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Abstract

The prevalence of obesity has grown to an alarming level of at least 300 million people worldwide. Additionally, a diabetes epidemic is
underway, with an estimate of 217 million people with diabetes worldwide. There are many links between excessive body weight and type 2
diabetes, and one common and fundamental cause of both epidemics is an unhealthy diet. Research to identify and promote diets that protect
individuals from obesity and type 2 diabetes is urgently needed. The Mediterranean diet, a concept developed in the 1950s, refers to dietary
habits of individuals from the Mediterranean basin. The Mediterranean diet is an eating pattern that successfully combines pleasant taste and
positive health effects. The Mediterranean diet does not stand for a homogenous and exclusive model among the Mediterranean basin
population but rather represents a set of healthy dietary habits, including high consumption of vegetables and fresh fruits and the use of olive
oil as the main source of fat. Evidence from epidemiological studies supports a protective effect of this dietary pattern on weight gain and the
development of type 2 diabetes. Several mechanistic explanations link characteristic components of the Mediterranean diet with obesity and
type 2 diabetes. This review will discuss potential mechanisms by which the Mediterranean diet protects individuals from both diseases.
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1. Introduction

The worldwide obesity epidemic seems to be unstoppa-
ble in spite of considerable efforts that have been made to
combat this disease [1]. At present, more than 300 million
people worldwide are obese [body mass index (BMI) of
30 kg/m* or higher]. The prevalence of obesity steadily
increased over the past four decades in the United States [2],
from around 13% to 30% or nearly one third of American
adults. In many European countries, a similar trend can be
observed, although the absolute level of obesity prevalence
has not yet reached the U.S. level [3-9].

The increasing trend in obesity is accompanied by a
growing incidence of diabetes [10,11]. Long considered a
disease of minor significance, in the 21st century, diabetes is
one of the main threats to human health [12]. Type 2
diabetes, formerly called non-insulin-dependent diabetes
mellitus or adult-onset diabetes, accounts for most cases of
diabetes worldwide. In 2000, an estimated 150 million
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individuals worldwide are suffering from diabetes; this count
is likely to double by 2025 [13]. The close relationship
between obesity and diabetes has led to the adoption of the
term diabesity [14].

The fact that the incidence of obesity and type 2
diabetes has so recently and drastically increased points to
changes in lifestyle. The loss of traditional dietary habits,
increasing consumption of energy-dense foods and increas-
ing portion sizes, together with less physical activity at
work and/or during leisure time, are strongly associated
with the explosive increase of these diseases. However,
lifestyle factors such as diet and physical activity are
modifiable and disease manifestation from these factors is
largely preventable.

During the last few years, a great effort has been made to
examine the relationship between health and overall diet.
Pattern analysis examines the effects of diet rather than
focusing on individual nutrients or foods. Conceptually,
dietary patterns represent a broader picture of food and
nutrient consumption and may therefore be more predictive
of disease risk. Epidemiological evidence suggests that
several dietary patterns have been favorably associated with
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the prevention of obesity and type 2 diabetes [15-18]. A
common characteristic of these dietary patterns is their
abundant plant food content.

The Mediterranean diet was first described in the 1960s
by Angel Keys, based on his observation of food habits of
some populations in the Mediterranean region [19]. The
Mediterranean diet observed by Keys was based on a large
variety of foods, mostly of vegetable (and not of animal)
origin. This dietary pattern, however, varies among regions
of the Mediterranean basin. The whole fat content, for
example, may vary from less than 30% to about 40%.
Nevertheless, a high consumption of foods of vegetable
origin, such as fruits, vegetables, legumes, nuts, cereals
and olive oil, and, on the other hand, a low consumption
of meat and sausages could be considered important
characteristics of this dietary pattern. Although the
Mediterranean diet has long been celebrated for its impact
on cardiovascular health [20], mounting epidemiological
evidence indicates a favorable effect on obesity and
diabetes [21-27] as well. However, there is little dis-
cussion in the literature that explains these healthy effects
of the Mediterranean diet, particularly for obesity. There-
fore, the objective of the present review was to discuss
potential mechanisms by which the Mediterranean diet
prevents obesity and diabetes.

2. Epidemiological evidence of the preventive role of the
Mediterranean diet on obesity and type 2 diabetes

Few epidemiological studies have addressed the question
of whether the Mediterranean diet produces favorable
effects in preventing obesity and diabetes. Recently, we
reported an inverse association of BMI and the Mediterra-
nean diet in a representative Mediterranean Spanish
population [23]. Furthermore, we found a reduced risk of
being obese with higher adherence to the Mediterranean diet
pattern. Interestingly, this was independent of whether olive
oil is included in the Mediterranean diet or not. However,
Trichopoulou et al. [22] observed no essential relationship
between adherence to the Mediterranean diet and BMI in a
large general Greek population sample. Furthermore, a
longitudinal analysis of Spanish men and women showed
that subjects with a high adherence to the Mediterranean
diet have lower crude increments of weight during 2 years
of follow-up [21].

Following a Mediterranean-style diet in a randomized
intervention trial over 54 months improved endothelial
function and significantly reduced waist circumference,
plasma glucose, serum insulin and homeostasis model
assessment (HOMA) score in metabolic syndrome patients
[25]. Toobert et al. [26] examined in a randomized clinical
trial the effectiveness of a Mediterranean lifestyle program
(low-saturated-fat diet, stress management training, exercise
and group support, together with smoking cessation) in
reducing cardiovascular risk factors in postmenopausal
women with type 2 diabetes. They found greater improve-

ments in HbA., BMI and lipid profile in the intervention
group as compared with the control group. A recently
published study showed a decrease in several cardiovascular
risk factors such as glycemia, insulinemia or HOMA,
among others, after following a Mediterranean-type diet
for 3 months [27]. Spanish investigators showed an
improvement in glucose metabolism after administration
of a Mediterranean-type diet [24]. These studies point to a
favorable effect of Mediterranean-type diets on weight
maintenance and risk factors associated with diabetes
outcome, although they do not specify the mechanisms by
which it occurs.

3. Mechanisms inversely linking the Mediterranean diet
to excessive weight

3.1. Effect of the Mediterranean diet on satiation and satiety

3.1.1. Dietary fiber

There is no doubt that an imbalance between energy
expenditure and energy consumption causes weight gain.
Too much energy-dense food consumption and too little
physical activity worsen the obesity epidemic. Regulation of
food intake is a complex process, influenced not only by
food intake but also by various environmental and
psychological factors [28,29]. The effects of food intake
on hunger, satiation (the satisfaction of appetite that
develops during the course of eating and eventually results
in the cessation of eating) and satiety (the sensation that
determines the intermeal period of fasting) are of particular
importance for energy consumption.

Overconsumption is facilitated through palatable energy-
dense food that disrupts appetite regulation [30]. According
to the definition of the Institute of Medicine of the National
Academies, dietary fiber consists of “non-digestible carbo-
hydrates and lignin that are intrinsic and intact in plants.”
In general, dietary fiber may help regulate body weight
through its intrinsic effects and hormonal responses.
Dietary fiber has long been regarded as a satiation and
satiety factor and has long been linked to calorie intake
[31,32]. Experimental studies showed that high fiber intake
increases satiety or reduces hunger in comparison to low
fiber intake, control or placebo treatment [31]. Addition-
ally, the majority of studies investigating the effect of high-
fiber diets on energy intake and weight loss reported a
reduction in both. Diets rich in plant foods, such as the
Mediterranean diet, provide a high amount of, as well as a
variety of, both soluble and insoluble dietary fiber.

There are several mechanisms by which dietary fiber
may exert its effects on satiation and satiety. Foods rich in
dietary fiber might promote satiation through prolonged
mastication. Experimental animal studies showed that
mastication is important for energy metabolism [33,34].
Mastication leads to an activation of hypothalamic hista-
mine neurons. H; receptors located in the satiety centers of
the ventromedial hypothalamus and the paraventricular
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nucleus are suppressed through histamine neuron activa-
tion. This affects eating volume and eating speed [34].
Furthermore, histamine neuron activation accelerates
lipolysis, particularly in visceral adipocyte, and increases
uncoupling protein (UCP) gene expression in mice [35].
Secondly, the increased mastication necessary for fiber-
rich foods increases saliva and gastric acid production,
which increases gastric distention. Additionally, fiber-rich
foods generally contain a large volume of water, which
also increases gastric distention. Activation of stretch
receptors in the stomach through gastric distension
contributes to satiety and satiation [36,37]. However,
tolerance development to gastric distension has been
reported [37].

Food ingestion causes gastrointestinal responses. Gas-
trointestinal satiety peptides such as cholecystokinin,
glucagon-like peptide 1 and peptide YY have been shown
to reduce food intake not only in animals but also in man
[38]. Cholecystokinin has been the most extensively studied
gastrointestinal satiety peptide. Cholecystokinin is secreted
from cells in the small intestine upon ingestion of food and
plays a role in the stimulation of pancreatic secretion,
regulation of gastric emptying and central inducement of
satiety [39]. Evidence points to an important role of
cholecystokinin within the brain to regulate hunger and
satiety [38]. The presence of nutrients in the lumen of the
duodenum causes the release of cholecystokinin. It has been
shown that fiber enrichment of a meal augmented the release
of cholecystokinin in women [40]. Most important, the
increase in cholecystokinin concentrations was associated
with greater feelings of satiety in comparison to the low-
fiber-diet control group.

The consumption of legumes, either alone or as part of a
mixed dish, is characteristic of the Mediterranean diet.
Bourdon et al. [41] analyzed the gastrointestinal response
to ingestion of a high-fiber test meal, with beans as the
source of dietary fiber (11.8 g fiber content). The
cholecystokinin response to the bean-rich meal was twice
as high as compared with the response to the low-fiber
control meal. This may partly be due to the delayed gastric
emptying, which prolonged the period of cholecystokinin
response. Furthermore, it has been shown that trypsin
inhibitor, a common component of most legumes, stim-
ulates the secretion of cholecystokinin [42,43]. These
additional effects may be responsible for the significant
increase of cholecystokinin release after consuming the
test meal.

Although the consumption of nut as an energy-dense
food has not been associated with weight gain in epidemi-
ological studies [44], most experimental nut feeding studies
reported no association of weight gain with nut consumption
despite an increase in energy intake [45]. One proposed
mechanism that might explain this fact is the energy
expenditure of unsaturated fat. Furthermore, the high
content of dietary fiber and proteins of nuts explains their
high satiety rating.

3.1.2. Dietary fat

High intake of olive oil is considered a hallmark of the
traditional Mediterranean diet. In the olive-growing areas of
the Mediterranean regions, olive oil is omnipresent in the
diet. It is used for cooking and is added to legumes, salads
and vegetable dishes. An increasing body of evidence
indicates the health benefits of olive oil consumption [46].
However, besides its generally healthy effects, concerns
regarding the potentially adverse effects of olive oil
consumption, including weight gain, have been raised.
Indeed, vegetable oils, such as olive oil, are the most
energy-dense foods. However, epidemiological evidence
shows that olive oil consumption was not associated with
increased weight gain after 2 years of follow-up in a Spanish
cohort [21]. Furthermore, replacing dietary saturated fat
with predominantly monounsaturated fat resulted in signif-
icant total weight and fat mass loss after 4 weeks of
treatment in overweight or obese men [47]. The metabolic
fate of dietary fat is oxidation or storage. Hence, the
capacity to oxidize fat is important for energy balance. The
degree of fat oxidation varies according to the type of fat.
Human studies have shown that polyunsaturated fatty acids
are better oxidized than saturated fatty acids [48]. Rodriguez
et al. [49] have shown that administration of olive oil up-
regulates UCP genes in adipose tissue and muscle of rats.
Recent data from a double-masked intervention trial
revealed that increases in dietary palmitic acid decreased
fat oxidation and daily energy expenditure, whereas oleic
acid had the opposite effect [50]. Furthermore, administra-
tion of olive oil promoted postprandial fat oxidation and
diet-induced thermogenesis in abdominally obese women
[51]. This may provide a physiological explanation of why
olive oil consumption is less prone to promote weight gain.
Moreover, one must take into account the context of olive
oil consumption in the Mediterranean diet. High consump-
tion of olive oil is closely related to the consumption of
vegetables and legumes. Adding olive oil to salads or
cooked vegetables and legumes increases not only the
energy content of these dishes but also their palatability. The
energy content of a typical Mediterranean raw salad
consisting of tomato and lettuce (200 g tomato and 40 g
lettuce) increases from 40 to 150 kcal through the addition
of one tablespoon of olive oil. However, the total energy
content of this dish can be considered low when compared
with the energy content of one doughnut (100 kcal).

3.1.3. Energy density

The energy density of foods, defined in terms of
available dietary energy per weight (energy content/weight
of food or kJ/g), is a key determinant of energy intake.
Several intervention studies have shown that energy density
influences short-term energy intake [52—54]. Energy density
of the total diet differs considerably among populations
[55]. The average energy density of the diet of the free-
living population of the Mediterranean basin is remarkably
lower (5.23 kl/g for men; 4.63 kJ/g for women) than that



152 H. Schréder / Journal of Nutritional Biochemistry 18 (2007) 149—160

reported for the United States (7.98 kJ/g for men; 7.48 kl/g
for women) [23,56].

Strict adherence to the Mediterranean diet has also been
associated with high fiber intake, high diet volume (water
content) and low energy density. A first course composed of
cooked vegetables, legumes or fresh raw salads has a
relatively high content of dietary fiber and is low in energy
density. Furthermore, because it contains a considerable
amount of water, it possesses a high volume. Evidence
indicates that short-term food intake is affected more by the
weight or volume of food that is consumed than by the
energy content of the food [53,57,58].

In a recently published study, Rolls et al. [59] investi-
gated the effects of first-course salads on satiety and total
meal energy intake. The first-course salads differed in
portion size and energy density. Subjects were required to
consume the entire first course but ate as much pasta as they
wanted in a second dish. They found that the salad volume
(portion size) was the major determinant of ratings of
fullness and hunger and, consequently, of the intake of
the subsequent dish (pasta). Furthermore, the energy density
of the first course did not affect the consumption of pasta,
but it was the main factor that determined total energy
intake. Eating a high volume of a low energy-dense salad as
a first course reduced total energy intake by 12% in
comparison with having no first course. These results might
be partially explained by the physiological mechanisms
described above.

3.1.4. Alcohol consumption

The relationship between alcohol consumption and
weight changes is very complex [60]. Therefore, it is not
surprising that evidence from epidemiological and interven-
tion studies is inconclusive [60]. Moderate alcohol consump-
tion, particularly of red wine, is one of the characteristics of
the traditional Mediterranean diet. Vadstrup et al. [61]
observed that moderate wine consumption was not associated
with higher waist circumferences after 10 years in men and
women. Furthermore, recent data showed that voluntary red
wine consumption prevented weight gain in rats fed a high-
fat diet. This effect was mediated through a decrease in
energy intake [62]. The question of whether a specific
component of red wine affects mechanisms of satiety has not
yet been answered.

4. Mechanisms inversely linking the Mediterranean diet
to type 2 diabetes

4.1. Preventing obesity

The development of type 2 diabetes seems to be a product
of the interaction between genetic susceptibility and
environmental factors [63,64]. In genetically susceptible
persons, excessive body weight commonly accompanies the
development of type 2 diabetes. Indeed, several large
epidemiological studies have shown that excessive body

weight, particularly abdominal fat deposition, is an impor-
tant risk factor for type 2 diabetes [65—67]. Recently, Wang
et al. [68] showed that high waist circumference (an indirect
measure for abdominal fat deposition) is a better predictor of
type 2 diabetes than BMI (an indirect measure for general
obesity). Results of the Health Professionals Follow-Up
Study showed that a 1-kg increase in body weight was
associated with a 7.3% increase in the risk of type 2 diabetes
[67]. Excessive fat and carbohydrate intake increases energy
consumption and postprandial oxidative stress. The increase
in energy consumption may lead to an increase in abdominal
body fat accumulation. This type of body fat, in turn, is
linked to the progression of insulin resistance, which is, apart
from B cell dysfunction, one of the two fundamental abnor-
malities involved in the pathogenesis of type 2 diabetes. Up
to now, there has been no definite proof in humans of a
causal link between abdominal obesity and insulin resis-
tance. However, several plausible mechanisms could explain
such a link. The adipose tissue is now recognized to be a
highly active metabolic and endocrine organ [69]. Quanti-
tatively, the most important secretion is fatty acids. The
increased release of nonesterified fatty acids (NEFA) inhibits
insulin-stimulated glucose metabolism in skeletal muscle
and stimulates gluconeogenesis in the liver. Furthermore, the
adipose tissue secretes a large number of proteins called
adipokines [70]. Several of these adipokines adversely affect
the insulin-signaling cascade. Tumor necrosis factor «
(TNFa) enhances adipocyte lipolysis, with a subsequent
increase of NEFA. Furthermore, TNF« exerts direct adverse
effects on insulin-signaling pathways [71,72].

In contrast to the elevated levels of NEFA and TNF« in
abdominal obesity, concentrations of adiponectin, an adi-
pose-specific protein, are decreased in obese subjects [73].
This fact is of particular importance because there is
evidence that adiponectin improves insulin sensitivity and
exerts anti-inflammatory protective effects [73]. Recently,
Yang et al. showed that the expression of GLUT4, the
transmenbrane transporter of glucose, is down-regulated by
retinol binding protein-4 (RBP4) [74]. Furthermore, serum
levels or RBP4 is elevated in humans with obesity and type
2 diabetes, and RBP4 mRNA was selectively increased in
adipose tissue [74]. Excessive energy consumption, includ-
ing high intakes of fat and carbohydrates, increases
postprandial glycemia and lipidemia. Recent data have
suggested that beta cell dysfunction is a result of prolonged
exposure to elevated glucose and NEFA. Postprandial
hyperglycemia induces oxidative stress [75], which, in turn,
damages the beta cells, which are sensitive to reactive
oxygen species (ROS) [76,77].

The mechanistic links between obesity, particularly
abdominal obesity, and insulin resistance suggest a causal
relationship of weight gain and pathogenesis of type 2
diabetes. Diets preventing weight gain, such as the Medi-
terranean diet, exert a protective effect on the development
of type 2 diabetes, which is partially mediated through
weight maintenance.
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4.2. Antioxidant-rich foods

Results from epidemiological studies indicate that a high
consumption of fruits and vegetables, either alone or as
components of a healthy dietary pattern, reduced the risk of
type 2 diabetes [16,17,78-82]. Adherence to the Mediter-
ranean diet is associated with a high consumption of
antioxidant-rich foods such as vegetables and fruits [23].
Furthermore, in a Greek cohort, a high antioxidant capacity
was found among those who closely adhered to the
Mediterranean diet [83]. Recently, Sanchez-Moreno et al.
[84] reported that the consumption of gazpacho, a typical
Mediterranean dish, reduced F,-isoprostanes, a marker of
oxidative stress, and increased plasma vitamin C in healthy
subjects. These data indicate that the Mediterranean diet
protects individuals from oxidative stress, defined as the
persistent imbalance between the production of highly
reactive molecular species (ROS and/or reactive nitrogen
species) and antioxidant defense. This fact is of special
interest because prolonged increased oxidative stress seems
to play a crucial role in the development of insulin
resistance and beta cell dysfunction [85,86]. Excessive
caloric intake leads to a substrate-induced increase in citric
acid cycle activity, which, in turn, generates an excess of
mitochondrial NADH and ROS [87-89]. The prevention of
the entry of energetic substrates into the mitochondria could
be a self-defense mechanism of the cell, which prevents an
increase in the formation of mitochondrial NADH. In fact, if
the excess NADH is not dissipated, then free radical
production increases, resulting particularly to the formation
of superoxide anions [88,89]. Insulin resistance might be
considered as a compensatory state that protects the cell
against further insulin-stimulated glucose and FFA uptake
and subsequent oxidative damage. Indeed, there is evidence
supporting this hypothesis. In cell culture models, induction
of oxidative stress inhibits insulin-stimulated glucose uptake
[90,91], and in results of animal studies, antioxidants
improved insulin sensitivity. Furthermore, clinical trials
have demonstrated that administration of vitamin antiox-
idants improved insulin sensitivity [92,93]. Results from
cross-sectional studies showed that dietary intake of
carotenoids and plasma carotenoid concentrations were
inversely associated with fasting plasma glucose and insulin
resistance [94-97]. Furthermore, low plasma concentrations
of vitamin E were found to increase the risk of type 2
diabetes in a prospective cohort [98]. Recently published
data from a randomized intervention trial showed that
following a Mediterranean-style diet rich in antioxidant-
containing foods significantly decreases insulin resistance in
patients with the metabolic syndrome, as compared with the
normal diet control group [25]. In this sense, it is important
to note that the short-term administration of virgin olive oil
decreases several markers of oxidative stress [99]. These
data from cellular culture models, animal studies, clinical
intervention trials and epidemiological studies strongly
suggest the central role that oxidative stress plays in the

pathogenesis of type 2 diabetes, as well as the role that
dietary antioxidants play in protecting individuals from
this disease.

4.3. Polyphenol-rich foods

Polyphenolic compounds are widely found in character-
istic foods of the Mediterranean diet, such as fruits,
vegetables, cereals, legumes and wine [100]. The two main
types of polyphenols are flavonoids and phenolic acids
[101]. Flavonoids exert a wide range of biological effects,
such as the modulation of enzymatic activity, inhibition of
cellular proliferation or antioxidant and anti-inflammatory
properties [102,103]. Epidemiological evidence suggests a
protective effect of fruits and vegetables, rich sources of
polyphenolic compounds, on the development of type 2
diabetes [17,80,81,104]. Recently, however, Song et al. did
not find a reduced risk of several flavonoids and type 2
diabetes in a large cohort of women after 8.8 years of
follow-up [105]. Results of animal studies indicate a
glycemia-lowering effect of polyphenols. This effect seems
to be mediated through the inhibition of alpha-glucosidase
in the gut mucosa [106]. Administration of quercetin
inhibited glucose absorption in rats [109]. Furthermore, in
a cell culture model, quercetin inhibited glucose transport by
GLUT?2 [107]. Evidence from culture cell studies suggests
that polyphenols may increase glucose uptake by peripheral
tissues [108,109]. However, due to the fact that the
administered dosage of polyphenols in the abovementioned
studies was superior to that found normally, it is unknown
whether these results could be reproduced in humans.

4.4. Magnesium-rich foods

Magnesium is an essential cofactor of high-energy
phosphate-bound enzymatic pathways [110]. Insufficient
magnesium intake leading to hypomagnesemia has been
associated with several disorders including type 2 diabetes
[111,112]. Various characteristic components of the Medi-
terranean diet, such as vegetables, legumes and nuts, are rich
sources of magnesium; therefore, high adherence to the
Mediterranean diet is associated with a high consumption of
magnesium. Evidence from epidemiological studies shows a
reduced risk of type 2 diabetes with high intakes of
magnesium [111,113—115]. These data indicate an important
role of magnesium status in the pathogenesis of type 2
diabetes. However, the underlying molecular mechanism(s)
by which magnesium intake influences insulin resistance is
poorly understood. It has been hypothesized that maintain-
ing intracellular magnesium homeostasis is crucial for
adequate cellular responsiveness to insulin [116]. Magne-
sium is part of the activated MgATP complex that is
required for all ATP- and phosphate-transfer-associated
enzymes. Reduced intracellular magnesium concentrations
lead to a decrease in the activity of these enzymes, which, in
turn, might favor insulin resistance. It has been shown that
insulin resistance in magnesium-deficient rats might be
partially attributed to a decrease of tyrosine kinase activity
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of insulin receptors [117]. At the extracellular level,
magnesium moderates intracellular calcium uptake through
its nonspecific antagonistic effects on calcium channels
[118,119]. This fact is of importance because an increased
intracellular concentration of calcium impaired insulin
signaling through the reduced ability of insulin to activate
phosphoserine phosphatase 1 [120].

4.5. Moderate alcohol consumption

Recently published data of meta-analysis of epidemio-
logical studies suggest a protective effect of moderate
alcohol consumption on the pathogenesis of type 2 diabetes
[121-123]. In comparison with nonalcohol consumers,
moderate alcohol drinking was associated with a 30% risk

reduction of type 2 diabetes in both genders [121,122]. This
risk reduction was not seen for elevated alcohol consump-
tion [121-123]. Taking into account that estimating alcohol
consumption in epidemiological studies is complex and
problematic, results should be interpreted with caution.
However, from a mechanistic point of view, the protective
effect of moderate alcohol consumption on type 2 diabetes
can be explained through the enhancing effect of moderate
alcohol drinking on insulin sensitivity observed in epide-
miological studies [124—126]. Sierksma et al. [127] reported
an increase in insulin sensitivity accompanied by an
increase in plasma adiponectin levels, but without changes
in plasma TNFaq, in healthy men after moderate alcohol
consumption (40 g/day) for 17 days.
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Fig. 1. Proposed mechanisms that link the Mediterranean diet with weight control.
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One might question whether plasma concentration of
TNFa represents activity at the tissue level. Furthermore,
there are other mechanistic explanations for the protective
effects of adiponectin on insulin resistance. Animal studies
have suggested that adiponectin reduces NEFA [128,129].
Recent research has demonstrated that adiponectin
decreases the hepatic fat content in mice with fatty liver
disease. This effect was partially mediated through an
increase in hepatic fatty acid oxidation and a decrease in
hepatic fatty acid synthesis [130]. Furthermore, Yamauchi et
al. [131] showed that adiponectin stimulates glucose
utilization and fatty acid oxidation through activation of
the 5’ -AMP-activated protein kinase. Recently published
data on an intervention study showed that the daily
administration of 360 ml of red wine for 14 days
significantly increased insulin sensitivity in type 2 diabetic
patients [132]. It is of interest to note that this effect was not
mediated by or linked to endothelial dysfunction as reported
by other authors [133,134].

Despite all the evidence for the existence of a link
between moderate alcohol consumption and increased
plasma levels of adiponectin, the mechanisms at work have
not been established.

4.6. Carbohydrate and dietary fiber

A high consumption of cereals and their products is one
characteristic of the traditional Mediterranean diet. To date,
there are no published data on the type of cereals (refined or
whole) consumed during the late 1950s in Mediterranean
regions. It seems very likely that the consumption of whole
grains during this time was notably higher than today.

However, in the absence of published data, no definitive
conclusion concerning this issue can be drawn. An
increasing consumption of carbohydrates can be expected
with increasing adherence to this dietary pattern [23]. In
epidemiological studies, an intake of total carbohydrates did
not predict the risk of type 2 diabetes [135]. Carbohydrate-
rich foods can be characterized, apart from their fiber
content, on the basis of their effects on postprandial
glycemia. This effect can be expressed as glycemic index
(GI) [136]. Postprandial blood glucose response can also be
influenced by the amount of carbohydrates ingested. The
glycemic load (GL) of a food, a concept developed in
epidemiological studies to better represent the quality and
quantity of carbohydrates consumed, is defined as the
amount of carbohydrate contained in an average portion of a
food multiplied by the GI value of the food [136]. Data from
observational studies showed inconsistent results between
risk of type 2 diabetes and GI or GL [137-141]. Indeed,
there is controversy concerning the usefulness of the
concepts of GI and GL in the prevention of type 2 diabetes
[142—-144]. Recently, Alfenas and Mattes [145] reported no
significant difference in the response of plasma glucose and
insulin to the consumption of low- and high-GI meals.
Furthermore, data from the Inter99 study, an intervention
study with the aim of reducing cardiovascular diseases
through healthy choices in diet, physical activity and
smoking, showed no association of habitual intake of diets
that are low and high in both GI and GL with the risk of
having insulin resistance. In contrast, dietary fiber was
inversely associated with this risk [146]. Insulin resistance,
which is not synonymous with type 2 diabetes mellitus, is a
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key step in the pathogenesis of this disease. There is
consistent epidemiological evidence to support a protective
effect of dietary fiber, in particular cereal fiber, on insulin
sensitivity and the risk of type 2 diabetes [137-139,146,147].
Several mechanisms may link dietary fiber with the risk of
type 2 diabetes. The insulin-sensitizing effects of dietary
cereal fiber may be mediated through magnesium, a nutrient
found in the outer husk of whole grains (see Section 4.4).
Furthermore, the beneficial effect of dietary fiber on glucose
metabolism may be the result of a delayed gastric emptying
rate and slowed digestion and absorption, which, in turn,
slows the rate of glucose absorption and reduces plasma
insulin levels [148,149]. An additional mechanistic hypoth-
esis for dietary fiber’s capability to protect individuals from
type 2 diabetes, as discussed in Section 3.1, is that it helps
maintain an appropriate and stable weight. This in turn exerts
favorable effects on insulin sensitivity.

4.7. Foods rich in unsaturated fat

Early epidemiological evidence suggested a deleterious
effect of total fat consumption on the development of
diabetes [150]. More recent large cohort studies that take
into account the fat type consumed have shown an increased
risk of the development of type 2 diabetes with high intakes
of saturated fat. In contrast, an inverse association was
reported for unsaturated fat [151-153]. Although total fat
intake did not seem to directly increase the risk of type 2
diabetes, an indirect influence of high fat intake that
promotes weight gain should be considered [153,154]. A
high intake of monounsaturated fatty acids, predominantly
from olive oil, is a key characteristic of the traditional
Mediterranean diet. There is some evidence that oleic acid,
the predominant fatty acid of olive oil, is associated with
lower insulin resistance [155,156]. However, contradictory
results have also been reported [157,158].

Furthermore, the mechanisms linking the type of
dietary fat with insulin resistance are not completely
understood. Cell membrane lipid composition is influ-
enced by fatty acid composition of dietary fat. The
specific fatty acid profile in cell membranes might affect
insulin action in a number of ways, such as insulin
receptor binding and the ability to influence ion perme-
ability and cell signaling.

4.8. Conclusion

Several mechanistic links (Figs. 1 and 2) offer potential
explanations of the Mediterranean diet’s protective effect on
obesity and type 2 diabetes. High consumption of vegeta-
bles, fruits, legumes, nuts, fish, cereals and olive oil,
together with moderate consumption of alcohol, predomi-
nantly wine, leads to high ingestion of dietary fiber,
antioxidants, magnesium and unsaturated fatty acids.
Additionally, this diet is characterized by a low degree of
energy density overall, which might be particularly impor-
tant for the prevention of weight gain. Intervention studies
on energy density and appetite control tend to be conducted

under short-term laboratory conditions. A number of
researchers have suggested potential mechanisms by which
isolated components of the Mediterranean diet can prevent
weight gain, insulin resistance and beta cell dysfunction
(i.e., some nutrients such as dietary fiber, calcium and
magnesium influence metabolic pathways or signaling
mechanisms). However, a “big picture” approach to food
intake and its effect on the development or prevention of
obesity and diabetes may be more predictive of disease risk.
It is important for individuals to understand the protective
effects of healthy foods, particularly on obesity and type 2
diabetes, within the context of a healthy overall diet.

Acknowledgments

The English revision made by Dr. Ellaine M. Lilly
(Writers First Aid) is highly appreciated. This study is
supported by grant CP 03-00115 from the Instituto de Salud
Carlos III (ISCIII) and by grant 2FD097-0297-C0O2-01 from
Fondo Europeo de Desarrollo Regional (FEDER) and is
partially supported by grants ALI-97-1607-CO2-01 and
AGL-2000-0525-C0O2-01 from Comision Interministral de
Ciencia y Tecnologia (CICYT).

References

[1] Obesity: preventing and managing the global epidemic. Report
of a WHO consultation. World Health Organ Tech Rep Ser 2000;
894:i-253.

[2] Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence and
trends in obesity among US adults, 1999-2000. JAMA 2002;288
(14):1723-7.

[3] Rennie KL, Jebb SA. Prevalence of obesity in Great Britain. Obes
Rev 2005;6(1):11-2.

[4] Haftenberger M, Lahmann PH, Panico S, Gonzalez CA, Seidell JC,
Boeing H, et al. Overweight, obesity and fat distribution in 50- to
64-year-old participants in the European Prospective Investigation
into Cancer and Nutrition (EPIC). Public Health Nutr 2002;5(6B):
1147—-62.

[S] Aranceta J, Perez RC, Serra ML, Ribas BL, Quiles 1J, Vioque J, et al.
Prevalence of obesity in Spain: results of the SEEDO 2000 study.
Med Clin (Barc) 2003;120(16):608—12.

[6] Helmert U, Strube H. The development of obesity in Germany in
the period from 1985 until 2000. Gesundheitswesen 2004;66(7):
409-15.

[7] Visscher TL, Kromhout D, Seidell JC. Long-term and recent time
trends in the prevalence of obesity among Dutch men and women.
Int J Obes Relat Metab Disord 2002;26(9):1218—24.

[8] Milewicz A, Jedrzejuk D, Lwow F, Bialynicka AS, Lopatynski J,
Mardarowicz G, et al. Prevalence of obesity in Poland. Obes Rev
2005;6(2):113—-4.

[9] Aranceta-Bartrina J, Serra-Majem L, Foz-Sala M, Moreno-Esteban
B. Prevalence of obesity in Spain. Med Clin (Barc) 2005;125(12):
460-6.

[10] Engelgau MM, Geiss LS, Saaddine JB, Boyle JP, Benjamin SM,
Gregg EW, et al. The evolving diabetes burden in the United States.
Ann Intern Med 2004;140(11):945-50.

[11] Gregg EW, Cheng YJ, Cadwell BL, Imperatore G, Williams DE,
Flegal KM, et al. Secular trends in cardiovascular disease risk factors
according to body mass index in US adults. JAMA 2005;
293(15):1868—74.



H. Schroder / Journal of Nutritional Biochemistry 18 (2007) 149—160 157

[12] Zimmet P. Globalization, coca-colonization and the chronic disease
epidemic: can the doomsday scenario be averted? J Intern Med 2000;
247(3):301-10.

[13] King H, Aubert RE, Herman WH. Global burden of diabetes, 1995~
2025: prevalence, numerical estimates, and projections. Diabetes
Care 1998;21(9):1414-31.

[14] Shafrir E. Development and consequences of insulin resistance:
lessons from animals with hyperinsulinaemia. Diabetes Metab 1996;
22(2):122-31.

[15] Togo P, Osler M, Sorensen TI, Heitmann BL. Food intake patterns
and body mass index in observational studies. Int J Obes Relat
Metab Disord 2001;25(12):1741-51.

[16] Heidemann C, Hoffmann K, Spranger J, Klipstein-Grobusch K,
Mohlig M, Pfeiffer AF, et al. A dietary pattern protective against type
2 diabetes in the European Prospective Investigation into Cancer and
Nutrition (EPIC)—Potsdam Study cohort. Diabetologia 2005;48(6):
1126-34.

[17] Montonen J, Knekt P, Harkanen T, Jarvinen R, Heliovaara M,
Aromaa A, et al. Dietary patterns and the incidence of type 2
diabetes. Am J Epidemiol 2005;161(3):219-27.

[18] van Dam RM, Rimm EB, Willett WC, Stampfer MJ, Hu FB. Dietary
patterns and risk for type 2 diabetes mellitus in U.S. men. Ann Intern
Med 2002;136(3):201-9.

[19] Keys A. Mediterranean diet and public health: personal reflections.
Am J Clin Nutr 1995;61(6 Suppl):1321S-3S.

[20] Trichopoulou A, Costacou T, Bamia C, Trichopoulos D. Adherence
to a Mediterranean diet and survival in a Greek population. N Engl J
Med 2003;348(26):2599—-608.

[21] Sanchez-Villegas A, Bes-Rastrollo M, Martinez-Gonzalez MA,

Serra-Majem L. Adherence to a Mediterranean dietary pattern and

weight gain in a follow-up study: the SUN cohort. Int J Obes (Lond)

2005;30(2):350-8.

Trichopoulou A, Naska A, Orfanos P, Trichopoulos D. Mediterra-

nean diet in relation to body mass index and waist-to-hip ratio: the

Greek European Prospective Investigation into Cancer and Nutrition

Study. Am J Clin Nutr 2005;82(5):935-40.

Schroder H, Marrugat J, Vila J, Covas MI, Elosua R. Adherence to

the traditional Mediterranean diet is inversely associated with body

mass index and obesity in a Spanish population. J Nutr 2004;

134(12):3355-61.

Perez-Jimenez F, Lopez-Miranda J, Pinillos MD, Gomez P, Paz-

Rojas E, Montilla P, et al. A Mediterranean and a high-carbohydrate

diet improve glucose metabolism in healthy young persons.

Diabetologia 2001;44(11):2038—43.

Esposito K, Marfella R, Ciotola M, Di Palo C, Giugliano F,

Giugliano G, et al. Effect of a Mediterranean-style diet on endothelial

dysfunction and markers of vascular inflammation in the metabolic

syndrome: a randomized trial. JAMA 2004;292(12):1440—6.

Toobert DJ, Glasgow RE, Strycker LA, Barrera Jr M, Radcliffe JL,

Wander RC, et al. Biologic and quality-of-life outcomes from the

Mediterranean Lifestyle Program: a randomized clinical trial.

Diabetes Care 2003;26(8):2288—-93.

Vincent-Baudry S, Defoort C, Gerber M, Bernard MC, Verger P,

Helal O, et al. The Medi-RIVAGE study: reduction of cardiovascular

disease risk factors after a 3-months intervention with a Mediterra-

nean-type diet or a low-fat diet. Am J Clin Nutr 2005;82(5):964—-71.

Schwartz MW, Woods SC, Porte Jr D, Seeley RJ, Baskin DG.

Central nervous system control of food intake. Nature 2000;

404(6778):661-71.

[29] Blundell JE, Gillett A. Control of food intake in the obese. Obes Res
2001;9(Suppl 4):263S—70S.

[30] Erlanson-Albertsson C. How palatable food disrupts appetite
regulation. Basic Clin Pharmacol Toxicol 2005;97(2):61—73.

[31] Howarth NC, Saltzman E, Roberts SB. Dietary fiber and weight
regulation. Nutr Rev 2001;59(5):129—309.

[32] Slavin JL. Dietary fiber and body weight. Nutrition 2005;21(3):
411-8.

[22

—

23

—

[24

=

[25

[}

126

=

[27

—

[28

[}

[33] Sakata T, Yoshimatsu H, Masaki T, Tsuda K. Anti-obesity actions of
mastication driven by histamine neurons in rats. Exp Biol Med
(Maywood) 2003;228(10):1106—10.

[34] Fujise T, Yoshimatsu H, Kurokawa M, Oohara A, Kang M,
Nakata M, et al. Satiation and masticatory function modulated by
brain histamine in rats. Proc Soc Exp Biol Med 1998;217(2):
228-234.

[35] Masaki T, Yoshimatsu H, Chiba S, Watanabe T, Sakata T. Central
infusion of histamine reduces fat accumulation and upregulates
UCP family in leptin-resistant obese mice. Diabetes 2001;50(2):
376-384.

[36] Burton-Freeman B. Dietary fiber and energy regulation. J Nutr
2000;130(2S Suppl):272S-5S.

[37] Pasquali R, Besteghi L, Casimirri F, Melchionda N, Di Febo G,
Zoccoli G, et al. Mechanisms of action of the intragastric
balloon in obesity: effects on hunger and satiety. Appetite 1990;
15(1):3-11.

[38] Woods SC. Gastrointestinal satiety signals: I. An overview of
gastrointestinal signals that influence food intake. Am J Physiol
Gastrointest Liver Physiol 2004;286(1):G7—13.

[39] Liddle RA. Cholecystokinin cells. Annu Rev Physiol 1997;59:
221-42.

[40] Burton-Freeman B, Davis PA, Schneeman BO. Plasma cholecysto-
kinin is associated with subjective measures of satiety in women. Am
J Clin Nutr 2002;76(3):659-67.

[41] Bourdon I, Olson B, Backus R, Richter BD, Davis PA, Schneeman
BO. Beans, as a source of dietary fiber, increase cholecystokinin and
apolipoprotein b48 response to test meals in men. J Nutr 2001;
131(5):1485-90.

[42] Calam J, Bojarski JC, Springer CJ. Raw soya-bean flour increases
cholecystokinin release in man. Br J Nutr 1987;58(2):175-9.

[43] Goke B, Fenchel K, Knobloch S, Arnold R, Adler G. Increased
CCK-response to proteinase inhibitor feeding after induction of
pancreatic hypertrophy in rats. Pancreas 1988;3(5):576-9.

[44] Sabate J. Nut consumption and body weight. Am J Clin Nutr
2003;78(3 Suppl):647S—50S.

[45] St Onge MP. Dietary fats, teas, dairy, and nuts: potential functional
foods for weight control? Am J Clin Nutr 2005;81(1):7—15.

[46] Perez-Jimenez F. International conference on the healthy effect of
virgin olive oil. Eur J Clin Invest 2005;35(7):421—4.

[47] Piers LS, Walker KZ, Stoney RM, Soares MJ, O’Dea K. Substitution
of saturated with monounsaturated fat in a 4-week diet affects body
weight and composition of overweight and obese men. Br J Nutr
2003;90(3):717-27.

[48] DeLany JP, Windhauser MM, Champagne CM, Bray GA. Differen-
tial oxidation of individual dietary fatty acids in humans. Am J Clin
Nutr 2000;72(4):905-11.

[49] Rodriguez VM, Portillo MP, Pico C, Macarulla MT, Palou A. Olive
oil feeding up-regulates uncoupling protein genes in rat brown
adipose tissue and skeletal muscle. Am J Clin Nutr 2002;75(2):
213-20.

[50] Kien CL, Bunn JY, Ugrasbul F. Increasing dietary palmitic acid
decreases fat oxidation and daily energy expenditure. Am J Clin Nutr
2005;82(2):320—6.

[51] Soares MJ, Cummings SJ, Mamo JC, Kenrick M, Piers LS. The
acute effects of olive oil v. cream on postprandial thermogenesis and
substrate oxidation in postmenopausal women. Br J Nutr 2004;
91(2):245-52.

[52] Bell EA, Castellanos VH, Pelkman CL, Thorwart ML, Rolls BJ.
Energy density of foods affects energy intake in normal-weight
women. Am J Clin Nutr 1998;67(3):412—-20.

[53] Bell EA, Rolls BJ. Energy density of foods affects energy intake
across multiple levels of fat content in lean and obese women. Am J
Clin Nutr 2001;73(6):1010-8.

[54] Poppitt SD, Prentice AM. Energy density and its role in the control
of food intake: evidence from metabolic and community studies.
Appetite 1996;26(2):153—74.



158 H. Schréder / Journal of Nutritional Biochemistry 18 (2007) 149—160

[55] Drewnowski A, Almiron-Roig E, Marmonier C, Lluch A. Dietary
energy density and body weight: is there a relationship? Nutr Rev
2004;62(11):403 13.

[56] Ledikwe JH, Blanck HM, Khan LK, Serdula MK, Seymour JD,
Tohill BC, et al. Dietary energy density determined by eight
calculation methods in a nationally representative United States
population. J Nutr 2005;135(2):273 8.

[57] Stubbs RJ, Johnstone AM, Harbron CG, Reid C. Covert manipu-
lation of energy density of high carbohydrate diets in ‘pseudo free-
living’ humans. Int J Obes Relat Metab Disord 1998;22(9):885-92.

[58] Duncan KH, Bacon JA, Weinsier RL. The effects of high and low
energy density diets on satiety, energy intake, and eating time of
obese and nonobese subjects. Am J Clin Nutr 1983;37(5):763 7.

[59] Rolls BJ, Roe LS, Meengs JS. Salad and satiety: energy density and
portion size of a first-course salad affect energy intake at lunch. J Am
Diet Assoc 2004;104(10):1570—6.

[60] Suter PM. Is alcohol consumption a risk factor for weight gain and
obesity? Crit Rev Clin Lab Sci 2005;42(3):197-227.

[61] Vadstrup ES, Petersen L, Sorensen TI, Gronback M. Waist

circumference in relation to history of amount and type of alcohol:

results from the Copenhagen City Heart Study. Int J Obes Relat

Metab Disord 2003;27(2):238—46.

Bargallo MV, Grau AA, Fernandez-Larrea JD, Anguiano GP,

Segarra MC, Rovira MJ, et al. Moderate red-wine consumption

partially prevents body weight gain in rats fed a hyperlipidic diet.

J Nutr Biochem 2006;17(2):139-42.

[63] Neri S, Signorelli SS, Torrisi B, Pulvirenti D, Mauceri B, Abate G,
et al. Effects of antioxidant supplementation on postprandial
oxidative stress and endothelial dysfunction: a single-blind, 15-day
clinical trial in patients with untreated type 2 diabetes, subjects with
impaired glucose tolerance, and healthy controls. Clin Ther
2005;27(11):1764—73.

[64] Gerich JE. The genetic basis of type 2 diabetes mellitus: impaired
insulin secretion versus impaired insulin sensitivity. Endocr Rev
1998;19(4):491-503.

[65] Hu FB, Manson JE, Stampfer MJ, Colditz G, Liu S, Solomon CG,
et al. Diet, lifestyle, and the risk of type 2 diabetes mellitus in
women. N Engl J Med 2001;345(11):790-7.

[66] Weinstein AR, Sesso HD, Lee IM, Cook NR, Manson JE, Buring JE,
et al. Relationship of physical activity vs body mass index with type
2 diabetes in women. JAMA 2004;292(10):1188—94.

[67] Koh-Banerjee P, Wang Y, Hu FB, Spiegelman D, Willett WC, Rimm
EB. Changes in body weight and body fat distribution as risk factors
for clinical diabetes in US men. Am J Epidemiol 2004;159(12):
1150-9.

[68] Wang Y, Rimm EB, Stampfer MJ, Willett WC, Hu FB. Comparison
of abdominal adiposity and overall obesity in predicting risk of type
2 diabetes among men. Am J Clin Nutr 2005;81(3):555-63.

[69] Ahima RS, Flier JS. Adipose tissue as an endocrine organ. Trends
Endocrinol Metab 2000;11(8):327—32.

[70] Ahima RS. Central actions of adipocyte hormones. Trends Endo-
crinol Metab 2005;16(7):307—-13.

[71] Frayn KN. Visceral fat and insulin resistance—causative or
correlative? Br J Nutr 2000;83(Suppl 1):S71-7.

[72] Itani SI, Ruderman NB, Schmieder F, Boden G. Lipid-induced
insulin resistance in human muscle is associated with changes in
diacylglycerol, protein kinase C, and IkappaB-alpha. Diabetes 2002;
51(7):2005—11.

[73] Berg AH, Combs TP, Scherer PE. ACRP30/adiponectin: an
adipokine regulating glucose and lipid metabolism. Trends Endo-
crinol Metab 2002;13(2):84—9.

[74] Yang Q, Graham TE, Mody N, Preitner F, Peroni OD, Zabolotny JM,
et al. Serum retinol binding protein 4 contributes to insulin resistance
in obesity and type 2 diabetes. Nature 2005;436(7049):356—62.

[75] Robertson RP, Harmon J, Tran PO, Poitout V. Beta-cell glucose
toxicity, lipotoxicity, and chronic oxidative stress in type 2 diabetes.
Diabetes 2004;53(Suppl 1):S119-24.

[62

—

[76] Robertson RP. Chronic oxidative stress as a central mechanism for
glucose toxicity in pancreatic islet beta cells in diabetes. J Biol Chem
2004;279(41):42351-4.

[77] Leahy JL. Pathogenesis of type 2 diabetes mellitus. Arch Med Res
2005;36(3):197-209.

[78] Villegas R, Salim A, Flynn A, Perry 1J. Prudent diet and the risk of
insulin resistance. Nutr Metab Cardiovasc Dis 2004;14(6):334—43.

[79] Montonen J, Jarvinen R, Heliovaara M, Reunanen A, Aromaa A,
Knekt P. Food consumption and the incidence of type II diabetes
mellitus. Eur J Clin Nutr 2005;59(3):441-8.

[80] Sargeant LA, Khaw KT, Bingham S, Day NE, Luben RN, Oakes S,
et al. Fruit and vegetable intake and population glycosylated
haemoglobin levels: the EPIC-Norfolk Study. Eur J Clin Nutr
2001;55(5):342-8.

[81] Ford ES, Mokdad AH. Fruit and vegetable consumption and diabetes
mellitus incidence among U.S. adults. Prev Med 2001;32(1):33-9.

[82] Williams DE, Wareham NJ, Cox BD, Byrne CD, Hales CN, Day NE.
Frequent salad vegetable consumption is associated with a
reduction in the risk of diabetes mellitus. J Clin Epidemiol 1999;
52(4):329-35.

[83] Pitsavos C, Panagiotakos DB, Tzima N, Chrysohoou C, Economou M,
Zampelas A, et al. Adherence to the Mediterranean diet is associated
with total antioxidant capacity in healthy adults: the ATTICA study.
Am J Clin Nutr 2005;82(3):694-9.

[84] Sanchez-Moreno C, Cano MP, de Ancos B, Plaza L, Olmedilla B,
Granado F, et al. Mediterranean vegetable soup consumption
increases plasma vitamin C and decreases F(2)-isoprostanes,
prostaglandin E(2) and monocyte chemotactic protein-1 in healthy
humans. J Nutr Biochem 2006;17:183-9.

[85] Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxidative
stress-activated signaling pathways mediators of insulin resistance
and beta-cell dysfunction? Diabetes 2003;52(1):1-8.

[86] Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Oxidative stress
and stress-activated signaling pathways: a unifying hypothesis of
type 2 diabetes. Endocr Rev 2002;23(5):599—-622.

[87] Maddux BA, See W, Lawrence Jr JC, Goldfine AL, Goldfine ID,
Evans JL. Protection against oxidative stress-induced insulin
resistance in rat L6 muscle cells by micro molar concentrations of
alpha-lipoic acid. Diabetes 2001;50(2):404—10.

[88] Satoh M, Fujimoto S, Haruna Y, Arakawa S, Horike H, Komai N, et al.
NAD(P)H oxidase and uncoupled nitric oxide synthase are major
sources of glomerular superoxide in rats with experimental diabetic
nephropathy. Am J Physiol Renal Physiol 2005;288(6):F1144—52.

[89] Galkin A, Brandt U. Superoxide radical formation by pure complex I
(NADH:ubiquinone oxidoreductase) from Yarrowia lipolytica. J Biol
Chem 2005;280(34):30129-35.

[90] Tirosh A, Potashnik R, Bashan N, Rudich A. Oxidative stress
disrupts insulin-induced cellular redistribution of insulin receptor
substrate-1 and phosphatidylinositol 3-kinase in 3T3-L1 adipocytes.
A putative cellular mechanism for impaired protein kinase B
activation and GLUT4 translocation. J Biol Chem 1999;274
(15):10595—602.

[91] Rudich A, Tirosh A, Potashnik R, Khamaisi M, Bashan N. Lipoic
acid protects against oxidative stress induced impairment in insulin
stimulation of protein kinase B and glucose transport in 3T3-L1
adipocytes. Diabetologia 1999;42(8):949—57.

[92] Hirashima O, Kawano H, Motoyama T, Hirai N, Ohgushi M,
Kugiyama K, et al. Improvement of endothelial function and insulin
sensitivity with vitamin C in patients with coronary spastic angina:
possible role of reactive oxygen species. J Am Coll Cardiol 2000;
35(7):1860—6.

[93] Hirai N, Kawano H, Hirashima O, Motoyama T, Moriyama Y,
Sakamoto T, et al. Insulin resistance and endothelial dysfunction in
smokers: effects of vitamin C. Am J Physiol Heart Circ Physiol
2000;279(3):H1172-8.

[94] Coyne T, Ibiebele TI, Baade PD, Dobson A, McClintock C, Dunn S,
et al. Diabetes mellitus and serum carotenoids: findings of a



H. Schroder / Journal of Nutritional Biochemistry 18 (2007) 149—160 159

population-based study in Queensland, Australia. Am J Clin Nutr

2005;82(3):685-93.

Ylonen K, Alfthan G, Groop L, Saloranta C, Aro A, Virtanen SM.

Dietary intakes and plasma concentrations of carotenoids and

tocopherols in relation to glucose metabolism in subjects at high

risk of type 2 diabetes: the Botnia Dietary Study. Am J Clin Nutr
2003;77(6):1434—41.

Ford ES, Will JC, Bowman BA, Narayan KM. Diabetes mellitus

and serum carotenoids: findings from the Third National Health

and Nutrition Examination Survey. Am J Epidemiol 1999;149

(2):168-76.

Facchini FS, Humphreys MH, DoNascimento CA, Abbasi F, Reaven

GM. Relation between insulin resistance and plasma concentrations

of lipid hydroperoxides, carotenoids, and tocopherols. Am J Clin

Nutr 2000;72(3):776-9.

Salonen JT, Nyyssonen K, Tuomainen TP, Maenpaa PH, Korpela H,

Kaplan GA, et al. Increased risk of non-insulin dependent diabetes

mellitus at low plasma vitamin E concentrations: a four year follow

up study in men. BMJ 1995;311(7013):1124-7.

Weinbrenner T, Fito M, de la Torre R, Saez GT, Rijken P, Tormos C,

et al. Olive oils high in phenolic compounds modulate oxidative/

antioxidative status in men. J Nutr 2004;134(9):2314-21.

[100] Aherne SA, O’Brien NM. Dietary flavonols: chemistry, food content,
and metabolism. Nutrition 2002;18(1):75—81.

[101] Williamson G, Manach C. Bioavailability and bioefficacy of
polyphenols in humans: II. Review of 93 intervention studies. Am
J Clin Nutr 2005;81(1 Suppl):243S—55S.

[102] Ross JA, Kasum CM. Dietary flavonoids: bioavailability, metabolic
effects, and safety. Annu Rev Nutr 2002;22:19-34.

[103] Bravo L. Polyphenols: chemistry, dietary sources, metabolism, and
nutritional significance. Nutr Rev 1998;56(11):317-33.

[104] Liese AD, Roach AK, Sparks KC, Marquart L, D’Agostino Jr RB,
Mayer-Davis EJ. Whole-grain intake and insulin sensitivity: the
Insulin Resistance Atherosclerosis Study. Am J Clin Nutr 2003;
78(5):965-71.

[105] Song Y, Manson JE, Buring JE, Sesso HD, Liu S. Associations of

dietary flavonoids with risk of type 2 diabetes, and markers of insulin

resistance and systemic inflammation in women: a prospective study
and cross-sectional analysis. J Am Coll Nutr 2005;24(5):376—84.

Matsui T, Ebuchi S, Kobayashi M, Fukui K, Sugita K, Terahara N,

et al. Anti-hyperglycemic effect of diacylated anthocyanin derived

from Ipomoea batatas cultivar Ayamurasaki can be achieved through

the alpha-glucosidase inhibitory action. J Agric Food Chem 2002;50

(25):7244-8.

[107] Song J, Kwon O, Chen S, Daruwala R, Eck P, Park JB, et al.

Flavonoid inhibition of sodium-dependent vitamin C transporter 1

(SVCT1) and glucose transporter isoform 2 (GLUT2), intestinal

transporters for vitamin C and glucose. J Biol Chem 2002;277

(18):15252-60.

Kobayashi Y, Suzuki M, Satsu H, Arai S, Hara Y, Suzuki K, et al.

Green tea polyphenols inhibit the sodium-dependent glucose

transporter of intestinal epithelial cells by a competitive mechanism.

J Agric Food Chem 2000;48(11):5618—-23.

Johnston K, Sharp P, Clifford M, Morgan L. Dietary polyphenols

decrease glucose uptake by human intestinal Caco-2 cells. FEBS Lett

2005;579(7):1653 7.

[110] Saris NE, Mervaala E, Karppanen H, Khawaja JA, Lewenstam A.
Magnesium. An update on physiological, clinical and analytical
aspects. Clin Chim Acta 2000;294(1-2):1-26.

[111] Ma J, Folsom AR, Melnick SL, Eckfeldt JH, Sharrett AR, Nabulsi
AA, et al. Associations of serum and dietary magnesium with
cardiovascular disease, hypertension, diabetes, insulin, and carotid
arterial wall thickness: the ARIC study. Atherosclerosis Risk in
Communities Study. J Clin Epidemiol 1995;48(7):927—-40.

[112] Guerrero-Romero F, Rodriguez-Moran M. Low serum magnesium
levels and metabolic syndrome. Acta Diabetol 2002;39(4):209—13.

[95

—

[96

=

[97

—

[98

[}

[99

[}

[106

=

[108

[t

[109

—

[113] Kao WH, Folsom AR, Nieto FJ, Mo JP, Watson RL, Brancati FL.
Serum and dietary magnesium and the risk for type 2 diabetes
mellitus: the Atherosclerosis Risk in Communities Study. Arch Intern
Med 1999;159(18):2151-9.

[114] Song Y, Manson JE, Buring JE, Liu S. A prospective study of
red meat consumption and type 2 diabetes in middle-aged and
elderly women: the women’s health study. Diabetes Care 2004;
27(9):2108—-15.

[115] Lopez-Ridaura R, Willett WC, Rimm EB, Liu S, Stampfer MJ,
Manson JE, et al. Magnesium intake and risk of type 2 diabetes in
men and women. Diabetes Care 2004;27(1):134—-40.

[116] Barbagallo M, Dominguez LJ, Galioto A, Ferlisi A, Cani C, Malfa L,
et al. Role of magnesium in insulin action, diabetes and cardio-
metabolic syndrome X. Mol Aspects Med 2003;24(1-3):39-52.

[117] Suarez A, Pulido N, Casla A, Casanova B, Arrieta FJ, Rovira A.
Impaired tyrosine-kinase activity of muscle insulin receptors from
hypomagnesaemic rats. Diabetologia 1995;38(11):1262—70.

[118] D’Angelo EK, Singer HA, Rembold CM. Magnesium relaxes arterial
smooth muscle by decreasing intracellular Ca2+ without changing
intracellular Mg2+. J Clin Invest 1992;89(6):1988—94.

[119] Zhang A, Cheng TP, Altura BM. Magnesium regulates intracellular

free ionized calcium concentration and cell geometry in vascular

smooth muscle cells. Biochim Biophys Acta 1992;1134(1):25-9.

McCarty MF. PKC-mediated modulation of L-type calcium

channels may contribute to fat-induced insulin resistance. Med

Hypotheses 2005.

[121] Koppes LL, Dekker JM, Hendriks HF, Bouter LM, Heine RJ.

Moderate alcohol consumption lowers the risk of type 2 diabetes: a

meta-analysis of prospective observational studies. Diabetes Care

2005;28(3):719-25.

Carlsson S, Hammar N, Grill V. Alcohol consumption and type 2

diabetes meta-analysis of epidemiological studies indicates a U-

shaped relationship. Diabetologia 2005;48(6):1051—4.

[123] Howard AA, Amsten JH, Gourevitch MN. Effect of alcohol

consumption on diabetes mellitus: a systematic review. Ann Intern

Med 2004;140(3):211-9.

Kiechl S, Willeit J, Poewe W, Egger G, Oberhollenzer F, Muggeo M,

et al. Insulin sensitivity and regular alcohol consumption: large,

prospective, cross sectional population study (Bruneck study). BMJ
1996;313(7064):1040—4.

Greenfield JR, Samaras K, Jenkins AB, Kelly PJ, Spector TD,

Campbell LV. Moderate alcohol consumption, estrogen replacement

therapy, and physical activity are associated with increased insulin

sensitivity: is abdominal adiposity the mediator? Diabetes Care
2003;26(10):2734—40.

Facchini F, Chen YD, Reaven GM. Light-to-moderate alcohol intake

is associated with enhanced insulin sensitivity. Diabetes Care

1994;17(2):115-9.

Sierksma A, Patel H, Ouchi N, Kihara S, Funahashi T, Heine RJ,

et al. Effect of moderate alcohol consumption on adiponectin, tumor

necrosis factor-alpha, and insulin sensitivity. Diabetes Care 2004;27

(1):184-9.

[128] Maeda N, Shimomura I, Kishida K, Nishizawa H, Matsuda M,
Nagaretani H, et al. Diet-induced insulin resistance in mice lacking
adiponectin/ACRP30. Nat Med 2002;8(7):731-7.

[129] Fruebis J, Tsao TS, Javorschi S, Ebbets-Reed D, Erickson MR,
Yen FT, et al. Proteolytic cleavage product of 30-kDa adipocyte
complement-related protein increases fatty acid oxidation in muscle
and causes weight loss in mice. Proc Natl Acad Sci U S A 2001;
98(4):2005-10.

[130] Xu A, Wang Y, Keshaw H, Xu LY, Lam KS, Cooper GJ. The

fat-derived hormone adiponectin alleviates alcoholic and non-

alcoholic fatty liver diseases in mice. J Clin Invest 2003;112(1):

91-100.

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, et al.

Adiponectin stimulates glucose utilization and fatty-acid oxidation

[120

=

[122

—

[124

[}

[125

[}

[126

—

[127

—

[131

—



160 H. Schréder / Journal of Nutritional Biochemistry 18 (2007) 149—160

by activating AMP-activated protein kinase. Nat Med 2002;8
(11):1288-95.

[132] Napoli R, Cozzolino D, Guardasole V, Angelini V, Zarra E,
Matarazzo M, et al. Red wine consumption improves insulin
resistance but not endothelial function in type 2 diabetic patients.
Metabolism 2005;54(3):306—13.

[133] Arcaro G, Cretti A, Balzano S, Lechi A, Muggeo M, Bonora E, et al.
Insulin causes endothelial dysfunction in humans: sites and
mechanisms. Circulation 2002;105(5):576—82.

[134] Steinberg HO, Brechtel G, Johnson A, Fineberg N, Baron AD.
Insulin-mediated skeletal muscle vasodilation is nitric oxide depen-
dent. A novel action of insulin to increase nitric oxide release. J Clin
Invest 1994;94(3):1172-9.

[135] Yang EJ, Kerver JM, Park YK, Kayitsinga J, Allison DB, Song WO.
Carbohydrate intake and biomarkers of glycemic control among US
adults: the third National Health and Nutrition Examination Survey
(NHANES 1II). Am J Clin Nutr 2003;77(6):1426—33.

[136] Colombani PC. Glycemic index and load—dynamic dietary guide-
lines in the context of diseases. Physiol Behav 2004;83(4):603—10.

[137] Liese AD, Schulz M, Fang F, Wolever TM, D’Agostino Jr RB,
Sparks KC, et al. Dietary glycemic index and glycemic load,
carbohydrate and fiber intake, and measures of insulin sensitivity,
secretion, and adiposity in the Insulin Resistance Atherosclerosis
Study. Diabetes Care 2005;28(12):2832-8.

[138] Salmeron J, Ascherio A, Rimm EB, Colditz GA, Spiegelman D,
Jenkins DJ, et al. Dietary fiber, glycemic load, and risk of NIDDM in
men. Diabetes Care 1997;20(4):545—50.

[139] Salmeron J, Manson JE, Stampfer MJ, Colditz GA, Wing AL, Willett
WC. Dietary fiber, glycemic load, and risk of non-insulin-dependent
diabetes mellitus in women. JAMA 1997;277(6):472—7.

[140] Liu S, Manson JE, Stampfer MJ, Hu FB, Giovannucci E, Colditz
GA, et al. A prospective study of whole-grain intake and risk of type
2 diabetes mellitus in US women. Am J Public Health 2000;90
(9):1409-15.

[141] Meyer KA, Kushi LH, Jacobs Jr DR, Slavin J, Sellers TA, Folsom
AR. Carbohydrates, dietary fiber, and incident type 2 diabetes in
older women. Am J Clin Nutr 2000;71(4):921-30.

[142] Franz MIJ. The glycemic index: not the most effective nutrition
therapy intervention. Diabetes Care 2003;26(8):2466—8.

[143] Pi-Sunyer FX. Glycemic index and disease. Am J Clin Nutr
2002;76(1):290S-8S.

[144] Willett W, Manson J, Liu S. Glycemic index, glycemic load, and risk
of type 2 diabetes. Am J Clin Nutr 2002;76(1):274S—80S.

[145] Alfenas RC, Mattes RD. Influence of glycemic index/load on
glycemic response, appetite, and food intake in healthy humans.
Diabetes Care 2005;28(9):2123-9.

[146] Lau C, Faerch K, Glumer C, Tetens I, Pedersen O, Carstensen B,
et al. Dietary glycemic index, glycemic load, fiber, simple sugars,
and insulin resistance: the Inter99 study. Diabetes Care 2005;28(6):
1397-403.

[147] McKeown NM, Meigs JB, Liu S, Saltzman E, Wilson PW, Jacques
PF. Carbohydrate nutrition, insulin resistance, and the prevalence of
the metabolic syndrome in the Framingham Offspring Cohort.
Diabetes Care 2004;27(2):538—46.

[148] Chandalia M, Garg A, Lutjohann D, von Bergmann K, Grundy SM,
Brinkley LJ. Beneficial effects of high dietary fiber intake in
patients with type 2 diabetes mellitus. N Engl J Med 2000;342(19):
1392-8.

[149] MclIntosh M, Miller C. A diet containing food rich in soluble and
insoluble fiber improves glycemic control and reduces hyperlipid-
emia among patients with type 2 diabetes mellitus. Nutr Rev 2001;
59(2):52-5.

[150] West KM, Kalbfleisch JM. Influence of nutritional factors on
prevalence of diabetes. Diabetes 1971;20(2):99—-108.

[151] Wang L, Folsom AR, Zheng ZJ, Pankow JS, Eckfeldt JH. Plasma
fatty acid composition and incidence of diabetes in middle-aged
adults: the Atherosclerosis Risk in Communities (ARIC) Study. Am
J Clin Nutr 2003;78(1):91-8.

[152] Meyer KA, Kushi LH, Jacobs Jr DR, Folsom AR. Dietary fat and
incidence of type 2 diabetes in older Iowa women. Diabetes Care
2001;24(9):1528-35.

[153] van Dam RM, Willett WC, Rimm EB, Stampfer MJ, Hu FB. Dietary
fat and meat intake in relation to risk of type 2 diabetes in men.
Diabetes Care 2002;25(3):417-24.

[154] Marshall JA, Bessesen DH. Dietary fat and the development of type
2 diabetes. Diabetes Care 2002;25(3):620-2.

[155] Soriguer F, Esteva I, Rojo-Martinez G, Ruiz de Adana MS,
Dobarganes MC, Garcia-Almeida JM, et al. Oleic acid from cooking
oils is associated with lower insulin resistance in the general
population (Pizarra study). Eur J Endocrinol 2004;150(1):33-9.

[156] Ryan M, Mclnerney D, Owens D, Collins P, Johnson A, Tomkin GH.
Diabetes and the Mediterranean diet: a beneficial effect of oleic acid
on insulin sensitivity, adipocyte glucose transport and endothelium-
dependent vasoreactivity. QJIM 2000;93(2):85-91.

[157] Mayer-Davis EJ, Monaco JH, Hoen HM, Carmichael S, Vitolins MZ,
Rewers MJ, et al. Dietary fat and insulin sensitivity in a triethnic
population: the role of obesity. The Insulin Resistance Atheroscle-
rosis Study (IRAS). Am J Clin Nutr 1997;65(1):79-87.

[158] Lovejoy JC, Most MM, Lefevre M, Greenway FL, Rood JC. Effect
of diets enriched in almonds on insulin action and serum lipids in
adults with normal glucose tolerance or type 2 diabetes. Am J Clin
Nutr 2002;76(5):1000—6.



	Protective mechanisms of the Mediterranean diet in obesity and type 2 diabetes
	Introduction
	Epidemiological evidence of the preventive role of the Mediterranean diet on obesity and type 2 diabetes
	Mechanisms inversely linking the Mediterranean diet to excessive weight
	Effect of the Mediterranean diet on satiation and satiety
	Dietary fiber
	Dietary fat
	Energy density
	Alcohol consumption


	Mechanisms inversely linking the Mediterranean diet to type 2 diabetes
	Preventing obesity
	Antioxidant-rich foods
	Polyphenol-rich foods
	Magnesium-rich foods
	Moderate alcohol consumption
	Carbohydrate and dietary fiber
	Foods rich in unsaturated fat
	Conclusion

	Acknowledgments
	References


