-carbohydrate weight reduction diets: effects
on weight loss, insulin resistance, and cardiovascular risk:
a randomized control trial. Diabetes 58, 2741–2748.

51. Wycherley TP, Brinkworth GD, Keogh JB, et al. (2010)
Long-term effects of weight loss with a very low carbo-
hydrate and low fat diet on vascular function in overweight
and obese patients. J Intern Med 267, 452–461.

52. Fuentes F, Lopez-Miranda J, Perez-Martinez P, et al. (2008)
Chronic effects of a high-fat diet enriched with virgin
olive oil and a low-fat diet enriched with a-linolenic acid
on postprandial endothelial function in healthy men. Br J
Nutr 100, 159–165.

53. Perez-Martinez P, Moreno-Conde M, Cruz-Teno C, et al.
(2010) Dietary fat differentially influences regulatory
endothelial function during the postprandial state in
patients with metabolic syndrome: from the LIPGENE
study. Atherosclerosis 209, 533–538.

54. Jackson KG, Armah CK & Minihane AM (2007) Meal fatty
acids and postprandial vascular reactivity. Biochem Soc
Trans 35, 451–453.

55. Ashton EL, Pomeroy S, Foster JE, et al. (2000) Diet high in
monounsaturated fat does not have a different effect on
arterial elasticity than a low-fat, high-carbohydrate diet.
J Am Diet Assoc 100, 537–542.

56. Fuentes F, Lopez-Miranda J, Sanchez E, et al. (2001)
Mediterranean and low-fat diets improve endothelial
function in hypercholesterolemic men. Ann Intern Med
134, 1115–1119.

57. Tsai WC, Li YH, Lin CC, et al. (2004) Effects of oxidative
stress on endothelial function after a high-fat meal. Clin
Sci (Lond) 106, 315–319.

58. Anderson RA, Evans ML, Ellis GR, et al. (2001) The relation-
ships between post-prandial lipaemia, endothelial function
and oxidative stress in healthy individuals and patients with
type 2 diabetes. Atherosclerosis 154, 475–483.

59. Marchesi S, Lupattelli G, Schillaci G, et al. (2000) Impaired
flow-mediated vasoactivity during post-prandial phase in
young healthy men. Atherosclerosis 153, 397–402.

60. Gaenzer H, Sturm W, Neumayr G, et al. (2001) Pronounced
postprandial lipemia impairs endothelium-dependent
dilation of the brachial artery in men. Cardiovasc Res 52,
509–516.

61. Tushuizen ME, Nieuwland R, Rustemeijer C, et al. (2007)
Elevated endothelial microparticles following consecutive
meals are associated with vascular endothelial dysfunction
in type 2 diabetes. Diabetes Care 30, 728–730.

62. Tushuizen ME, Nieuwland R, Scheffer PG, et al. (2006) Two
consecutive high-fat meals affect endothelial-dependent
vasodilation, oxidative stress and cellular microparticles in
healthy men. J Thromb Haemost 4, 1003–1010.

63. Ayer JG, Harmer JA, Steinbeck K, et al. (2010) Postprandial
vascular reactivity in obese and normal weight young
adults. Obesity (Silver Spring) 18, 945–951.

64. Neri S, Calvagno S, Mauceri B, et al. (2010) Effects of anti-
oxidants on postprandial oxidative stress and endothelial

dysfunction in subjects with impaired glucose tolerance
and type 2 diabetes. Eur J Nutr 49, 409–416.

65. Ng CK, Chan AP & Cheng A (2001) Impairment of endo-
thelial function – a possible mechanism for atherosclerosis
of a high-fat meal intake. Ann Acad Med Singapore 30,
499–502.

66. Ong PJ, Dean TS, Hayward CS, et al. (1999) Effect of fat
and carbohydrate consumption on endothelial function.
Lancet 354, 2134.

67. Plotnick GD, Corretti MC & Vogel RA (1997) Effect
of antioxidant vitamins on the transient impairment of
endothelium-dependent brachial artery vasoactivity follow-
ing a single high-fat meal. JAMA 278, 1682–1686.

68. Sarabi M, Fugmann A, Karlstrom B, et al. (2001) An ordin-
ary mixed meal transiently impairs endothelium-dependent
vasodilation in healthy subjects. Acta Physiol Scand 172,
107–113.

69. Vogel RA, Corretti MC & Plotnick GD (1997) Effect of
a single high-fat meal on endothelial function in healthy
subjects. Am J Cardiol 79, 350–354.

70. Bae JH, Schwemmer M, Lee IK, et al. (2003) Postprandial
hypertriglyceridemia-induced endothelial dysfunction in
healthy subjects is independent of lipid oxidation. Int J
Cardiol 87, 259–267.

71. Padilla J, Harris RA, Fly AD, et al. (2006) The effect of acute
exercise on endothelial function following a high-fat meal.
Eur J Appl Physiol 98, 256–262.

72. Shimabukuro M, Chinen I, Higa N, et al. (2007) Effects of
dietary composition on postprandial endothelial function
and adiponectin concentrations in healthy humans: a cross-
over controlled study. Am J Clin Nutr 86, 923–928.

73. Steer P, Sarabi DM, Karlstrom B, et al. (2003) The effect of
a mixed meal on endothelium-dependent vasodilation is
dependent on fat content in healthy humans. Clin Sci
(Lond) 105, 81–87.

74. Tousoulis D, Papageorgiou N, Antoniades C, et al. (2010)
Acute effects of different types of oil consumption on
endothelial function, oxidative stress status and vascular
inflammation in healthy volunteers. Br J Nutr 103, 43–49.

75. Bui C, Petrofsky J, Berk L, et al. (2010) Acute effect of a
single high-fat meal on forearm blood flow, blood pressure
and heart rate in healthy male Asians and Caucasians: a
pilot study. Southeast Asian J Trop Med Public Health 41,
490–500.

76. Phillips LK, Peake JM, Zhang X, et al. (2010) The effect of a
high-fat meal on postprandial arterial stiffness in men with
obesity and type 2 diabetes. J Clin Endocrinol Metab 95,
4455–4459.

77. Williams MR, Westerman RA, Kingwell BA, et al. (2001)
Variations in endothelial function and arterial compliance
during the menstrual cycle. J Clin Endocrinol Metab 86,
5389–5395.

78. Mazzone T, Chait A & Plutzky J (2008) Cardiovascular
disease risk in type 2 diabetes mellitus: insights from
mechanistic studies. Lancet 371, 1800–1809.

79. Ferreira AC, Peter AA, Mendez AJ, et al. (2004) Postprandial
hypertriglyceridemia increases circulating levels of endo-
thelial cell microparticles. Circulation 110, 3599–3603.

80. Harrison M, Murphy RP, O’Connor PL, et al. (2009)
The endothelial microparticle response to a high fat meal
is not attenuated by prior exercise. Eur J Appl Physiol
106, 555–562.

81. Michelsen AE, Noto AT, Brodin E, et al. (2009) Elevated
levels of platelet microparticles in carotid atherosclerosis
and during the postprandial state. Thromb Res 123,
881–886.

Dietary fatty acids and vascular function 323

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n



82. Katz DL, Evans MA, Nawaz H, et al. (2005) Egg consump-
tion and endothelial function: a randomized controlled
crossover trial. Int J Cardiol 99, 65–70.

83. Njike V, Faridi Z, Dutta S, et al. (2010) Daily egg con-
sumption in hyperlipidemic adults-effects on endothelial
function and cardiovascular risk. Nutr J 9, 28.

84. Ruano J, Lopez-Miranda J, Fuentes F, et al. (2005) Phenolic
content of virgin olive oil improves ischemic reactive
hyperemia in hypercholesterolemic patients. J Am Coll
Cardiol 46, 1864–1868.

85. Sarabi M, Vessby B, Millgard J, et al. (2001) Endothelium-
dependent vasodilation is related to the fatty acid compo-
sition of serum lipids in healthy subjects. Atherosclerosis
156, 349–355.

86. Lind L, Sodergren E, Gustafsson IB, et al. (2002) The types
of circulating fatty acids influence vascular reactivity. Lipids
37, 1141–1145.

87. Steer P, Vessby B & Lind L (2003) Endothelial vasodilatory
function is related to the proportions of saturated fatty
acids and a-linolenic acid in young men, but not in
women. Eur J Clin Invest 33, 390–396.

88. Anderson SG, Sanders TA & Cruickshank JK (2009) Plasma
fatty acid composition as a predictor of arterial stiffness and
mortality. Hypertension 53, 839–845.

89. Ambring A, Friberg P, Axelsen M, et al. (2004) Effects of
a Mediterranean-inspired diet on blood lipids, vascular
function and oxidative stress in healthy subjects. Clin Sci
(Lond) 106, 519–525.

90. Rallidis LS, Lekakis J, Kolomvotsou A, et al. (2009) Close
adherence to a Mediterranean diet improves endothelial
function in subjects with abdominal obesity. Am J Clin
Nutr 90, 263–268.

91. Khan F, Elherik K, Bolton-Smith C, et al. (2003) The
effects of dietary fatty acid supplementation on endothelial
function and vascular tone in healthy subjects. Cardiovasc
Res 59, 955–962.

92. Goumas G, Tentolouris C, Tousoulis D, et al. (2001)
Therapeutic modification of the L-arginine-eNOS path-
way in cardiovascular diseases. Atherosclerosis 154,
255–267.

93. Ryan M, McInerney D, Owens D, et al. (2000) Dia-
betes and the Mediterranean diet: a beneficial effect
of oleic acid on insulin sensitivity, adipocyte glucose trans-
port and endothelium-dependent vasoreactivity. QJM 93,
85–91.

94. Raitakari OT, Lai N, Griffiths K, et al. (2000) Enhanced
peripheral vasodilation in humans after a fatty meal. J Am
Coll Cardiol 36, 417–422.

95. Vogel RA, Corretti MC & Plotnick GD (2000) The postpran-
dial effect of components of the Mediterranean diet on
endothelial function. J Am Coll Cardiol 36, 1455–1460.

96. Nicholls SJ, Lundman P, Harmer JA, et al. (2006) Consump-
tion of saturated fat impairs the anti-inflammatory proper-
ties of high-density lipoproteins and endothelial function.
J Am Coll Cardiol 48, 715–720.

97. Williams MJ, Sutherland WH, McCormick MP, et al. (2001)
Normal endothelial function after meals rich in olive or
safflower oil previously used for deep frying. Nutr Metab
Cardiovasc Dis 11, 147–152.

98. Berry SE, Tucker S, Banerji R, et al. (2008) Impaired
postprandial endothelial function depends on the type of
fat consumed by healthy men. J Nutr 138, 1910–1914.

99. Rueda-Clausen CF, Silva FA, Lindarte MA, et al. (2007)
Olive, soybean and palm oils intake have a similar acute
detrimental effect over the endothelial function in healthy
young subjects. Nutr Metab Cardiovasc Dis 17, 50–57.

100. Cortés B, Nunez I, Cofan M, et al. (2006) Acute effects
of high-fat meals enriched with walnuts or olive oil on
postprandial endothelial function. J Am Coll Cardiol 48,
1666–1671.

101. Tentolouris N, Arapostathi C, Perrea D, et al. (2008) Differ-
ential effects of two isoenergetic meals rich in saturated or
monounsaturated fat on endothelial function in subjects
with type 2 diabetes. Diabetes Care 31, 2276–2278.

102. West SG, Hecker KD, Mustad VA, et al. (2005) Acute effects
of monounsaturated fatty acids with and without omega-3
fatty acids on vascular reactivity in individuals with type 2
diabetes. Diabetologia 48, 113–122.

103. Mensink RP, Zock PL, Kester AD, et al. (2003) Effects
of dietary fatty acids and carbohydrates on the ratio of
serum total to HDL cholesterol and on serum lipids
and apolipoproteins: a meta-analysis of 60 controlled
trials. Am J Clin Nutr 77, 1146–1155.

104. Sutherland WHF, de Jong SA, Hessian PA, et al. (2010)
Ingestion of native and thermally oxidized polyunsaturated
fats acutely increases circulating numbers of endothelial
microparticles. Metabolism 59, 446–453.

105. Calder PC, Dangour AD, Diekman C, et al. (2010) Essential
fats for future health. Proceedings of the 9th Unilever
Nutrition Symposium, 26–27 May 2010. Eur J Clin Nutr
64, Suppl. 4, S1–S13.

106. de Roos NM, Bots ML, Siebelink E, et al. (2011)
Flow-mediated vasodilation is not impaired when
HDL-cholesterol is lowered by substituting carbohydrates
for monounsaturated fat. Br J Nutr 86, 181–188.

K. Vafeiadou et al.324

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n


