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ABSTRACT

The dramatic increase in diabetes incidence worldwide has been attrib-
uted to various factors, including major lifestyle changes, over the past
few decades. One lifestyle-related factor is the increased intake of food
with a high glycemic index. The resulting high demand for insulin pro-
motes insulin resistance and β-cell insufficiency. Together with
decreased physical exercise, this predisposes individuals to the devel-
opment of type 2 diabetes. Oxidative stress also plays a role in the
pathogenesis of insulin resistance and it has been hypothesized that
dietary antioxidants could diminish the risk of type 2 diabetes.
Therefore, specific dietary strategies may contribute to improved glu-
cose homoeostasis and help in the prevention of this disease. The epi-
demiological evidence and molecular details that link the
Mediterranean diet, typically rich in antioxidants, with the decreased
risk for type 2 diabetes are discussed in this review. It is concluded that
prospective observational studies and intervention studies support an
inverse relationship between this diet and insulin resistance with the
resulting type 2 diabetes.

INTRODUCTION

By the year 2030, the prevalence of diabetes in all age groups world-
wide is predicted to be 4.4% with 366 million people suffering from
the disease. By comparison, in the year 2000 these numbers were
estimated to be 2.8% and 171 million respectively (1). Although the
most important increase will concern those over middle age (2), sev-
eral recent studies have demonstrated an alarming increase of type
2 diabetes in children and adolescents (3, 4, 5). In the United States,
the economical costs associated with diagnosed type 2 diabetes for
the year 2007 were estimated to be $159.5 million, consisting of
medical costs of $105.7 million and indirect costs of $53.8 million
(6). With regard to these patients, case-specific mortality rates are
increased for ischemic heart, cerebrovascular and renal diseases,
evident at all age groups (7). Obviously, the enormous social and
personal burden of this disease warrants an aggressive approach. 

Various risk factors contribute to the development of type 2 diabetes
and have been summarized by Steyn et al. (8). They discuss non-
modifiable risk factors, including race/ethnicity, family history, gen-
der, age and genetic determinants. Furthermore, these authors
highlight modifiable risk factors, notably dietary and lifestyle habits
(8). There is an increasing number of studies on foods that are con-
sidered important for health. A prominent position is taken by stud-
ies that evaluate the beneficial role of the Mediterranean diet, which
is rich in vegetables, legumes, fish, fruit, nuts, olives and olive oil, and
avoids red meat, saturated fats and high calorie ingredients. Indeed,
many epidemiological studies, including randomized clinical trials,
have demonstrated that this diet can reduce the risk of cardiovascu-
lar, neoplastic and neuropsychiatric disorders (9).

An alarming increase in obesity, especially in children and adoles-
cents, has been attributed to increased consumption of energy-rich
and -dense foods together with physical inactivity (10). This increase
in obesity goes hand in hand with an increasing prevalence of type 2
diabetes, and several studies have observed a close relationship
between obesity and diabetes (11, 12). These facts suggest that mod-
ification of dietary patterns may have a favorable effect on the preva-
lence of type 2 diabetes and it has been advocated that specific
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dietary strategies can improve glucose homeostasis and contribute
to the prevention of type 2 diabetes (13, 14). In this review, whether
the Mediterranean diet has a beneficial effect on the occurrence of
type 2 diabetes is examined. The results of recent epidemiological
and some experimental investigations will be reviewed to present
the scientific evidence, and the pathology and clinical aspects of dia-
betes will be discussed. 

DIABETES: PATHOLOGY AND CLINICAL ASPECTS

The pathology of diabetes is described in many (bio)medical text-
books. Nevertheless, for a better understanding of this article a short
overview is provided below. The islets of Langerhans make up
approximately 2% of the pancreatic mass and are scattered
throughout the organ. Each islet consists of 2000 to 3000
endocrine cells. Four main cell types are present in each islet: α-cells
(secreting glucagon), β-cells (secreting insulin), δ-cells (secreting
gastrin and somatostatin) and F-cells (secreting pancreatic polypep-
tide). After sugar intake, increased blood glucose is taken up by insu-
lar β-cells through insulin-independent glucose transporter protein
(GLUT)-2 and stimulates the immediate release of insulin (consist-
ing of two peptide chains) and C-peptide (connecting the two pep-
tide chains) from the secretory granules. The transport of glucose
into target cells, such as hepatocytes, skeletal and cardiac muscle
cells, requires bioactive insulin. The transmembrane transport of
glucose is facilitated by GLUT-4, which is translocated from the Golgi
apparatus to the plasma membrane upon activation of the insulin
receptor. Thus, GLUT-4 removes glucose from the blood in an
insulin-dependent manner. Under normal conditions, an increased
blood glucose concentration stimulates the release of insulin, which
brings the glucose level back to normal within 1 h. Impairment of
insulin production diminishes the transport of glucose to the various
body cells resulting in hyperglycemia.

If there is no insulin production due to, for example, autoimmune or
toxic damage to pancreatic tissue, the patient suffers from type 1
diabetes (also called insulin-dependent diabetes mellitus) and
requires lifelong exogenous insulin. This type of diabetes often
becomes evident during childhood, but can also develop at later
ages. Type 2 diabetes (also called non-insulin-dependent diabetes
mellitus) is characterized by insufficient insulin secretion relative to
glucose levels. This disease mostly occurs in adults and is caused by
resistance of target tissues to insulin together with deficient post-
receptor signalling resulting in diminished glucose uptake via GLUT-
4 transport.

The clinical symptoms of type 1 and 2 diabetes are similar. Most
prominent are hyperglycemia, polyuria, glucosuria and polydipsia
(excessive thirst and fluid intake). Patients can be classified as predi-
abetic or diabetic and diagnostic criteria include impaired fasting
plasma glucose concentration and impaired glucose tolerance after
an oral glucose tolerance test (15).

The major complication of both types of diabetes is atherosclerosis
eventually leading to increased risk for myocardial infarction and
stroke, as well as other circulatory diseases. Vascular lesions may
also develop in the kidneys and retina, eventually resulting in renal
failure and blindness, respectively. Alterations in the nervous system
may lead to, for example, bladder function impairment, peripheral
neuropathy, cardiac malfunction and neuropsychiatric disease.

These and other clinical complications cause increased mortality
rates among individuals with diabetes (16, 17). A recently published
Spanish study demonstrated that patients with diagnosed diabetes
had a risk of mortality 2.5 times greater than individuals with nor-
moglycemia. In patients with undiagnosed diabetes and pre-dia-
betes this relative risk was 2.7 and 1.6, respectively (18).

MECHANISMS LINKING THE MEDITERRANEAN DIET 
TO LOWER INCIDENCE OF TYPE 2 DIABETES

Various epidemiological studies suggest that a plant-based diet may
decrease the risk of type 2 diabetes (19, 20, 21). Prospective cohort
studies have identified fruit and vegetables (22), berries, oil, mar-
garine and poultry (23), as well as vitamin C plasma levels (24) to be
associated with lower incidence of type 2 diabetes. Important fea-
tures of this diet are its low glycemic index (GI) and glycemic load,
which lower the rate of insulin secretion and facilitate glucose home-
ostasis (25). Importantly, the Mediterranean diet includes the above-
mentioned components together with fish, nuts and red wine, rather
than red meat and ingredients that contain saturated fats, such as
butter. This diet provides a variety of dietary fiber sources (mainly
from vegetables, whole grain products and fruit), monounsaturated
fats (mainly from olives and olive oil) and polyunsaturated fats
(mainly from fish, nuts and vegetables), whereas alcohol consump-
tion is moderate and consists mainly of red wine during the meal.

Dietary fiber

Food intake causes a gastrointestinal response in the sense that var-
ious peptides that regulate gastric emptying, pancreatic secretion
and the feeling of satiety are released. Among these peptides are
cholecystokinin, glucagon-like peptide-1 and peptide YY (26).
Increased fiber intake results in increased satiety-related response
that reduces hunger (27). This effect contributes to a reduced weight
gain or even weight loss and may prevent obesity and the develop-
ment of diabetes (28-31). 

Adipose tissue in obese people is insulin resistant and exhibits over-
production of various pro-inflammatory cytokines, adipocytokines
and free fatty acids that may amplify insulin resistance (32, 33).
Moreover, plasma adiponectin (a key regulator of insulin sensitivity)
is decreased in obesity, type 2 diabetes and other obesity-related
diseases, including atherosclerotic cardiovascular diseases (34). An
insulin-sensitizing effect has also been attributed to diets rich in
fiber. The glycemic response associated with dietary fiber from
plant-based food in the Mediterranean diet is approximately 40%
lower than in a control diet (35). Fibers in minimally processed foods
are thought to surround the carbohydrate particles to form a physi-
cal barrier against rapid absorption, lowering the glycemic response.
In contrast, processed foods rich in carbohydrate and low in undis-
rupted fibers increase post-prandial glucose and have a higher GI,
predisposing individuals to type 2 diabetes (36, 37).

Dietary fats

Although the dietary patterns of the countries around the
Mediterranean basin show regional differences, olive oil has a promi-
nent place in each of them and is considered a hallmark of this diet.
Olive oil is a rich source of the monounsaturated fat oleic acid, which
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confers strong antioxidant and anti-inflammatory properties (38).
(Poly)phenolic compounds, which occur in olive oil (particularly in
extra virgin olive oil), are known for their beneficial actions, as
demonstrated in experimental and human intervention studies (39).
Notably, olive oil exerts an anti-atherogenic and anticancer action
(40, 41). The Mediterranean culinary habits also involve the use of
olive oil for the preparation of vegetables, legumes and fish, which
contain polyunsaturated fatty acids, especially the omega-3 fatty
acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
which decrease the pro-inflammatory arachidonic acid content of
cell membranes and promote the synthesis of anti-inflammatory
eicosanoids (42). A recently published overview on the prevention of
insulin resistance by omega-3 polyunsaturated fatty acids by Fedor
and Kelley discussed how fish oil and individual fatty acids such as
EPA and DHA prevent insulin resistance in animal models, while in
human studies of normal weight and obese individuals, a reduced
insulin resistance or no improvement has been measured (43). These
observed discrepancies may be due to differences in health charac-
teristics in trial participants, the amount and composition of fish oils
used and the laboratory methods for insulin resistance assessment.
Overall, these researchers concluded that omega-3 fatty acid sup-
plementation has clinical significance in the prevention and reversal
of insulin resistance (43).

These beneficial health effects are accompanied by the fact that
unsaturated fats are more easily oxidized than saturated fats. This
might explain why the consumption of foods and oils containing
unsaturated fats do not promote obesity (44-46). One prospective
Spanish study of 17,238 women and 10,589 men with high adher-
ence to the Mediterranean diet, who were not obese at baseline
demonstrated that there was no increased risk of being overweight
during a follow-up period of 3.3 years (47). This suggests that the
Mediterranean-style dietary pattern may prevent obesity and its
metabolic complications such as insulin resistance.

Alcohol and wine

Whereas excessive consumption of alcoholic drinks may have severe
detrimental effects, moderate consumption of red wine in quantities
of one to two glasses per day may exert beneficial effects, notably
with regard to the cardiovascular system (48). Furthermore, a cross-
sectional analysis of a sample of 4153 Greek adults revealed that
moderate red wine consumption was associated with lower inci-
dence of type 2 diabetes (49). One of the polyphenols contained in
red wine is resveratrol, a potent antioxidant and an activator of sirtu-
ins, which are involved in the common diseases of aging (50). SIRT1
(a gene encoding for the sirtuin family of proteins) stimulates glu-
cose-dependent insulin secretion from the pancreas and stimulates
insulin signalling in insulin-sensitive tissues. Moreover, in obese
mouse models, SIRT1 activators and SIRT1 overexpression have a
beneficial effect on glucose homeostasis and insulin sensitivity (51,
52). Understandably, it has been suggested that SIRT1 is a novel tar-
get for the prevention of type 2 diabetes (53), therefore, its relation-
ship with red wine consumption needs further exploration.

Shai et al. reported on a multicenter randomized clinical interven-
tion trial in patients with established type 2 diabetes who abstained
from alcohol (54). They received one glass of red (75% of partici-
pants) or white wine (13 g ethanol) or non-alcoholic beer (control

drink) each day for 3 months. In those individuals who drank alcohol,
fasting plasma glucose levels decreased (P = 0.015), although no
effect on post-prandial glucose levels could be measured. Though
most intervention studies in this field concern red wine (e.g.
www.awri.com.au) there is also a beneficial effect of white wine.
Joosten et al. conducted a randomized crossover trial in healthy
postmenopausal women (55). They received two glasses of white
wine (25 g ethanol) or two glasses of white grape juice (control) per
day during dinner for a period of 6 weeks. This moderate alcohol
consumption improved insulin resistance (P = 0.02), fasting insulin
levels (P < 0.01), adiponectin (P = 0.02) and lipid profile (P < 0.0001).

HUMAN STUDIES ON TYPE 2 DIABETES 
AND THE MEDITERRANEAN DIET

Prospective studies

Epidemiological evidence in the form of prospective nested, case-
control studies and prospective cohort studies suggests that several
dietary patterns are favorably associated with a reduced risk for type
2 diabetes. Prospective studies have provided evidence that diets
rich in whole grains and fiber reduce insulin resistance in non-dia-
betic individuals and reduce the risk for type 2 diabetes (56-58). This
is in good agreement with studies that identified other dietary pat-
terns, characterized by refined grains, high caloric soft drinks, red
meat, processed meat, whole milk, butter and potatoes, being asso-
ciated with increased incidence of type 2 diabetes (21-23, 59-
61).Moreover, a systematic review of cohort studies performed in
Western countries, published in 2005, concerning the effect of vari-
ous nutrients on the incidence of type 2 diabetes demonstrated that
a decreased risk for the disease comes with the higher consumption
of whole grain foods and coffee and that processed meat consump-
tion is associated with an increased risk (62). A large prospective
cohort study (N = 161,737 women of the Nurses’ Health studies I and
II followed over 12-18 years) indicated a relative risk of 0.75 for the
highest versus the lowest quintile of whole grain intake (30). These
researchers found their results to be similar to those from a system-
atic review of six cohort studies (N = 286,125 participants), which
demonstrated that whole grain consumption lowered the risk of type
2 diabetes by 21%.

Results from two large prospective studies investigating adherence
to the Mediterranean diet and type 2 diabetes incidence were pub-
lished in 2008; the British Whitehall II study (N = 7,731; follow-up 15
years) among civil servants (63) and the Spanish SUN study (N =
13,380; median follow-up 4.4 years) among Spanish university grad-
uates (64). Both studies showed a reduced risk of type 2 diabetes for
those participants who ate a Mediterranean-like diet. The British
study determined a hazard ratio of 0.74, whereas the Spanish study
reported an incidence rate ratio of 0.65. Also in 2008, McNaughton
et al. identified a dietary pattern associated with insulin resistance
that represents an important risk factor for type 2 diabetes (65). The
investigators explained that this diet is characterized by low con-
sumption of medium/high fiber breakfast cereals, jam, French
dressing/vinaigrette and wholemeal bread. Furthermore, a prospec-
tive analysis of overall dietary habits and the risk of type 2 diabetes
in 80,000 US women during the 18-year follow-up suggested that
there were nine dietary features favorably associated with the pre-
vention of type 2 diabetes; high consumption of vegetables, fruit,
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fish, fiber and nuts, a high ratio of poultry to red meat, a high ratio of
polyunsaturated to saturated fats, moderate alcohol consumption
and the use of multivitamin supplements (58). Within this context it
is noteworthy that Panagiotakos et al. found an inverse relation
between adherence to the Mediterranean diet and insulin resistance
in the ATTICA study (66).

Intervention studies

Prospective randomized intervention studies, rather than prospec-
tive cohort studies, provide a suitable method to study the effects of
the Mediterranean diet on the risk of developing type 2 diabetes.
Various short-term studies have investigated the effect of different
randomly assigned diets in order to achieve weight loss in obese
individuals. In general, adherence to a Mediterranean-type diet
favorably influenced glycemic control, fasting plasma glucose and
insulin levels, fasting pro-insulin (the pro-hormone precursor to
insulin) levels in insulin-resistant people, weight loss and weight
maintenance (67-69). These outcomes underpin the important
effect of diet on risk factors for diabetes. Nevertheless, it needs to be
mentioned that only long-lasting multicenter prospective random-
ized intervention studies with more than 10,000 participants could
throw further light on this issue.

ANIMAL MODELS

For the study of pathogenesis, course of illness and efficacy of drug
treatment, appropriate animal models of type 2 diabetes are essen-
tial. Various studies have reported on spontaneous old-age diabetes
in monkeys (70- 72), however, aside from the low incidence of this
disease in captive monkeys, the use of non-human primates is incon-
venient and costly. For good reasons, rats and mice are easier to
work with, but the ideal model, mirroring the characteristics of the
disease in humans, including similar etiology, pathophysiology, nat-
ural history and complications has not been developed yet (73). An
extensive review on this branch of diabetic sciences is beyond the
scope of this paper, however, interested readers are referred to an
excellent recent paper by Islam and Loots (74).

Islam and Loots discuss how experimentally induced animal models
are preferred for most purposes due to their comparatively low cost.
They include: (1) adult streptozotocin (STZ)/alloxan-induced rat
models; (2) neonatal STZ/alloxan-induced models; (3) partial pan-
createctomy models; (4) long-term high-fat (HF) diet models; (5) HF
diet-fed STZ models; (6) nicotinamide (NCT)/STZ-induced models;
(7) intra-uterine growth retardation (IUGR) models; (8) the STZ-
induced progressive diabetes model; and (9) the monosodium glu-
tamate-induced model (74). These various models have pros and
cons with regard to specific applications. As far as dietary interven-
tion is concerned, the models of choice are the HF diet-fed STZ and
the NCT/STZ model (74, 75). The former model shows pathological
type 2 diabetes features comparable to humans. These test animals,
in particular the rat model, develop hyperglycemia, hyperinsuline-
mia, glucose intolerance, insulin resistance and dyslipidemia, and
the model has been validated using anti-type 2 diabetes drugs. The
latter model  (a mouse model), exhibits the pathological character-
istics of the majority of Asian people suffering from non-obese type
2 diabetes (74, 77). Using the HF diet-fed STZ model, various nutri-
ent-related experiments have been carried out providing directions

for future studies related to common Mediterranean dietary habits,
including the anti-diabetic effect of Allium sativum and Citrullus colo-
cynthis (76-79).

DISCUSSION AND COMMENTS

The epidemic proportions in many developed and developing coun-
tries of type 2 diabetes was recognized more than a decade ago (80,
81). The dramatic rise in type 2 diabetes incidence in Pima Indians in
Arizona and women in Fiji who changed their traditional lifestyles to
a Western-type diet made it likely that dietary factors play an impor-
tant role in the pathogenesis of this disease (82, 83). Observations of
the Pima Indians made it also likely that an increasing risk for devel-
oping type 2 diabetes is associated with being overweight and obese
(84). The components of the Mediterranean diet have a relatively low
energy density, causing a lower energy intake, whereas tastiness and
satiety still hold a prominent place. Importantly, its favorable effect
on the prevention of type 2 diabetes is at least partly mediated
through weight maintenance and weight loss. Mechanistically, a
lower energy intake brings about less biochemical activity of the
Krebs cycle. Diminished energy intake decreases the likelihood of
mitochondrial dysfunction and the production of reactive oxygen
and nitrogen species. In contrast, excessive high-energy food intake
causes metabolic overproduction of these reactive species, bringing
on oxidative stress. This phenomenon triggers the formation of
inflammatory molecules that cause abnormal phosphorylation of
the insulin receptor and substrate proteins (85). Evans explains that
in individuals with an imbalance between the production of oxidative
species and antioxidant defense, oxidative stress plays an important
role in the pathogenesis of various chronic disorders, including ath-
erosclerosis, insulin resistance and β-cell dysfunction (86). Indeed, a
recent publication by Anderson et al. discusses the attenuation of
mitochondrial H2O2 emission, either by treating rats with mitochon-
drial-targeted antioxidants or by genetically engineering catalase
overexpression in muscle mitochondria in mice (87). These actions
completely preserved insulin sensitivity in an HF diet rodent model
with insulin resistence. These findings are consistent with the ran-
domized intervention trial published by Esposito et al. on the use of
a Mediterranean-type diet rich in antioxidant-containing foods in
patients with a metabolic syndrome (88). Relative to the normal-diet
control group, the Mediterranean diet significantly decreased insulin
resistance, which suggests that Mediterranean-type dishes contain
antioxidants that may counteract the aforementioned imbalance
and protect against oxidative stress. An important effect of this diet
can be attributed to extra virgin olive oil. Its major component oleic
acid, a monosaturated fatty acid, but also its polyphenols, have
demonstrated anticancer and anti-atherogenic actions, diseases in
which oxidative stress plays an important role (39-41).

The Finnish Diabetes Prevention Study is an important ongoing pro-
gram that has, among other things, been focusing on lifestyle
changes to prevent the development of type 2 diabetes in high-risk
individuals (http://www.idf.org/national-diabetes-prevention-
plans). In 2001, an important randomized study by Tuomilehto et al.
was published in which 265 participants were assigned to a lifestyle
intervention and 257 participants to a control group (89). This study
revealed that in those adults who were overweight, the risk of devel-
oping diabetes could be reduced by 58% (P < 0.001) by lifestyle
changes consisting of physical activity and individual diet coun-
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selling aimed at weight loss. During this study with a mean follow-
up of 3.2 years, the cumulative incidence of diabetes was 11% in the
intervention group and amounted to 23% in the control group.
Interestingly, progression to overt type 2 diabetes was predicted by
immunological parameters of which C- reactive protein appeared to
be the best predictor (90). Furthermore, it appeared that interven-
tion was the most effective among the oldest participants (P = 0.01)
and in those in whom values for waist circumference, insulin resist-
ance and fasting serum insulin levels pointed to increased risk (91).

The U.S. Diabetes Prevention Program Research Group
(http://www.idf.org/idf-north-america-and-caribbean-region) stud-
ied the effect of lifestyle modification (i.e. weight loss and exercise)
and found it effective in preventing incident type 2 diabetes in high-
risk groups in whom weight loss had the greatest effect (91). The
impact of lifestyle risk factors on new-onset type 2 diabetes in older
adults has been prospectively investigated and recently reported on
by Mozaffarian et al. (92). In a large sample of  4883 men and
women with a mean age at baseline of 73 years, combined lifestyle
factors were favorably associated with a markedly lower incidence of
type 2 diabetes. These lifestyle factors included physical activity
(leisure-time activity and walking pace), dietary score (relatively high
fiber intake and polyunsaturated to saturated fat ratio, intake of food
with a relative low GI and low content of transfat), moderate alcohol
use and a body mass index (defined as weight in kg divided by height
in m2) of less than 25. Participants whose physical activity level and
dietary, smoking and alcohol scores were all in the low-risk group
had an 82% lower incidence of type 2 diabetes compared with other
participants. The researchers attribute their results to the lower
dietary glycemic load caused by physical activity and food choice,
which is associated with an improved inflammatory status. These
and earlier studies (93) demonstrate the link between diet and
lifestyle in relation to the risk of type 2 diabetes.

In conclusion, a Mediterranean-type diet provides a variety of ingre-
dients that prevents obesity and facilitates weight loss. This diet
combined with physical activity has anti-inflammatory actions which
reduces the risk of developing type 2 diabetes.
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