
Lipid-induced cell stress and insulin
resistance
Patrick Schrauwen1, Joris Hoeks1 and Matthijs KC Hesselink2

Department of 1Human Biology; 2Movement Sciences, Maastricht University, Wageningen Center for Food Sciences
(WCFS) and Nutrition and Toxicology Research Institute Maastricht (NUTRIM), Maastricht, The Netherlands

Abstract

In our Westernized society, although some excess body fat is stored inside its proper place, adipose tissue, the

surplus of circulating fatty acids is also excessively stored in the liver, heart, pancreas and skeletal muscle. In

these tissues, intracellular fat accumulation, in combination with a low oxidative capacity, is associated with

decreased insulin sensitivity. Although the exact mechanism behind the negative effect of intracellular lipid

accumulation on insulin sensitivity has not been completely unravelled, ample evidence suggests that fatty

acid intermediates, such as diacylglycerol, fatty acyl-coenzyme-A and ceramides, can hamper insulin

signalling. However, recent evidence also points towards a role for reactive oxygen species in the development

of insulin resistance. The present review will focus on how fatty acids in combination with oxidative stress can

lead to lipid-induced oxidative damage, thereby impairing mitochondrial function and facilitating the

accumulation of muscular lipids.
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Introduction

O
ver the past few decades, the incidence of

type 2 diabetes mellitus has increased dra-

matically. In 2003, about 194 million people,

equalling 5.1% of the global population in the age

group 20�79 years, were estimated to have diabetes

(1). It is estimated that the worldwide number of

people suffering from type 2 diabetes will approx-

imate 330 million in 2025, with almost 10%

(472 million) of the global population suffering

from impaired glucose tolerance (1). The continu-

ous increase in type 2 diabetes prevalence contri-

butes significantly to illness and mortality rates.

At the heart of the aetiology of type 2 diabetes

lies insulin resistance, an early detectable character-

istic preceding the development of full-blown and

clinically overt type 2 diabetes. Insulin resistance

indicates a state of reduced responsiveness of the

insulin sensitive tissues to circulatory levels of

insulin, i.e. reduced glucose disposal and impaired

inhibition of hepatic glucose output at a given

concentration of insulin (2). A major contribution

to whole body insulin resistance comes from the

skeletal muscle, as revealed by classic work by

DeFronzo et al. (3). They showed a 45% reduction

in leg glucose uptake following a hyperinsulinaemic

euglycaemic clamp in type 2 diabetic patients, and a

strong positive correlation (r�/0.70, p B/0.001)

between leg and total body glucose uptake (3).

Not only are plasma glucose levels increased in

uncontrolled type 2 diabetes, but also increased

plasma free fatty acids (FFAs) and increased

storage of fatty acids in tissues including non-

adipose tissue such as muscle, pancreas and liver

have long been recognized (4). In 1992, McGarry (2)

described the importance of fatty acids and lipid

metabolism in the development of type 2 diabetes

mellitus, suggesting that insulin resistance and

concomitant hyperglycaemia would be easier to

understand if viewed in the context of underlying

abnormalities of lipid metabolism. With the lipo-

centric view in mind, the term lipotoxicity was first

used by Unger, referring to the deteriorating effect

of triglyceride accumulation in pancreatic b-cells on

glucose-stimulated insulin secretion (5). Later, the

concept of lipotoxicity was extended towards skele-

tal muscle, where it was linked directly to insulin

resistance (6). Skeletal muscle is able to store lipid
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droplets within the myocyte; these intramyocellular

lipids (IMCLs) are located in the near vicinity of

mitochondria, suggesting that IMCLs can serve as a

rapidly available energy source. However, despite

having a physiological function in providing energy

for the mitochondria, IMCLs appear to have

detrimental effects on muscular insulin sensitivity,

as they have been shown to correlate strongly with

insulin resistance (7). Remarkably, the amount of

IMCL is very sensitive to diet, as it has been shown

that the consumption of a high-fat diet for 7 days

leads to an increase in IMCL stores by approxi-

mately 50% in lean, healthy subjects (8). In addi-

tion, levels of IMCL are increased in insulin-

resistant, but non-diabetic first degree relatives of

type 2 diabetic patients, suggesting that IMCL

accumulation may be primary in the development

of type 2 diabetes (9). Combined, these data suggest

that the increase in IMCLs on a high-fat diet may

lead to the development of muscular insulin resis-

tance. Although no direct evidence is available that

the high-fat diet-induced increase in IMCLs in

humans predisposes to the development of insulin

resistance, rodent studies did reveal such causal

relationship. Thus, Dobbins et al. (10) showed that

the dietary effects on muscular triglyceride content

correlated strongly with the development of mus-

cular insulin resistance. Despite these findings, a

causal relation between IMCL content and insulin

resistance has been strongly questioned because of

the paradoxical finding that endurance-trained

athletes, who are among the most insulin-sensitive

subjects, also have increased IMCL content (11),

and that IMCL content is rapidly increased after

the onset of an endurance training programme (12).

At present, this paradox is explained by other fatty

acid intermediates affecting insulin sensitivity: in

the insulin-resistant state IMCLs may just function

as a marker of these fatty acid intermediates, which

accumulate if not all fatty acids that are released

from intracellular triglycerides can be (efficiently)

directed towards oxidation. Thus, in a condition of

excessive fatty acid supply and low oxidative

capacity (as with a high-fat diet and diabetes),

both IMCLs and the fatty acid intermediates

accumulate and the latter impair insulin signalling.

In contrast, with endurance training, characterized

by high oxidative capacity, fatty acid intermediates

are expected to stay low despite high IMCL levels,

and the high IMCL levels serve to provide the

regularly exercising muscle with abundant energy

stores.

One of the fatty acid intermediates that may

specifically be linked to the induction of insulin

resistance is diacylglycerol. Diacylglycerol can acti-

vate distinct isoforms of protein kinase C (PKC)

and activated PKC can directly impede insulin

signalling by phosphorylating and inhibiting tyr-

osine kinase activity of the insulin receptor and

tyrosine phosphorylation of insulin receptor sub-

strate-1, which results in inactivation of the insulin

receptor (for review see ref. 13). Much of the

evidence for this concept comes from studies in

which the acute effect of increased FFA levels on

insulin sensitivity has been examined. Infusion of

Intralipid† to increase FFA levels during a hyper-

insulinaemic euglycaemic clamp reduces insulin-

mediated glucose uptake within 2�4 h of fat infu-

sion, which is paralleled by increased levels of

diacylglycerol (DAG) and PKC activation (14).

The importance of DAG-induced activation of

PKC follows from studies with mice lacking PKC,

which are protected from the development of lipid-

induced insulin resistance (15), providing further

evidence for an important role of this pathway in

the development of muscular insulin resistance.

Therefore, preventing DAG accumulation and/or

PKC activation may be a therapeutic strategy to

overcome insulin resistance and the development of

type 2 diabetes. In that context, it has been shown

that DAG accumulation and PKC activation are

differentially affected by different types of fatty

acid: whereas saturated fatty acids led to DAG

accumulation and PKC activation in a cellular

model, this effect was not observed in comparable

concentrations of unsaturated fatty acids (16).

Although more research is needed, this finding

may provide a mechanistic explanation for the

observation that diets with unsaturated fatty acids

can have a beneficial effect on the development of

type 2 diabetes mellitus (17).

A role for oxidative stress in the development

of insulin resistance

Although the accumulation of fatty acid intermedi-

ates in muscle (and also liver and heart) is nowadays

widely accepted as being linked to the development

of type 2 diabetes, research in this field has recently

also pointed towards the role of oxidative stress in

the development of this disease. In a very recent

paper, Houstis et al. (18) provided evidence for a
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causal role for reactive oxygen species (ROS) in the

development of insulin resistance. They found that

cellular ROS levels were elevated in two cell models

of insulin resistance, where insulin resistance is

induced by treatment with either the cytokine

tumour necrosis factor-a (TNF-a) or the glucocor-

ticoid dexamethasone. To provide evidence for a

causal relation between the elevated ROS levels and

insulin resistance, the authors overexpressed a

variety of antioxidant genes in their model, and

the overexpression of each of these genes could

reverse the insulin resistance that was induced by

both TNF-a and dexamethasone (18). The question

then arise as to whether ROS production is elevated

in (pre)-diabetic subjects and how oxidative stress

can lead to (muscular) insulin resistance.

The major contributor to ROS production are the

mitochondria, and mitochondrial ROS can react

rapidly with DNA, protein and lipids, thereby

leading to oxidative damage. Fatty acids are espe-

cially prone to oxidative damage, resulting in the

formation of lipid peroxides, which in turn can

induce damage to proteins and DNA. Therefore,

accumulation of fatty acids in the vicinity of the

mitochondrial matrix, where ROS are formed,

increases the likelihood of lipid peroxidation. As

discussed above, type 2 diabetic patients are char-

acterized by the accumulation of IMCL and these

lipid droplets are located close to the mitochondria.

To prevent fatty acids simply diffusing into the

mitochondria, the entry of fatty acids into the

mitochondria is regulated by the enzyme carnitine

palmitoyl-transferase (CPT-1), which serves as an

inward transporter of oxidizable fatty acids. How-

ever, this system cannot completely prevent the

diffusion of fatty acid into the mitochondria, as

the mitochondrial membranes consist of lipid

bilayers and fatty acids can still enter the mitochon-

dria matrix via a ‘‘flip-flop’’ mechanism over the

membrane (19). This passive diffusion may be more

likely to occur under conditions of high intramyo-

cellular lipid concentration, as is the case for insulin

resistance and type 2 diabetic mellitus. Consistent

with this idea, the skeletal muscle of obese insulin-

resistant subjects not only contains a higher amount

of intramyocellular lipid, but also shows a higher

degree of lipid peroxidation (20). Potentially, these

lipid peroxides could lead to oxidative damage to

mitochondrial structures. Indeed, it has been shown

mitochondria from type 2 diabetic patients are

smaller and show more mitochondrial damage,

and that the mitochondrial area correlates positively

with insulin sensitivity (21). This also results in an

impaired functional capacity of mitochondria in

skeletal muscle of diabetic patients (21). Thus,

mitochondria of type 2 diabetic patients have a

reduced capacity of the electron transport chain, as

measured by nicotinamide adenine dinucleotide

(NADH):O2 oxidoreductase activity and reduced

citrate synthase activity. In vivo, the rate of mito-

chondrial oxidative-phosphorylation activity, mea-

sured by [31P]magnetic resonance spectroscopy, was

found to be reduced in skeletal muscle of insulin-

resistant offspring of type 2 diabetic patients (22).

These studies together show that mitochondrial

capacity is reduced in type 2 diabetic patients, which

may be attributed to lipid-induced oxidative stress.

In turn, this reduced mitochondrial capacity would

favour the accumulation of fatty acid intermediates

such as diacylglycerol, which may explain how lipid-

induced oxidative stress may ultimately lead to

(muscular) insulin resistance.

Mitochondrial uncoupling as a mechanism to

reduce lipid peroxidation

If mitochondrial ROS production can be harmful to

its own structure, the question arises how mitochon-

dria are able to limit the production of ROS. It has

been established that the production of superoxide

(the primary ROS produced) is strongly related to

the mitochondrial membrane potential, because of

increased non-specific single-electron reductions of

molecular oxygen at complexes I and III (23).

Important work in this field has been performed

by Skulachev (24), who showed that mild uncou-

pling may be effective in lowering mitochondrial

ROS production. Mild uncoupling implies a limited

increase in proton conductance of the inner mito-

chondrial membrane so that the membrane poten-

tial is slightly lowered, reducing the production of

ROS without major effects on adenosine tripho-

sphate (ATP) production. In 1997, the relevance of

controlled mild uncoupling was extended to muscle

physiology by the discovery of an uncoupling

protein (called UCP3) that is present in skeletal

muscle mitochondria. Shortly after its discovery it

was suggested that UCP3 may contribute to the

reduction of ROS by mediating mild uncoupling.

The regulation of UCP3 content is strongly asso-

ciated with fatty acid metabolism: UCP3 is up-

regulated or highly expressed when the supply of

fatty acid to muscle exceeds the oxidative capacity
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(lipid infusion, high-fat diets, glycolytic muscle), and

is low or down-regulated when the oxidative capacity

is high (endurance training, oxidative muscle). This

pattern of regulation is consistent with a protective

role for UCP3 in preventing lipid-induced oxidative

damage, as UCP3 is induced in conditions in which

the chance of lipid-induced oxidative damage is

high. Because UCP3 is able to export fatty acid

anions and/or peroxides from mitochondria, it may

indeed protect specifically against lipid-induced

oxidative damage. It exerts its protective function

in a dual manner, by exporting non-metabolizable

fatty acids/peroxides that enter the mitochondria via

passive diffusion before the lipid peroxide products

can damage the mitochondrial machinery present in

the mitochondrial matrix, and by exporting these

negatively charged fatty acid substrates, thus

lowering the proton gradient and limiting ROS

production.

It was shown recently that UCP3 is activated by

4-hydroxy-2-nonenal, an important by-product of

lipid peroxidation (25), suggesting a negative feed-

back loop involved in the regulation of mitochon-

drial lipid peroxide production. Evidence for a role

for UCP3 in the protection of lipid-induced oxida-

tive damage comes from experiments using mice

lacking UCP3; these mice are characterized by

increased levels of lipid peroxides (26) and damage

to mitochondrial proteins (27). Conversely, over-

expression of UCP3 in a cellular model was

associated with reduced ROS production (28).

Uncoupling protein-3 and type 2 diabetes

mellitus

The increased accumulation of muscular fat, the

higher degree of lipid peroxidation and mitochon-

drial damage observed in insulin-resistant and/or

type 2 diabetic patients could be linked if the above-

mentioned negative feedback loop were disturbed in

type 2 diabetic patients. Indeed, type 2 diabetic

patients and subjects with impaired glucose toler-

ance, often considered ‘‘prediabetics’’, have a 50%

reduction in UCP3 levels (29). These data suggest

that in patients with type 2 diabetes the reduction in

UCP3 is a pathological condition, in which low

levels of UCP3 fail to protect mitochondria suffi-

ciently against lipid-induced mitochondrial damage,

indicating a defective feedback mechanism between

lipid peroxides and mitochondrial uncoupling. This

idea is further supported by the finding that in

prediabetic subjects (with impaired glucose toler-

ance), a 1-year lifestyle diabetes prevention pro-

gramme comprising increased physical activity,

which effectively resulted in improved metabolic

control, resulted in a two-fold increase in UCP3,

thereby restoring UCP3 to normal physiological

levels (30). In addition, in type 2 diabetic patients

UCP3 content was restored after a 1 year endurance

training programme in parallel with improvement in

insulin sensitivity (30). Finally, the novel antidia-

betic agent Rosiglitazone up-regulates the protein

content of UCP3 in skeletal muscle of type 2

diabetic patients, accompanied with an improved

oxidative capacity, complex 2 activity and muscular

insulin sensitivity (29). These findings in humans do

not prove that the reduced levels of UCP3 are

causally related to the development of lipid-induced

oxidative damage and insulin resistance, and further

studies are needed to prove a functional role for

UCP3 in type 2 diabetes. Nevertheless, this sugges-

tion is also supported by the recent finding that

genetic variation in the UCP3 gene was associated

with the 10- and 15-year risk of developing type 2

diabetes mellitus (31).

Conclusion

Patients with type 2 diabetes are characterized by

low fat oxidative capacity and high plasma FFA

levels, leading to accumulation of fatty acids inside

muscle cells. Fat accumulation inside muscle cells

will lead to the entry of fatty acids into mitochon-

dria, where these fatty acids are prone to peroxida-

tion. In turn, these lipid peroxides may damage

mitochondria and further deteriorate oxidative

capacity. Diabetic patients have increased mitochon-

drial damage and impaired mitochondrial function.

UCP3 plays an important role in the protection of

mitochondria against these lipid peroxides, by

exporting fatty acid anions and/or peroxides from

the mitochondria, and lowering ROS production.

This function of UCP3 is activated by lipid

peroxides, suggesting a negative feedback loop

limiting lipid-induced oxidative damage. It is of

note, however, that in patients with type 2 diabetes

mellitus UCP3 levels are decreased by 50% com-

pared with controls matched for age and body mass

index, suggesting a defect in this negative feedback

loop, which ultimately may lead to lipid-induced

mitochondrial damage and insulin resistance.
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