
A

T
r

d

b
(
u
r
p
o
b

©

K

R

p
à

i
p

u
f
a
a
m
e
m

1
h

Available  online  at

www.sciencedirect.com

Diabetes & Metabolism 39 (2013) 99–110

Review

Dietary patterns, inflammation and the metabolic syndrome

N. Ahluwalia a,∗, V.A. Andreeva a, E. Kesse-Guyot a, S. Hercberg a,b

a U557 Inserm, Faculty of Medicine, University Paris 13, 74, rue Marcel-Cachin, 93017 Bobigny, France
b Département de santé publique, Hôpital Avicenne, 93017 Bobigny, France

Received 30 December 2011; received in revised form 10 June 2012; accepted 16 August 2012

bstract

Aim.  –  The study of dietary patterns offers a comprehensive, real-life approach towards examining the complex diet and disease relationship.
he simultaneous association of dietary patterns with inflammation and the metabolic syndrome (MetS) has not been extensively reviewed. This

eport reviews the association of dietary patterns with inflammation in the context of the MetS.
Methods.  –  Original English-language research studies with humans were identified via  MEDLINE, using inflammation, MetS, whole diets and

ietary patterns as keywords. The findings were carefully examined and synthesized along consistent axes.
Results.  –  Many observational and a few prospective studies, as well as some randomized controlled trials (RCTs), support an inverse association

etween a Mediterranean dietary pattern and markers of inflammation. The link is generally independent of traditional cardiovascular disease
CVD) risk factors and weight loss. The few studies that have examined the association between following a healthy dietary pattern, evaluated
sing various diet quality scores, and inflammation report an inverse association; however, this association was attenuated upon adjusting for CVD
isk factors. A Mediterranean dietary pattern has also been associated with a reduced risk of the MetS in several cross-sectional studies and a few
rospective studies conducted with healthy people. Few RCTs (lasting 1–2 years) have confirmed the benefits of following a Mediterranean diet
n MetS risk in obese individuals, in those with the MetS or in those at CVD risk. The evidence, albeit limited, for a link between healthy diets
ased on other diet quality scores and the MetS supports a similar inverse association for the primary and secondary prevention of the MetS.
Conclusion.  –  Adhering to healthy diets such as the Mediterranean diet and/or national dietary guidelines can reduce inflammation and the MetS.

 2012 Published by Elsevier Masson SAS.
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ésumé

Comportements alimentaires, inflammation, et syndrome métabolique.
Objectif.  –  L’étude des comportements alimentaires constitue une approche globale et réaliste pour analyser les relations entre nutrition et

athologies. L’association des comportements alimentaires avec à la fois l’inflammation et le syndrome métabolique n’a pas été recensée en détail
 ce jour. Tel est l’objectif de cette revue.

Méthodes.  –  Les mots clés « inflammation, syndrome métabolique, alimentation globale et comportements alimentaires » ont été utilisés pour
dentifier dans Medline les articles pertinents en langue anglaise portant chez l’homme. Ils ont été soigneusement examinés et synthétisés en
lusieurs axes.

Résultats  et  conclusion.  –  De nombreuses études d’observation dont quelques études prospectives et essais contrôlés randomisés suggèrent

ne association inverse entre des typologies alimentaires de type méditerranéen et des marqueurs de l’inflammation. Ce lien est indépendant des
acteurs de risque cardiovasculaire (CV) et de la perte de poids. Quelques études ont trouvé une association inverse entre les comportements
limentaires favorables à la santé (évalués par différents scores de qualité nutritionnelle) et le statut inflammatoire, mais cette association est
tténuée après ajustement sur les facteurs de risque CV. Une alimentation de type méditerranéen a été également trouvée associée à une fréquence
oindre de syndrome métabolique dans plusieurs études transversales et quelques études prospectives réalisées chez des sujets sains. Quelques

éfice du modèle d’alimentation méditerranéen sur le risque de syndrome
ssais randomisés d’une durée d’un ou de deux ans confirment le bén

étabolique chez les sujets obèses, les patients à risque de syndrome métabolique ou de maladies CV. Globalement le lien entre alimentation saine
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évaluée par des scores de qualité nutritionnelle) et le risque de syndrome métabolique suggère une possibilité de prévention primaire et secondaire
u syndrome métabolique.

 2012 Publié par Elsevier Masson SAS.
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Traditionally, studies have focused on the relationship
etween food groups, specific foods and nutrients and health
nd risk of disease. These studies can offer specific mechanistic
nsights and serve as a basis for hypothesis validation, but they do
ot allow a comprehensive and realistic evaluation of the com-
lexity of the diet and disease relationship. Examination of diet
s a whole through analysis of dietary patterns represents a bur-
eoning field of research addressing the complex diet–disease
aradigm. A number of studies have addressed the role of dietary
atterns in cardiovascular disease (CVD), inflammation, and
he metabolic syndrome (MetS). The latter is a cluster of risk
actors (dysglycaemia, elevated blood pressure, dyslipidaemia
nd central adiposity) that has been shown to be predictive of
VD and diabetes [1–3]. A state of low-grade chronic inflam-
ation is associated with several metabolic abnormalities and

hronic diseases, and could serve as the link mediating diet and
hronic illness [4–6]. Although several reports have addressed
he association of dietary patterns with the MetS and with inflam-
ation separately, including recent reviews [7,8], few have

xamined the two related issues at the same time. Thus, the
resent review aims to synthesize findings on the relationship
f diet with inflammation as demonstrated in the context of the
etS.
Using MEDLINE, 479 papers were identified that described

tudies of an adult population published in English by search-
ng for inflammation and whole diets or dietary patterns as
ell as for the MetS (but not components of the MetS indi-
idually) and whole diets or dietary patterns. Abstracts of these
apers were then reviewed to include all studies that focused on

 priori/a  posteriori  dietary patterns (but not individual compo-
ents of diets) and those reporting on inflammatory markers such
s proinflammatory cytokines, including interleukin (IL)-1, IL-6
nd IL-18, tumour necrosis factor (TNF)-�  and C-reactive pro-
ein (CRP), adiponectin, and adhesion molecules such as soluble
ntercellular adhesion molecule (sICAM)-1 and soluble vascu-
ar cell adhesion molecule (sVCAM)-1. The present report is

 summary of the literature identified through this systematic
eview process along a consistent axis: review of studies on diet
nd inflammation; review of studies on diet and the MetS; and

 final synthesis section. More details are provided from key
eports of prospective studies and interventional trials offering
tronger proof of evidence.

. Dietary  patterns

Many studies have focused on the role of specific food groups,

nd individual foods and nutrients, to evaluate the diet–disease
ink. However, such research is subject to certain limitations
uch as the synergistic or interactive effects among nutrients,
onfounding by other dietary variables, multiple testing and
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nsufficient statistical power related to the small effect sizes
9–12]. For this reason, attention has been shifting to the study
f overall dietary or food patterns to assess the effect of a com-
ination of foods and nutrients on health and disease outcomes
9,10,12,13].

Dietary pattern research commonly relies on patterns derived
sing a priori  and a posteriori  methods [9,10,13]. The former is
ased on dietary indices and scores that are easier to understand
y the general public [14], and are used to assess adherence to
uch predefined dietary patterns in a given population. A  priori
pproaches also encompass evaluation of the study population’s
dherence to well-known diets such as the Mediterranean diet
15] and the prudent diets recommended by expert bodies, such
s the ‘Dietary Approaches to Stop Hypertension’ (DASH) [16]
nd the Healthy Eating Index (HEI) [17]. On the other hand, a
osteriori methods involve extracting patterns of habitual food
onsumption from the population under study, using statistical
ultidimensional analysis techniques such as factor or cluster

nalysis based on the dietary consumption data collected for
hat population [12,14,18]. Such patterns are population-specific
nd so have high internal validity, but limited generalizability.
or this reason, the relationship between dietary patterns and

nflammation and the MetS is reviewed here with an emphasis on
tudies using a  priori  indices of the Mediterranean diet, DASH
nd HEI to facilitate cross-population inferences.

.1. Dietary  indices

The Mediterranean diet is one of the most studied dietary
atterns in the context of the MetS and other diseases. It
s characteristic of countries around the Mediterranean basin.
he traditional Mediterranean diet relies on unrefined cereals,

egumes, nuts, fruit, vegetables, moderate/high consumption of
sh and yoghurt, low/moderate intakes of poultry, low intakes of
ed/processed meats and moderate consumption of wine, gener-
lly with meals [19]. Olive oil serves as the principal source of
at in this dietary pattern [15,20–23]. Adherence to the Mediter-
anean diet is typically assessed by scoring the consumption of
ts individual components [11,24]. Trichopoulou and colleagues
25] were the first to develop a Mediterranean diet score (MDS),
onsisting of eight dietary components typical of the Mediter-
anean diet, although recently, our group has published a revised
efinition of the original MDS incorporating an additional two
omponents: the consumption of refined grains and sweetened
everages [26]. Despite some heterogeneity, most studies use
he median intake of the study population as the cut-off point

or assigning a dichotomous score (0/1) for the consumption
f these individual components that contribute to an overall
core reflecting adherence to the Mediterranean diet [15,21,25].
cores obtained in this manner are highly population-specific.

tal - JCon April 15, 2016.
016. Elsevier Inc. All rights reserved.
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Another approach [22,27,28] is to give a score according to
he recommended frequency of intake defined by the Mediter-
anean Diet Pyramid [20,27]. The Mediterranean-Style Dietary
attern Score (MSDPS), for example, was developed specif-

cally for the US population to assess the conformity of an
ndividual’s diet to the traditional Mediterranean-style diet [28].
his score is based on the recommended intakes of 13 food
roups in the Mediterranean Diet Pyramid, and exceeding the
ecommendations results in a lower score in relation to the
egree of overconsumption. The sum of the component scores
s then standardized and weighted by the proportion of energy
onsumed from Mediterranean diet foods. Despite subsequent
evisions to the MDS, these various adaptations of the origi-
al MDS generally capture well the overall adherence to the
editerranean-style dietary pattern, although the need for a
ore precise and quantified definition of the pattern is recog-

ized [24].
The DASH diet was developed by the US National Heart,

ung, and Blood Institute (NHLBI). It is low in cholesterol and
n saturated and total fats, and it advocates an increased con-
umption of fruit, vegetables, whole grains, nuts, fat-free/low-fat
ilk and/or milk products, fish and poultry while discouraging

ntakes of red meat, sweets and sugar-containing beverages. The
ASH index is rich in magnesium, potassium, calcium, protein
nd fibre, and low in sodium [16].

The HEI, developed by the US Department of Agriculture
sing the Dietary Guidelines for Americans and the Food Guide
yramid, has the following ten components: fruit; vegetables;
rains; dairy; meats; cholesterol; fats; saturated fat; sodium; and
ietary variety. Each component is scored from 0 to 10 accord-
ng to the individual’s typical intakes, with a maximum possible
EI score of 100. The revised HEI (alternate HEI) places an

mphasis on healthier items in the Food Guide Pyramid [17],
uch as cereal fibre, protein sources, ratio of polyunsaturated to
aturated fats, cis vs  trans fats, moderate alcohol consumption
nd long-term multivitamin supplement use. In addition, adher-
nce to the eight dietary and health recommendations of the US
ational Academy of Sciences is reflected by the Diet Quality

ndex (DQI) and the revised DQI (DQI-R), which also includes
ron and calcium intakes [29]. Similar indices have been devel-
ped in other countries such as France, based on the guidelines
f the National Nutrition and Health Programme (Programme
ational Nutrition  Santé  [PNNS]). The PNNS score thus reflects
dherence to these general nutrition and health recommenda-
ions in France [30].

.  Dietary  patterns  and  low-grade  inflammation

Inflammation results from tissue injury or infection, and
 state of chronic low-grade inflammation has been associ-
ted with insulin resistance, diabetes, atherosclerosis, obesity,
he MetS and CVD [2,8,31–38]. The postulated mechanisms

nvolve increased levels of proinflammatory, and decreased lev-
ls of anti-inflammatory, adipokines and cytokines, thereby
reating a proinflammatory environment with an increase in
eactive oxygen and nitrogen species [8,39,40]. Over time, this

2

d
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roinflammatory state leads to several metabolic disturbances
nd the development of the MetS.

Because diet can have an impact on the balance between pro-
nd anti-inflammatory cytokines and adipokines, a state of low-
rade inflammation is also subject to the influence of a person’s
ietary habits [8]. A number of epidemiological studies world-
ide have documented a link between various dietary patterns

nd markers of inflammation. Much of this literature is based
n analysis of data from large-scale studies in the US, such as
he Nurses’ Health Studies (n  = 35,340 and n = 89,311 in its two
ycles) [41] and n  = 732 [42], the MESA study (n = 5089) [43]
nd the Carotid MRI Study, a subset of the Atherosclerosis Risk
n Communities (ARIC) study (n  = 1101) [44]. For the most part,
hese studies have shown that Western dietary patterns derived a
osteriori are positively associated with concentrations of CRP,
latelet glycoprotein IIb (CD41), platelet granulocyte aggre-
ates, E-selectin, sICAM-1 and sVCAM-1 [41–44]. In line
ith this, healthy patterns have also been associated with lower

nflammatory markers in studies in the US — namely, the MESA
tudy (n  = 5042 adults) [45] and the Health, Aging and Body
omposition (Health ABC) study, based on data from 1751 older
dults [46]. In the MESA study, a healthy dietary pattern
as inversely associated with concentrations of CRP, IL-6 and
brinogen whereas, in the Health ABC study, a “healthy foods”
luster characterized by higher intakes of low-fat dairy products,
ruit, whole grains, poultry, fish and vegetables was associated
ith lower IL-6 levels [46]. Elsewhere, studies of Iranian women

n = 486) also showed a positive association between adherence
o a Western diet and levels of serum amyloid A and IL-6 [47].
imilarly, in a study involving a Japanese population (n  = 7802),
dherence to diets rich in fruit, vegetables, soy products and
sh were inversely related to CRP levels [48]. A dietary pattern
haracterized by high consumption of whole-grain cereals and
ow-fat dairy products, and low consumption of refined cere-
ls, was positively associated with plasma adiponectin levels in
ealthy Greek women (n  = 220) [49]. In addition, a recent study
n Germany showed that a dietary pattern, derived by reduced
ank regression and characterized by high intakes of meat,
oft drinks and beer, and low intakes of several foods such as
egetables, fresh fruit, wholemeal bread and cereals, was
elated to higher levels of inflammatory markers in 981 middle-
ged adults in the MONICA/KORA Augsburg cohort; crude
pearman correlations were 0.27 and 0.33 for IL-6 and CRP,
espectively [50].

Thus, most of these cross-sectional studies support a positive
ssociation between a Western dietary pattern and inflamma-
ory markers as well as an inverse correlation between a healthy
ietary pattern and inflammation, with a few exceptions in spe-
ific population groups such as the Inupiat Eskimos in Alaska
n = 1214) [51]. However, more comparable ecological evidence
etween dietary patterns and inflammation can be seen in studies
ased on a priori  patterns (see below).
.1. Mediterranean  diet  and  inflammation

There is substantial and consistent evidence from epi-
emiological studies of an independent protective effect

 JCon April 15, 2016.
. Elsevier Inc. All rights reserved.
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f the Mediterranean diet on inflammatory and endothelial
ysfunction markers such as circulating IL-6, CRP, TNF-�,
diponectin, sICAM-1, sVCAM-1 and E-selectin based on
ndings from the Nurses’ Health Study (n  = 690) [21], ATTICA
n = 1514 men and 1528 women) [22] and the ATTICA
ubstudy (n  = 532 adults) [52], as well as from a study of
45 middle-aged twin pairs [23]. In these studies, adherence
o a Mediterranean diet was usually estimated via  the MDS
r the alternate MED score. Crossover studies [53,54], albeit
nly a few, of short duration and involving small samples of
oung adults (n  = 22 and n  = 20, respectively), further support
he evidence from observational studies demonstrating that,
n healthy individuals, the Mediterranean diet can reduce
he number of leucocytes and platelets as well as VCAM-1
nd E-selectin expression. In particular, a Swedish randomized
rossover trial [53] demonstrated lower inflammatory activity
hen randomized to a Mediterranean-type diet compared
ith a Swedish-type diet followed for a month; however,
one of the changes in CRP and IL-6 concentrations with
his intervention were significant, a finding that was partly
ttributed to the small study sample size (n  = 22). Finally,
n another clinical trial (pre-post study) of obese individuals
n = 41) followed for 8 weeks while on a low-calorie diet
ased on a Mediterranean dietary pattern to induce weight loss,
dherence to the diet was associated with significantly improved
nflammatory profiles in the participants (reduced IL-6 and
NF-�) independent of calorie restriction and weight loss [55].
lthough this study found interesting associations between

ollowing a Mediterranean diet pattern and reduced inflamma-
ory markers independent of weight loss, it lacked a control
roup.

The impact of the Mediterranean diet on inflammatory
arkers has been evaluated in a few well-designed random-

zed controlled trials (RCT) that have provided stronger proof
f evidence. Indeed, RCT involving individuals who have
he MetS, are obese or at high CVD risk have consistently
hown reductions in levels of inflammatory markers along with
n improvement in endothelial function following a Mediter-
anean diet [56–58]. Significant reductions in hsCRP, IL-6
nd IL-18 with increases in adiponectin concentrations were
bserved in premenopausal obese women (n  = 60) assigned to
utritionist-guided sessions (aimed at ≥  10% weight reduction
ith a low-calorie Mediterranean-style diet and increased phys-

cal activity) for 2 years compared with controls (n  = 60), who
eceived general information about healthy food choices and
xercise [56]. The favourable changes in cytokines in the inter-
ention group were correlated with weight loss; nevertheless,
he authors stated that “the magnitude and significance of the
eight-loss-induced difference in cytokines and CRP were sim-

lar” in both the intervention and control groups.
In another study by the same investigators, individuals with

he MetS (n  = 180) allocated to a Mediterranean-style diet
howed greater weight loss, lower levels of hsCRP, IL-6, IL-7

nd IL-18, and improved endothelial function after 2 years com-
ared with the controls [57]. The effect of a Mediterranean diet
n inflammatory markers persisted even after controlling for
eight loss in this study, suggesting that the anti-inflammatory
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ffect of the Mediterranean diet is mediated by several mecha-
isms besides weight loss.

In addition, findings from the PREDIMED (Prevención  con
ieta Mediterránea; Prevention with the Mediterranean Diet)
tudy, involving participants at high CVD risk (n = 772) followed
or 3 months, demonstrated that those assigned to a Mediter-
anean diet supplemented with olive oil had lower hsCRP levels
han those assigned to a Mediterranean diet supplemented with
uts or a low-fat diet [5,58]. Body weight and adiposity measures
ere slightly reduced in the three study groups, although no
etween-group differences were noted [58]. This suggests that
hanges in body weight or adiposity did not explain the reduction
n hsCRP level following the Mediterranean diet supplemented
ith virgin olive oil. Furthermore, a recent meta-analysis
f interventional trials involving overweight/obese individuals
eported that, after 2 years of follow-up, those assigned to a

editerranean diet had more favourable changes in weighted
ean differences for cardiovascular risk factors and hs-CRP

–1.0 mg/L; 95% CI: –1.5 to –0.5 mg/L) [59].
Along these lines, in a substudy of the PREDIMED trial

nvolving 106 high-risk subjects, intervention with Mediter-
anean diets (supplemented with either virgin olive oil or nuts)
or 3 months was effective in reducing serum IL-6 and sICAM-1
s well as in downregulating cellular inflammatory markers
elated to atherogenesis, particularly the proinflammatory ligand
CD40) and CD49d (crucial for leucocyte homing). The groups
id not differ in body mass index (BMI) at baseline and adiposity
easures remained essentially unchanged post-intervention [5].

 recent report from the same authors affirms that intervention
ith these Mediterranean diets modulated the expression of key
enes involved in vascular inflammation, foam-cell formation
nd thrombosis in a population at high-risk for CVD (n  = 49) and,
s seen in previous reports from this trial, the weight changes
cross interventions did not differ [60].

Overall, the literature suggests that the effect of a Mediter-
anean diet might be stronger in people at risk for CVD
han in healthy individuals who exhibit low levels of vascular
nflammation and in whom the cardioprotective effects of the

editerranean diet may be less evident [53,54].

.2. Other  diet  quality  scores  and  inflammation

Links between diet quality indices and markers of low-
rade inflammation have also been examined in epidemiological
tudies carried out in the US and Belgium. These studies
djusted for BMI [21,61,62] and waist circumference [63] in
heir multivariate analysis models. Specifically, the alternate HEI
iet was shown to be protective against inflammation (higher
diponectin, and lower CRP and E-selectin concentrations) in
he Nurses’ Health Study (n  = 1922) [61]. In an initial report from
his study (n  = 690), evidence for a negative association among
everal diet quality scores (HEI, alternate HEI, DQI-R) and var-
ous markers of low-grade inflammation, such as CRP, IL-6,

-selectin and sICAM-1, was noted [21]. However, the authors
lso observed heterogeneity in the predictive potential of the
arious diet quality indices, with stronger effects noted for the
lternate HEI, and non-significant effects noted for the HEI and

tal - JCon April 15, 2016.
016. Elsevier Inc. All rights reserved.
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QI-R. It is therefore possible that the alternate HEI and MED
core capture somewhat different dietary patterns. An indepen-
ent negative correlation between the HEI and CRP levels was
bserved among participants in the Third National Health and
utrition Examination Survey (NHANES III; n  = 13,811) in the
S, although this association was significant only in women

62].
A recent Belgian epidemiological study involving 2524

iddle-aged adults showed that a dietary index considering
ietary quality, diversity and equilibrium was inversely asso-
iated with leucocyte counts and IL-6 concentrations [63].
owever, not all cross-sectional studies have reported signifi-

ant findings possibly because the inverse associations between
QI and inflammatory markers could be mediated by obe-

ity, as shown in the study by Boynton et al. [64] of 110
verweight/obese postmenopausal women. The associations
bserved between DQI and inflammatory markers (CRP and
erum amyloid A) became non-significant upon adjusting for
ercent body fat. On the other hand, in a recent report of the
esults of a randomized crossover clinical trial, 31 type 2 diabetes
atients followed a control diet or the DASH diet for 8 weeks,
ith the result that hs-CRP and fibrinogen levels decreased

ignificantly following the DASH diet, an effect that was main-
ained despite controlling for weight loss [65].

In another recent interventional study, 187 men aged 41–50
ears (50% of whom had the MetS) were randomly assigned
o a diet protocol, an exercise protocol, a protocol of diet plus
xercise or a control protocol [66]. The diet protocol was consis-
ent with an individualized target weight loss of 0.5–2 kg/month
n the most overweight participants, and recommended an
ncreased consumption of fish and fish products, vegetables and
bre-rich products as well as a reduction in sugar and saturated
at intakes. An a  priori  diet score was determined by summing
p the tertile rankings of 35 food-group variables (considered
o have beneficial, neutral or adverse effects on health), with a
igher score indicating greater adherence to recommendations.
lthough adiponectin levels increased in the dietary interven-

ion groups (and correlated with an increase in diet score), this
ffect became statistically non-significant when intervention and
ercent body fat were also considered in statistical models. The
uthors speculated that the lack of association between improved
iet score and inflammatory markers in this study may have been
ue to the fact that the subjects were relatively healthy and had
o overt CVD, and inflammatory markers might be more related
o a healthy diet in people with atherosclerotic disease who are

ore likely to have greater activation of these pathways [66].
It is important to assess, considering the bulk of the litera-

ure reviewed above, whether the effect of dietary patterns on
nflammatory indices simply reflects their association with obe-
ity/body fat percentages or is in addition to this well-accepted
ssociation [8,56,67]. Of the cross-sectional studies described
bove, almost all — with the exception of the dietary patterns
erived by reduced rank regression using inflammatory mark-

rs as response variables [43,50] — were adjusted for some
easure of obesity/body fat (BMI, waist-to-hip ratio, waist cir-

umference or percent body fat) in multivariate models. In a few
tudies, the associations between dietary pattern/diet score and
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nflammation were attenuated after adjusting for obesity
23,53,64]; however, for the rest of the studies reviewed
bove, greater adherence to ‘healthy’ diets (dietary patterns or
ther dietary indices) was significantly associated with reduced
nflammatory markers despite adjusting for obesity/body fat.
n addition, in the few prospective or interventional studies
here weight loss was recorded, either weight change did
ot differ across interventions, as seen notably in the PRED-
MED study [5,58,60] or, despite controlling for weight loss
n the adjusted models, intervention with a Mediterranean diet
ndependently reduced inflammatory markers [57]. Considered
ltogether, these findings suggest that the effect of healthy
ietary patterns is partly mediated by associated weight loss,
ut also related to other effects, such as less oxidative stress
nd inflammation via  the diet itself and/or the nutrients and
ood components present in such diets. Also, the healthy dietary
atterns and indices discussed above share a common empha-
is on plant-based foods (and so are rich in fibre, antioxidants
nd polyphenols), with avoidance of highly processed, energy-
ense foods. Polyphenols, for example, have been shown to
rotect against the postprandial dysmetabolism associated with
n increase in CRP levels [68,69].

.  Dietary  patterns  and  the  metabolic  syndrome

The MetS is a cluster of risk factors for CVD and type 2
iabetes, including dysglycaemia, elevated blood pressure, dys-
ipidaemia (high triglyceride and low high-density lipoprotein
HDL] cholesterol levels) and obesity, particularly central adi-
osity. The first definition of the MetS, proposed in 1998 by a
onsultation group working on a definition of diabetes for the
orld Health Organization (WHO), required evidence of insulin

esistance in conjunction with other metabolic manifestations
70]. Since then several other definitions have been proposed
ver the past decade (Table 1) and have been commonly used
1,71,72]. The National Cholesterol Education Program Adult
reatment Panel Third Report (NCEP-ATP III) does not require

he presence of insulin resistance per  se, but three out of five
isk factors instead (Table 1) to establish the presence of the

etS [71]. The American Heart Association (AHA)/NHLBI
efinition is similar to the NCEP-ATP III definition except for
lightly different cut-off points for hyperglycaemia, and consid-
rs the metabolic conditions as abnormal if a person is taking
edications for these disorders [72]. The International Diabetes
ederation (IDF) definition [1] differs from the AHA/NHLBI
ecommendation in terms of waist circumference (WC) in two
ays. First, the cut-offs for WC in the IDF recommendation

re ethnicity-specific and lower for those of European ori-
in (Europids). More important, the IDF definition requires
bdominal adiposity (which is highly correlated with insulin
esistance) as a mandatory criterion in the presence of two other
isk factors (essentially the same four remaining factors as in
he AHA/NHLBI definition). Recently, the Joint Interim State-
ent (JIS) by representatives of the IDF, AHA/NHLBI, other
rominent international associations of obesity and atheroscle-
osis, and the World Heart Federation was released to resolve
ifferences in the various definitions of the MetS and to pro-
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Table 1
Summary of commonly used definitions of the metabolic syndrome.

NCEP-ATP III, 2001 AHA/NHLBI, 2005 IDF, 2005 JIS, 2009

Required criteria Presence of three or
more criteria

Presence of three or more
criteria

MANDATORY presence of
increased waist circumference (WC)
using ethnicity-specific cutoffsa:
≥ 94 cm (Europid men) or ≥ 80 cm
(Europid women) PLUS presence of
two or more criteria

Presence of three or more criteria

Abdominal obesity WC ≥ 102 cm (men)
and ≥ 88 cm (women)

WCb ≥ 102 cm (men) and
≥ 88 cm (women)

Population- and country-specific
definitions:
WC ≥ 94 cm (Europid men) and
≥ 80 cm (Europid women)c;
lower cut-offs for Asians (≥ 90
and ≥ 80 cm for men and women,
respectively)

Elevated fasting glucose ≥ 110 mg/dL
(6.1 mmol/L)

≥ 100 mg/dL (5.6 mmol/L)
OR drug treatment for this
disorder

≥ 100 mg/dL (5.6 mmol/L) OR
previously diagnosed type 2 diabetes

≥ 100 mg/dL (5.6 mmol/L) OR
drug treatment for this disorder

Reduced HDL cholesterol < 40 mg/dL
(1.0 mmol/L) in
men, < 50 mg/dL
(1.3 mmol/L) in
women

< 40 mg/dL (1.0 mmol/L) in
men, < 50 mg/dL
(1.3 mmol/L) in women OR
drug treatment for this
disorder

< 40 mg/dL (1.0 mmol/L) in
men, < 50 mg/dL (1.3 mmol/L) in
women OR drug treatment for this
disorder

< 40 mg/dL (1.0 mmol/L) in
men, < 50 mg/dL (1.3 mmol/L) in
women OR drug treatment for
this disorder

Elevated triglycerides ≥ 150 mg/dL
(1.7 mmol/L)

≥ 150 mg/dL (1.7 mmol/L)
OR drug treatment for this
disorder

≥ 150 mg/dL (1.7 mmol/L) OR drug
treatment for this disorder

≥ 150 mg/dL (1.7 mmol/L) OR
drug treatment for this disorder

Elevated blood pressure Systolic ≥ 130 mmHg,
diastolic ≥ 85 mmHg

Systolic ≥ 130 mmHg,
diastolic ≥ 85 mmHg OR
drug treatment for this
disorder

Systolic ≥ 130 mmHg,
diastolic ≥ 85 mmHg OR drug
treatment for this disorder

Systolic ≥ 130 mmHg,
diastolic ≥ 85 mmHg OR drug
treatment for this disorder

a BMI > 30 kg/m2 assumes central adiposity, so WC need not be measured.
b Lower WC cut-offs (≥ 90 cm for men; ≥ 80 cm for women) are more appropriate for Asian Americans.
c m and
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Recommended to also present results using higher thresholds of ≥ 102 c
omparisons.

ose a unified recommendation for international use [3]. The JIS
riteria consider abdominal obesity as one of the five criteria, so
he presence of three out of five risk factors comprises a diag-
osis of the MetS; nevertheless, the use of population/ethnicity
nd gender-specific WC cut-offs, with notably lower cut-offs for
ndividuals of Asian descent, is also recommended [3].

The MetS is associated with diabetes, atherosclerosis and
VD [2,72–75]. Individuals with the MetS are at higher risk for
oronary heart disease (CHD) events [76,77] as well as increased
VD mortality [73,77] and increased all-cause mortality [73].
ore important, with the growing prevalence of obesity and

edentary lifestyles, the prevalence of the MetS is also increas-
ng worldwide [78]. For this reason, identification of lifestyle
actors that have an impact on the cluster of MetS components
ndividually and, more significantly, on the MetS itself is of
ajor importance.
Williams et al. [79] were among the first to report on the

ssociation of dietary patterns derived using a posteriori  meth-
ds with the MetS. In their cross-sectional study of middle-aged
ubjects (n  = 802) selected randomly from a population-based

ampling frame (Isle of Ely Study), the healthy balanced dietary
attern identified in the study was negatively associated with
everal components of the MetS. In a cross-sectional study of

a
l
s
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 ≥ 88 cm for Europid men and women, respectively, to allow international

86 middle-aged Tehrani female teachers, Esmaillzadeh and col-
eagues [80] identified three dietary patterns by factor analysis.
fter controlling for potential confounders, adherence to the
ealthy pattern was associated with lowered odds ratios for
he MetS (OR = 0.61; 95% CI: 0.30–0.79). Similarly, greater
dherence to a Western dietary pattern (women in the highest
uintile) had 68% greater chances of developing the MetS than
omen in the lowest quintile. An “empty-calorie pattern”, char-

cterized by high intakes of total fat, calories and sweetened
everages, and low intakes of dietary fibre and vegetables, has
lso been related to increased odds of having the MetS in 1615
omen from the Framingham Offspring/Spouse Study [81]. A
ositive association between a Western/’modern’ dietary pattern
nd MetS prevalence was also noted in older Mexican adults in

 health-workers cohort study (n  = 5240) [82] and in Samoan
dults (n  = 785) [83]. In other cross-sectional studies involving
pecific populations, such as Korean adult women (n = 1984) and
oung adults from a semirural US community (Bogalusa Heart
tudy, n = 995), no association was found between a Western
ietary pattern and MetS prevalence [84,85], although an inverse

ssociation between a healthy dietary pattern and MetS preva-
ence was noted in these studies. Accordingly, in the ATTICA
tudy (1514 men and 1528 women), greater adherence to a

tal - JCon April 15, 2016.
016. Elsevier Inc. All rights reserved.
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rudent/healthy dietary pattern was associated with a reduced
etS prevalence [86] and, in the Adventist Health Study-2

n = 773; mean age: 60 years), a vegetarian dietary pattern was
egatively associated with the MetS compared with a non-
egetarian dietary pattern after controlling for relevant CVD
isk factors as well as dietary caloric intake [87]. However, sim-
lar to the relationship between a Western dietary pattern and the

etS, different findings between a healthy dietary pattern and
he MetS have been noted in specific population groups, ranging
rom no association in Mexican adults [82] to a positive asso-
iation between a traditional rice-and-bean dietary pattern and
etS prevalence in older Puerto Rican adults (n  = 1167) living

n Massachusetts in the US [88].
Nevertheless, an analysis of a prospective association

etween dietary patterns and MetS incidence over 9 years of
ollow-up in the ARIC study, involving 9514 participants (age:
5–64 years), showed that the consumption of a Western diet
as significantly associated with an increased risk of the MetS.
ubjects in the uppermost quintile of adherence to the West-
rn dietary pattern had an 18% greater risk of developing the
etS vs  those in the lowest quintile. Also, contrary to other find-

ngs from cross-sectional studies, no prospective association was
oted between a prudent diet and MetS incidence in this study,
hich may have been partly related to the limited discrimination

n the 66-item food frequency questionnaire (FFQ) for certain
ealthy foods such as whole grains and nuts [89]. Furthermore,
t is important to note that there is limited information available
n a posteriori  dietary patterns and MetS risk from prospec-
ive studies. Overall, the bulk of studies conducted in various
ountries have linked dietary patterns with the MetS: a Western
ietary pattern was positively associated and a healthy dietary
attern was negatively associated with the MetS in several stud-
es, with some variations across age and countries. However,
hese so-called a  posteriori  patterns are country-specific and
herefore not easily comparable. For this reason, the following
ection reviews in greater depth the studies focusing on the a  pri-
ri diets and dietary scores that have been applied across nations
o evaluate diet quality and its relationship to the MetS.

.1. The  Mediterranean  diet  and  the  MetS

The Mediterranean diet has been shown to have a beneficial
ffect on all components of the MetS, as described in a recent
eta-analysis [7]. Of the few previous cross-sectional studies

n Mediterranean populations, two studies conducted in individ-
als at low risk of CVD (aged > 18 years; n  = 578 and n  = 714,
espectively) showed no association between a Mediterranean-
tyle dietary pattern and the MetS [90,91]. In the latter study of
aval recruits in Greece, the lack of any association was specu-
ated to be related to poor adherence to the Mediterranean diet
91]. However, in another larger study of a randomly selected
ample of 1128 men and 1154 women (aged > 18 years) residing
n the greater Athens area, adherence to the dietary pattern was

ssociated with 20% lower odds of having MetS (OR: 0.81; 95%
I: 0.68–0.98) after accounting for sociodemographic, physical
ctivity and CVD risk factors [92]. Similarly, greater adherence
o a Mediterranean diet in individuals at high CVD risk (n  = 808)

d
o
b

Downloaded from ClinicalKey.com at Inova Fairfax Hospital -
For personal use only. No other uses without permission. Copyright ©2016
etabolism 39 (2013) 99–110 105

93] and in those who are overweight/obese (n  = 226) [94] has
een associated with lower odds of having the MetS.

Prospective studies conducted in the US and in Mediter-
anean populations confirm an inverse relationship between a

editerranean-style dietary pattern and MetS incidence. In an
nalysis of data from 2563 Spanish university graduates from
he Seguimiento University of Navarra (SUN, University of
avarra) cohort followed for 6 years, Tortosa et al. [95] reported

hat participants with the highest adherence to the Mediterranean
ood pattern had a significantly lower cumulative incidence of
he MetS (0.8%) compared with those with the lowest adher-
nce (2.6%). In the Framingham Heart Study Offspring Cohort
baseline median age: 54 years; mean follow-up time: 7 years;

 = 2730), participants in the highest quintile of MSDPS had a
ower (30.1%) incidence of the MetS than those in the lowest
uintile (38.5%) [28]. Recently, our group has reported similar
ndings among middle-aged French adults (n  = 3232) showing

 reduced prospective risk of the MetS with greater adherence to
he Mediterranean diet, as evaluated by the original MDS score
nd revised MED score incorporating refined grains and sweet-
ned beverage consumption [96], thus supporting an association
etween the Mediterranean-style dietary pattern and the MetS
hat is consistent across different populations.

In addition, strong and consistent evidence in this regard has
een provided by two RCTs, one involving participants with
he MetS in Italy (n  = 180) [57] and the other involving subjects
t high risk for CVD (n  = 1224) in the Spanish PREDIMED
tudy [97]. In the RCT by Esposito and colleagues (described
bove), at the end of the 2-year intervention (involving instruc-
ions to increase daily intakes of whole grains, fruit, nuts and
live oil), the prevalence of the MetS was reduced by ∼50%,
espite adjusting for weight changes, in the group following a
editerranean diet compared with the group following a cardio-

rotective diet with a fat intake < 30%. The PREDIMED study
ssessed the effects of two high-fat Mediterranean diets (one
upplemented with virgin olive oil, the other with mixed nuts) vs

 control diet (advice on a low-fat diet) consumed ad  libitum  on
he MetS after 1 year. At baseline, 61% of the participants had the

etS. Both Mediterranean-diet groups improved significantly
n their post-intervention Med Diet scores; at the same time,
he prevalence of the MetS was reduced in both these groups
compared with controls). However, the reduced MetS preva-
ence was significant only in the Mediterranean-diet group that
onsumed an additional daily serving of nuts (30 g/day at the
nd of study vs  12 g/day at baseline). The beneficial effect of
his diet in reducing the prevalence of the MetS at the end of the
tudy was due to higher rates of MetS reversal among partici-
ants with the condition at baseline, and not because of reduced
etS incidence. Specifically, after adjusting for gender, age,

aseline obesity status and weight changes, the ORs for MetS
eversal were 1.3 (95% CI: 0.8–2.1) and 1.7 (1.1–2.6) for the

editerranean diet supplemented with virgin olive oil and nuts,
espectively, compared with the control diet.
Taken together, the findings of these two clinical studies
emonstrate the usefulness of a Mediterranean diet for sec-
ndary prevention in high-risk populations. However, it should
e noted that both these interventional studies were relatively
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hort in duration, so the longer-term effects of this dietary pat-
ern need to be established in future trials, and particularly in
on-Mediterranean regions, to extend these exciting findings to
ther populations.

.2. Other  diet  quality  scores  and  the  MetS

As only limited information is available on the association
f diet quality scores with the MetS as an entity, the following
escription also includes a recent study of adolescents. In this
arge study of adolescents (n  = 4450) based on the 4-year com-
ined data from NHANES 1999–2002, 3.5% of US adolescents
ad the MetS (age-specific cut-offs using > 90th percentiles for
ertain risk factors and clinical cut-offs whenever available)
98]. The prevalence of the MetS decreased with increments of
verall HEI score quartiles. In addition, two recent large-scale
ross-sectional studies showed an inverse association between
n index that evaluated adherence to the 2005 Dietary Guidelines
or Americans (DGAI) and MetS prevalence. The Tehran Lipid
nd Glucose Study involved a random sample of 1120 men and
384 women [99], and showed that being in the highest quar-
ile category of DGAI score was significantly associated with

 reduced prevalence of the MetS (by 21%) after adjusting for
otential confounders.

Although a similar result was seen in a study of 3177 par-
icipants from the Framingham Heart Study Offspring Cohort,
he association was marginally significant overall, but stronger
nd statistically significant in younger people (aged < 55 years)
nd in those not taking medications for any of the associated
isk factors [100]. In one prospective study recently reported
y our group, there was an inverse association between the
rench PNNS guidelines score (PNNS-GS) and MetS risk in
iddle-aged adults (n  = 2763) over a 7-year follow-up [30].

n multivariate models, each unit increase in the PNNS-GS
core was associated with a 9% lower risk for developing the
etS (OR: 0.91; 95% CI: 0.83–1.00). The association was even

tronger for the risk of developing severe MetS with larger waist
ircumference and having more than two MetS components
OR: 0.76; 95% CI: 0.63–0.91). After adjusting for baseline
MI and changes in BMI over the follow-up, this association

emained significant for severe MetS. Taken together, the bulk of
he literature on dietary scores and the MetS support an inverse
ssociation, with variations in the strength of the association in
elation to age and health status.

Few studies have examined the role of healthy diets in the
econdary prevention of the MetS although, recently, Akbaraly
t al. [101] reported on the impact of adherence to the alternate
EI on reversal of the MetS (no MetS after the 5-year follow-
p) in middle-aged participants (n  = 339) from the Whitehall
I study. After adjusting for potential confounders, adherence
o dietary guidelines for healthy eating was associated with
ncreased odds of MetS reversal (OR: 1.88; 95% CI: 1.04–3.41).
his association was stronger in participants with central obe-

ity and with high triglycerides, indicating the possibility of
reater benefit with adhering to the HEI in these subgroups.
he importance of healthy dietary patterns on the MetS and

ts components has also been confirmed in an RCT involving

r
m
t
i
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eople (n  = 116) with the MetS [102]. Subjects were randomized
o follow one of three diets for 6 months: a control diet; a weight-
educing diet emphasizing healthy choices; and the DASH diet,
ith fewer calories and greater consumption of fruit, vegeta-
les, low-fat dairy and whole grains, and lower consumption of
aturated fat, total fat and cholesterol, with sodium restricted to
400 mg. Those following the latter two diets reduced their calo-
ie intakes (by 500 Kcal/day), and lost 16 kg and 15 kg of body
eight, respectively, at the end of the study. The prevalence of

he MetS was also reduced significantly in the DASH diet group
s the weight-reduction and control diets; at post-intervention,
revalence of the MetS was 65% in the DASH diet group com-
ared with 81% in the weight-reducing group and 100% in the
ontrol group. Although the improvement in MetS prevalence
as related to weight reduction, the greater benefit of MetS

eduction in the DASH diet group again suggests that mecha-
isms other than weight reduction are also involved. The authors
n this case underscored the fact that the DASH diet is rich in
ow-fat dairy foods, rich in calcium and potassium, and low in
odium (compared with the Mediterranean diet). These factors,
long with the high levels of flavonols, flavanones, carotenoids
nd phytosterols in the DASH diet [102,103] could be improv-
ng antioxidant capacity and reducing oxidative stress, thereby
ontributing to greater benefit in terms of MetS reduction.

. Conclusion  and  future  needs

MetS prevalence is increasing worldwide with increasing
besity, sedentary behaviours and population ageing. The aeti-
logy of the MetS involves a complex interaction of genetic,
etabolic and environmental factors, including dietary habits.
t present, there is no consensus on the most appropriate dietary

ecommendations for the prevention and treatment of the MetS
104], although various diets are recommended for each of its
omponents.

Over the past decade, research has focused on dietary pat-
erns, inflammation and the MetS, and the available evidence,
ased on several observational studies in adults, generally sup-
orts a negative association between the MetS and several a
riori indices and dietary patterns consistent with healthy eating,
uch as the Mediterranean dietary pattern and food/nutrition-
ased guidelines such as the DASH and HEI in the US, and
he PNNS guidelines in France. In fact, many of these a  priori
ndices share several commonalities despite certain specifici-
ies. Thus, it is not surprising that, for most of these a priori
ietary scoring systems and patterns, a consistent negative asso-
iation has been observed with the MetS across several countries.
his is also true for several markers of inflammation, including
roinflammatory cytokines, adhesion molecules and markers
f endothelial dysfunction. In addition, evidence from well-
esigned interventional studies in Mediterranean countries in
ubjects with the MetS or at risk for CVD have shown benefits
ith following a healthy dietary pattern, such as the Mediter-
anean diet, not only on markers of inflammation, adhesion
olecules and endothelial dysfunction [5,56–58], but also on

he MetS and its individual components [57,97,102]. Evidence
n the literature supports the idea that healthy diets reduce

tal - JCon April 15, 2016.
016. Elsevier Inc. All rights reserved.
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nflammation and the MetS through their association with weight
ontrol, among other mechanisms. For the most part, studies
djusting for obesity/body fat as well as weight changes (in
CTs) also show that greater adherence to healthy diets is asso-
iated with reduced inflammation and reduced MetS incidence,
ndependent of obesity. Furthermore, recent studies have demon-
trated that the effect of the Mediterranean diet on components
f the MetS and CVD may be mediated by the modulation of
everal genes involved in inflammation, foam-cell formation and
hrombosis [60].

Unhealthy diets promote a proinflammatory milieu marked
y higher levels of cytokines (IL-1, IL-6, TNF-�) and CRP, and
ower concentrations of circulating adiponectin. A prolonged
roinflammatory state could induce insulin resistance, dyslip-
daemia and endothelial dysfunction [5,33,39], leading to the

etS and its associated complications, including type 2 diabetes
nd CVD.

Nevertheless, the findings of our present review offer a posi-
ive message for public action that involves improved adherence
o healthy diets, such as the Mediterranean dietary pattern, and/or
ollowing national dietary guidelines to obtain potential ben-
fits in terms of reduced inflammation and MetS incidence.
urther prospective studies examining dietary patterns, inflam-
ation and the MetS all at the same time would strengthen these

resent findings, particularly from the primary prevention per-
pective. In addition, it would be of interest to concomitantly
xamine various dietary scores in the same cohort to delineate
pproaches that are more strongly associated with the MetS. As
or secondary prevention of the MetS, although the literature is
imited, the few prospective studies and interventional trials that
ave been conducted in individuals with MetS clearly demon-
trate the benefits of following healthy dietary patterns like the

editerranean diet and those based on dietary guidelines (such
s the HEI). Advocating healthier eating patterns consistent with
ietary guidelines and a Mediterranean-style diet would also
e consistent with reducing inflammation and the MetS while
mproving overall health.
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