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Review

The potential role of olive oil-derived MUFA in insulin
sensitivity

Audrey C. Tierney and Helen M. Roche

Nutrigenomics Research Group, School of Medicine, Institute of Molecular Medicine, Trinity College
Dublin, St. James's Hospital, Dublin, Ireland

Dietary fatty acids play an important role in the development of insulin resistance, the prelude to type
2 diabetes mellitus. This review addresses the potential role of olive oil-derived MUFA in insulin sen-
sitivity, particularly how dietary fat interacts with insulin resistance looking at whole body metabolic
measures, as well as molecular effects. The review focuses on the role of non-esterified fatty acids,
fatty acid composition in vivo and dietary fat modification on insulin resistance in the metabolic syn-
drome. Particular emphasis is placed on the role of olive oil within the context of dietary modification
to improve insulin sensitivity and for the prevention of the metabolic syndrome.

Keywords: Fatty acids / Insulin sensitivity / Metabolic syndrome / Monounsaturated fat / Olive oil /

Received: April 10, 2007; revised: March 23, 2007; accepted: June 3, 2007

1 Introduction

1.1 Definition of insulin resistance and its
importance in human health

In 1970, Berson and Yallow [1] defined insulin resistance
as “a state (of a cell, tissue, system or body) in which
greater-than-normal amounts of insulin are required to
elicit a quantitatively normal response”. It results in an
inability of insulin to provide normal glucose and lipid
homeostasis. Reaven [2] hypothesised that insulin resist-
ance, glucose intolerance and hyperinsulinaemia are the
underlying components of the metabolic syndrome or “Syn-
drome X”, and recently suggested that the more insulin-
resistant a person, the more likely he or she will develop
some degree of glucose intolerance, high triacylglycerol

(TAG) and low HDL cholesterol concentrations, essential
hypertension, and pro-coagulant and pro-inflammatory
states, all of which increase the risk of cardiovascular dis-
ease (CVD) [3]. The vast majority of subjects with multiple
metabolic disorders are insulin resistant, and in the general
population insulin resistance exists in the absence of these
metabolic disorders [4]. Zethelius et al. [5] proposed that
insulin resistance is an independent risk factor for CVD,
and, as the prevalence of obesity, type 2 diabetes mellitus
(T2DM) and CVD are increasing to epidemic proportions
[6], and significantly influence duration and quality of life
[7], it seems paramount that, as a potential cause or preced-
ing factor, insulin resistance should be studied in great
depth to reach a full understanding of the underlying mech-
anisms and its interaction effects.

BMI and waist circumference correlate positively with
insulin resistance [8, 9]. Waist circumference has been
singled out as the most important risk factor in the new
International Diabetes Federation (IDF) definition of the
metabolic syndrome (available from www.idf.org). Impor-
tantly, the IDF criteria for the metabolic syndrome also
accounts for ethnic-specific cut-offs for waist circumfer-
ence. Therefore, the general consensus is that central
adiposity is the most important determinant of insulin
resistance, which further heightens the risk for T2DM and
CVD. While diet and/or poor nutritional status is not a risk
factor for the metabolic syndrome, reducing body weight,
through manipulation of diet, is a well-accepted therapy to
reduce the incidence of T2DM and improve risk factors
such as hyperlipidaemia and hypertension. It has been dem-
onstrated that weight loss in diabetic patients improves
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HbA1c percentages, which reflects fasting glucose levels
during the previous 4–6 weeks, and improves insulin sensi-
tivity in peripheral tissues by increasing the capacity of
non-oxidative glucose metabolism [10]. It is probably that
insulin resistance has both polygenic and environmental
aetiology [11]. Since diet is one of the primary environmen-
tal factors, it makes sense to target diet in primary preven-
tion programmes and in secondary treatments.

1.2 Measuring insulin sensitivity

As an underlying feature of the metabolic syndrome, it is
critical to accurately assess insulin sensitivity in vivo. The
euglycaemic hyperinsulinaemic clamp is deemed the “gold
standard” for measuring insulin sensitivity [12]. Insulin is
infused at a constant rate and glucose is maintained at a
level between 5.0 and 5.5 mmol/L by glucose infusion. The
rate of glucose infusion is a measure of insulin-mediated
glucose disposal [13]. Another method, the Homeostasis
Model Assessment (HOMA) is a mathematical model,
which determines insulin resistance and b-cell function
obtained from fasting insulin/C-peptide and fasting plasma
glucose concentrations [14]. The advantage of HOMA is
that it is a fast and effective way of assessing insulin resist-
ance as sampling is simple and the outcome involves no
complex computer modelling [15]. Another method to
measure insulin sensitivity is the frequently sampled intra-
venous glucose tolerance test (IVGTT). This involves the
injection of glucose at baseline and the measurement of
plasma insulin and glucose at time points over a 3-h period.
A modified protocol requiring the infusion of tolbutamide
[16] or insulin 20 minutes after the glucose infusion now
seems to be the preferred method as it allows an adequate
endogenous plasma insulin response in the case of tolbuta-
mide infusion and to augment a second-phase insulin secre-
tion in individuals with impaired b-cell response in the case
of the insulin infusion [12]. Mathematical modelling (MIN-
MOD) is performed to provide an estimate of insulin sensi-
tivity and other parameters [17, 18]. Other methods used to
assess insulin sensitivity and insulin resistance are the insu-
lin suppression test, the insulin tolerance test, and from
indices derived from the data collected during an oral glu-
cose tolerance test; fasting insulin, and quantitative insulin
sensitivity check index [14, 15, 19–22] (Table 1).

1.3 Definitions of the metabolic syndrome –
Importance of insulin resistance

While the clustering of the components that define the
different versions of the metabolic syndrome is similar,
each place a slightly different emphasis on the metabolic
phenotype. The World Health Organisation (WHO) criteria
focuses on risk for diabetes centred around impaired glu-
cose tolerance, impaired fasting glucose or insulin resist-
ance as measured by the hyperinsulinaemic euglycaemic

clamp [23]. The IDF definition focuses on central adiposity,
whereas the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation, and Treat-
ment of High Blood Cholesterol in Adults [Adult Treatment
Panel (ATP) III] [24] assigns no priority to any of the crite-
ria. In a recent perspective review, Reaven [3] summarised
the similarities and differences of the three definitions of
the metabolic syndrome (WHO, IDF and ATPIII) but cate-
gorically stated that the components clustered in the syn-
drome occur only in insulin-resistant people. This is sup-
ported by results from animal studies [25, 26], and from
human metabolic studies including the insulin resistance
atherosclerosis study [27–29].

1.4 Prevalence and economics

All defintions vary in their estimates of the prevalence of
the metabolic syndrome, although the WHO and the ATPIII
of the NCEP were shown to correlate closely in identifying
people at risk of CVD [30]. The IDF definition tends
towards higher prevalence rates of the metabolic syndrome
[31, 32]. Recently, Sandhofer et al. [33] compared the three
definitions with respect to metabolic parameters and their
ability to predict intima media thickness and plaque extent
in the carotid arteries. This group found an increased preva-
lence of the metabolic syndrome using the IDF criteria
(25.8% for men and 19.5% for women). They found that
subjects identified by the WHO criteria (18.7% men, 16.2%
women) had higher fasting insulin levels and were more
insulin resistant according to a higher homeostasis model
assessment for insulin resistance (HOMA) than the subjects
identified according to the NCEP ATPIII (18.9% men,
17.0% women) and the IDF criteria. They concluded that
since the incidence of insulin resistance decreases with
lower visceral obesity, using lower cut-off values decreases
the specificity to detect insulin resistance subjects. In justi-
fying their low cut-offs for waist circumference, the IDF
Epidemiology Task Force Consensus Group made compari-
sons to the cut-offs used by the European Group for the
Study of Insulin Resistance (EGIR). However, the EGIR
requires insulin resistance as determined by hyperinsulinae-
mia [34]. As there is no universal definition of the meta-
bolic syndrome, this hinders the determination of the true
global prevalence both locally and internationally. As seen,
the definitions vary considerably and not all include insulin
resistance. Therefore, estimates of the prevalence of the
metabolic syndrome will depend on the definition used.
Using the NCEP definition, the prevalence of the metabolic
syndrome is estimated to be 25% of the general population
with no gender differences but varying with genetic back-
ground [35]. King et al. [36] estimated the prevalence of
diabetes in adults to increase by 35% and the number of
people with diabetes will increase by 122% by the year
2025. However, most of the studies used in the extrapola-
tion of data were conducted in the 1980s, suggesting that
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the results may be somewhat worse. Sunehag et al. [37]
demonstrated that healthy obese adolescents were highly
insulin resistant both in the fed and fasted state and after
response to a glucose challenge. To maintain normal glu-
cose and lipid metabolism obese adolescents required a
twofold increase in their insulin secretion. This demand on
the b-cell may lead to development of T2DM. This high-
lights the need to include such age groups in estimating
prevalence of insulin resistant states.

As an integral component of the metabolic syndrome and
T2DM, obesity and CVD, insulin resistance needs to be
considered with the increasing prevalence of these largely
preventable conditions. Healthcare costs associated with
treatment and its implications are proving more and more
of a burden on our economies. As reported by King et al.
[36] the predicted number of middle-aged people (45–
64 years) with diabetes was greater than elderly people
(F65 years), indicating long-term health care needs and
costs.

The cardio-protective properties of the Mediterranean
diet has received much attention in recent years and as the
main source of dietary fat, monounsaturated fat derived
mainly from olive oil is sure to have a major relevance in
the different rates of CVD between countries and in particu-
lar of a north–south divide. The renowned Seven Countries
Study [38] developed from the observation of the low rates
of coronary heart disease in Southern Europe. A rando-
mised trial in Lyon, France [39], in which the experimental
diet was designed nutritionally similar to the traditional
Cretan diet, high in a-linolenic acid and olive oil and the
control diet was a low-fat diet suggested by the American
Heart Association, showed a 70% reduction in the risk of
recurrent CVD in the Mediterranean diet compared to the
control group. The European Society of Cardiology 1999/
2000 heart survey, EUROASPIRE II assessed patients in 15
countries (Belgium, Czech Republic, Finland, France, Ger-
many, Greece, Hungary, Ireland, Italy, the Netherlands,
Poland, Slovenia, Spain, Sweden and United Kingdom) and
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Table 1. Measures of insulin sensitivity

Technique Sampling Method Outcomes

A
Euglycaemic Blood glucose measurements Constant rate IV insulin infusion Insulin resistance estimated
hyperinsulinaemic clamp
[12, 15]

every 3–5 min, in addition to
plasma samples over 150–
180 min

calculated as a dose per unit of
surface area and variable rate
IV glucose infusion

from the ratio of the mean glu-
cose infusion to the mean insulin
concentration over the last 20–
30 min

IVGTT with Minimal
modelling [12, 15, 19]

12–35 samples taken over
180 min

IV glucose bolus, IV insulin/tol-
butamide at 20 min

Analysis of results with MINMOD
computer programme: estimates
key indices of glucose-insulin dy-
namics: SI, insulin sensitivity; Sg,
glucose effectiveness; AIRg,
acute insulin response to glucose

Insulin suppression test [15] six samples at 0, 60, 120,
150, 160, 170, 180 min

Constant rate infusion of soma-
tostatin, glucose and insulin for
150–180 min

SSPG calculated from the mean
of the glucose concentrations
over the last 30 min

Insulin tolerance test [12, 15] 9 samples over 15 min IV bolus of insulin Logarithm of glucose concentra-
tions plotted against time. IS esti-
mated from the slope of the re-
gression line

B
Fasting Insulin [12, 20] Average of 2 fasting samples Logarithm usually best transfor-

mation

HOMA-IR [12, 14, 21] 3 basal samples at 5-min
intervals

HOMA-IR= (fasting glucose
(mmol/l)6fasting insulin (lU/
ml))/22.5

QUICKI [22] 1 sampling occasion QUICKI= [1/(log fasting insulin +
log fasting glucose)]

A: Intravenous techniques.
B: indices derived from data collected during OGTT data; IV, intravenous; IVGTT, intravenous glucose tolerance test; IS, insulin

sensitivity; HOMA-IR, Homeostasis model assessment-insulin resistance; SSPG, steady state plasma glucose; QUICKI, quanti-
tative insulin sensitivity check index.
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delved into the marked differences in the rates of CVD
across Europe and revealed rates higher in Eastern and Cen-
tral European countries and lowest in Mediterranean coun-
tries [40] where olive oil is considered a staple. Diet and
nutrition are sure to play a role in the realm of public health
strategies to attenuate the increasing prevalence of both the
metabolic syndrome, T2DM and CVD. As monounsatu-
rated fat has been demonstrated in some studies to attenuate
insulin resistance, as discussed below, advising a diet with
monounsaturated fat-rich foods such as olive oil may be a
means of reducing the incidence of the metabolic syndrome
and its associated risk factors.

2 Diet related determinants of insulin
sensitivity

There is increasing evidence that the composition of the
diet in terms of quality and quantity of fat plays an impor-
tant role in glucose homeostasis and insulin sensitivity. It is
generally agreed that saturated fats have a detrimental
effect on lipoproteins and on insulin sensitivity, while unsa-
turated have a more beneficial outcome.

Animal and human studies have demonstrated that satur-
ated fatty acids (SFA) increase insulin resistance [41–44].
The role of n-6 and n-3 PUFA on insulin sensitivity remains
controversial [45, 46]. Studies determining the effect of
MUFA on insulin resistance have demonstrated improved
peripheral insulin sensitivity following MUFA-rich diets in
both healthy [47, 48] and diabetic cohorts [49]. However,
the effect of MUFA on insulin resistance is still somewhat
controversial since it has also been suggested that dietary
oleic acid influences fat oxidation [50], which may in turn
have a negative effect on insulin sensitivity.

2.1 Effects of non-esterified fatty acids on insulin
resistance

As the common feature of T2DM, insulin resistance also
exists in the pre-diabetic state, therefore the molecular and
metabolic aetiology of insulin resistance are the topic of
many studies in the literature. Although previously a glu-
cose centred approach prevailed, more recently it has been
proposed that fatty acids are an important potential source
of the aetiological factor. In addition to elevated fasting glu-
cose concentrations, the insulin-resistant subject displays
an imbalance in fatty acid metabolism reflected by
increased levels of circulating non-esterified fatty acids
(NEFA) or free fatty acids (FFA) and TAG. This metabolic
phenotype is exacerbated in the obese state [51] and inhibits
insulin-stimulated glucose uptake into muscle. In this insu-
lin-resistant state, NEFA levels are increased both in the
fasted and the fed state [52]. In obesity, adipose tissue is
resistant to the anti-lipolytic effect of insulin, and becomes
limited in its ability to store lipids. Consequently, an

increase in circulating NEFA occurs, which leads to an
imbalance between the oxidation of fat and of glucose
(Fig. 1) [53]. It has been proposed that abnormal accumula-
tion of fat in muscle and other tissues leads to lipotoxicity,
induced b-cell failure, hyperglycaemia, increased plasma
NEFA concentrations and increased VLDL production, all
playing an important role in the aetiology of insulin resist-
ance [54]. Shulman and colleagues [55] have challenged
Randle's conventional hypothesis for the effects of fatty
acids on insulin sensitivity using NMR. They have found
that an increase in plasma FFA inhibits glucose transport
and/or phosphorylation causing a reduction in glucose oxi-
dation and muscle glycogen synthesis [56]. This is some-
what different to Randle's theory of the development of
insulin resistance.

2.2 Gene-nutrient interactions: implications for
dietary fatty acids

In light of the Human Genome Project and the rapid advan-
ces in molecular biology, a wealth of genetic information is
being generated, particularly with respect to the common,
polygenetic, diet-related diseases including obesity, insulin
resistance and T2DM. It is becoming increasingly obvious
that an individual's phenotype represents a complex interac-
tion between the genetic background and environmental
factors over the course of an individual's lifetime. Food
intake and nutrient exposure are key environmental factors
in the pathogenesis and progression of the common poly-
genic, diet-related diseases. Therefore, it is time to identify
the nutrient-sensitive genotypes and to develop a “personal-
ised nutrition” approach, whereby nutrient intake is manip-
ulated/optimised based on an individual's genetic profile to
reduce disease risk and/or improve the effectiveness of diet-
ary guidelines/recommendations in general.

For example, the “thrifty genotype” [57], which con-
ferred a protective effect in times of food deprivation, pro-
moting fat deposition, has now been proposed to explain
the escalating incidence of obesity in recent times as food is
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Figure 1. Fatty acid-induced insulin resistance in skeletal
muscle, as proposed by Randle et al. [54].
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more abundant and physical activity has decreased. Insulin
affects the transcription of several genes involved in energy
homeostasis, glucose and lipid metabolism. Therefore, the
interactions between genes, dietary fat composition and
insulin sensitivity are the focus of many studies to define
the molecular mechanisms that affect insulin responsive
genes. One such gene is peroxisome proliferator-activated
receptor gamma (PPARc), which has shown strong associa-
tion with the development of the metabolic syndrome and
T2DM. PPARs are members of the nuclear-hormone recep-
tor superfamily of which there are three isoforms PPARa,
PPARb/d and PPARc. Unsaturated fatty acids can bind to
specific isoforms and activate PPARs, varying to the PPARs
affinity depending on fatty acid chain length and degree of
unsaturation. It has been demonstrated that several PUFAs
[a-linoleic acid C18:2 n-6; c-linolenic C18:3 n-6; arachi-
donic acid C20:4 n-6 and eicosapentaenoic acid (EPA)
C20:5 n-3] activate PPARc [58]. In the context of insulin
resistance, PPARc regulates adipogenesis and is involved in
insulin sensitisation [58]. PPARc promotes the storage of
fat and increases adipocyte differentiation and enhances the
transcription of genes important for lipogenesis [59].

The PPARc Pro12Ala polymorphism has also been stud-
ied in context of gene-nutrient interactions as a candidate
genetic marker relevant to insulin resistance and the meta-
bolic syndrome. This variant results from a Pro to Ala sub-
stitution at the codon 12, which modulates the transcrip-
tional activity of the gene. In a prospective population-
based cohort study, Luan et al. (2001) demonstrated an
important interaction between background dietary fat com-
position and the PPARc Pro12Ala single nucleotide poly-
morphism. With an increase in the polyunsaturated to satur-
ated ratio, an inverse relationship for BMI and insulin con-
centrations in Ala carriers but not Pro homozygotes was
seen [60]. This important interaction between dietary fatty
acid intake and the Pro12Ala polymorphism of the PPARc

gene makes relevant the effects of diet on insulin resistance
and other aspects of the complex metabolic syndrome.
Luan's study is backed up by a meta-analysis [61] reporting
an association between Ala12, insulin sensitivity and a
decreased risk of T2DM. In the Quebec Family Study, total
fat and SFA intakes correlated with BMI, abdominal adi-
pose tissue area, waist circumference and fasting glucose
levels in Pro12 homozygotes but not seen in carriers of the
Ala allele. The PPARc example demonstrates the signifi-
cance of gene-nutrient interactions in modulating compo-
nents of the metabolic syndrome. However, there is a need
to further substantiate research in this area.

2.3 Insulin signalling – disruption with NEFA

Disruption of the insulin-signalling cascade by increased
NEFA or fatty acid-derived products including TAG has a
negative impact on insulin sensitivity. These effects are well
characterised in muscle [62]. The insulin-signalling cas-

cade involves a sequence of reactions in which binding of
insulin to the insulin receptor (IR) causes tyrosine phos-
phorylation of insulin receptor substrate-1 (IRS-1). Activa-
tion of phosphatidylinositol 3-kinase (PI3K), instrumental
in glucose transporter (Glut) 4 translocation to the plasma
membrane follows, facilitating increased glucose transport
into the cells [55]. Circulating FFA (malonyl CoA, long-
chain acyl-CoA) reduce muscle glucose oxidation and gly-
cogen synthesis by impairing glucose transport [63] and
impeding insulin-mediated tyrosine phosphorylation of
IRS-1 and IRS-1-associated PI3K activity, which is associ-
ated with a substantial increase in membrane-bound protein
kinase C theta (PKCh), a known serine kinase. LCacylCoA
generates a pool of diacylglycerol, which may activate
PKCh. Phosphorylation of IRS-1 on a serine residue affects
Glut 4 translocation to the cell surface [54]. A similar
mechanism involving IRS-2 is suggested to occur in the
liver [55]. As the IR is a membrane-bound protein and its
function is membrane dependent, it follows on that changes
in membrane lipid, induced by dietary fat, impacts on the
function of the plasma membrane IR [64]. In isolated rat
adipocytes, it has been demonstrated that a high polyunsa-
turated to saturated diet increased IR function and increased
glucose oxidation and glucose transport [65]. A high-PUFA
diet can also increase receptor tyrosine kinase activity [66].
Again these dietary effects may be further determined by
the degree of unsaturation and chain length of the unsatu-
rated fatty acids, another potential theme for further
research.

2.4 FFA and insulin secretion

FFA or NEFA have an important stimulatory effect on glu-
cose-stimulated insulin secretion (GSIS), by maintaining a
basal rate of insulin secretion, thus regulating adipose tissue
lipolysis. In the metabolic syndrome and T2DM, increased
NEFA contribute to hyperinsulinaemia and ultimately over-
exposure results in b-cell damage. Prentki and Corkey [67]
proposed that an elevation of the basal glucose level produ-
ces an increase in glucose-derived malonyl CoA within the
b-cell. Increased levels of intracellular malonyl CoA inhibit
the activity of carnitine palmitoyl transferase-1 (CPT-1) as
described by McGarry et al. [68] in the detailed explanation
of glucose-fatty acid metabolism. This in turn causes an
increase in long-chain acyl CoA levels. The malonyl-CoA/
CPT-1 interaction is central to GSIS highlighting the role of
fatty acids in the process [54]. The insulinotrophic effects
of FFA differ with respect to the level of saturation. In one
study, endogenous circulating FFA were eliminated with the
anti-lipolytic agent nicotinic acid and replaced with soy-
bean oil (which is predominantly PUFA) or lard oil (a
source of SFA). After a glucose challenge, the proportion of
insulin secretion was far more effective after the SFA treat-
ment [69]. The study also demonstrated that GSIS increased
dramatically with chain length and degree of unsaturation
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(C8:0, C18:2, C18:1, C16:0, C18:0). Other animal studies
have displayed a potent effect of increased islet TAG con-
tent on b-cell function [70]. This fat accumulation in the
islets and its subsequent effects on GSIS provides purpose
for further studies in humans.

2.5 Other mechanisms-brief mention

As the definitive factor in the new IDF criteria for the meta-
bolic syndrome, central obesity is associated with insulin
resistance. Increasingly, the effects of diet on body fat dis-
tribution are attracting much interest in an effort to under-
stand the factors that are associated with insulin resistance.
A study of the effects of three isocaloric diets: saturated fat
rich, monounsaturated rich and carbohydrate rich showed
that the MUFA-rich diet prevented central fat redistribution
and decreased postprandial adiponectin expression induced
by a carbohydrate-rich diet [71]. Adipose tissue is an impor-
tant endocrine organ that secretes several inflammatory
markers known as adipokines. Adipokines such as tumour
necrosis factor-a enhance adipocyte lipolysis, increasing
the secretion of fatty acids from adipose tissue (NEFA) indi-
rectly stimulating gluconeogenesis in the liver and also
through direct adverse effects on insulin-signalling path-
ways [72–74] by inhibiting autophosphorylation of tyro-
sine residues of the IR, promoting serine phosphorylation
of IRS-1. Serine phosphorylation of IR in adipocytes fol-
lows, inhibiting tyrosine phosphorylation. Resistin and IL-
6 also have effects on insulin-mediated glucose uptake and
impede insulin signalling.

Glucose-independent insulinotrophic peptide (GIP) and
glucagon-like peptide-1 (GLP-1) are important factors in
postprandial insulin secretion. The intestinal hormone
GLP-1 is secreted within the ileal L cell after ingestion of
carbohydrate and fat. Fatty acids have been demonstrated to
have stimulatory effects on the hormone with long-chain
(AC16) MUFA directly stimulating the L cell [75].

3 MUFA and insulin sensitivity

An understanding of the mechanisms involved in the devel-
opment of insulin resistance in relation to the type of fat in
the diet has been the focus of many studies. Epidemiologi-
cal and cohort studies suggest a detrimental effect of total
fat consumption in particular saturated fat on insulin resist-
ance and the development of T2DM [76–79]. A summary
of the human intervention studies that investigated the
effect of MUFA interventions on insulin and glucose
metabolism is presented in Table 2. It clearly shows that
diets rich in MUFA tend to improve insulin sensitivity [80,
81], however not all studies showed a positive effect [50,
82]. A number of studies have also focused on the relative
effect of substituting SFA with MUFA or carbohydrate,
since high-carbohydrate diets have been associated with

increased TAG concentrations, reduced HDL cholesterol
concentrations [49, 83] and reduced glycaemic control. An
interesting intervention study in patients with T2DM dem-
onstrated that, a high fat, MUFA-enriched diet (33% of total
energy) resulted in lower insulin requirements and lower
plasma glucose concentration compared to a low-fat (25%
total energy), high-carbohydrate diet (60% total energy)
[84]. The positive effect may have been related to the
reduced carbohydrate load, which would otherwise stress
already damaged pancreatic b-cells. Nevertheless, subse-
quent studies have failed to show positive effects of dietary
MUFA enrichment and carbohydrate modifications on fast-
ing insulin in diabetics [85, 86] or on insulin sensitivity in
healthy subjects [87]. Based on this research, the American
Diabetes Association has recommended dividing 60–70%
of energy between carbohydrate and MUFA, depending on
individual assessments and establishing desirable goals [88,
89].

Epidemiological studies have generally found no associ-
ation between MUFA intake and risk of T2DM [90–92].
However, in a review [44] of the roles and types of fat in the
risk of T2DM, a study examining intakes of MUFA through
the increased consumption of olive oil found an association
with lower fasting plasma glucose concentration [93]. In a
cross-sectional study of the general population in the South-
east of Spain, an oral glucose tolerance test (OGTT) in 538
subjects to calculate insulin resistance and b-cell function
using HOMA showed a favourable relationship between
MUFA intake and b-cell insulin secretion [94]. Studies that
have shown a positive association between MUFA and insu-
lin metabolism [95, 96] could be rationalised by the fact
that MUFA is inversely correlated with saturated fat intake
[97] in a typical westernised diet [44].

In general, dietary intervention studies have shown
inconsistent results in relation to the effect of MUFA on
insulin sensitivity. These discrepancies may be due to dif-
ferences and/or insufficient cohort size, diverse clinical
characteristics of the cohorts (healthy, impaired fasting gly-
caemia (IFG), metabolic syndrome, diabetes), the nature of
the dietary fat modification (MUFA vs. PUFA; MUFA vs.
SFA; MUFA vs. carbohydrate), study duration, measures of
insulin sensitivity and inappropriate study design [47, 49,
50, 84, 86, 87, 98–100].

In the well-cited KANWU study, a large group (n = 162)
of healthy individuals were randomised to receive an isoe-
nergetic high-saturated fat or high-MUFA diet for
12 weeks. Within each group, a sub-sample was randomly
selected to consume a fish oil (n-3 PUFA) supplement or
placebo. Insulin sensitivity was measured by the frequently
sampled IVGTT. This study demonstrated that the high-fat
diet reduced insulin sensitivity by 10%. The difference
between the two dietary fat composition groups was only
apparent after adjustment for total fat intake. The beneficial
effect of the MUFA diet on insulin sensitivity was only
apparent in subjects with total dietary fat intake less than
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Table 2. Summary of human studies investigating the role of MUFA on glucose and insulin action

Study Population Type of study Type of diet Outcome

Thomsen et al. (2003) 12 overweight T2DM
5 women and 7 men

Fat meals High SFA vs. high MUFA meal GLP-1 responses highest after olive oil meal

Vessby et al. (2001) 162 healthy subjects Randomised Interven-
tion

Isoenergetic diet; high SFA vs. high
MUFA

MUFA diet improved IS (a37% energy from
fat)

Parillo et al. (1992) 10 NIDDM patients Randomised crossover High MUFA/low CH vs. High carbo-
hydrate/low MUFA

High MUFA/low carbohydrate- zin postpran-
dial glucose & plasma insulin

Sarkkinen et al.
(1996)

31subjects IGT Randomised Interven-
tion

High fat MUFA rich vs. low fat PUFA
enriched

MUFA rich diet- Z fasting plasma glucose SG

higher in MONO group
Garg et al. (1988) 10 NIDDM Randomised crossover High carbohydrate diet vs. high MUFA High MONO diet-Zplasma glucose levels,

Zinsulin requirements-improve glycaemic
control

Perez-Jimenez et al.
(2001)

59 young healthy sub-
jects

Randomised crossover Isoenergetic high MUFA vs. low fat
High carbohydrate after a baseline
saturated-fat

Improvement in IS with high-carbohydrate &
high-MUFA diet

Uusitupa et al. (1994) 10 young healthy fe-
males

Randomised crossover High SFA vs. high MUFA MUFA diet-Glucose AUC lower;

Thomsen et al. (1999) 16 healthy (6 men, 10
women)
(first degree relatives of
T2DM)

Randomised crossover Isocaloric carbohydrate rich or
MUFA rich (olive oil)

IS similar

Marshall et al. (1997) 1069 individuals Observational study Habitual dietary intake No associations with fasting insulin conc.
for MUFA

Ryan et al. (2000) 11 T2DM Observational MUFA (oleic acid rich) vs. PUFA MUFA Zinsulin resistance
Lovejoy et al. (2002) 25 healthy men and

women
Randomised crossover MUFA vs SFA vs. Trans MUFA-no impact on IS

Esposito et al. (2004) 180 patients with MS
(ATPIII)

Observational Mediterranean style diet vs. Prudent diet Med diet Z insulin resistance

Thomsen et al. (1999) 10 healthy people Fat meals High fat, high MUFA, control GLP-1 and GIP responseszafter the olive oil
meal

Mayer Davis et al.
(1997)

1173 men and women,
no diabetes

Cross-sectional Habitual dietary intake Higher fat intake associated with lower IS
among obese; results consistent for MUFA

Mayer Davis et al.
(1993)

544 non-diabetic twins Cross-sectional Habitual dietary intake Higher intakes of SFA, oleic acid and linoleic
acid-positively related to higher fasting in-
sulin values

Rojo-Martinez et al.
(2006)

538 free-living Cross-sectional Habitual dietary intake Favourable relationship of MUFA with b-cell
insulin secretion

Bonanome et al.
(1991)

19 NIDDM patients Intervention 3 isocaloric diet changes; No significant changes noted for plasma
glucose
Phase 1&3 rich in carbohydrate, phase 2
rich in MUFA

Soriguer et al. (2004) 538 Pizarra Spain Cross-sectional study Habitual dietary intake; usual cooking
oil used

IR less in people who used olive oil

Feskens et al. (1995) 338(Seven Countries
Study)

Longitudinal Habitual dietary intake Intake of total, SFA, mono, dietary choles-
terol higher in men with newly diagnosed
diabetes

Salmeron et al. (2001) 84204 women Prospective study Habitual dietary intake MUFA not associated with diabetes
(Nurses Health Study) no diabetes

Trevisian et al. (1990) 4093 Italian men and
women

Cross-sectional Habitual dietary intake Consumption of olive oil-inversely associ-
ated with glucose levels

Maron et al. (1991) 215non-diabetic men
with CAD

Intervention Habitual dietary intake MUFA correlated positively with fasting in-
sulin

Soriguer et al. (2006) 538 Pizarra Spain Cross-sectional Habitual dietary intake-high in oleic acid Interaction between dietary MUFA and the
PPARG2 Ala-12 allele

T2DM, Type 2 Diabetes Mellitus; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; GLP-1, glucagon-like peptide-1; IS, insulin sensitivity; NIDDM, non-insulin dependent diabetes mellitus; Z, increase; IGT, im-
paired glucose tolerance; SG, glucose effectiveness; AUC, area under curve; MS, metabolic syndrome; ATP III, Adult Treatment
Panel III; GIP, Glucose independent insulinotrophic peptide; z, decrease; hx, history; IR, insulin resistant; CAD, coronary artery
disease.
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37% of total energy [47]. This apparent interaction between
dietary fat composition and total fat intake has been con-
firmed in a smaller randomised crossover intervention
study in 59 young healthy subjects [87]. In this study, sub-
jects were randomly assigned to a carbohydrate-rich and
MUFA-rich diets for 28 days after an initial high-saturated
fat run-in period. Both the carbohydrate and MUFA-rich
diets improved insulin sensitivity in vivo. In contrast, Love-
joy et al. [50] failed to demonstrate any positive effect of
MUFA in a crossover study that compared the effects of
MUFA, SFA and trans-fatty acid diets. Even so, an interest-
ing post-hoc analysis demonstrated that insulin sensitivity
was lower in overweight subjects after the SFA diet was
compared to the MUFA diet when the cohort was stratified
according to BMI. Therefore, it is fair to surmise that habit-
ual dietary fat quantity and BMI status are important con-
siderations that interact with dietary fat composition and
may affect insulin dynamics in humans.

3.1 Olive oil-derived MUFA and insulin sensitivity

In 1997, a group of nutrition, medical and public health spe-
cialists gathered in Rome to reach a health consensus on
olive oil and the Mediterranean diet. A working definition
of the traditional Mediterranean diet was described: “The
traditional (European) Mediterranean diet is characterised
by an abundance of plant foods such as bread, pasta, vegeta-
bles, salad, legumes, fruit, nuts; olive oil as the principal
source of fat; low to moderate amounts of fish, poultry,
dairy products and eggs; only little amounts of red meat;
low to moderate amounts of wine, normally consumed with
meals. This diet is low in saturated fatty acids, rich in carbo-
hydrates and fibre, and has a high content of monounsatu-
rated fatty acids. These are primarily derived from olive
oil” [101].

In a lead review article, Trichopoulou and Lagiou [102]
consider the broader aspects of the Mediterranean diet in
the different regions of the Mediterranean basin, but
describe the commonality of the various diets being the fact
that olive oil occupies a central position in all of them. Olive
oil is used liberally in food preparation, cooking and serv-
ing and therefore is consumed in significant quantities in
the Mediterranean regions. Although this raises the total fat
quantity, the ratio of monounsaturated to saturated fat is
higher than in other parts of the world [102] and the source
of monounsaturated fat is predominantly derived from olive
oil [103, 104].

The effect of the Mediterranean diet in particular, on
different components of the metabolic syndrome, has been
studied in detail. Improvements in endothelial function and
a reduction in markers of systemic vascular inflammation
and coagulation have been observed [105, 106]. In addition,
the Mediterranean diet has significant beneficial effects on
both systolic and diastolic blood pressure [107, 108], which

corroborates the fact that many of the risk factors of the
metabolic syndrome are indeed modifiable. Replacing
saturated fat with monounsaturated fat reduces LDL cho-
lesterol without a reduction in HDL cholesterol or an
increase in TAG concentrations [109].

Olive oil, as a single component, has been studied in less
detail; however, its role in being a major constituent of the
Mediterranean diet leads many authors to conclude that the
beneficial effects observed are attributable to this MUFA-
rich source. In a cross-sectional study in the South of Spain,
levels of insulin resistance were found to be lower in people
who used olive oil than in those who used sunflower oil
[81]. To ascertain the effects of a MUFA-rich fat meal, or
diet on glycaemic control, lipoprotein metabolism or endo-
thelial dysfunction, olive oil has been used to increase the
MUFA content and its percentage contribution to energy.

Olive oil is rich in antioxidant and anti-thrombotic
agents, which confer its protective effect against CVD and
certain cancers [110]. Olive oil is comprised of 55–85%
oleic acid, antioxidants such as vitamin E and phenolic
compounds (hydroxytyrosol, tyrosol, oleuropein and verba-
cosid) [111]. Oleic acid (cis C18:1 n-9) makes up 92% of
the MUFA present in foods, and almost 60–80% of oleic
acid intake comes from olive oil. Oleic acid is well absorbed
in humans [112]. The function of the phenols are important
in the milieu of insulin resistance and the development of
the metabolic syndrome in that they inhibit LDL cholesterol
oxidation, platelet aggregation and thromboxane produc-
tion, they stimulate anti-inflammatory components and
increase nitric oxide production [103]. Many studies have
used oleic acid-rich diets to examine the effects on insulin
resistance. Ryan et al. [80] examined the relationship
between change in membrane fatty acid composition and
glucose transport as an index of insulin sensitivity and
found a reduction in insulin resistance when a polyunsatu-
rated (linoleic acid; C18:2 n-6) rich diet was changed to an
oleic acid (C18:1 n-9) rich diet. This improvement was
related to the change in membrane fluidity, as an oleic acid-
rich membrane would be less fluid to its linoleic acid-rich
equivalent. Referring back to the earlier discussion on the
effects of fatty acids on GSIS, the structural difference in
oleic acid (one-double bond) could lead to a stimulated
release of insulin from the b-cell in response to glucose. In
terms of gene-nutrient interactions high intakes of oleic
acid can interact with polymorphisms of the PPARc2 gene
(Pro12Ala), resulting in increased insulin sensitivity [113].
In lean Zucker male rats exposed to an olive oil-rich MUFA
or coconut oil-rich SFA diet, a greater stimulation of GLP-1
by GIP was observed with the oleic acid, while a blunting in
the GLP-1 secretion induced by GIP was seen with palmitic
acid [114]. In overweight T2DM patients and in healthy
subjects, olive oil induced higher concentrations of GLP-1
further strengthening the relationship between fatty acid
composition and incretin responses [115, 116].
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3.2 Other dietary fats –Effects on insulin
sensitivity

There are many intervention studies that have determined
the effect of total fat intake on insulin sensitivity as meas-
ured by the clamp technique or variations of the frequently
sampled IVGTT and shown that high-fat diets (A38%
energy from fat) exacerbates insulin resistance. Low-fat
diets, however, have been shown to have a beneficial effect
[82, 117–119]. Total fat has been shown to be inversely
related to insulin sensitivity irrespective of the type of fat,
especially among the obese, an already vulnerable group in
terms of increased risk of the metabolic syndrome and
T2DM. An ad libitum, low-fat, high-fibre diet has been
shown to encourage weight loss in patients with T2DM
without the adverse effects on plasma lipids or on glycae-
mic control [120]. Categorising people by BMI has shown
an increase in insulin sensitivity in the more overweight and
obese categories when total dietary fat is reduced [50]. The
use of 24-h recalls and weighed food diaries in estimating
diet composition are adequate but not ideal. Underreporting
of dietary fat, carbohydrate, and frequency of snacking and
over emphasis of a healthy eating type pattern is repeatedly
observed in dietary studies, especially in overweight and
obese recorders. As a complementary and more reliable or
valid marker of habitual diet, fatty acid composition of
serum lipid esters can be measured. Vessby [121] found
higher proportions of SFA in non-insulin-dependent diabe-
tes mellitus patients as compared with healthy controls. In a
later study, Vessby et al. [122] measured fatty acid compo-
sition of serum cholesterol esters, representative of the diet-
ary fat compositions for the previous 6–8 weeks in 70-
year-old men. Insulin sensitivity was associated with low
proportions of palmitic (C16:0) and palmitoloeic (C16:1 n-
7) acids and a high proportion of linoleic acid (C18:2 n-6).
The fatty acids in serum lipids in the insulin-resistant sub-
jects suggest possible changes in the activities of desatura-
tion (decrease in D5 desaturase, increase in D6 and D9 desa-
turase) and elongation enzymes [121], suggesting that these
enzymes are insulin dependent. The desaturase activities
have also been observed with obesity and lifestyle factors in
men and women [123].

The anti-atherogenic effects of linoleic acid are well
documented [124]. Effects on insulin sensitivity are less
clear cut, however. In vitro and animal studies have shown
encouraging effects of PUFA on insulin action [125], espe-
cially with fish oils of which long-chain n-3 PUFA such as
EPA and docosahexanoic acid (DHA) are found in high con-
centrations [126]. Laaksonen et al. [127] showed an associa-
tion of the n-6 PUFA linoleate in serum with the risk for
development of IFG or diabetes in middle-aged men over a
4-year follow up. Salmeron et al. [92] postulated a reduction
in T2DM by replacing 2% of energy from trans fatty acids
isoenergetically with PUFA, indicating that increased
intakes of long-chain PUFA reduce insulin resistance. Ani-

mal studies have confirmed this, showing significant
decreases in lipids, glucose levels and an increase in insulin
sensitivity [128]. Considering the nutritional determinants
of dietary fats on insulin sensitivity, a long-chain n-3 PUFA
(EPA and DHA)-rich diet fed to rats prevented insulin resist-
ance in muscle and liver, through the hypothesised effect of
reducing fat content in muscle and thus maintaining normal
PI3K activity and expression and translocation of Glut 4
receptors and by inhibiting hepatic glucose production in
the liver [41]. Intake of fish oils directly influences the fatty
acid composition of membrane phospholipids [126] and
increases insulin sensitivity [129, 130]. Effects of n-3 PUFA
requires sufficient duration to permit a change in the com-
ponent of the cell membrane phospholipids to assess their
direct action on insulin resistance in contrast to their estab-
lished indirect effect on endothelial function, platelet aggre-
gation, TAG concentration and arrhythmic effects [131].
Epidemiological data confirming the effects of fish and fish
oil supplements on insulin sensitivity is not a wealthy
resource. The Seven Countries Study and the Nurses Health
Study showed inverse associations between fish consump-
tion and glucose concentrations and the incidence of T2DM
[91, 92]. However, other studies have failed to replicate
these findings [132]. In the KANWU study, supplementa-
tion with n-3 PUFA did not influence insulin sensitivity on
the high-fat or high-monounsaturated fat diets, confirming
the controversial effects of n-3 PUFA in human interven-
tions as opposed to animal models.

Although the effects of trans fatty acids on lipoprotein
concentrations (increase in LDL cholesterol, decrease in
HDL cholesterol) are well publicised, they could also affect
insulin sensitivity through the inhibition of desaturase
enzymes [44]. The Nurses Health Study was paramount in
highlighting the detrimental effects of trans fatty acids on
human health in terms of development of T2DM. An
increase of 2% energy from trans fatty acids was associated
with a 39% increase in diabetes risk [92].

4 Perspectives for the future

The optimal amount and type of dietary fat for the preven-
tion of insulin resistance and the metabolic syndrome
remains unclear. Despite a robust inverse association
between the overall Mediterranean diet score and mortality,
no appreciable associations were seen for most of the indi-
vidual dietary components including olive oil, which would
suggest that the cumulative effects (synergistic or interac-
tive) of multiple dietary components may be substantial. In
other words, the effect appears to be more than the sum of
its parts [133]. A study of the Catalan population in Spain
[103] demonstrated that higher intakes of olive oil were
associated with higher total fat intakes and had more ideal
food patterns such as increase fish, eggs and vegetable
intakes.
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From the abundance of figures and statistics in the litera-
ture of the rising rates and prevalence of insulin-resistant
states such as obesity T2DM and CVD, it is clear that the
simple equation of energy expenditure greater than energy
intake will lead to weight loss is not a clear and effective
message. While weight loss is advocated by medics, dieti-
tians and researchers as the primary goal to moderate the
abnormalities associated with insulin resistance for so
many overweight and obese, it is a futile effort. However, as
presented in this review through animal and human studies,
changing the macronutrient content of isocaloric diets
reveals positive biochemical outcomes.

LIPGENE is an EU Sixth Framework Programme Inte-
grated Project (2004–2009) entitled “Diet, genomics and
the metabolic syndrome: an integrated nutrition, agro-food,
social and economic analysis”. LIPGENE aims to study the
effect of dietary fat quantity and quality and of diet-sensi-
tive genotypes on insulin sensitivity and other risk markers
of the metabolic syndrome (www.lipgene.tcd.ie). A human
dietary intervention study carried out in 8 European coun-
tries will determine the impact of dietary fat on characteris-
tics of the metabolic syndrome and is fundamental to the
LIPGENE project. Current dietary fat recommendations
state total fat should comprise a30% of total energy, of
which 10–15% should be monounsaturated fat. LIPGENE
will investigate the substitution of modifiable fat sources
used in every day life such a margarines, oils and baking
fats with MUFA equivalent products as a vehicle to deliver
an increased source to people who would otherwise not con-
sume food sources rich in this nutrient. An animal nutrition
component of LIPGENE will focus on altering the fatty
acid composition of meat and milk through the manipula-
tion of cattle's diets. Typically, 70–75% of the fatty acids
present in milk are SFA, 20–25% are MUFA, the remainder
PUFA. It is possible to reduce the amount of C16–18 SFA
and increase the amount of MUFA (as oleic acid; C18:1
n-9) present in milk by increasing the supply of SFA of 18-
carbon chain length, or greater, to the mammary gland, as
stearic acid can be desaturated within it [134]. With the
planning of controlled studies and the development of diet-
ary recommendations, the current guidelines need to be
considered, especially in view of the fact in Mediterranean
regions, a higher percentage of total fat is consumed, albeit,
monounsaturated predominantly, therefore, advising a low
fat diet with a30% energy as fat would result in a drastic
reduction in olive oil consumption. In recent studies [135,
136], changes in the Mediterranean diet have been
observed, such that a move in the direction of

,

modernisation’ is occurring leaving the traditional Medi-
terranean diet of high olive oil intakes in decline. From the
evidence presented here, a shift back to the traditional Med-
iterranean diet should be advocated. Many prospective
studies need to be undertaken to confirm the effects of vary-
ing macronutrients in the diets and their role in insulin
resistance to unravel the effects of the different fatty acids

on this important causative factor of the metabolic syn-
drome and T2DM. From this, another question arises; to
assist in effective clinical diagnosis and policy develop-
ments or in designing dietary prevention programmes,
should all definitions of the metabolic syndrome incorpo-
rate insulin resistance as a main feature?
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