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General introduction
The metabolic syndrome is a cluster of metabolic

abnormalities, that are associated with an increased
risk for the development of cardiovascular disease
and type 2 diabetes. According to the US National
Cholesterol Education Program (NCEP) guidelines,
the main criteria for diagnosis of the metabolic
syndrome are abdominal obesity, elevated plasma
triacylglycerol concentrations, decreased plasma high-
density lipoprotein (HDL) concentrations, elevated
blood pressure (hypertension), and insulin resistance
(1). These diagnostic criteria and the specific cut-off
values are summarized in Table 1.

Insulin resistance is a major characteristic of the
metabolic syndrome and plays a central role in the
development of type 2 diabetes mellitus. One of the
initial features of insulin resistance is a disturbed
postprandial glucose metabolism. When the plasma
glucose concentration rises after a meal, insulin is
secreted by the pancreatic beta-cells and released into
the blood stream. In target tissues such as skeletal
muscle, insulin binds to the insulin receptor on the cell
membrane. Subsequently, an intracellular signalling

cascade is activated, leading to translocation of glucose
transporters to the membrane (in muscle: GLUT4)
and an increased uptake of glucose into the cell.

In the insulin-resistant state, binding of insulin to
its receptor on the cell membrane will not lead to the
expected translocation of glucose transporters and
increased glucose uptake. Insulin resistance, a strong
predictor for the development of type 2 diabetes
mellitus, can therefore be defined as a reduced capacity
of insulin to increase whole body glucose disposal and
metabolism after a carbohydrate load.

The prevalence of insulin resistance is rapidly
increasing in Western populations, as well as the
prevalence of obesity. Not only does this lead to
dramatic increases in the risk for the development of
type 2 diabetes mellitus and cardiovascular diseases,
it also leads to mounting expenses for health care
systems. Because of the concurrence of (abdominal)
obesity, dyslipidaemia and insulin resistance in the
metabolic syndrome, there may be a link between
disturbed fat metabolism and insulin resistance (1).
This review will therefore focus on the interaction
between plasma free fatty acids (FFA) and the
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Summary
Two main features of the cluster of metabolic abnormalities known as the ‘metabolic syndrome’ are disturbances
in lipid metabolism and ‘insulin resistance’ (where the body’s cells become resistant to the effects of insulin).
Insulin resistance is a strong predictor for the development of type 2 diabetes mellitus. In particular, free fatty acid
metabolism is disturbed, which may cause accumulation of lipids inside the muscle cell (intramyocellular
triacylglycerol (IMTG)). IMTG is strongly correlated with insulin resistance, although this is not true for
individuals who have a high level of physical fitness. Evidence is growing that it is not IMTG itself but fatty acid
intermediates such as diacylglycerol which have detrimental effects on intracellular insulin signalling. Diet may
play a major role in the prevention and treatment of insulin resistance. Primarily, overweight and obese subjects
should reduce their energy intake to reduce abdominal fat mass, a major determinant of plasma free fatty acids
concentrations. Effects of dietary lipids are less clear. No consistent evidence exists that in humans total dietary
fat intake correlates with insulin resistance. Because medium-chain fatty acids are preferentially oxidized, fatty
acid chain length can play a role in the development of insulin resistance. Although the degree of saturation seems
to be related to the development of insulin resistance in animals (saturated fatty acids increase insulin resistance,
whereas unsaturated fatty acids — especially omega-3 fatty acids from fish oil — reduce insulin resistance), this
has not been replicated in human intervention studies. Therefore, more well-controlled human intervention
studies are needed to elucidate the role of total fat intake and dietary fatty acid composition on the development
of insulin resistance.
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development of lipid-induced insulin resistance, as
related to dietary fat intake. The focus will be on
skeletal muscle, the major organ involved in
postprandial glucose clearance.

Link between lipid and carbohydrate
metabolism

It has been recognized for decades that lipid and
carbohydrate metabolism are interrelated. In the early
1960s, Randle postulated his glucose–fatty acids cycle
theory, which states that the oxidation of fatty acids
will lead to a reduced glucose oxidation in tissues and
consequently to increased plasma glucose
concentrations. Although the Randle cycle might be a
valid physiological principle, further experiments have
shown that the uptake of glucose into the cell is the
bottleneck in insulin-mediated glucose metabolism,
rather than the oxidation of glucose. Attention has
therefore shifted towards the effects of fatty acids on
the intracellular insulin signalling cascade, mainly in
skeletal muscle tissue (2).

Obesity is generally accompanied by increased
plasma FFA levels, due to the elevated lipolysis of
triacylglycerol in adipose tissue. Many studies have
revealed a positive relationship between elevated
plasma FFA levels and the development of insulin
resistance, suggesting that increases in adipose tissue
mass, through its effects on plasma FFA
concentrations, can cause insulin resistance.

Moreover, several short-term experiments have
shown that acutely raising plasma FFA levels by
infusion of lipid emulsions rich in long-chain fatty
acids (LCFA) also cause profound insulin resistance
both in rodents and in healthy human subjects (3).
Interestingly, there is a delay between the start of lipid
infusion and the onset of insulin resistance. This delay
typically amounts 3 to 4 hours and suggests that lipids
first have to accumulate within skeletal muscle tissue,
before they can exert their effects on insulin resistance.

Intramyocellular lipid accumulation and
insulin resistance

As outlined in Figure 1, FFA circulating in the
blood can be taken up by skeletal muscle tissue.
Within the muscle cell, fatty acids become activated
to fatty acyl CoA. This can be either oxidized for the
production of energy or stored as triacylglycerol for
later use. Analysis of skeletal muscle tissue has
demonstrated that the intramyocellular triacylglycerol
(IMTG) content is strongly related to insulin resistance.
Indeed, in obese and diabetic subjects skeletal IMTG
content is elevated in comparison with healthy subjects.
Also, in lean offspring of diabetic parents, IMTG
content of skeletal muscle is increased, suggesting a
causal relation between IMTG and the development
of insulin resistance (4).

Paradoxically, individuals with a high level of
physical fitness (and therefore high insulin sensitivity)
have a higher concentration of IMTG in comparison
with untrained people (5). This contradictory finding
can be explained by the fact that the muscles of highly-
trained athletes have an increased capacity to oxidize
IMTG. It further suggests that in endurance-trained
athletes these IMTG have an important function as an
energy source during prolonged exercise. Apparently,
the combination of high IMTG stores together with a
high capacity to oxidize these IMTG, is not associated
with insulin resistance.

These findings suggest that not IMTG itself, but
intermediates in fatty acid metabolism, like
diacylglycerol (DAG) or ceramide, cause insulin
resistance, since these intermediates may be increased
when the oxidative capacity of IMTG is low. Thus,
highly-trained people can rapidly convert LCFA into
IMTG without the accumulation of intermediates in
situations when the supply of LCFA exceeds its
oxidation (e.g. in rest). During exercise these
individuals are capable of rapidly converting IMTG
back into LCFA to make them available for oxidation.

Abdominal obesity Waist circumference greater than 102 cm (men)
Waist circumference greater than 88 cm (women)

Elevated plasma triacylglycerol Plasma triacylglycerol concentration 1.7 mmol/litre or greater

Decreased plasma HDL Plasma HDL cholesterol concentration less than 1.0 mmol/litre (men)
Plasma HDL cholesterol concentration less than 1.3 mmol/litre (women)

Hypertension 130 mm Hg (systolic) or greater, and/or 85 mm Hg (diastolic) or greater,
and/or the use of anti-hypertensive medication

Insulin resistance Fasting plasma glucose concentration 6.1 mmol/litre  or greater, and/or
the use of hypoglycaemic medication

Table 1. Diagnostic criteria for the metabolic syndrome according to the US National Cholesterol Education
Program (NCEP) (1). Three out of the five components are required for diagnosis.
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This would prevent the
accumulation of
intermediates such as DAG
and as a consequence the
development of insulin
resistance. In type 2 diabetes
mellitus, the oxidative
capacity of skeletal muscle
is reduced and hence more
fatty acids will be directed
towards storage. Because
these patients can convert
LCFA into IMTG less
efficiently, intermediates
such as DAG will
accumulate in skeletal
muscle tissue, which induces
insulin resistance.

The exact mechanisms
by which DAG or other
intermediates in LCFA
metabolism lead to insulin
resistance are not known.
However, there are
indications that DAG
interferes with the insulin
signalling cascade through
a protein kinase C (PKC)
mediated pathway. DAG can
activate PKC and activated
PKC impedes insulin signalling, ultimately resulting
in reduced GLUT4 translocation and glucose uptake.

Dietary lipids and insulin resistance
It is well recognized that a balanced diet, and the

prevention or reduction of obesity, improves insulin
resistance. Of the three major macronutrients in the
diet (lipids, carbohydrates and proteins), many studies
have focused on the role of dietary lipids. In addition
to the total amount of fat in the diet, the composition
of dietary fatty acids may also play a role in the
development of insulin resistance.

Total energy intake
The major way by which diet can influence insulin

resistance is by reducing energy intake. This will
cause weight loss and reduction of adipose tissue
mass, thereby reducing plasma FFA levels and
accumulation of lipids inside muscle tissue. A
reduction in abdominal and visceral fat is especially
helpful for the normalization of the metabolic
disturbances underlying insulin resistance, because
abdominal and visceral fat have a greater lipolytic
activity than subcutaneous fat. Even moderate weight
loss has beneficial effects on insulin sensitivity, and

reducing total energy intake is therefore a powerful
tool for overweight and obese subjects in the prevention
and treatment of insulin resistance. In this respect,
energy restriction by decreasing the intake of any of
the macronutrients is equally effective for lowering
body weight and reducing insulin resistance.

High fat diets
It has been suggested that a high proportion of fat

in the diet can cause insulin resistance, independent of
body weight and adipose tissue mass. Under isocaloric
conditions, animal studies have indeed shown that
replacing carbohydrates with fats in the diet induced
insulin resistance. However these effects have not
been found in human intervention studies (6). Only
very large changes (>50% of total energy intake) may
affect insulin resistance in humans (7).

Fatty acid chain length
Most of the research in the field of lipid-induced

insulin resistance has focused on the effects of LCFA
(C

14
 or above) on insulin signalling. As described

above, these experiments have clearly shown that
intravenous infusion of a lipid emulsion rich in long-
chain triacylglycerols causes profound insulin

Figure 1. Lipid-induced insulin resistance in skeletal muscle cells. Abdominal
obesity increases plasma free fatty acid (FFA) concentrations. Long-chain fatty

acids (LCFA) taken up by skeletal muscle cells can be converted into
triacylglycerol (intramyocellular triacylglycerol (IMTG)). Intermediates in fatty acid
metabolism such as diacylglycerol (DAG) and ceramide can interfere with insulin

signalling and induce insulin resistance.
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resistance after several hours of infusion. As already
explained, these effects may be initiated by
intermediates in the conversion of LCFA to IMTG,
for instance DAG.

Unlike LCFA, medium-chain fatty acids (MCFA,
C

6
–C

12
) are preferentially oxidized and not converted

into IMTG. When given intravenously, over-supply
of MCFA may therefore induce insulin resistance to
a lesser extent than does that of  LCFA. However these
hypotheses have not been confirmed by experiments
yet. The use of dietary MCT to prevent insulin
resistance is limited by the fact that a high percentage
(> 10 % of total energy intake) of dietary MCT is not
well tolerated by humans, making the practical
application of MCT in dietary products difficult.
More research on this topic is needed before definitive
conclusions on the effects of MCT on insulin sensitivity
can be made.

Fatty acid saturation
Animal studies have shown that a high intake of

saturated fatty acids leads to insulin resistance, whereas
a high consumption of mono- or polyunsaturated fatty
acids (MUFA or PUFA) does not. In particular,
omega-3 fatty acids from fish oil seem to be protective
against the development of insulin resistance in most
animal studies (8). In vitro experiments (9) have also
shown that treatment of myotubes with saturated fatty
acids induces DAG accumulation and insulin
resistance, while treatment of myotubes with MUFA
does not.

Human studies on this topic are less convincing.
Epidemiological data from cross-sectional studies
have indicated that a higher intake of saturated fatty
acids is, in contrast to MUFA or PUFA, indeed
associated with insulin resistance. These studies are
however often poorly controlled and therefore cannot
demonstrate a causal relationship between the type of
dietary fat intake and the development of insulin
sensitivity.

An important larger-scale intervention study
addressing this topic is the multicentre KANWU
study (10), which included 162 healthy human subjects
receiving a controlled, isocaloric diet for three months,
consisting either of a high proportion of saturated
fatty acids or a high proportion of MUFA with or
without omega-3 fatty acids from fish oil. Data from
this study showed that the high saturated fatty acids
diet induced insulin resistance, whereas the high
MUFA diet did not. However, this beneficial effect of
MUFA was lost when fat intake exceeded 37% of total
energy intake. Supplementation with omega-3 fatty
acids from fish oil did not influence insulin sensitivity
in this study (10). From a recent review (6), it can be
concluded that most other long-term intervention

studies on the effect of fatty acid saturation have
subject groups that are too small to allow detection of
changes in insulin sensitivity.

Conclusions
Abdominal adiposity is strongly associated with

increased plasma free fatty acid concentrations. This
may cause insulin resistance in skeletal muscle tissue,
probably due to accumulation of intermediates in
fatty acid metabolism such as diacylglycerol. Reducing
obesity by restriction of energy intake can reduce
insulin resistance. In addition to simply reducing
calorie intake, manipulating the composition of the
diet might affect insulin sensitivity. For example,
medium-chain fatty acids are preferentially oxidized,
and could potentially play a role in lipid-induced
insulin resistance. Likewise, experiments in rodents
show that replacement of saturated fatty acids with
mono- or polyunsaturated fatty acids, and especially
omega-3 fatty acids from fish oil, has positive effects
on insulin sensitivity. However, these results have not
been confirmed indisputably by human intervention
studies.
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