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Abstract Aims/hypothesis: When LDLs are exposed to
glucose in vitro, glycation of apolipoprotein B100 (apoB)
leads to a loss in its affinity for the LDL receptor and
reproducible alterations in the immunoreactivity of specific
apoB epitopes, including several epitopes close to the LDL
receptor binding site. The aim of this work was to
determine if similar immunological changes are observed
in vivo in LDLs of diabetic and end-stage renal disease
(ESRD) patients. Subjects, materials and methods: The
immunoreactivity of LDLs isolated from 14 diabetic
patients with normal renal function and 13 patients with
ESRD was studied with a panel of 25 well-characterised
anti-apoB monoclonal antibodies. Results: Although dia-
betic and ESRD LDLs showed evidence of glycation
modification, none of the changes in the apoB immuno-
reactivity induced by glucose in vitro was observed in
vivo, including those for epitopes close to the LDL recep-
tor binding domain. Conclusions/interpretation: These
results suggest that in vivo glycation of LDLs is a complex
process that is not mimicked by in vitro exposure of LDLs
to high concentrations of glucose. This questions the
clinical significance of the in vitro glycation studies used
to understand the pathophysiological consequences of
LDL glycation in diabetes and ESRD.
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Introduction

Cardiovascular disease is the leading cause of death in
patients with diabetes and/or end-stage renal disease
(ESRD) [1, 2]. Protein glycation is believed to play a
causative role in both diabetic and ESRD vasculopathy,
including atherosclerosis and microangiopathy [3]. Glyca-
tion is a heterogeneous process where the modification of
lysine and arginine groups of proteins with glucose or
dicarbonyls, such as glyceraldehyde, glyoxal, methyl-
glyoxal and 3-deoxyglucosone, forms Schiff’s base,
Amadori rearrangements and AGEs [4]. AGEs are
increased in diabetes mellitus in parallel with increased
plasma glucose concentration, and in ESRD, where there is
a decreased renal elimination of free AGE adducts [3].

Apolipoprotein B100 (apoB), a predominant component
of VLDLs, intermediate density lipoproteins and LDLs,
and a ligand for the LDL receptor (LDLr) is an in vivo
target of AGEmodification [5]. Glycation damage of LDLs
leads to the loss of recognition by the cellular LDLr [5, 6]
and allows their degradation through alternative macro-
phage receptors leading to the intracellular accumulation of
cholesteryl esters [7–9]. AGE-modified LDLs (AGE-
LDLs) are elevated in the circulation of diabetic and
ESRD patients, and exhibit markedly impaired clearance
kinetics compared with control LDLs when injected into
transgenic mice expressing the human LDLr [10]. In
addition, the administration of the advanced-glycation
inhibitor, aminoguanidine, to diabetic patients decreases
their circulating LDL levels by 28% over a 4-week period
[10]. Together, this suggests that AGE modification of
LDLs impairs LDLr-mediated clearance mechanisms in
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vivo and contributes to elevated LDL levels and athero-
sclerosis development in diabetic and ESRD patients.

AGE modification of lipoproteins such as LDLs is
particularly complex. In addition to apolipoproteins,
phospholipids in LDLs can also undergo AGE modifica-
tion both in vivo and in vitro and this can lead to increased
lipoprotein uptake by macrophages [9, 11]. Furthermore,
intramolecular oxidation–reduction reactions, which are
known to occur during advanced glycation, may act within
the hydrophobic environment of lipoproteins to initiate
fatty acid oxidation [12, 13]. It has been demonstrated that
when LDLs are exposed to glucose in vitro, lipid oxidation
occurs concomitantly with AGE formation and can be
blocked by an inhibitor of advanced glycation [14]. When
LDL is exposed to glucose in vitro, glycation leads to loss
in affinity of the LDL for the LDLr and reproducible
alterations in the immunoreactivity of specific apoB
epitopes [15]. However, given the different potential
pathways for AGE formation in vivo, it remains unclear
whether the immunochemical changes of apoB that result
from the in vitro exposure of LDLs to glucose reflect those
that occur in the circulation or tissues of patients with
diabetes and ESRD. Likewise, it is not known if the AGE
modification of LDLs that occurs in patients with diabetes
and ESRD induces the same alterations in the expression of
epitopes of apoB, or if patients within a disease group are
homogeneous in terms of AGE-induced changes in apoB
immunoreactivity. In the present study, we isolated LDLs
from 14 diabetic and 13 ESRD patients and characterised
their immunoreactivity with a panel of 25 well-character-
ised anti-apoB monoclonal antibodies (Mabs). We show
that the alterations in the LDL immunoreactivity that are
detected with in vitro-modified LDLs are not observed
with the LDLs of patients with diabetes and ESRD.

Subjects, materials and methods

Subjects

Patients were recruited at the Hull Hospital (QC, Canada).
The study was approved by the Ethics Committee of the
hospital, and written consent was obtained from all the
studied subjects. Fourteen patients with type 2 diabetes and
normal renal function were recruited (five females, nine
males, age 49±11 years). Thirteen patients with ESRD and
on dialysis were also recruited (four females, nine males,
age 56±19 years); six were on peritoneal dialysis and seven
on haemodialysis. Diagnosis for ESRD was diabetic
nephropathy in two patients, systemic lupus erythematosus
in one, scleroderma in one, IgA nephropathy in three, renal
artery stenosis in one, congenital nephropathy in two,
Albright’s disease in one, polycystic disease in one and
undetermined in one. Smokers and patients with chronic
hepatic disease, hypothyroidism, familial dyslipidaemia
and taking hypolipidaemic drugs or insulin were excluded.
Control LDLs were prepared from 16 normolipidaemic,
non-diabetic, non-ESRD subjects recruited from the staff.

Blood sampling

Venous blood was collected after an overnight fast into
tubes containing 0.1 mg/ml disodium EDTA and immedi-
ately placed on ice. Plasma was promptly separated by a
15-min centrifugation at 1,000 g at 4°C and supplemented
with 1 mmol/l EDTA, 20 μmol/l butylated hydroxytoluene,
0.5 mmol/l phenylmethanesulfonyl fluoride and 0.02%
sodium azide and stored at −20°C.

Analysis of plasma lipids and lipoprotein components

Plasma cholesterol and triglyceride concentrations were
determined using a Fusion 5.1 automat (Ortho Clinical
Diagnostic, Raritan, NJ, USA). Plasma HDL-cholesterol
was directly measured with an enzymatic kit (Vitros DT
Chemistry; Ortho Clinical Diagnostic). Plasma LDL levels
were calculated using the formula of Friedewald et al. [16].

LDLs (density 1.019–1.063 g/ml) were isolated by
sequential ultracentrifugation at 130,000 g for 18 h [17] and
dialysed against PBS containing 1 mmol/l EDTA and
0.02% sodium azide. The electrostatic charge of LDL
particles was evaluated by electrophoresis on pre-cast 0.5%
agarose gels (Paragon Lipo Kit; Beckman, Fullerton, CA,
USA). LDL triglyceride, cholesterol (Roche Diagnostics,
Basel, Switzerland), phospholipids and non-esterified cho-
lesterol (Wako Chemicals, Richmond, VA, USA) were
measured with enzymatic kits. The esterified cholesterol
mass content of each lipoprotein fraction was calculated as
the difference between total cholesterol and non-esterified
cholesterol and then multiplied by 1.67, to represent the
sum of esterified cholesterol and fatty acid moieties.
The protein concentration of the LDLs was measured by
the modified Lowry method using BSA as a standard [18].

Mabs

Characterisation of the reactivity of the panel of 25 anti-
apoB Mabs with in vitro-AGE-modified LDLs and their
epitope specificities have been described previously
[15, 19, 20].

Measurement of AGE-LDL

Glycated apoB (AGE-apoB) levels on isolated LDL
fractions were determined using a competitive immuno-
assay with ES12 anti-glycated apoB Mab (Glycacor;
Exocell, Philadelphia, PA, USA). Mab ES12 is specific
for glycated apoB and does not cross-react with other
AGE-modified plasma proteins [21, 22].

Competitive immunoassay for apoB

The competitive immunoassay to determine the reactivity
of the anti-apoB Mabs with LDLs from normal subjects
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and patients was modified from that previously described
[15]. Immulon 2 HB polystyrene microtitre strips (Thermo
Labsystems, Franklin, MA, USA) were coated overnight
with 50 μl of 25 μg/ml normal LDLs. Wells were washed
three times with PBS containing 0.05% Tween 20 and three
times with PBS and saturated with PBS containing 1%
BSA (PBS–BSA). Anti-apoB Mabs, appropriately diluted
in PBS–BSA (50 μl), were mixed with 50 μl of serial
dilutions (in PBS–BSA) of test LDLs, incubated for 2 h
and 50 μl of the mixture transferred to the LDL-coated,
BSA-saturated microtitre wells. After an overnight incu-
bation, the wells were washed as above and filled with
50 μl of horseradish peroxidase-conjugated anti-mouse
IgG (Amersham Biosciences, Bucks, UK) or anti-rat IgG
for antibodies B2 and B4 (Kirkegaard Perry Laboratories,
Gaithersburg, MD, USA) and incubated for a further 2 h.
After washing as above, 50 μl of tetramethylbenzidine
substrate (Sigma, St Louis, MO, USA) was added to the
wells and, after 20 min, the absorbance at 655 nm was read.
ApoB epitope immunoreactivity of the test LDLs is
expressed as ED50, which represents the LDL protein
concentration required for 50% inhibition of maximal
binding (in the absence of competing antigen) of Mab to
the plate. In each immunoassay, a control LDL formed with
pooling LDLs from five normolipidaemic healthy controls
was studied in parallel. In preliminary experiments we
demonstrated that freezing the plasma did not affect the
immunoreactivity of LDLs with the panel of anti-apoB
Mabs used in the study (results not shown).

Western blotting analysis

LDL samples were subjected to SDS-PAGE (3–5%
gradient) electrophoresis and transferred to nitrocellulose
membranes. The membranes were probed with appro-
priately diluted anti-human apoB Mabs and then with
horseradish peroxidase-conjugated anti-mouse IgG
(Amersham). Immune complexes were revealed with
SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL, USA).

Statistical analysis

Comparisons of means of the three groups (diabetic, ESRD
and control groups) were performed using the ANOVA
F test. Two-group comparisons of means using t tests with
the Tukey multiple-comparison adjustment were done if
the three group comparisons were statistically significant.
Additional t tests were performed for prespecified
comparisons between two groups. All tests used p<0.05
for the critical value of statistical significance. Analyses
were performed using SAS version 9.1.3.

Results

Plasma parameters of diabetic and ESRD subjects

The diabetic population included 14 patients, five females
and nine males, 49±11 years (mean ± SD). Seven were
normoglycaemic with well-controlled diabetes (HbA1c: 5.6±
0.5%, normal range: 3.6–6.8%) and seven were chronically
hyperglycaemic (HbA1c: 10.5±1.4%). The ESRD popula-
tion included 13 patients, four females and nine males, 56±
19 years. Three ESRD patients were diabetic, but were not
frankly hyperglycaemic (individual HbA1c values: 5.9 and
5.8%). As recently published [23], HbA1c of the non-
diabetic ESRD population was slightly elevated (n=11, 5.8±
0.3%), probably reflecting these patients’ chronic anaemia,
reduced erythrocyte life span and repetitive exposure to the
high glucose level in the dialysate. In terms of renal
function, as expected, ESRD patients had renal failure with
elevated plasma creatinine (766±247 μmol/l, normal range:
45–110 μmol/l). None of the diabetic patients showed renal
failure (plasma creatinine for the population was 74±
10 μmol/l) or macroalbuminuria.

Plasma lipid and lipoprotein composition

As shown in Table 1, plasma total cholesterol was not
significantly different between diabetic, ESRD and five
control subjects analysed individually. Similarly, no

Table 1 Plasma lipid parameters (means±SD) in diabetic and ESRD patients

Subjects Total cholesterol
(mmol/l)

LDL-cholesterol
(mmol/l)

HDL-cholesterol
(mmol/l)

Total:HDL-cholesterol
ratio

Triglycerides
(mmol/l)

Diabetic
(n=14)

5.1±0.9 3.2±0.8 1.0±0.2a 5.3±1.3a 2.0±1.1

ESRD (n=13) 4.5±1.2 2.6±0.9 0.8±0.3b 6.1±1.4b 2.5±1.1
Controls (n=5) 4.8±0.8 2.7±0.5 1.6±0.4 3.2±0.7 1.1±0.7

Three-group comparisons of means were performed using one-way ANOVA, and when statistically significant, two-group comparisons
of means were performed

Significantly different: ap<0.05, diabetic vs controls; bp<0.05, ESRD vs controls
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statistical difference was found between diabetic, ESRD
and control subjects for LDL-cholesterol and triglyceride.
In contrast, HDL-cholesterol was significantly different
between the three groups, and subgroup analysis showed
that HDL-cholesterol was significantly lower in diabetic
patients compared with controls, and in ESRD patients
compared with controls, but there was no statistical
difference between the diabetic and the ESRD groups
(Table 1). Analysis of the lipid and the protein content of
isolated LDLs is given in Table 2 and shows that LDLs
from ESRD patients were enriched in lipids compared with
diabetic LDLs, with a significantly higher LDL lipid:total
mass. In addition, LDLs from ESRD patients had an
abnormal lipid core composition, with increased triglyc-
eride content, resulting in a lower esterified cholesterol:
triglyceride ratio compared with diabetic LDLs. The lipid
composition of the lipoprotein surface, evaluated from the
phospholipid:non-esterified cholesterol ratio, showed a
lower phospholipid:non-esterified cholesterol ratio in
ESRD LDLs compared with diabetic LDLs.

Characterisation of LDL particles

LDL particles obtained from diabetic and ESRD patients
were analysed by agarose gel electrophoresis. LDLs from
hyperglycaemic diabetic patients showed a slight increase
in electrophoretic mobility on agarose gel compared with
LDLs from well-controlled diabetic patients (relative
mobility of hyperglycaemic LDLs were 1.2±0.1 and 1.1±
0.1, respectively, vs control LDLs), indicating that they
were generally more negatively charged in hyperglycaemic
conditions. Similarly, LDLs from ESRD patients also
showed an increase in electrophoretic mobility (relative
mobility was 1.3±0.2 vs 1.1±0.1 for control LDLs),
indicating that they were overall more negatively charged.

Plasma AGE-apoB levels were determined in LDLs from
diabetic and ESRD patients and compared with those of a
subgroup of five control subjects analysed individually.
Using a competitive immunoassay to quantify AGE-apoB,
a low level of AGE-apoB immunoreactivity was found to
be present in control subjects (21.7±2.9 mg/l), and was
within the normal range given by the manufacturer. This
verifies previous observations that measurable quantities of
AGE-LDL also circulate in healthy, non-diabetic, indivi-

duals [10, 14, 24, 25]. Comparisons of AGE-apoB means
between the diabetic, ESRD and control groups showed a
significant difference between the three groups (p=0.02).
Two-group comparisons showed that AGE-apoB levels
were higher in diabetic patients compared with controls
(29.4±5.4 vs 21.7±2.9 mg/l, respectively, p=0.03). In
addition, AGE-apoB levels were higher in ESRD patients
compared with controls (29.8± 6.5 vs 21.7±2.9 mg/l,
respectively, p=0.02). In contrast, AGE-apoB levels were
not statistically different between the diabetic and ESRD
groups. AGE-apoB levels tended to be higher in hypergly-
caemic diabetic patients compared with well-controlled
diabetic patients, but the difference did not reach statistical
difference (31.5±5.1 vs 27.3± 5.2 mg/l, respectively).
Among ESRD patients, AGE-apoB levels tended to be
higher in patients on peritoneal dialysis compared with
those on haemodialysis, but the difference did not reach
statistical significance (33.6±4.5 vs 26.5±6.3 mg/ml,
respectively).

Immunoreactivity of LDLs with anti-apoB Mabs

To determine the immunological changes of apoB
occurring in LDLs in vivo, LDLs from diabetic and
ESRD patients were tested for immunoreactivity against 25
anti-apoB Mabs. We have previously demonstrated that the
immunoreactivities of these Mabs are minimally influ-
enced by the particle size and lipid composition of the
LDLs [26]. The mean ED50 value for each Mab was
determined in diabetic and ESRD patients and normalised
for the ED50 obtained with the control LDL pool, which
was assigned a value of 1 for each antibody (Fig. 1).
Overall, no change in the immunoreactivity of LDLs was
observed for most Mabs in the diabetic and ESRD patients,
with the exception of Mabs 376 (epitope situated between
apoB residues 474 and 582), 746 (epitope situated between
apoB residues 474 and 582) and 3A5 (epitope situated
between apoB residues 1,880 and 2,100) [26].

Individual analysis of LDL immunoreactivity showed
that 3 out of 14 (15%) diabetic LDLs and 4 out of 13 (30%)
ESRD LDLs displayed a high ED50 value for Mabs 376
and 746, indicating that the corresponding epitope(s) is
poorly expressed in these LDLs. To determine if the poor
reactivity of these LDLs with Mabs 376 and 746 is due to

Table 2 LDL composition (means±SD) in diabetic and ESRD patients

Subjects Composition of total lipoprotein mass (%) EC:TG ratio PL:FC ratio

PL NEC TG EC Protein Lipid

Diabetic 21±1 7±1 7±3 39±3 26±3 74±3 7±3 7±3
ESRD 24±1a 8±1 11±3a 37±6 21±3a 79±3a 4±2a 3±0a

Control pool 24 8 6 40 22 78 7 3

Data are from 14 diabetic and 13 ESRD patients and pooled LDLs from five control subjects. LDLs were isolated by ultracentrifugation
and lipid and protein composition was measured as described in the Subjects, materials and methods section

Two-group comparison of means between diabetic and ESRD were performed using a t test
EC Esterified cholesterol, NEC non-esterified cholesterol, PL phospholipid, TG triglyceride
aSignificantly different: p<0.05, ESRD vs diabetics
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inherent differences in the apoB (genetic polymorphism,
post-translational modifications including AGE modifica-
tion) or secondary to altered physical and chemical
properties of the LDL particles (particle diameter, lipid
composition etc.) we determined the reactivities of the
LDLs by western blotting after SDS-PAGE. Results for
Mab 746 are shown in Fig. 2. LDLs that reacted poorly
with Mab 746 in the competitive ELISA also did not react
with these antibodies after SDS-PAGE. Similar results
were obtained for Mab 376 (not shown), and LDLs that
failed to react with Mab 746 also failed to react with Mab
376. The immunoreactivity of LDLs with Mabs 746 and
376 was not related to the glycaemic control in the diabetic
population, or to the presence of diabetes in the ESRD
population. Likewise, Mab 376 and Mab 746 immunore-
activity was independent of the type of dialysis treatment
(haemodialysis vs peritoneal dialysis) in ESRD patients
and renal function (plasma creatinine) and LDL lipid
composition in the whole population. We then determined
the Mab 376 and Mab 746 immunoreactivity of LDLs
isolated from 16 normal subjects. Competition curves for
Mab 746 with LDLs from the 16 normal subjects and from
the ESRD patients are shown in Fig. 3. The LDLs of 3 out
of 16 (19%) control subjects lacked immunoreactivity for
both Mabs 376 and 746. Together this indicates that Mabs
376 and 746 detect a common genetic polymorphism of
apoB. In the case of Mab 3A5, LDLs from 10 of 14 (70%)
diabetic patients and 9 of 13 (65%) ESRD patients showed
decreased immunoreactivity compared with the pooled

LDLs from normal subjects. The reactivity of the LDLs
with 3A5 by western blotting reflected that observed in the
ELISA (not shown). There was no correlation of 3A5
immunoreactivity with clinical or biochemical parameters
and the LDLs of 13 out of 16 (80%) of normal subjects
showed reduced 3A5 immunoreactivity (not shown). As
was the case for Mabs 376 and 746, Mab 3A5 appears to
recognise a common apoB genetic polymorphism.

Discussion

Many of our concepts concerning the pathophysiological
consequences of AGE modification of LDLs have come
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Fig. 1 The immunoreactivity of LDLs from diabetic and ESRD
patients. a LDLs were isolated from 13 ESRD and 14 diabetic
subjects and evaluated for their immunoreactivity with 25 anti-apoB
Mabs. The immunoreactivity of the LDL particle was expressed as
ED50, which represents the LDL concentration required for 50%
inhibition of maximal binding of Mab to the plate. The mean ED50
value for each Mab was determined for diabetic and ESRD LDLs

and normalised to the ED50 obtained with the control LDL pool,
which was assigned a value of 1 for each antibody. The inset (a)
represents the same figure with a different scale for the ordinate to
better show the mean and SD for the ED50 for Mab 376, 746 and
3A5. Filled bars, ESRD patients; open bars, diabetic patients. b The
position of the epitopes recognised by the Mabs within the apoB
primary structure

Fig. 2 Immunoreactivity of ESRD and control LDLs for Mab 746
after SDS-PAGE in denaturating conditions. ESRD LDLs: lanes 1–
13; control LDLs: control lane. LDL samples were subjected to
SDS-PAGE (3–5% gradient) and transferred to nitrocellulose
membranes. The membranes were subsequently exposed to Mab
746 and horseradish peroxidase-conjugated anti-mouse IgG. Bound
IgG was detected using a chromogenic substrate
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from experiments using LDLs that had been exposed in
vitro to supra-physiological concentrations of glucose for
periods that greatly exceed the intravascular life span of
LDLs. A major site of AGE modification in apoB that was
predicted to have important consequences in apoB function
was identified using LDLs that had been exposed to
200 mmol/l glucose for up to 2 weeks [10]. It is unknown if
this site is also a target of AGE modification in vivo. We
have reported that a similar in vitro exposure of LDLs to
glucose resulted in AGE modification of the LDLs, a loss
of affinity for the LDLr and reproducible alterations in the
immunoreactivity of a subset of apoB epitopes that are
located between apoB residues 1,438 and 1,481 (2D8),
1,854 and 1,878 (B4), 1,880 and 2,100 (3A5), 2,980 and
3,084 (4G3), 3,687 and 4,081 (588) and 4,342 and 4,536
(234) [15]. In the present study, we have used the same
panel of Mabs to compare the immunoreactivity of LDLs
from diabetic and ESRD patients. Of the six Mabs that
showed reduced reactivity with in vitro-AGE-modified
LDLs, only 3A5 was less reactive with some LDLs from
both diabetic and ESRD patients. However, these differ-
ences in 3A5 immunoreactivity did not result from AGE
modification of the LDLs but probably reflect a genetic
polymorphism of apoB. In fact, no differences in immuno-
reactivity were detected that could be attributed to AGE
modification in LDLs from diabetic and ESRD patients
with any of the 25 anti-apoB Mabs that were tested.

The high glucose concentrations and the extended period
of exposure of the LDLs to glucose used in in vitro AGE
modification may induce changes of greater magnitude
than those that occur in vivo. LDLs glycated in vitro with a

physiologically relevant concentration of glucose
(10 mmol/l) are taken up by the LDLr pathway, in contrast
to LDLs glycated with 50 mmol/l of glucose that are mostly
taken up by the scavenger receptor, illustrating that dif-
ferent concentrations of glucose induce different changes
in LDL particle properties [27].

We have also observed that in vitro modification of
LDLs with glucose leads to a uniform increase in the
electrophoretic mobility of LDL particles (X. Wang and R.
W. Milne, unpublished observations). In contrast, fraction-
ation of LDL particles from diabetic and control subjects
on the basis of their charge showed that only a
subpopulation of plasma LDL particles, ranging from 5
to 20% of total LDLs, have an increased negative
electrostatic charge [7, 28]. Using an AGE-apoB immuno-
assay with ES12 Mab, which recognises a fructosyl adduct
uniquely in the context of glycated apoB [22], it was
determined that 2–5% of total apoB in control subjects and
3–15% in diabetic patients is glycated in vivo [21, 29].
Using the same assay, AGE-apoB levels were significantly
higher in diabetic and ESRD subjects than in control
subjects in our study. In addition, AGE-apoB levels tended
to be higher in poorly controlled than in well-controlled
diabetic subjects, but the difference did not reach the
significance level. This contrasts with the HbA1c levels that
were markedly different between poorly and well-con-
trolled diabetic subjects. It is of note that HbA1c levels are
poorly correlated with AGE-apoB levels, as determined
with the ES12 antibody, with HbA1c levels lower than
12–13% [21], which was the case for most of the
hyperglycaemic patients studied here. It is nevertheless
possible that Mabs specific for other AGE adducts or a
polyclonal antiserum against a range of adducts may have
detected significant differences between well-controlled
and poorly controlled diabetic subjects. The lack of
significance may also relate to the limited number of
patients in each group (seven patients in each group).

Since the negatively charged LDL subfraction, from
both non-diabetic and diabetic subjects, induces a greater
esterified cholesterol accumulation when incubated with
macrophages in vitro compared with the rest of the LDLs
[7, 30], it was suggested that only a subset of negatively
charged AGE-LDLs would specifically contribute to
atherosclerosis development. In this study, we were unable
to identify apoB epitopes whose immunoreactivities are
altered in LDLs from diabetic and ESRD patients. How-
ever, subpopulations of LDL particles, such as negatively
charged LDLs or immunoaffinity-purified AGE-LDLs
isolated from plasma of diabetic or ESRD patients, may
show altered apoB epitope expression compared with non-
modified LDLs. However, using GC-MS, Jenkins et al. did
not find significant differences in the content of two major
AGE species, carboxymethyllysine and carboxyethyl-
lysine, between the negatively charged LDL subfraction
and the bulk of the LDLs isolated from diabetic patients,
although fructosyl-lysine, an early glycation end product,
was significantly increased in more negatively charged
LDLs [25].
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Fig. 3 Competition inhibition curve obtained with Mab 746 for
ESRD and control subjects. The immunoreactivity of LDLs isolated
from 13 ESRD patients (closed circles) and 16 control subjects
(open circles) analysed individually with Mab 746 was determined
by ELISA. The competition curves are expressed as B/B0, where B
represents binding in the presence of competitor and B0 binding in
the absence of competitor as a function of LDL concentration. The
upper line represents the average competition curve for four ESRD
and three control LDLs that poorly expressed the epitope for Mab
746. The lower curve represents the average competition curve for
nine ESRD and 13 control LDLs that expressed the epitope for Mab
746 at their surface
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Our inability to identify apoB epitopes whose immuno-
reactivities are altered in LDLs from diabetic and ESRD
patients may also reflect the experimental design. In our
previous study [15], the immunoreactivity of LDLs that
were incubated in the presence of an elevated concentration
of glucose was compared with that of the same LDLs
incubated in the absence of glucose. In the present study we
have compared LDLs from diabetic and ESRD patients. In
this case, inter-individual heterogeneity in the expression
of individual epitopes may have masked changes in the
immunoreactivity that result from AGE modification. In
addition, extensively AGE-modified LDLs may also be
rapidly cleared in vivo by the reticuloendothelial system
through scavenger receptor-mediated uptake. It is also
possible that AGE modification of LDLs particles occurs
mostly after transcytosis in the subendothelium of the
artery walls [31–33] and exposure to subendothelial AGEs
[34] and not during their circulation in plasma.

Nevertheless, it is well documented that LDLs from
diabetic and ESRD patients have altered functional
properties. Compared with LDLs from normal subjects,
they show a reduced fractional clearance rate when injected
into transgenic mice expressing a human LDLr transgene
[10]. Total LDL [35] and the isolated AGE-LDL subfrac-
tion [7] from diabetic patients show increased binding to
macrophage scavenger receptors compared with LDLs
from normal subjects. A number of functional parameters
are also altered in cultured endothelial cells that are
exposed to diabetic LDLs [36, 37]. Assuming that these
functional differences in LDLs from diabetic and ESRD
patients reflect AGE modification of apoB, unlike the
situation with in vitro-modified LDLs, the modifications
are not manifested in changes in immunoreactivity that can
be detected by our panel of anti-apoBMabs. Recent studies
conducted with human serum albumin showed that
glycation of the molecule with methylglyoxal affects not
only residues located at the surface of the molecule, but
also specific residues with low surface exposure [38]. It is
therefore possible that apoB modification in vivo involves
residues with low surface exposure that are not detected by
our panel of Mabs. These modifications may also induce
conformational changes in the secondary and tertiary
structure of the apoB molecule that affect its functional
properties [39, 40].

In summary, we show here that the changes in LDL
immunoreactivity induced by the in vitro glycation of LDL
with glucose are not observed in vivo in diabetic and ESRD
patients. This questions the clinical significance of in vitro
glycation studies. Moreover, the in vivo AGE modification
of LDLs is a complex process that involves different
compounds, such as free glycation adducts [3], and cannot
be reproduced by the co-incubation of LDLs with glucose
in vitro.
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