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Abstract
Aims/hypothesis Hyperglycaemia, a key feature of diabetes,
is associated with non-enzymatic glycation of plasma
proteins. We have shown previously that the reactive α-
oxoaldehyde, methylglyoxal, non-enzymatically glycates
apolipoprotein (Apo)A-I, the main apolipoprotein of HDL,
and prevents it from activating lecithin:cholesterol acyl-
transferase (LCAT), the enzyme that generates almost all of
the cholesteryl esters in plasma. This study investigates
whether the glycation inhibitors aminoguanidine and
pyridoxamine, the insulin sensitiser metformin and the
cross-link breaker alagebrium can inhibit and/or reverse the
methylglyoxal-mediated glycation of ApoA-I and whether
these changes can preserve or restore the ability of ApoA-I
to activate LCAT.
Methods Inhibition of ApoA-I glycation was assessed by
incubating aminoguanidine, pyridoxamine, metformin and

alagebrium with mixtures of methylglyoxal and discoidal
reconstituted HDL (rHDL) containing phosphatidylcholine
and ApoA-I, ([A-I]rHDL). Glycation was assessed as the
modification of ApoA-I arginine, lysine and tryptophan
residues, and by the extent of ApoA-I cross-linking. The
reversal of ApoA-I glycation was investigated by pre-
incubating discoidal (A-I)rHDL with methylglyoxal, then
incubating the modified rHDL with aminoguanidine,
pyridoxamine or alagebrium.
Results Aminoguanidine, pyridoxamine, metformin and
alagebrium all decreased the methylglyoxal-mediated gly-
cation of the ApoA-I in discoidal rHDL and conserved the
ability of the particles to act as substrates for LCAT.
However, neither aminoguanidine, pyridoxamine nor alage-
brium could reverse the glycation of ApoA-I or restore its
ability to activate LCAT.
Conclusions/interpretation Glycation inhibitors, insulin sen-
sitisers and cross-link breakers are important for preserving
normal HDL function in diabetes.
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Abbreviations
(A-I)rHDL reconstituted HDL containing phosphatidyl-

choline and ApoA-I
ApoA-I apolipoprotein A-I
Km Michaelis–Menten constant
LCAT lecithin:cholesterol acyltransferase
POPC 1-palmitoyl-2-oleoyl phosphatidylcholine
rHDL reconstituted HDL
UCaaaaaaa unesterified cholesterol
Vmax maximum rate
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Introduction

Compelling evidence from epidemiological studies indi-
cates that hyperglycaemia is an independent risk factor for
cardiovascular disease and that this risk is reduced in
patients with diabetes in whom strict glycaemic control is
maintained [1]. Results from cross-sectional and prospec-
tive studies have indicated that AGE formation is linked to
the high prevalence of micro- and macrovascular compli-
cations associated with diabetes [2, 3].

AGE are generated under conditions of persistent hyper-
glycaemia whenmetabolites of reducing sugars, such as theα-
oxoaldehydes methylglyoxal, glyoxal and 3-deoxyglucosone,
react non-enzymatically with nucleophilic groups on proteins
to form adducts [4]. Both reducing sugar adducts and α-
oxoaldehydes are irreversibly converted into AGE in a
process accompanied by protein cross-linking. AGE have
been implicated in the development of atherosclerosis by
receptor and non-receptor-mediated mechanisms [5, 6], as
well as in the development of endothelial dysfunction and
diabetic microvascular complications [7, 8]. As plasma
methylglyoxal levels can be elevated in individuals with
diabetes (up to 0.5 mmol/l compared with approximately
100 μmol/l in unaffected individuals) [9], its involvement in
AGE formation is a subject of considerable interest.

HDL are the smallest and most dense of all the plasma
lipoproteins. Population studies have established that plas-
ma HDL levels are inversely related to the risk of devel-
oping cardiovascular disease [10]. These anti-atherogenic
properties are probably related to the participation of HDL
in reverse cholesterol transport [11], as well as to their
antioxidant, anti-inflammatory and anti-thrombotic proper-
ties [12–14]. HDL also improve endothelial function [15]
and enhance endothelial repair [16].

There is mounting evidence to suggest that the anti-
atherogenic properties of HDL are decreased in patients
with diabetes. For example, the ability of HDL from
diabetic patients to export cholesterol from macrophages
and act as a substrate for lecithin:cholesterol acyltransferase
(LCAT), two key events in reverse cholesterol transport, is
significantly reduced compared with that of HDL from
normal persons [17, 18]. The anti-oxidant and anti-
inflammatory properties of HDL are also impaired in
diabetic patients [19, 20].

We have recently shown that the apolipoprotein (Apo)A-
I in discoidal reconstituted HDL (rHDL) containing
phosphatidylcholine and ApoA-I ([A-I]rHDL) becomes non-
enzymatically glycated and cross-linked when it is incubated
in vitro with 0.5 to 30 mmol/l methylglyoxal [21]. These
modifications were accompanied by changes to the confor-
mation of ApoA-I, the generation of epitopes that are
recognised by anti-AGE antibodies and a reduction in the
ability of ApoA-I to activate LCAT [21]. The present study

was carried out to determine whether these detrimental
structural and functional modifications could be prevented
and/or reversed by agents with diverse mechanisms of action,
such as the cross-link inhibitors aminoguanidine and
pyridoxamine, the widely used insulin-sensitiser metformin
or the cross-link breaker 4,5-dimethyl-3-phenacylthiozolium
chloride (alagebrium).

The results show that aminoguanidine, alagebrium and,
to a lesser extent, pyridoxamine and metformin protect
ApoA-I from modification by methylglyoxal and conserve
its ability to activate LCAT. However, none of these agents
was able to reverse the adverse structural and functional
changes that were mediated by methylglyoxal.

Methods

Isolation of ApoA-I HDL were ultracentrifugally isolated
from pooled, autologously donated human plasma samples
(Gribbles Pathology, Adelaide, SA, Australia). This was
achieved with a single 16 h spin at a density of 1.07 g/ml
followed by two 26 h spins at 1.21 g/ml. All of the spins
were carried out at 4°C in a Beckman 55.2Ti rotor
(Beckman Coulter, Fullerton, CA, USA). The HDL were
delipidated and ApoA-I was isolated from the resulting
ApoHDL by anion exchange chromatography on a Q
Sepharose Fast Flow column (GE Healthcare, Chalfont St
Giles, UK) [22, 23]. The ApoA-I appeared as a single band
when subjected to SDS-PAGE and Coomassie staining.

Preparation of discoidal rHDL Discoidal rHDL containing
1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) (Avanti
Polar Lipids, Alabaster, AL, USA), unesterified cholesterol
(UC) (Sigma-Aldrich, St Louis, MO, USA), ApoA-I and a
tracer amount of [1α,2α-3H]UC (GE Healthcare) (initial
POPC:UC:A-I molar ratio 100:10:1) were prepared by the
cholate dialysis method and dialysed against 6.5 mmol/l PBS,
pH 7.4, containing 0.006% (wt/vol.) NaN3 and 0.005%
(wt/vol.) EDTA-Na2 before use [24].

Isolation of LCAT LCAT was isolated from pooled, human
plasma as described [25] and appeared as a single band on a
silver stained, homogeneous 20% SDS-Phastgel (GE
Healthcare). LCAT activity was assessed using discoidal
(A-I)rHDL radiolabelled with a trace amount of [1α,2α-3H]
UC as the substrate [26]. The amount of cholesteryl ester
generated by the LCAT preparations used in this study was
0.6 to 3.1 μmol (ml LCAT)−1 h−1.

Inhibition of methylglyoxal-mediated non-enzymatic glycation
of ApoA-I in discoidal rHDL by aminoguanidine, pyridoxamine,
metformin and alagebrium Discoidal (A-I)rHDL (final
ApoA-I concentration 1 mg/ml) were incubated for 24 h at
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37°C in the absence or presence of 3 mmol/l methylglyoxal
(Sigma-Aldrich) and aminoguanidine (Sigma-Aldrich),
pyridoxamine, (Sigma-Aldrich), metformin (Sigma-Aldrich)
or alagebrium (Alteon, Montvale, NJ, USA) (final concen-
trations 3 mmol/l in all cases). When the incubations were
complete, the mixtures were dialysed against PBS. In
additional experiments discoidal (A-I)rHDL were incubated
in the absence or presence of 3 mmol/l methylglyoxal and 1.5,
3 or 6 mmol/l aminoguanidine.

Reversal of methylglyoxal-mediated non-enzymatic glycation
of ApoA-I in discoidal rHDL by aminoguanidine, pyridoxamine
and alagebrium Discoidal (A-I)rHDL (final ApoA-I con-
centration 1 mg/ml) were incubated at 37°C for 24 h with
3 mmol/l methylglyoxal. The incubation mixtures were
dialysed against PBS to remove the unreacted methyl-
glyoxal, then incubated for an additional 24 h at 37°C in the
presence or absence of either aminoguanidine, pyridoxamine
or alagebrium (final concentration 3 mmol/l in all cases). The
samples were then dialysed again against PBS.

Assessment of ApoA-I arginine, lysine and tryptophan
residue modification ApoA-I arginine, lysine and trypto-
phan residue modifications were assessed fluorometrically
and expressed as a percentage of the value obtained for
control samples incubated without methylglyoxal [27].

Agarose gel electrophoresis Discoidal (A-I)rHDL was were
electrophoresed at 90 V for 45 min on 1% (wt/vol.) agarose
gels (Helena Laboratories, Mt. Waverly, VIC, Australia),
fixed in methanol, stained with Coomasie Blue R and de-
stained with a buffer containing 10% (vol./vol.) acetic acid
and 12.5% (vol./vol.) isopropanol.

Electrophoretic mobilities were calculated as

mobility ¼ migration distance μmð Þ=time sð Þ
voltage Vð Þ=length of gel cmð Þ ð1Þ

and corrected for isoelectric point (pI)-dependent retarda-
tion effects [28]:

mobilitycorrected ¼
�
mobilityagarose � 0:136

��
1:21 ð2Þ

Kinetic studies Discoidal (A-I)rHDL (final unlabelled UC
concentration 0.5 - 14 μmol/l) containing a tracer amount
of [1α,2α-3H]UC were incubated at 37°C for 1 h in a
shaking water bath with LCAT, fatty acid-free bovine serum
albumin (final concentration 3.7 mg/ml), β-mercaptoethanol
(final concentration 5.3 mmol/l) and Tris-buffered saline,
(pH 7.4). The final volume of the incubation mixtures was
135 μl. Cholesterol esterification was determined as de-
scribed [26]. The incubations were carried out in triplicate

on three separate occasions. Michaelis–Menten constant
(Km)(app) and the maximum rate of cholesterol esterification
(Vmax) were determined by non-linear regression analysis
(GraphPad Prism Version 4.0b; GraphPad, San Diego, CA,
USA) using the equation:

V ¼ Vmax � UC½ �ð Þ� Km appð Þ þ UC½ �� � ð3Þ

where V is the rate of cholesterol esterification and [UC] is
the concentration of unlabelled UC in the discoidal (A-I)
rHDL. The results are expressed, as amount of cholesteryl
ester formed, in μmol (ml LCAT)−1 h−1.

Other techniques UC and phospholipid concentrations
were measured enzymatically [29, 30]. The bicinchoninic
assay was used to determine ApoA-I concentrations using
BSA as a standard [31]. All concentrations were determined
in triplicate on an automatic analyser (Hitachi 902; Roche
Diagnostics, Mannheim, Germany). Protein cross-linking
was assessed by SDS-PAGE. Discoidal (A-I)rHDL diame-
ters were determined by electrophoresis on 3/40% non-
denaturing polyacrylamide gradient gels and staining with
Coomassie Blue R [32]. Particle sizes were determined by
reference to high molecular mass standards of known
diameter.

Statistical analysis GraphPad Prism Version 4.0b for
Macintosh (Graph-Pad) was used for all statistical analyses.
One-way ANOVA with Tukey’s multiple comparison post-
test analysis was used to determine whether the ApoA-I
lysine, arginine and tryptophan residues were modified
significantly. Differences between cholesterol esterification
rates were assessed by two-way ANOVA. In all cases
significance was set at p<0.05.

Results

Effects of methylglyoxal, aminoguanidine, pyridoxamine,
metformin and alagebrium on the physical properties
of discoidal (A-I)rHDL The discoidal (A-I)rHDL (final
POPC:UC:ApoA-I molar ratio 145:9:1) consisted of three
major populations of particles 16.4, 11.9 and 9.9 nm in
diameter (not shown). Incubation with 3 mmol/l methyl-
glyoxal did not affect the overall stoichiometry of the dis-
coidal (A-I)rHDL, but did decrease the particle diameters to
15.9, 11.6 and 9.3 nm, respectively. This probably reflects
changes to the conformation of ApoA-I [21]. Inclusion of
aminoguanidine, pyridoxamine, metformin or alagebrium
in the incubations of discoidal (A-I)rHDL with methyl-
glyoxal did not alter the size or the stoichiometry of the
particles (not shown).
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Inhibition of methylglyoxal-mediated non-enzymatic glycation
of ApoA-I in discoidal rHDL by aminoguanidine, metformin,
pyridoxamine and alagebrium We have shown previously
that incubation of discoidal (A-I)rHDL with 0.5 mmol/l
methylglyoxal, a concentration comparable to that reported
in the plasma of diabetic patients, significantly reduces the
ability of the particles to act as substrates for LCAT [9, 21].
However, the extent to which the ApoA-I arginine, lysine
and tryptophan residues were modified in those studies was
below the level of detection [21]. To ensure that modifica-
tions to ApoA-I could be detected in the present experi-
ments, all of the incubations were carried out with 3 mmol/l
methylglyoxal.

After 24 h of incubation with 3 mmol/l methylglyoxal,
59.4, 69.2 and 72.4% of the ApoA-I lysine, arginine and
tryptophan residues in the discoidal (A-I)rHDL respectively
remained unmodified (Table 1). The ApoA-I arginine,
lysine and tryptophan residues in the discoidal rHDL that
were incubated with methylglyoxal as well as with amino-
guanidine, pyridoxamine, metformin or alagebrium were
modified to a lesser extent than those incubated with
methylglyoxal alone. The arginine, lysine and tryptophan
residues in the discoidal (A-I)rHDL that were incubated
with methylglyoxal as well as aminoguanidine, pyridox-
amine, metformin or alagebrium were, however, signifi-
cantly modified compared with changes observed for
discoidal (A-I)rHDL that had not been incubated with
methylglyoxal. Modification of the lysine and tryptophan
residues in the (A-I)rHDL that were incubated with
methylglyoxal and alagebrium could not be determined
because of the formation of a methylglyoxal-alagebrium
complex, the fluorescence emission spectrum of which
overlapped that of the samples (Table 1).

An additional study was carried out to determine whether
aminoguanidine was able to inhibit methylglyoxal-mediated
modifications to ApoA-I lysine, arginine and tryptophan
residues in discoidal (A-I)rHDL in a concentration-dependent
manner (Fig. 1). Modification of the ApoA-I lysine and
tryptophan residues was inhibited to an equal extent by 1.5
and 3 mmol/l aminoguanidine. When 6 mmol/l aminoguani-
dine was included in the incubations, the methylglyoxal-
mediated modifications to the ApoA-I arginine, lysine and
tryptophan residues were no longer apparent.

As judged by agarose gel electrophoresis, incubation
with methylglyoxal increased the negative charge of the
discoidal (A-I)rHDL surface (Table 1). The reduction in
rHDL surface charge was not as great when amino-
guanidine, alagebrium and, to a lesser extent, pyridoxamine
and metformin were included in the incubations.

Ability of aminoguanidine, metformin, pyridoxamine
and alagebrium to inhibit methylglyoxal-mediated structural
modifications to ApoA-I in discoidal rHDL When discoidal
(A-I)rHDL were incubated in the absence of methylglyoxal,
then subjected to SDS-PAGE, the ApoA-I appeared as a
single band (Fig. 2). When methylglyoxal was included in
the incubation, the molecular mass of the ApoA-I increased.
This is consistent with cross-linking of the ApoA-I. Inclusion
of either 3 mmol/l aminoguanidine or alagebrium in the
incubations markedly attenuated ApoA-I cross-linking. In-
clusion of either 1.5 or 6 mmol/l aminoguanidine in the
incubations inhibited ApoA-I cross-linking to the same extent
as 3 mmol/l aminoguanidine (not shown). Pyridoxamine and
metformin inhibited the methylglyoxal-mediated ApoA-I
cross-linking less effectively than either aminoguanidine or
alagebrium.

Table 1 Characterisation of discoidal (A-I)rHDL after incubation with methylglyoxal and aminoguanidine, pyridoxamine, metformin or
alagebrium

Additions Unmodified residues (%) Electrophoretic mobility

Arginine Lysine Tryptophan

No methylglyoxal 100 100 100 −0.38
Methylglyoxal 59.4±2.6a 69.2±0.3a 72.4±0.6a −0.55
Methylglyoxal + aminoguanidine 89.9±2.7a,c 89.3±0.2a,c 88.8±0.9a,c −0.41
Methylglyoxal + pyridoxamine 73.0±5.1a,c 83.4±0.8a,c 86.0±0.8a,c −0.48
Methylglyoxal + metformin 71.1±0.2a,b 80.1±0.8a,c 80.8±0.5a,c −0.50
Methylglyoxal + alagebrium 70.8±0.8a,c nd nd −0.43

Discoidal (A-I)rHDL (final concentration 1 mg/ml ApoA-I) were incubated at 37°C for 24 h with methylglyoxal (final concentration 3 mmol/l) in
the absence or presence of 3 mmol/l aminoguanidine, pyridoxamine, metformin or alagebrium. The final volume of the incubation mixtures was
4 ml. Modification of arginine, lysine and tryptophan residues was quantified by fluorescence. Electrophoretic mobilities (μm s−1 /cm V−1 ) were
determined as described in the Methods section
a p<0.001 compared with unmodified discoidal (A-I)rHDL; b p<0.05, c p<0.001 compared with discoidal (A-I)rHDL incubated with 3 mmol/l
methylglyoxal
nd, not determined
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Effects of aminoguanidine, metformin, pyridoxamine
and alagebrium on HDL function As the results in Figs 1
and 2 and Table 1 are consistent with the attenuation of
methylglyoxal-mediated structural changes in discoidal (A-
I)rHDL by aminoguanidine, metformin, pyridoxamine and
alagebrium, it was important to know whether these agents
also improved the ability of the particles to act as substrates
for LCAT. This was achieved by determining whether
discoidal (A-I)rHDL incubated with methylglyoxal as well
as aminoguanidine, pyridoxamine, metformin or alagebrium
acted as a better substrate for LCAT than discoidal (A-I)
rHDL that had been incubated with methylglyoxal alone.
Compared with discoidal (A-I)rHDL incubated in the
absence of methylglyoxal, the rate of cholesterol esterifica-
tion in the rHDL that had been incubated for 24 h with

methylglyoxal was minimal (Fig. 3). When the (A-I)rHDL
that had been incubated with methylglyoxal and either
aminoguanidine, alagebrium, pyridoxamine or metformin
were incubated with LCAT, the rate of cholesterol esterifica-
tion was enhanced compared with that observed for (A-I)
rHDL incubated with methylglyoxal alone. The greatest
enhancement of cholesterol esterification was observed in
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the incubations that contained aminoguanidine. Irrespective
of whether a cross-link breaker, a glycation inhibitor or an
insulin sensitiser was included in the incubations, the rate of
cholesterol esterification was lower than that observed for dis-
coidal (A-I)rHDL incubated in the absence of methylglyoxal.

Kinetic parameters for the LCAT reaction are shown in
Table 2. As previously reported [21], the rate of cholesterol
esterification was very low in the discoidal (A-I)rHDL
incubated with methylglyoxal alone. When (A-I)rHDL
were incubated with methylglyoxal and either amino-
guanidine, alagebrium, pyridoxamine or metformin, the
Vmax was markedly increased compared with that observed
for (A-I)rHDL incubated with methylglyoxal alone. How-
ever, the rate of cholesterol esterification in these samples
was still less than that of discoidal (A-I)rHDL that had not
been incubated with methylglyoxal. As there were only
small variations in the Km(app) values, it follows that
incubation with methylglyoxal, aminoguanidine, alage-
brium, pyridoxamine and metformin did not affect the
affinity of LCAT for (A-I)rHDL.

Given that aminoguanidine enhanced the reactivity of
discoidal (A-I)rHDL with LCAT more effectively than any
of the other agents, a further experiment was carried out to
determine whether this improvement was concentration-
dependent. This was achieved by incubating discoidal (A-I)
rHDL with 3 mmol/l methylglyoxal and either 1.5, 3 or
6 mmol/l aminoguanidine (Table 3). The results of this
experiment showed that the rate of cholesterol esterification
increased when incubations of (A-I)rHDL and methyl-
glyoxal were supplemented with either 1.5 or 3 mmol/l
aminoguanidine. When (A-I)rHDL were incubated with
methylglyoxal and 6 mmol/l aminoguanidine, the Vmax for
cholesterol esterification was indistinguishable from that
observed for (A-I)rHDL not incubated with methylglyoxal.
This is consistent with the observation in Fig. 1, which
shows that ApoA-I lysine, arginine and tryptophan residues

were not modified when (A-I)rHDL were incubated with
methylglyoxal and 6 mmol/l aminoguanidine.

Ability of aminoguanidine, alagebrium and pyridoxamine to
reverse methylglyoxal-mediated non-enzymatic glycation of
ApoA-I in discoidal rHDL The aim of this study was to deter-
mine whether aminoguanidine, pyridoxamine or alagebrium
could reverse the deleterious structural and functional effects
that methylglyoxal exerts on discoidal (A-I)rHDL. This was
achieved by incubating discoidal (A-I)rHDL with methyl-
glyoxal, removing the unreacted methylglyoxal from the
incubation mixtures, then further incubating the rHDL
with aminoguanidine, pyridoxamine or alagebrium. None
of these compounds were able to reverse the methyl-
glyoxal-mediated modification of ApoA-I arginine, lysine
and tryptophan residues (Table 4) or reduce ApoA-I
crosslinking (not shown). Aminoguanidine, pyridoxamine
and alagebrium were also unable to restore the ability of
methylglyoxal-modified discoidal (A-I)rHDL to act as a
substrate for LCAT (not shown).

Discussion

This study shows for the first time that the deleterious
structural and functional changes that occur when ApoA-I
is modified by the reactive α-oxoaldehyde, methylglyoxal,
can be prevented, but not reversed by the cross-link breaker
alagebrium, the glycation inhibitors aminoguanidine and
pyridoxamine, and the insulin sensitiser metformin. In
addition to preventing these methylglyoxal-mediated mod-
ifications to (A-I)rHDL, our results also show that amino-
guanidine, pyridoxamine, metformin and alagebrium
conserve the ability of ApoA-I to activate LCAT, the key
event of the second step in the potentially anti-atherogenic
reverse cholesterol transport pathway.

Table 2 Effects of aminoguanidine, pyridoxamine, metformin and alagebrium on the kinetics of the LCAT reaction in discoidal rHDL containing
non-enzymatically glycated ApoA-I

rHDL with(+)/without(−)

−MG +MG +MG + aminoguanidine +MG + pyridoxamine +MG + metformin +MG + alagebrium

V a
max 3.07±0.28 0.37±0.05 2.72±0.44 1.26±0.28 0.77±0.28 2.10±0.29

Kb
m appð Þ 6.88±1.51 3.60±1.47 13.76±3.91 10.09±4.47 6.85±5.92 12.08±3.10

Discoidal (A-I)rHDL (final concentration ApoA-I 1 mg/ml) were incubated at 37°C for 24 h with methylglyoxal (final concentration 3 mmol/l) in
the presence or absence of aminoguanidine, pyridoxamine, metformin and alagebrium (3 mmol/l in each case). When the incubations were
complete, rHDL were dialysed against 3×1 l PBS The (A-I)rHDL (final UC concentration 0.5–14 μmol/l) were then incubated for 1 h with 5 μl of
a 1/50 dilution of a preparation of LCAT that generated 3.1 μmol cholesteryl ester (ml LCAT)–1 h–1

Kinetic parameters were derived by non-linear regression analysis of the rate of cholesterol esterification versus the concentration of substrate
a For formation of cholesteryl ester in μmol (ml LCAT)−1 h−1
b In μmol UC
MG, methylglyoxal
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Although it is well established that aminoguanidine
inhibits the non-enzymatic glycation of various plasma
proteins and their conversion into AGE [33], little is known
about its effects on methylglyoxal-mediated modifications
of ApoA-I or on HDL function. Aminoguanidine probably
reduces the ability of methylglyoxal to modify ApoA-I by
mechanisms that are similar to those reported for other
proteins. This may involve the scavenging and inactivation
of methylglyoxal in processes that decrease its availability.
Aminoguanidine may also directly decrease AGE formation
by interacting irreversibly with Amadori intermediates [34]
or by chelating trace amounts of transition metals that are
required to catalyse their production [35].

Even though the mechanisms whereby metformin
prevents the non-enzymatic glycation of ApoA-I are not
known, its structural similarity to aminoguanidine suggests
that it probably attenuates the non-enzymatic glycation of
ApoA-I by similar pathways [36, 37]. However, the current
results show that aminoguanidine and metformin are not
equally effective in reducing methylglyoxal-mediated mod-
ifications to ApoA-I. While the underlying reasons for this
difference are not entirely clear, they may be explained by a
recent observation showing that aminoguanidine scavenges
methylglyoxal more effectively than metformin [38]. It is
also possible that structural differences between the two
compounds may change the kinetics of their interactions
with either methylglyoxal or with the initial adducts that are
formed when methylglyoxal interacts with ApoA-I.

The possibility that metformin and aminoguanidine may
prevent methylglyoxal from modifying ApoA-I by mecha-
nisms that are distinct from each other cannot be dismissed.
This is certainly the case for pyridoxamine, which
reportedly forms complexes with transition metal ions,
thereby preventing metal-ion-catalysed oxidation of post-
Amadori products and their subsequent conversion into
AGE [39]. Pyridoxamine has also been reported to
scavenge the carbonyl intermediates generated during
AGE formation [40]. These processes inhibit AGE forma-
tion in vivo very effectively, at least in studies of diabetic
rats, where significant delays in the onset of retinopathy
and nephropathy have been reported [41, 42].

One of the main aims of the present study was to
determine whether the ability of aminoguanidine, pyridox-
amine, metformin and alagebrium to prevent methylglyoxal
modifications to ApoA-I also has a positive influence on
HDL function. The present results show that this is the
case, with all of these agents preserving the ability of HDL
to act as a substrate for LCAT and thus maintain the second
step of the reverse cholesterol transport pathway. This
complements the findings of other investigators, who have

Table 4 Reversal of methylglyoxal-mediated ApoA-I modifications in discoidal rHDL by aminoguanidine, pyridoxamine and alagebrium

Additions Unmodified residues (%)

Arginine Lysine Tryptophan

rHDL − methylglyoxal 100 100 100
rHDL + methylglyoxal 59.4±2.6 69.2±0.3 72.4±0.6
rHDL + methylglyoxal + aminoguanidine 66.4±2.9 67.1±1.7 69.7±0.1
rHDL + methylglyoxal + pyridoxamine 59.3±2.5 71.2±1.1 73.3±1.0
rHDL + methylglyoxal + alagebrium 66.4±2.9 nd nd

Discoidal (A-I)rHDL (final concentration 1 mg/ml ApoA-I) were incubated at 37°C for 24 h with 3 mmol/l methylglyoxal, dialysed against PBS,
then incubated for an additional 24 h at 37°C in the absence or presence of aminoguanidine, pyridoxamine or alagebrium (3 mmol/l for all). The
final volume of the incubation mixtures was 4 ml. Modification of arginine, lysine and tryptophan residues was quantified by fluorescence as
described in the Methods section
nd, not determined

Table 3 Effects of varying concentrations of aminoguanidine on the
kinetics of the LCAT reaction in discoidal rHDL containing non-
enzymatically glycated ApoA-I

Incubation conditions V a
max Kb

m appð Þ

No methylglyoxal 1.25±0.19 20.64±6.61
Methylglyoxal 0.76±0.11 13.31±3.7
Methylglyoxal + 1.5 mmol/l
aminoguanidine

1.01±0.43 29.67±23.04

Methylglyoxal + 3 mmol/l
aminoguanidine

0.82±0.08 31.43±4.82

Methylglyoxal + 6 mmol/l
aminoguanidine

1.29±0.11 20.3±3.73

Discoidal (A-I)rHDL (final concentration ApoA-I 1 mg/ml) were
incubated at 37°C for 24 h with methylglyoxal (final concentration
3 mmol/l) in presence or absence of aminoguanidine (1.5, 3 or
6 mmol/l). When the incubations were complete the mixtures were
dialysed against PBS and incubated as described in Table 2 with 5 μl
of a 1/10 dilution of an LCAT preparation that generated 0.6 μmol
cholesteryl ester (ml LCAT)−1 h−1

Kinetic parameters were derived by non-linear regression analysis of
the rate of cholesterol esterification versus the concentration of
substrate
a For formation of cholesteryl ester in μmol (ml LCAT)−1 h−1
b In μmol UC
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found that aminoguanidine and metformin both enhance the
first step of the reverse cholesterol pathway by increasing
the efflux of cholesterol to HDL3 from ldlA7 cells stably
transfected with scavenger receptor-B1. As part of the same
study, aminoguanidine and metformin were also shown to
enhance the export of cholesterol from cholesterol-loaded
mouse peritoneal macrophages to HDL3 [43]. Hoang et al.
have more recently reported that the reduced ability of
AGE-modified ApoA-I to export cholesterol from mono-
cytes, macrophages and HeLa cells transfected with
ABCA1 is alleviated by aminoguanidine and alagebrium
[44]. The ability of metformin and aminoguanidine to
inhibit the glycation of LDL by methylglyoxal and
glycoaldehyde also reduces the capacity of the lipoproteins
to lipid-load macrophages [45].

When all of the above observations are considered
together, it follows that aminoguanidine, metformin and
alagebrium are likely to be beneficial in terms of reducing
cardiovascular risk. Metformin is a well tolerated and
widely used oral hypoglycaemic agent with a proven ability
to reduce cardiovascular risk, while alagebrium decreases
atherosclerotic lesion size in diabetic, ApoE-deficient mice
[46]. Alagebrium has also been shown to improve
endothelial function and reduce arterial stiffness in non-
diabetic, hypertensive human patients in Phase 2a clinical
trials [47]. Of particular importance was the absence of
adverse effects in the participants in the latter studies. Thus,
the current results indicate that, in addition to improving
endothelial function and hyperglycaemia, metformin and
alagebrium may also have beneficial effects on HDL
function in diabetic patients. While this may also be the
case for aminoguanidine, numerous adverse side effects
have been reported for this agent in humans and animals
[48, 49].

The present results with alagebrium are of particular
interest. While several investigators have reported that
alagebrium reduces collagen cross-linking in diabetic
animals by cleaving the bonds between adjacent carbonyl
groups of cross-linked proteins [50], other investigators
have not been able to confirm these findings [51, 52]. We
were also unable to demonstrate that alagebrium reverses
the methylglyoxal-mediated cross-linking of ApoA-I.
While it could be argued that the outcome of this
experiment might have been positive if the incubation with
alagebrium had been extended beyond 24 h, the physio-
logical relevance of this result would be questionable given
that the half-life of ApoA-I in normal human plasma can be
as low as 15 h [53] and possibly even lower in patients with
diabetes [54]. Our results, however, do show that alage-
brium can prevent methylglyoxal-mediated modifications to
ApoA-I. This is presumably a reflection of it acting as a
scavenger of methylglyoxal or of the adducts that are
formed when methylglyoxal interacts with amino acid

residues on ApoA-I, as outlined above for aminoguanidine
and pyridoxamine.

In conclusion, the present results provide new and
compelling evidence to suggest that glycation inhibitors,
cross-link breakers and insulin sensitisers are potentially
important for maintaining HDL function and reducing
cardiovascular risk by preserving the reverse cholesterol
transport pathway. It remains to be determined whether
these agents are also of benefit in enhancing any of the
other mechanisms that are responsible for the cardiopro-
tective properties of HDL.
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