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Abstract Atherosclerosis is the leading cause of death in
type 2 diabetes. LDL cholesterol and atherosclerosis are
related, both in healthy people and those with diabetes;
however, people with diabetes are more prone to athero-
ma, even though their LDL cholesterol levels are similar to
those in their non-diabetic peers. This is because LDL
particles are modified in the presence of diabetes to be-
comemore atherogenic. Thesemodifications include glyca-
tion in response to high plasma glucose levels; oxidative
reactions mediated by increased oxidative stress; and trans-
fer of cholesterol ester, which makes the particles smaller
and denser. The latter modification is strongly associated
with hypertriglyceridaemia. Oxidatively and non-oxida-
tively modified LDL is involved in plaque formation, and
may thus contribute to the accelerated atherosclerosis. This
review discusses the techniques currently used to determine
the physicochemical properties of LDL, and examines the
evidence that modification of these properties plays a role
in the accelerated atherosclerosis associated with type 2
diabetes.
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Introduction

Diabetes and cardiovascular risk

Atherosclerosis begins with endothelial dysfunction, accu-
mulation of lipids in macrophages, and an inflammatory
response, and results in plaque formation and narrowing of
the lumen. The more vulnerable plaques are prone to rup-
ture, which may lead to myocardial infarction (MI) or
stroke. Atherosclerotic cardiovascular disease is the lead-
ing cause of morbidity and mortality in patients with type
2 diabetes, and the risk of developing the disease is two to
four times higher than in non-diabetic subjects [1]. In ad-
dition, the risk of cardiac morbidity and mortality in in-
dividuals with type 2 diabetes without previous MI has
been shown to be similar to that in non-diabetic subjects
with a history of MI [2]. Although cardiovascular mor-
bidity and mortality are increased in patients with diabetes,
no more than 25% of the excess risk of cardiovascular
disease can be explained by the co-existence of traditional
risk factors such as hypertension, dyslipidaemia and cen-
tral obesity [3].

Lipid disorders in diabetes

LDL cholesterol is one of the strongest predictors of CHD,
both in individuals with and without diabetes [4]. It might
therefore be anticipated that plasma levels would be in-
creased in diabetes; however, the Heart Protection Study
found that plasma concentrations of LDL cholesterol are
similar in control subjects and those with well-controlled
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type 2 diabetes [5]. This study also provided conclusive
evidence that lowering cholesterol is beneficial to people
with diabetes. Dyslipidaemia, characterised by hypertri-
glyceridaemia (fasting and postprandial) and a reduced
HDL cholesterol level (particularly HDL2), is common in
patients with the metabolic syndrome and type 2 diabetes
[6, 7], and is an independent predictor of cardiovascular
disease. In the Skaraborg Hypertension and Diabetes Proj-
ect, HbA1c and duration of diabetes were positively associ-
ated with plasma triglyceride concentrations [8], consistent
with the finding that those with poor glucose control have
higher concentrations of serum triglyceride—a phenome-
non that is often attributed to insulin resistance (Fig. 1).
Lipoprotein lipase (LPL), which hydrolyses triglycerides
into monoglycerides and fatty acids, is inhibited by apo-
lipoprotein CIII and is activated by apolipoprotein CII
and insulin. Reduced insulin action may thus increase plas-
ma triglycerides by lowering their clearance rate. Enhanced
hepatic production of triglyceride-rich VLDL also con-
tributes to the increase in triglyceride. In central obesity,
which is considered to play a crucial role in insulin resis-
tance and the metabolic syndrome, a process mediated by
hormone-sensitive lipase increases the NEFA concentra-
tion. This adipocyte-associated enzyme stimulates the hy-
drolysis of stored triglyceride and is inhibited by insulin.
The NEFA flux from adipose tissue is thus increased in
insulin-resistant subjects and will, in turn, contribute to
increased synthesis and secretion of VLDL by the liver.

Since chylomicrons have to compete with VLDL for entry
to the lipolytic system, which delays their clearance, insulin
resistance is also associated with postprandial hypertri-
glyceridaemia. High postprandial concentrations of triglyc-
eride-rich lipoproteins affect endothelial function, promote
atherogenesis, and are associated with coronary artery dis-
ease (CAD) [9]. Remnants of these triglyceride-rich lipopro-
teins are now considered to be atherogenic since, compared
with LDL particles, they can deliver more cholesterol to
macrophages. High concentrations of remnant-like particles
(RLP) have recently been found in type 2 diabetic patients
[10].

LDL particle size

Each LDL particle (average Mr ∼2.5 million) contains one
molecule of apolipoprotein B100 (apoB100) and approxi-
mately 3,000 lipid molecules [11]. The core of the particle
consists of cholesterol ester and triglyceride. A shell of
protein, free (unesterified) cholesterol and phospholipids
surrounds this core, and some 3300 fatty acids are bound
in different lipids, approximately 50% of which are poly-
unsaturated (specifically, linoleic and arachidonic acid)
(Table 1). LDL is very heterogeneous with respect to lipid
composition, charge, density, and particle size and shape
(Fig. 2), and the strongest determinant of LDL particle size
in type 2 diabetes is the free cholesterol content of the
shell of the particle [12]. A number of studies have shown
that LDL particle size is negatively correlated with plasma
triglyceride concentrations (Fig. 3) and positively corre-
lated with HDL cholesterol levels [13, 14]. In contrast to
plasma triglyceride, the triglyceride content of LDL is not
associated with LDL particle size [13]. The association
between LDL particle size and the concentration of fasting
plasma triglyceride can be explained by changes in the
metabolism of triglyceride-rich particles that result in the

Table 1 Composition of LDL, expressed as the number of lipid
molecules per LDL particle and as a percentage of the weight of the
particle, determined in 94 individuals with well-controlled, normo-
lipidaemic type 2 diabetes

Number of molecules
per LDL particle

Weight (%)

ApoB100 1 20.5±1.1
Triglycerides 191±42 6.7±1.6
Free cholesterol 605±66 9.4±0.8
Phospholipids 751±62 23.5±0.9
Cholesterol esters 1534±143 39.9±2.2
Fatty acids
C16:0 (palmitic acid) 873±103
C18:0 (stearic acid) 261±64
C18:1 (oleic acid) 616±101
C18:2 (linoleic acid) 1328±213
C20:4 (arachidonic acid) 207±5

Data are means±SD. Fatty acids that contribute less than 5% are not
listed
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Fig. 1 Schematic diagram of the proposed mechanism for the
development of atherosclerosis in type 2 diabetes. Reduced insulin
action and/or an increased concentration of apolipoprotein CIII may
lead to elevated plasma triglyceride through inhibition of LPL. In
central obesity, which is common in type 2 diabetes, the NEFA
concentration is increased because hormone-sensitive lipase is not
inhibited by insulin. This results in hepatic overproduction of tri-
glyceride-rich VLDL, particularly VLDL1. High plasma triglyceride
concentrations are associated with RLP, oxidised LDL and small,
dense LDL. Together with glycated LDL, these features are at least
partly responsible for the accelerated atherosclerosis observed in in-
dividuals with type 2 diabetes.HSL hormone-sensitive lipase, ox-LDL
oxidized LDL, sdLDL small dense LDL, TG triglyceride
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remodelling of lipoprotein particles. Briefly, the transfer
of cholesterol ester from HDL and LDL to triglyceride-
rich lipoproteins (VLDL, chylomicrons and RLP), and the
transfer of triglyceride in the opposite direction, is me-
diated by cholesterol ester transfer protein (CETP), the
activity of which is increased in type 2 diabetes [15]. Tri-
glyceride in the LDL particle is hydrolysed by hepatic
lipase, making it smaller and denser. In response to ele-
vated concentrations of plasma triglyceride-rich lipopro-
teins, as is typically the case in patients with type 2 diabetes,
the rate of transfer is increased.

An alternative, complementary theory for the formation
of small LDL is based on the existence of multiple LDL
precursors. There are two pools of VLDL, large VLDL1
and small VLDL2, each of which has a different metabolic
fate. Synthesis of VLDL1 by the liver is increased at fast-
ing triglyceride concentrations exceeding 1.5 mmol/l. Para-
doxically, large VLDL1 is preferentially metabolised into

small, dense LDL particles [6]. Multiple genes may con-
tribute to LDL particle size, and heritability analyses have
suggested that genetic influences account for one-third to
one-half of the variation in LDL peak particle diameter in
humans [16].

Measurement of LDL particle size

LDL particle size is traditionally measured by non-dena-
turing PAGE [17]. Alternatively, electron microscopy of
negatively stained LDL may be used (Fig. 2) [18]. Both
methods are time consuming and may be unsuitable for
large series of samples. Easier methods of measuring LDL
particle size are currently being developed, including light
scattering [19], high-performance gel-filtration chromatog-
raphy [13, 20], and nuclear magnetic resonance (NMR)
spectroscopy [21]. LDL particle diameter may also be
determined from particle volume, which, in turn, may be
calculated from its lipid composition, based on the fact that
each LDL particle contains a single molecule of apoB100.
This calculation is only valid if LDL particle shape is spher-
ical. However, this assumption may be false, since recent
studies have shown that LDL particles may be discoid in
shape rather than spherical [12, 22]. If confirmed, this
would affect the interpretation of data obtained by tech-
niques such as dynamic light scattering and NMR, in which
particle volume is the variable that is actually measured,
and particle diameter is derived under the assumption of
spherical geometry. This observation may explain the re-
cently described discrepancy between LDL particle size as
measured by NMR and that determined by gradient gel
electrophoresis, which was found to be especially pro-
nounced in women and those with diabetes [23].

Measurement of LDL particle size is technically de-
manding; various efforts have therefore been made to es-
timate this variable indirectly. Wägner and coworkers have
shown that the ratio of apoB100 : LDL cholesterol in plas-
ma is a good predictor of LDL phenotype B (characterised
by a predominance of small, dense LDL particles) in type 2
diabetes [24]; however, Tallis and coworkers could not
confirm this finding [25]. A possible explanation for this
discrepancy is that the percentage of plasma apoB100 car-
ried in VLDL particles rather than in LDL particles in-
creases at higher triglyceride concentrations (>2 mmol/l).
Consequently, the apoB100 : LDL cholesterol ratio is only
a good predictor of LDL particle size at plasma triglyceride
concentrations up to 2 mmol/l.

LDL particle size and association with atherosclerosis
and diabetes

Small LDL particles differ from normal-sized LDL par-
ticles in terms of metabolism and atherogenicity. Smaller
LDL particles penetrate more easily into the arterial intima
[26], exhibit increased binding to arterial wall proteogly-
cans [27], and are more prone to oxidative stress [28–30].
Small, dense LDL particles also have a prolonged plasma

Fig. 2 Electron micrograph (taken with a CM 100 Bio Electron
Microscope; Philips, Eindhoven, The Netherlands) of human LDL
negatively stained with methylamine tungstate. LDL was isolated by
ultracentrifugation with a density between 1.019 and 1.063 kg/l and
then dialysed for 24 h against 0.1 mmol/l PBS containing 1% am-
monium acetate. The image was recorded at a magnification of
×280,000
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Fig. 3 Association between LDL particle diameter, as estimated by
high performance gel-filtration chromatography, and plasma trigly-
ceride in 788 subjects with normal glucose metabolism, impaired
glucose metabolism or type 2 diabetes. The strength of the asso-
ciation (r=−0.64, p<0.001) was assessed by Spearman’s rank cor-
relation test (unpublished data)
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half-life because of their lower binding affinity for the
LDL receptor [31]. The presence of small, dense LDL
particles in plasma is therefore considered pro-atherogenic.
Several cross-sectional and prospective studies have shown
that a preponderance of smaller LDL particles is associated
with an increased risk of CAD, and the Diabetes Athero-
sclerosis Intervention Study (DAIS) reported that small
LDL particle size is significantly associated with its pro-
gression [32]. A study conducted by Campos and coworkers
found that the prevalence of small LDL particles was higher
in those with CAD than in control subjects [33]. The Stan-
ford Coronary Risk Intervention Project (SCRIP) reported
that the annual progression of stenosis over a 4-year period
was more rapid in men with smaller LDL particles than in
men with large LDL particles [34]. The prospective Quebec
Cardiovascular Study reported that men with small, dense
LDL particles had an increased risk of CAD compared with
men with normal-sized LDL particles, independent of LDL
cholesterol, triglyceride and the total cholesterol : HDL
cholesterol ratio [35]. However, others have failed to find an
independent association between particle size and MI [36].
People with abnormal glucose metabolism have signifi-
cantly smaller average particle diameters than non-diabetic
individuals [37, 38]. A study of Japanese men found that
50% of those with glucose intolerance had small LDL
particles, as compared with 10% of controls [39]. Further-
more, the risk of developing type 2 diabetes is more than
doubled in individuals with a preponderance of small LDL
particles [14].

LDL particle size may be used in conjunction with
plasma LDL cholesterol measurements to provide an in-
dication of the number of circulating LDL particles. Two
individuals may have the same LDL cholesterol concen-
tration, but the one with predominantly smaller particles
will require more LDL particles to carry the same load of
cholesterol. The observation that those with diabetes have
smaller LDL particles but normal levels of plasma LDL
cholesterol suggests that the number of particles is in-
creased in diabetes. A rough estimate of the number of LDL
(and VLDL) particles may be obtained by assessing the
concentration of apoB100, because these lipoproteins con-
tain one molecule of the protein. The Insulin Resistance
Atherosclerosis Study found that apoB100 outperformed
LDL cholesterol in the assessment of cardiovascular risk
[40], and the Health Professionals’ Follow-up Study showed
that, compared with LDL cholesterol, apoB100 was a
stronger predictor of cardiovascular disease among diabetic
men [41]. Assessment of LDL particle number by mea-
surement of LDL size or apoB100 concentration will thus
enhance the precision of the risk estimates based on LDL
cholesterol.

LDL oxidation and oxidative stress

Oxidation of LDL initiates a series of events that ulti-
mately lead to the enhanced uptake of LDL by macro-
phages, foam cell formation and plaque development [42].
Oxidised LDL and antibodies against the modified form of

the lipoprotein have been found in human atherosclerotic
lesions [43], but not in normal arteries or veins. Several
characteristics of oxidised LDL play a role in the devel-
opment of atherosclerotic plaques: oxidised LDL is toxic
to endothelial cells [44], recruits leucocytes to athero-
sclerotic lesions [45], and promotes the proliferation of
macrophages within plaques [46].

The rate of LDL oxidation in the intima depends on
multiple factors, including LDL concentration, endothelial
barrier function, the intrinsic resistance of LDL to oxi-
dation, and the local concentration of free radicals; the
latter will depend upon the balance between the produc-
tion of free radicals and the scavenging capacity of the
antioxidant defence system. Although the initiating stim-
ulus for LDL oxidation remains unknown, several potential
mechanisms have been identified, including reactions with
reactive oxygen species (ROS), haem proteins, and en-
zymes such as lipoxygenase and myeloperoxidase (Fig. 4).

There is good evidence for the involvement of enhanced
oxidative stress in the pathogenesis of cardiovascular dis-
ease in diabetes [47]. Free radicals can damage the double
bonds of polyunsaturated fatty acids in the cell membrane,
leading to a chain of chemical reactions called lipid per-
oxidation, during which aldehydes are formed. The mea-
surement of malondialdehyde (MDA) by the thiobarbituric
acid test is an indirect way of quantifying oxidative stress.
Although this method lacks specificity and selectivity, it is
widely used to estimate the level of lipid peroxidation.
Plasma MDA concentrations are increased in subjects with
type 2 diabetes compared with those in type 1 diabetic
subjects and healthy control subjects [48]. F2-isoprostanes,
prostaglandin F2-like compounds formed by the non-
enzymatic oxidation of arachidonic acid, are currently con-
sidered the most reliable biomarkers of in vivo oxidative
stress, and several studies have reported that the level of
isoprostanes is increased in type 2 diabetic patients [49].

The antioxidant capacity of diabetic patients, both en-
zymatic and non-enzymatic, has also been examined in
detail. Plasma vitamin E concentrations are lower in dia-
betic patients than in control subjects [50]; leucocytes from
type 2 diabetic patients have reduced levels of vitamin C
[51]; and erythrocyte superoxide dismutase activity is
reduced in diabetes [48].

Measurement of LDL oxidation

A number of products are formed by the peroxidation and
fragmentation of lipids and by the modification and deg-
radation of the protein moiety (apoB100) during the oxi-
dation of an LDL particle (Fig. 4). Conjugated dienes are
initially formed from unsaturated fatty acids by free radi-
cal-mediated hydrogen abstraction and the rearrangement
of double bonds [52]. Phosphatidylcholine is degraded
into lysophosphatidylcholine, and cholesterol is converted
into a large number of different oxysterols. LDL protein is
modified by reactions between secondary oxidation prod-
ucts (e.g. MDA) and lysine residues on apoB100. Mea-
surement of any of these compounds may thus provide an
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index of in vivo LDL oxidation [53]. Much research has
focused on determining the susceptibility of LDL to in vitro
oxidation, based on the assumption that this measure re-
flects the in vivo oxidisability of LDL. The most widely
accepted procedure involves monitoring the conversion of
polyunsaturated fatty acids into conjugated dienes, as origi-
nally described by Esterbauer et al. [52]. The time course
shows three consecutive phases (Fig. 5).

In vivo oxidation of LDL has also been studied by
measuring the subfraction that has a relatively more neg-
ative electrical charge. This subfraction is formed by the
reaction of positively charged amino groups with alde-
hydes and thus represents the oxidatively modified form of
LDL [54]. Autoantibodies directed against oxidised LDL
are also used as an indirect measure of the in vivo oxidation
of LDL [55], and ELISAs have been developed for direct
measurement of oxidised apoB100 in LDL [43, 56].

LDL oxidation and association with atherosclerosis
and diabetes

Small, dense LDL particles are considered more suscep-
tible to oxidation than larger particles, and at least three
studies have found an inverse relationship between the lag
time of LDL oxidation and LDL density [28–30]. Using
fractionated LDL, these studies showed that small, dense
LDL particles are less resistant to in vitro oxidation than
large, buoyant LDL particles taken from the same indi-
vidual. However, we were unable to demonstrate a re-
lationship between LDL oxidisability and LDL particle
diameter in cross-sectional studies including individuals
with type 2 diabetes [38, 57].

Several studies have found inverse relationships between
the lag time of in vitro LDL oxidation and the severity and
progression of coronary atherosclerosis [58], suggesting
that enhanced susceptibility to oxidation may underlie the
excess vascular disease observed in patients with diabetes.
This is consistent with studies showing that the mean lag
time of LDL oxidation is lower in patients with diabetes
than in controls [50, 59]. This issue is still under debate,
however, since other studies found no difference between
healthy control subjects and patients with diabetes [38, 60].
Ahotupa and colleagues developed a simple technique for
evaluating in vivo LDL oxidation based on the determina-
tion of baseline levels of conjugated dienes in LDL [61],
and we and others found no differences between these lev-
els in patients and control subjects [53, 62].

The susceptibility of an LDL particle to oxidation is
largely determined by the number and type of fatty acids it
contains. Polyunsaturated fatty acids are particularly sus-
ceptible to peroxidation by free radicals, whereas LDL
particles enriched with monounsaturated fatty acids are
less prone to oxidative injury [63]. In agreement with these
in vitro findings, patients with type 2 diabetes treated with
a diet enriched with monounsaturated fatty acids show an
increased LDL lag time [64]. We investigated the contri-
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butions made by the various constituents of LDL in 94
normolipidaemic patients with well-controlled type 2 di-
abetes and found that the cholesterol, phospholipid and
triglyceride content of LDL had little influence on its
oxidisability [65]. Arachidonic acid was inversely corre-
lated with lag time, whereas linoleic acid was not. Con-
sistent with this, fatty acids with three or more double
bonds were the strongest determinants of LDL lag time
(r=−0.56, p<0.001), suggesting that LDL rich in highly
unsaturated fatty acids is more prone to oxidation. Linoleic
acid, the most abundant fatty acid in LDL, was positively
correlated with conjugated diene production, so both lin-
oleic acid and arachidonic acid were associated with in-
creased LDL oxidisability. Tomkin and coworkers have
demonstrated that type 2 diabetic patients have an increased
amount of linoleic acid and arachidonic acid in LDL as
compared with non-diabetic individuals [59]. One relative-
ly small study reported that levels of total plasma oxysterols
and 7-ketocholesterol tend to be higher in type 2 diabetic
patients than in control subjects [66]. In accordance with
this, we recently demonstrated that free (unesterified) 7-
ketocholesterol levels are significantly higher in the LDL of
patients with well-controlled type 2 diabetes than in the
LDL of healthy subjects [53]. Furthermore, it has been
shown that the percentage of electronegative LDL in plasma
is higher in microalbuminuric diabetic patients than in nor-
moalbuminuric diabetic patients or control subjects [67].

Plasma levels of oxidised LDL, as measured by sand-
wich ELISA, were increased in individuals with IGT com-
pared with control subjects after adjusting for age and BMI
[68], and are higher in type 2 diabetic patients with mac-
roalbuminuria than in patients with normo- or micro-
albuminuria or healthy control subjects [69]. Patients with
well-controlled diabetes have higher levels of circulating
oxidised LDL than control subjects, when adjusted for LDL
cholesterol concentration [38, 53]. Moreover, an inverse
relationship has been observed between circulating levels
of oxidised LDL and LDL size in patients with type 2
diabetes [38]. An independent association has been ob-
served in middle-aged men between the plasma concen-
tration of oxidised LDL and subclinical atherosclerosis, as
measured by the intima media thickness of the common
carotid artery [70]. In a prospective study of the role of
oxidised LDL in the development of atherosclerosis it was
shown that, among type 2 diabetic patients with angio-
graphically proven CAD, those with elevated levels of
oxidised LDL had a significantly higher prevalence of car-
diac events during the follow-up period of 52 months [71].
It has also been demonstrated that circulating oxidised
LDL is associated with the progression of ultrasound-as-
sessed atherosclerosis in clinically healthy middle-aged
men, independently of conventional risk factors [72].

The significance of autoantibodies against oxidised
LDL remains controversial. One study found a non-sig-
nificant reduction in levels of autoantibodies against oxi-
dised LDL in patients with type 2 diabetes or CAD than in
control subjects [73], whereas another study reported sig-
nificantly higher levels in diabetes [74]. Antibodies against
oxidised LDL are increased in type 2 diabetic patients with

macrovascular disease, but not in those without [75]. An
unexpected inverse association has been found between
carotid artery intimamedia thickness and IgM autoantibody
titres to MDA-modified LDL [76]. Increased titres of
autoantibodies against oxidised LDL are therefore hard to
interpret; they may simply reflect enhanced LDL oxidation
or, conversely, might be considered beneficial in that they
indicate an adequate response by the immune system.

In summary, there is strong evidence for increased oxi-
dative stress and accelerated LDL oxidation in type 2 dia-
betes, which may contribute to the increased cardiovascular
risk associated with this disease. Measurement of oxidised
LDL appears better than the determination of in vitro oxi-
dation or measurement of autoantibodies against oxidised
LDL for assessment of cardiovascular risk in patients with
type 2 diabetes.

LDL glycation

The initial products generated by glycation, otherwise
known as non-enzymatic glycosylation, undergo intramo-
lecular rearrangements over time and transform into so-
called AGE. Since AGE form predominantly on long-lived
proteins such as collagen, their clinical significance is be-
yond the scope of this review. However, the initial glyca-
tion products that arise from the reaction of glucose with
the lysine residues of apoB100 represent an important
modification of LDL [77]. The LDL of diabetic patients is
more glycated than that of non-diabetic individuals [78].
This is especially true in those with poor glycaemic con-
trol. Glycation of LDL affects its biological function. For
example, compared with normal LDL, glycated LDL is
catabolised more slowly [79]. Oxidation may also damage
glucose directly, with concomitant generation of free radi-
cals; consequently, hyperglycaemia may lead to oxidative
stress [80]. The combination of glycation and oxidation is
termed ‘glycoxidation’, and Wolff and Dean have dem-
onstrated that, under diabetic conditions, ROS are pro-
duced via glucose auto-oxidation [81]. Consistent with
this, it has been shown that hyperglycaemia results in an
increased oxidative load and that glucose intake stimulates
ROS generation [82]. Some studies have shown that gly-
cation accelerates the oxidisability of LDL in vitro. For
example, when native LDL was glycated with different
concentrations of glucose (0, 5, 10 and 20 mmol/l) and
then oxidised by copper ions, the amount of thiobarbituric
acid reactive substances (TBARS) in LDL—a parameter
of lipid oxidation—increased with increasing glucose con-
centrations in a dose-dependent manner [83]. Consistent
with this, the glycation level of native LDL is positively
correlated with LDL oxidation, as assessed by measuring
TBARS during a 4-h oxidation period [84]. In summary,
apoB100 glycation is approximately twice as high in the
LDL of diabetic patients than in the LDL of non-diabetic
subjects. Hyperglycaemia is associated with enhanced
glycation of LDL and an increase in free radical produc-
tion. It therefore seems reasonable to assume that this con-
tributes to the accelerated atherosclerosis associated with
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diabetes, and this assumption should be explored in long-
itudinal studies.

Conclusions and perspectives

There is growing evidence that modifications of LDL en-
hance its atherogenicity. Since modified LDL is not a
single homogeneous entity, there is no single diagnostic or
prognostic marker that adequately reflects the risk of car-
diovascular disease associated with modified LDL. How-
ever, there is no conclusive evidence of enhanced in vitro
oxidisability of LDL in type 2 diabetic subjects. This may
be because in vitro oxidisability of LDL merely reflects its
susceptibility to oxidation, which is only one of many
factors that determine the rate of LDL oxidation in the
vascular wall. Other factors include the permeability of
the endothelium, retention of LDL by the components of
the extracellular matrix, and local oxidant stress. Follow-
ing oxidation in the vascular wall, some oxidised LDL
particles may escape scavenging by resident macrophages
and return to the circulation. Unlike in vitro measures of
LDL oxidisability, circulating oxidised LDL therefore pro-
bably reflects the overall process of LDL oxidation. Circu-
lating levels of in vivo oxidised LDL are higher in patients
with type 2 diabetes than in control subjects, and further
studies are needed to determine whether assessment of
oxidised LDL is of value for the identification of patients at
high risk of cardiovascular disease.

The presence of small, dense LDL particles in plasma is
associated with hypertriglyceridaemia and an increased
risk of CAD. Small LDL particles predominate in indi-
viduals with the insulin resistance syndrome, and an in-
verse relationship has been observed between LDL size
and circulating in vivo oxidised LDL in type 2 diabetic
patients [38]. LDL particle size can be favourably affected
by establishing good blood glucose control [85, 86]. This
supports the importance of tight glycaemic control in
diabetes, above and beyond its established benefits in mi-
crovascular disease. LDL particle size is increased by feno-
fibrate [32], whereas statin therapy, which strongly reduces
the total amount of LDL cholesterol, does not affect LDL
particle size [87]. Glycation of LDL is enhanced in in-
dividuals with type 2 diabetes, and this may contribute to
accelerated atherosclerosis via an increase in free radical
production and possibly by rendering LDL more suscep-
tible to oxidation.

In conclusion, LDL cholesterol is a poor predictor of the
CAD risk associated with type 2 diabetes. Several oxidative
and non-oxidative LDL modifications, such as oxidation
and glycation, contribute to the accelerated atherosclero-
sis associated with this condition. Measurement of these
LDL modifications is technically demanding, and therefore
unsuitable for routine practice. Plasma triglyceride con-
centrations are closely linked to a preponderance of small
LDL particles and increased concentrations of oxidised
LDL. In addition, the number of LDL particles is positively
related to the risk of CAD. This can be assessed by mea-
suring LDL size or estimated by measuring apoB100, but

cannot be measured by determination of the LDL choles-
terol concentration. Prediction of future CAD in type 2
diabetic patients could thus be improved by the routine
measurement of triglyceride and apoB100 in addition to
LDL cholesterol.
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