
High-density lipoproteins (HDL) are a heterogenous
collection of particles which circulate in blood and
serve several protective functions, including accept-
ing lipids produced by hydrolysis of triglyceride-rich
lipoproteins [1]. High-density lipoprotein concentra-
tions are inversely related to incidence of coronary
artery disease (CAD) in humans [2]. They can pro-
tect against CAD by removing cholesterol from pe-
ripheral tissues and transporting it to liver, a process
termed reverse cholesterol transport. In addition,
HDL can protect against CAD by preventing low-
density lipoprotein (LDL) oxidation within the artery
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Abstract

Aims/hypothesis. To examine the effects of incuba-
tion of high-density lipoprotein (HDL) under hyper-
glycaemic conditions on several functions of HDL in
vitro.
Methods. Human HDL (5 mg protein) was incubated
for 1 week at 37 °C in the presence or absence of
25 mmol/l glucose. Additional samples of human
HDL were incubated in butylated hydroxytoluene to
control for oxidation.
Results. High-density lipoprotein incubated for 1
week in 25 mmol/l glucose had significant increases
in the glycation product, fructoselysine and in the ad-
vanced glycation end product, Ne-(carboxymethyl)-
lysine. High-density lipoprotein apolipoprotein AI
and AII concentrations were not altered but glycated
HDL had a 65% reduction in paraoxonase enzymatic
activity. Glycated HDL did not inhibit monocyte
adhesion to human aortic endothelial cells in re-
sponse to oxidised low-density lipoprotein in vitro
(43 ± 4 monocytes bound vs 21 ± 2 monocytes for
control HDL, p < 0.0001). Hepatic lipase-mediated

non-esterified fatty acid release from HDL lipids
was enhanced in glycated HDL compared with con-
trol HDL (25 ± 1 vs 16 ± 1 nmol non-esterified fatty
acid hydrolysed/min, respectively, p < 0.0001). Direct
glycation of purified paraoxonase protein by incuba-
tion in 25 mmol/l glucose caused a 40% reduction in
enzymatic activity. This glycated paraoxonase did
not inhibit monocyte adhesion to human aortic
endothelial cells in vitro (68 ± 3 monocytes vs
49 ± 2 monocytes bound for control paraoxonase, re-
spectively, p < 0.001). We also measured a 40% re-
duction in paraoxonase activity in patients with Type
II (non-insulin-dependent) diabetes mellitus and doc-
umented coronary artery disease compared with non-
diabetic subjects, p < 0.0001.
Conclusions/interpretation. Alterations in function of
HDL caused by exposure to hyperglycaemic condi-
tions could contribute to the accelerated atheroscle-
rosis observed in Type II diabetes. [Diabetologia
(2000) 43: 312±320]
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wall or by inactivating LDL oxidation products
through the actions of its associated enzyme, parao-
xonase (PON) [3].

Paraoxonase is an HDL-associated ester hydrolase
that is important in prevention of LDL oxidation. It
has been reported to inhibit copper-induced lipid per-
oxide generation in LDL [4], and been shown to in-
hibit the biological activity of mildly oxidised LDL
in vitro [5]. In humans, a polymorphism exists in
PON at amino acid position 191 which generates two
allozymes, A and B, which differ in only a single ami-
no acid [6]. The B form has been associated with low-
er PON activity and was linked to CAD risk in a
group with Type II (non-insulin-dependent) diabetes
mellitus patients [7]. These data suggest that HDL-
associated PON activity could be important in modu-
lating atherosclerosis development, especially in pa-
tients with diabetes.

Hepatic lipase is a liver enzyme involved in hy-
drolysis of fatty acids from lipoprotein phospholipids
and triglycerides [8]. The enzyme is mainly involved
in the processing and recycling of large HDL
(HDL2) into smaller HDL (HDL3). Hepatic lipase
enzyme activities in human postheparin plasma have
been shown to be inversely correlated with plasma
HDL2 concentrations [9] and studies have shown
that the composition of HDL affects its ability to re-
act with hepatic lipase [10, 11]. Patients with Type II
diabetes have been shown to have decreased HDL2
concentrations, and increases in plasma non-esteri-
fied fatty acids (NEFA) levels [12±14]. In some of
these studies, but not all, hepatic lipase activity was
found to be increased [14].

Patients with Type II diabetes have an increased
incidence of CAD [15], although the pathogenic
mechanisms are incompletely understood. One possi-
bility is that hyperglycaemia accelerates atherogene-
sis in diabetic patients by increasing lipoprotein oxi-
dation [16, 17]. Further, modestly increased concen-
trations of glucose have been shown to increase
monocyte adherence to human aortic endothelial
cells [18], a key early event in atherogenesis. Another
consideration is the non-enzymatic formation of ad-
vanced glycation end products (AGE) through long-
term exposure of proteins and lipids to glucose. Ad-
vanced glycation end products are increased in tissue
proteins of diabetic subjects and are correlated with
the severity of diabetic complications [19±21]. In pa-
tients with diabetes, apolipoprotein glycation corre-
lates positively with common indices of glycaemic
control, including HbA1 c, although AGEs were not
measured in these studies [22]. Glycation or glycoxi-
dation of enzymes or both and apolipoproteins in-
volved in HDL metabolism could cause abnormal
HDL function and contribute to the acceleration of
atherogenesis in diabetic people [23±25].

In this study, we hypothesised that increased glyca-
tion of HDL would alter its function and anti-athero-

genic properties. To examine how HDL metabolism
could be altered by glycation, we examined the affin-
ity of glycated HDL for hepatic lipase in vitro. We
also examined some of the anti-atherogenic proper-
ties of HDL which could be altered by glycation,
namely, PON activity and prevention of monocyte
adhesion to endothelium, a key initial event in
atherogenesis.

Subjects and methods

Modification of HDL with glucose. Fasted blood from five nor-
mal healthy human donors with no history of either CAD or
diabetes was collected into heparin (4 ml/ml blood) and HDL
was isolated by density gradient ultracentrifugation as de-
scribed [26]. To create glycated HDL, fresh human HDL
(5 mg protein) was incubated with 25 mmol/l glucose in phos-
phate-buffered saline (PBS) under sterile conditions for 1
week at 37 °C (referred to as G HDL). High-density lipopro-
tein (5 mg protein) were incubated in PBS at 37 °C in the ab-
sence of glucose under the same conditions (referred to as
PBS HDL). Additional samples of HDL (5 mg protein) were
incubated under the same conditions with 20 mmol/l butylated
hydroxytoluene (BHT) in the absence (referred to as PBS/
BHT) or presence of 25 mmol/l glucose (referred to as G/
BHT) to be used as controls for oxidation. Starting, unincubat-
ed HDL from the same donors (5 mg protein each) were
stored at 4 °C throughout the experiment to be used as a con-
trol (referred to as CTR HDL).

Modification of PON with glucose. Purified isolated PON pro-
tein, 100 mg, (kindly provided by Dr. B. LaDu, University of
Michigan) was incubated in PBS either with (referred to as
PON + G) or without (referred to as PON + PBS) 25 mmol/l
glucose at 37 °C for 1 week. Samples were stored at 4 °C after
incubation and assayed within 24 h for enzymatic activity as
described below.

Determination of PON activity. Both the arylesterase and
paraoxonase enzymatic activities of human serum PON were
measured in either the HDL preparations or in the purified
PON preparations [27]. Arylesterase activity of either HDL
preparations or purified PON protein was measured by the ad-
dition of each HDL preparation (100 mg protein) or each puri-
fied PON preparation (10 mg protein) to a solution of 1 mmol/l
phenylacetate in 20 mmol/l TRIS-HCl, pH 8.0. The increase in
absorbance at 270 nm was recorded over 2 min. Blanks of sub-
strate without enzyme were included to correct for the sponta-
neous hydrolysis of phenylacetate, which generally accounted
for less than 5 % of the substrate. Enzymatic activity was calcu-
lated from the molar extinction coefficient 1310 ´ Mol±1 × cm±1.

Paraoxonase activity was measured using paraoxon as the
substrate and measuring the increase in absorbance at 405 nm
due to formation of 4-nitrophenol. Enzyme activity was mea-
sured in 50 mmol/l glycine/1 mmol/l CaCl2/2.0 mol/l NaCl at
pH 10.5 as described [27]. The amount of 4-nitrophenol gener-
ated was calculated from the molar extinction coefficient
18290 × Mol±1 × cm±1.

Study cohort and blood collection. After signing a written con-
sent approved by the University of California Human Subjects
committee, subjects undergoing coronary angiography at the
University of California, Los Angeles (UCLA) donated a sam-
ple of fasted whole blood which was collected into heparinised
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tubes in the absence of ethylenediaminetetraacetic acid
(EDTA). Plasma was obtained by centrifuging the blood at
2500 rpm for 10 min and then plasma was stored at 4 °C; PON
activity was determined within 24 h of collection. Blood was
drawn from two groups of patients with documented CAD.
One group of patients had documented Type II diabetes (see
Table 1 for fasting plasma glucose values), whereas the other
group had normal fasting blood glucose values and no history
of diabetes. The patients studied were men, non-smokers and
none were taking lipid-lowering drugs. None had a history of
hypertension. The mean age of the diabetic group was
60 ± 3 years and 63 ± 4 years for the non-diabetic group.

High-density lipoprotein characterisation. High-density lipo-
protein size was analysed using fast protein liquid chromatog-
raphy (FPLC). For FPLC analysis, unincubated, starting
HDL (150 mg protein) or each HDL sample (150 mg protein)
were sized using two Superose 6 columns connected in series
(Amersham Pharmacia Biotech, Piscataway, N. J., USA) [28].
Fractions of 0.5 ml were collected at a rate of 0.5 ml/min in
0.9 % sodium chloride. The particle sizes of HDL were deter-
mined by comparing elution volumes with molecular weight
standards (Amersham Pharmacia Biotech). After incubation
in the presence or absence of glucose, HDL preparations
(15 mg protein) were analysed by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) under reduc-
ing conditions using 4±20 % TRIS-glycine gels (Novex, San
Diego, Calif., USA) at 45 mA for 1.5 h. Gels were then stained
with Coomassie blue to make apolipoprotein AI and apolipo-
protein AII visible.

Chemical analyses of HDL. Measurement of glycation (fruc-
toselysine) and carboxymethylation (Ne-(carboxymethyl)-ly-
sine, CML) of HDL preparations was carried out by isotope di-
lution mass spectrometry [29]. Fructoselysine was measured in
unreduced protein and CML was measured in HDL which was
first reduced with 100 mmol/l NaBH4. Analyses of both re-
duced and unreduced HDL were carried out after protein del-
ipidation using two sequential overnight extractions with etha-
nol:ether (3:1). Heavy labelled internal standards were added
to the residual protein, which was then hydrolysed in 6 N HCl
at 110 °C for 24 h; after drying the hydrolysate was passed
over a 1 ml C18 column to remove brown impurities and ami-
no acids were then derivatised as their trifluoroacetyl methyl
esters (TFAME) for analysis by selective ion monitoring gas
chromatography ± mass spectrometry [29]. Malondialdehyde
concentrations [thiobarbituric acid-reactive substances
(TBARS)] in HDL were measured using the thiobarbituric
acid assay as described [30]. Conjugated diene concentrations
in HDL preparations were determined by measuring their ab-
sorbance at 234 nm [31].

Hepatic lipase assay. To test the ability of glycated HDL to in-
teract with hepatic lipase, the following assay in vitro was
done: unincubated, starting control HDL (40 mg protein) or
HDL incubated in either PBS or 25 mmol/l glucose for 1

week (40 mg protein each) were incubated with 1.5 mg of re-
combinant human hepatic lipase for 1, 2 and 4 h at 28 °C in
100 mmol/l TRIS-HCl pH 8.0 containing 4 % (w/v) bovine se-
rum albumin (BSA). An additional 40 mg protein of each
HDL preparation was also added to 1.5 mg of recombinant he-
patic lipase and immediately stored at 4 °C to use as time 0 con-
trols. The hydrolysis and release of non-esterified fatty acids
from triglycerides and phospholipids in HDL was quantified
using a colorimetric assay as described [32].

Monocyte adhesion assay. Human aortic endothelial cells
(HAEC) were isolated from aortic tissue obtained from the
UCLA transplant programme in accordance with UCLA
guidelines and grown to confluence in medium M199 supple-
mented with 10 % fetal bovine serum (FBS) with endothelial
cell growth supplement (ECGS) and heparin. Minimally mod-
ified LDL (MM-LDL, 250 mg protein/ml, prepared as de-
scribed [33]) and 150 mg protein of unincubated, starting HDL
or 150 mg protein of HDL incubated in either PBS or
25 mmol/l glucose for 1 week were added together in
M199 + 5 % FBS to the HAEC monolayer and incubated at
37 °C for 4 h. Adhesion assays were then done as described
[34]. Briefly, cells were rinsed twice with serum-free medium
and 1 ´ 106 monocytes were incubated with the HAEC for
15 min at 37 °C. Non-adherent monocytes were rinsed away
with PBS and cells were fixed with 1 % glutaraldehyde. The
number of attached monocytes were counted using a phase
contrast microscope under 100 ´ magnification. Blood mono-
cytes were obtained from a large pool of healthy donors by
modification of the Recalde method [35]. Studies of monocyte
adhesion were also conducted after treatment of MM-LDL
with glycated and control PON. For these experiments, 10 mg
of either glycated or control PON protein were incubated
with 125 mg protein/ml MM-LDL in PBS overnight at 37 °C.
The PON-MM-LDL mixture was then incubated with a con-
fluent monolayer of HAEC for 4 h at 37 °C and monocyte ad-
hesion assays were then done as described above.

Statistical analysis. All data are represented as means ± SEM.
Statistical analysis was done using the Student's t test. When
multiple comparisons were evaluated, analysis of variance
(ANOVA) was carried out. For the ANOVA, a Fisher exact
test was used to determine 95 % confidence intervals. Values
were considered to be significant at p less then 0.05.

Results

High-density lipoprotein incubated in glucose con-
tained AGE and lipid oxidation products. High densi-
ty lipoprotein incubated in 25 mmol/l glucose in vitro
for 1 week (G HDL) showed an approximate four-
fold increase in glycation, measured as the Amadori
product, fructoselysine (Table 2). There was a more
modest increase in the content of the AGE, CML,
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Table 1. Serum paraoxonase activity in patients with Type II diabetes and CAD

Group Total Cholesterol
(mmol/l)

HDL-C
(mmol/l)

Triglycerides
(mg/dl)

Fasting Glucose
(mmol/l)

PON Activity
(U/ml)

PON/HDL-
C ratio

Diabetics + CAD (n = 10) 5.02 ± 0.36 0.83 ± 0.08 2.59 ± 0.64a 9.4 ± 0.9a 67 ± 7a 1.9 ± 0.3a

Nondiabetics + CAD (n = 12) 4.72 ± 0.39 1.06 ± 0.10 1.34 ± 0.20 5.6 ± 0.2 111 ± 14 3.1 ± 0.5
a Significantly different from nondiabetic group by Student's t test, p < 0.05. PON/HDL-C ratio was calculated using PON activity
for each patient



which rose about 70% during the same period. There
was no statistically significant change in either fruc-
toselysine or CML in HDL incubated in the absence
of glucose (PBS HDL).

Because CML can be formed from oxidation of
lipids as well as from fructoselysine [36] we used the
TBARS assay [30] to evaluate whether the presence
of glucose would cause statistically significant oxida-
tion of lipids in HDL. Glycated (G HDL) and PBS-
incubated HDL (PBS HDL) both showed increased
concentrations of malondialdehyde measured as
TBARS over the week-long incubation period (Ta-
ble 3). Concentrations of TBARS were higher in G
HDL than in PBS HDL (34.67 ± 0.33 vs 22.75 ±
0.25 mmol/mg protein, respectively, p < 0.001). Sam-
ples of HDL which were incubated in BHT in the
presence (G/BHT) or absence of 25 mmol/l glucose
(PBS/BHT) had lower concentrations of TBARS
than their non-BHT counterparts; samples treated
with BHT did, however, have higher concentrations
of TBARS than did control, unincubated starting
HDL (CTR HDL), p < 0.01.

We also measured conjugated dienes in the HDL
preparations (Table 3), and found small but signifi-
cant (p < 0.02) increases in conjugated dienes over
the 1-week incubation period. Concentrations of
conjugated dienes in control, unincubated HDL
(CTR HDL) were 0.05 ± 0.001 AU [absorbance
(O.D.) at 234 nm], while concentrations in G HDL
were twofold higher (0.11 ± 0.01 AU), p < 0.02. Con-
jugated diene concentrations in PBS HDL were sim-
ilar to those in CTR HDL. Samples of HDL which
were incubated in BHT in the presence (G/BHT)
or absence (PBS/BHT) of 25 mmol/l glucose had
lower concentrations of conjugated dienes than their
non-BHT counterparts, yet were not statistically sig-
nificantly different from control HDL (CTR HDL).
Taken together, these data indicate that the HDL
preparations incubated in 25 mmol/l glucose accu-
mulated glycation products, AGE and lipid oxi-
dation products. Also that HDL preparations incu-
bated in PBS (PBS HDL) accumulated some lipid
oxidation products but no glycation or AGE prod-
ucts.

Size of HDL altered by glycation/glycoxidation. To
examine whether glycation caused alterations in
HDL apolipoproteins, apolipoproteins AI and AII
in glycated HDL, preparations were examined by
SDS-PAGE. Both glycated HDL and control, unin-
cubated HDL seemed to have similar concentrations
of both apolipoproteins AI and AII, the major apo-
lipoproteins found on HDL (Fig.1). High-density li-
poprotein incubated for 1 week in either PBS (Lane
5) or in 25 mmol/l glucose (Lane 4) showed de-
creased apoAI migration compared with unincubat-
ed control HDL (Lane 1) or compared with HDL in-
cubated for 1 week in PBS/BHT (Lane 2) or 1 week
in 25 mmol/l glucose + BHT (G/BHT) (Lane 3). The
slower migration observed for HDL samples which
were not treated with BHT was, however, indepen-
dent of glucose treatment. We examined HDL size
using FPLC as shown in Fig.2. We found G HDL
(approximate diameter of 11.7 nm) were larger in
size than native, unincubated, starting HDL (approx-
imate diameter of 10.1 nm). This increase in size did
not, however, appear to be glucose-dependent be-
cause both G HDL and PBS HDL were similar in
size.

Glycated HDL as a substrate for hepatic lipase. To ex-
amine the ability of glycated HDL to interact with
hepatic lipase, we compared the release of non-ester-
ified fatty acids from triglycerides and phospholipids
of glycated and control HDL preparations by hepatic
lipase (Fig.3). At 4 h, the release of fatty acids from
glycated HDL (G HDL) was considerably increased,
to 150% of control (CTR)HDL (25 ± 1 nmol NEFA
vs 16 ± 1 nmol NEFA, respectively, p < 0.001). The
release of NEFA from G HDL was also higher than
from PBS HDL, p < 0.003. The release of NEFA
from PBS HDL was slightly greater than from CTR
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Table 3. Effect of incubation of HDL in glucose on formation
of conjugated dienes and TBARS

Group Conjugated Dienes
(OD234)

TBARS (mmol/mg
protein)

CTR HDL 0.05 ± 0.001x 6.52 ± 0.48a

PBS HDL 0.08 ± 0.01x 22.75 ± 0.25b

PBS/BHT 0.06 ± 0.02x 12.09 ± 0.91c

G HDL 0.11 ± 0.01y 34.67 ± 0.33d

G/BHT 0.09 ± 0.01x,y 11.42 ± 0.58c

Data represent the means ± SEM of five experiments, each
using a different HDL preparation.
HDL from five subjects (1 mg/ml) was incubated at 37 °C for
1 week as described in Methods. Samples were analysed for
development of conjugated dienes by measuring absorbance
at 234 nm or for TBARS as described in Methods.
Values for conjugated dienes with different letters (x and y) are
significantly different for each group of HDL by ANOVA,
p < 0.02.
Values for TBARS with different letters (a, b, c, and d) are
significantly different for each group of HDL by ANOVA,
p < 0.01

Table 2. Concentrations of fructoselysine and CML in HDL

Group Fructoselysine
(mmol/mol lysine)

NÎ-(carboxymethyl)-lysine
(CML) (mmol/mol lysine)

CTR HDLa 0.64 ± 0.08b 0.08 ± 0.03d

PBS HDL 0.98 ± 0.12b 0.10 ± 0.02d

G HDL 2.93 ± 0.34c 0.16 ± 0.02e

Data represent the means ± SEM of four experiments, each
using a different HDL preparation.
a Unincubated, starting HDL from same donors
b, c Values for fructoselysine are significantly different by
ANOVA, p < 0.0002
d, e Values for CML are significantly different by ANOVA,
p < 0.02



HDL (19 ± 1 versus 16 ± 1 nmol NEFA, respectively,
p < 0.01).

Glycated HDL did not prevent MM-LDL-induced
monocyte adhesion to HAEC. A biological assay
which is routinely used to determine whether LDL is
oxidised is to examine monocyte adhesion to HAEC
after incubation with LDL. As LDL becomes oxidis-
ed, it induces monocyte-specific adhesion molecules
resulting in monocyte adherence to endothelium
[37]. High-density lipoprotein has been shown to in-
activate biologically active lipid intermediates in
MM-LDL reducing monocyte adhesion to HAEC in

vitro [3]. Further, PON could inhibit this process
through inactivation of LDL-derived oxidised lipids
[5]. Control unincubated HDL (CTR HDL) blocked
induction of monocyte adhesion to endothelial cells
in response to MM-LDL, (21 ± 2 vs 48 ± 3 cells/field,
p < 0.0001) (Fig.4). Glycated HDL (G HDL) did
not, however, prevent induction of monocyte adhe-
sion to endothelial cells, 43 ± 4 cells/field compared
with 21 ± 2 cells/field for control HDL, p < 0.0001.
The ability of PBS HDL to prevent monocyte:endo-
thelial interactions was, however, also decreased al-
though G HDL was less effective than oxidised PBS
HDL, 43 ± 4 compared with 34 ± 3 monocytes/field,
p < 0.01. The activity of PON was also reduced in G
HDL and PBS HDL compared with CTR HDL,
38 ± 3 U/ml and 65 ± 5 U/ml, compared with 105 ± 4
U/ml, respectively, p < 0.001 (data not shown). We
found G HDL was statistically significantly lower
than PBS HDL, suggesting that glycation has a more
severe effect on PON activity than does oxidation in
these experiments. Taken together, these results indi-
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Fig. 1. Incubation of HDL in 25 mmol/l glucose for 1 week at
37 °C results in slower migration of apoAI or apoAII. HDL
protein (15 mg) was analysed by 4±20 % SDS-PAGE and visu-
alised using Coomassie blue. Lane 1: starting, unincubated
HDL; Lane 2: PBS/BHT HDL; Lane 3: G/BHT HDL; Lane
4: HDL incubated in PBS + 25 mmol/l glucose for 1 week (G
HDL); Lane 5: HDL incubated in PBS for 1 week (PBS
HDL). The concentrations of apoAI and apoAII appeared to
be similar for all groups of HDL and there was no apparent
degradation of the apolipoproteins as a result of the 1 week of
incubation. The migration of apoAI on HDL was slower, inde-
pendent of the presence of glucose

BA

Fig. 2 A, B. Incubation of HDL with or without glucose in-
creases particle size. High-density lipoprotein pooled from
three donors was analysed by FPLC using two Superose 6 col-
umns in series. A. Profiles represent total cholesterol in each
fraction and are for 150 mg unincubated HDL (U) or 150 mg
HDL incubated for 1 week in PBS (PBS HDL, D) or in
25 mmol/l glucose (G HDL, &). B shows the particle diameter
as a function of elution volume

Fig. 3. Glycation of HDL alters its interaction with hepatic li-
pase. As described in Methods 40 mg of HDL were incubated
with hepatic lipase. The hydrolysis of NEFA from HDL by he-
patic lipase over 4 h is shown. Samples are: CTR HDL (U),
PBS HDL (s) and G HDL (&). Data represents the means ±
SEM of HDL from three donor preparations



cate that both glycated as well as oxidised HDL have
a decreased ability to prevent MM-LDL-induced
monocyte adhesion to endothelial cells and that this
could be mediated, at least in part, by a reduction in
PON activity.

Glycation of PON decreases enzyme activity. To ex-
amine further the effects of glycation and oxidation
on PON activity, we measured whether direct glyca-
tion or oxidation of PON protein resulted in dimin-
ished PON enzymatic activity. Incubation of purified
PON protein for 1 week in PBS (PON + PBS) de-
creased paraoxonase activity from 102 ± 2 U/ml to
84 ± 9 U/ml, p = 0.06 (Fig.5). This 18% reduction in
enzyme activity could reflect protein denaturation/
oxidation during the incubation time. Over the same
period of incubation, PON protein incubated for 1
week in 25 mmol/l glucose (PON + G) had, however,
a 40% reduction in activity, down to 62 ± 9 U/ml,
p < 0.03 (Fig.5). These data suggest that glycation of
PON protein has a great effect on its activity.

Glycated PON does not prevent monocyte adhesion to
endothelial cells. As shown in Figure 6, MM-LDL
stimulated monocyte adhesion to HAEC in vitro
and control PON protein (CTR PON) inhibited in-
duction of monocyte adhesion to HAEC in response
to MM-LDL. Glycated PON (PON + G) was, howev-
er, less effective than control PON at reducing mono-
cyte adhesion to HAEC, 68 ± 3 cells/field for glycated
PON compared with 49 ± 2 cells/field for control

PON, p < 0.001. Also, PON + G was less effective at
reducing monocyte adhesion than PON protein incu-
bated for 1 week in PBS (PON + PBS), 68 ± 3 cells/
field compared with 54 ± 4 cells/field respectively,
p < 0.03. These data suggest that PON activity is im-
portant in prevention of monocyte:endothelial inter-
actions caused by mildly oxidised LDL and that gly-
cated PON is unable to inhibit these interactions.

Patients with Type II diabetes have decreased PON ac-
tivity. To examine PON activity in Type II diabetic
patients in vivo, we measured PON activity in
10 men with Type II diabetes and documented CAD
and in 12 non-diabetic men who also had documented
CAD. Fasting blood glucose values were 1.7-fold
higher in the diabetic compared with the non-diabetic
subjects, 9.4 ± 0.9 mmol/l compared with 5.6 ±
0.2 mmol/l, respectively, p < 0.001 (Table 1). Total
cholesterol concentrations were not different be-
tween the two groups. Concentrations of HDL-C
were not different (p > 0.05) between the two groups,
although there was a trend towards lower HDL-C in
the diabetic group. Type II diabetic patients with
CAD had an average 40% reduction in PON activity
compared with the non-diabetic patients, 67 ± 7 U/ml
compared with 111 ± 14 U/ml, respectively,
p < 0.0001 (Table 1). The ratio of PON activity to
HDL-C was also lower in the diabetic group,
p < 0.05. These data indicate that PON activity is low-
er in Type II diabetic patients than in non-diabetic
subjects with CAD.
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Fig. 4. Incubation of HDL with glucose impairs its ability to
detoxify MM-LDL. MM-LDL (250 mg) was incubated for 4 h
at 37 °C with either HDL incubated in PBS only (+ PBS
HDL) or incubated in 25 mmol/l glucose (+ G HDL). The
MM-LDL was then tested for its ability to induce endothelial
cells to produce monocyte chemoattractants and bind mono-
cytes. Standard errors for the mean of three experiments are
shown. Media: media only; MM-LDL: MM-LDL incubated in
media only in the absence of any HDL preparation as a posi-
tive control; + CTR HDL: 250 mg/ml MM-LDL + 150 mg unin-
cubated, starting HDL. An asterisk (*) represents significantly
different values from CTR HDL, p < 0.01. Groups that are sig-
nificantly higher than CTR HDL by ANOVA, p < 0.001. Data
are means ± SEM for three individual donors

Fig. 5. Incubation of PON in PBS at 37 °C in the presence of
glucose accelerates the decline in enzyme activity. Purified
PON enzyme (10 mg) was incubated for 1 week in either PBS
alone (PON + PBS) or in PBS + 25 mmol/l glucose
(PON + G) and then analysed for paraoxonase activity as de-
scribed in Methods. CTR PON: 10 mg unincubated, control
PON. An asterisk (*) represents significantly different value
from CTR PON, p < 0.03. Data are means ± SEM for three in-
dividual experiments



Discussion

Because HDL is a powerful predictor of cardiovascu-
lar risk in general [2], and patients with Type II diabe-
tes have an accelerated incidence of atherosclerosis
[38], glycation of HDL could be an important factor
in the development of diabetic macrovascular dis-
ease. In this study, we explored how hyperglycaemia
can influence the anti-atherogenic properties of
HDL through formation of glycated HDL. We ac-
knowledge that 25 mmol/l glucose represents ex-
treme hyperglycaemia that would be encountered in
diabetes. In more severe cases of diabetes, it is, how-
ever, conceivable that glycation/glycoxidation of
HDL proteins within 1 week alters HDL function.

Under aerobic conditions, glycation and oxidation
interact to form glycoxidation, or advanced glycation
end products (AGEs), on protein. Advanced glyca-
tion end products could arise from autoxidation of ei-
ther fructoselysine or of glucose itself [39±41]. One of
the originally described and chemically defined
AGEs is CML [42]. It is important to note that our
studies were conducted in the presence of air, i. e. un-
der oxidative conditions, so that we did not attempt
to distinguish the effects of glycation reactions inde-
pendent of glycoxidation reactions. We have, howev-
er, shown the formation of CML under these condi-
tions, which indicates that advanced glycation reac-
tions have occurred. We also have to consider the
possibility that the CML formed in HDL is a biomar-
ker of protein modification by advanced glycation re-

actions but that because of its low absolute concen-
tration, CML itself is not likely to be responsible for
the alterations observed in HDL function.

Both glycated HDL and HDL incubated in PBS in
the absence of glucose became larger in size over the
week-long incubation. Incubation in glucose caused
a statistically significant increase in oxidised lipids in
the HDL preparations, although in this study we
could not determine if the AGEs formed in such gly-
cated HDL were derived from these oxidised lipids.
There was also some formation of TBARS in the
HDL preparations incubated in the absence of glu-
cose, suggesting oxidation of the HDL during the in-
cubation period.

Patients with Type II diabetes have reduced plas-
ma concentrations of HDL2 and increased concentra-
tions of HDL3 [13]. Hepatic lipase activity reduces
phospholipid and triglyceride concentrations in
HDL2 and increases phospholipid concentrations in
HDL3. The composition of HDL has been shown to
affect its ability to react with hepatic lipase [10, 11].
A direct correlation between plasma HDL3 concen-
trations and hepatic lipase activity has been shown
in diabetic patients [12±14]. Our studies provide evi-
dence that HDL with altered protein and lipid ad-
ducts formed by glycation/glycoxidation have an en-
hanced ability to interact with hepatic lipase (Fig.3).

Several studies have shown the importance of
HDL in prevention of the early steps of atherogene-
sis, such as in monocyte adhesion to endothelium.
Plasma HDL has been shown to prevent monocyte
adhesion to endothelial cells in response to MM-
LDL in vitro [3]. One mechanism by which HDL can
prevent monocyte:endothelial interactions is through
sequestration and destruction of oxidised lipids in
MM-LDL through the action of the HDL-associated
enzyme, PON [5, 27]. After 1 week of incubation in
glucose, HDL showed, however, a reduced ability to
prevent monocyte adhesion to endothelial cells in re-
sponse to oxidised lipids within MM-LDL, suggesting
that PON activity had been reduced by glycation.

To examine such effects of glycation/glycoxidation
on PON activity, we did experiments in which we gly-
cated purified PON protein. We found that glycation
of purified PON protein caused a reduction in its ac-
tivity by 40%. Paraoxonase activity was only slightly
reduced (18 %) in PON protein incubated in the ab-
sence of glucose. In HDL incubated in the absence
of glucose (PBS HDL), we found, however, that
PON activity was statistically significantly reduced
by 30 % (data not shown). The mechanisms for this
are not known but could be related to the presence
of other oxidised lipids and proteins present in
HDL, which could accelerate the increase in the oxi-
dation of PON, leading to a rapid decrease in PON
activity. Glycation of either PON or HDL resulted,
however, in a pronounced reduction in PON activity,
which was greater than that observed in the absence
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Fig. 6. Incubation of PON for 1 week in glucose impairs its abil-
ity to prevent MM-LDL induced monocyte adhesion to HAEC.
MM-LDL (125 mg/ml) was incubated for 14 h at 37 °C with
PON (10 mg) previously incubated for 1 week in either PBS
alone (PON + PBS) or PBS + 25 mmol/l glucose (PON + G).
The MM-LDL was then tested for its ability to induce endothe-
lial cells to bind monocytes. Media: media only; MM-LDL:
MM-LDL incubated in media only in the absence of any HDL
preparation as a positive control; CTR PON: 125 mg/ml MM-
LDL + 10 mg unincubated, starting PON. An asterisk (*) repre-
sents significantly different values from CTR PON, p < 0.03.
Data are means ± SEM for three individual experiments



of glycation. It is possible that glycation of PON pro-
tein causes a change in the protein that results in a
greater reduction in PON activity than does oxida-
tion. The ability of PON to inhibit oxidation of LDL
has been shown to require the cysteine residue at
amino acid position 283 [43]. Blockage of this cys-
teine residue resulted in pronounced inhibition of
PON activity [43]. We observed a direct correlation
with the amount of PON activity and the ability of
PON and HDL to inhibit monocyte adherence to en-
dothelial cells. We found a 40% decrease in PON ac-
tivity in a group of Type II diabetic subjects with
CAD compared with a group of non-diabetic subjects
with CAD. Decreased PON in patients with Type II
diabetes and CAD have also been found [44, 45].
Polymorphisms within the PON gene that are preva-
lent in Type II diabetic patients with CAD have
been reported [7, 46]. These PON polymorphisms re-
sult in lower PON activity and are considered to be
independent risk factors for CHD in Type II diabetic
patients. We did not identify the presence of these
polymorphisms in patients in the current study.

We have shown that glycation/glycoxidation of
HDL decreases several key functions of the particle,
rendering the HDL more pro-atherogenic. These ac-
tivities include HDL association with hepatic lipase
and the antioxidant properties of HDL mediated pri-
marily through PON.
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