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Summary. Diabetes mellitus is an independent risk factor in
the development of atherosclerosis. In this study we aimed to
demonstrate whether there is an abnormal interaction be-
tween low-density lipoproteins from diabetic patients and
human macrophages. We measured cholesteryl ester synthe-
sis and cholesteryl ester accumulation in human monocyte-
derived macrophages (obtained from non-diabetic donors)
incubated with low density lipoproteins from Type 1 (insulin-
dependent) diabetic patients in good or fair glycaemic con-
trol. Low density lipoproteins from the diabetic patients
stimulated more cholesteryl ester synthesis than low density
lipoproteins from non-diabetic control subjects (7.19+1.19
vs 6.11£0.94 nmol/mg cell protein/20 h, mean+SEM, p<
0.05). The stimulation of cholesteryl ester synthesis by low
density lipoproteins isolated from diabetic patients was par-
alleled by a significant increase in intracellular cholesteryl es-
ter accumulation (p <0.02). There were no significant differ-
ences in the lipid composition of low density lipoproteins
between the diabetic and control groups. Non-enzymatic gly-

cosylation of low density lipoproteins was higher in the dia-
betic group (p <0.01) and correlated significantly with cho-
lesteryl ester synthesis (r=0.58). Similarly, low-density lipo-
proteins obtained from non-diabetic subjects and glycosylat-
ed in vitro stimulated more cholesteryl ester synthesis in
macrophages than control low density lipoproteins. The in-
crease in cholesteryl ester synthesis and accumulation by
cells exposed to low density lipoproteins from diabetic pat-
ients seems to be mediated by an increased uptake of these
lipoproteins by macrophages. This study suggests that gly-
cosylation of low density lipoproteins to the extent occurring
in diabetes may alter their interaction with human monocyte-
derived macrophages and may lead to increased intracellular
cholesteryl ester accumulation. The results suggest a possible
mechanism by which hyperglycaemia may contribute to the
acceleration of atherosclerosis in diabetes.
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A link between severity of hyperglycaemia and the de-
velopment of diabetic complications has long been
suspected, but the possible mechanisms involved are
not yet clear [1]. Increased non-enzymatic glycosylation
[2] of proteins, which may profoundly affect their
metabolic behaviour, provides one attractive hypothe-
sis to explain this link. This process involves the ad-
duction of open-chain glucose molecules to the pri-
mary amino-groups of proteins [3]. Increased glycosy-
lation has been implicated in the development of
various complications of diabetes [4], including cata-
ract formation [5, 6] connective tissue abnormalities [7,
8] and atherosclerosis [9, 10]. The latter complication is
particularly important since it is one of the major
causes of morbidity and mortality in diabetes [11].
Abnormalities of lipoprotein metabolism are inti-
mately related to the development of atherosclerosis,

and several studies have been performed to measure
and assess the effect of glycosylation of apolipopro-
teins. Increased glycosylation of all major classes of
apolipoproteins has been demonstrated in diabetes
[12]. The effect of glycosylation on the interactions of
low density lipoproteins (LDL) with cultured cells has
also been studied, but only using LDL glycosylated in
vitro [9, 10, 13]. These studies showed that recognition
of glycosylated LDL by the classical LDL receptor on
human fibroblasts is markedly impaired when there is
extensive glycosylation. Lesser degrees of in vitro gly-
cosylation, thought to be comparable to those occur-
ring in vivo in diabetes, also impaired the recognition
of LDL by fibroblasts [14].

Furthermore, the degree of impairment in the up-
take of glycosylated LDL was related to the degree of
glycosylation [14]. Studies using LDL isolated from
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Table 1. Clinical characteristics of diabetic patients and control subjects
Sex Race Age Body mass Duration Insulin
M:F) B:W) (years) index of diabetes (U/kg
(kg/m? (years) body weight)
Diabetic 3:7 1:9 328420 239+13 16.0£3.1 0.79+ .13
patients (23-53) (16.6-28) (5-33) (0.39-1.90)
(n=10)
Control 3:7 1:9 343125 250t1.4 - -
subjects (25-49) (18.6-35.9)
(n=10)
P - - NS NS - -
Values expressed as mean & SEM (range); NS =not significant
Type 1 diabetic patients have shown an impairment in Protocol

the uptake and catabolism of this particle by human
fibroblasts [15]. However, studies using LDL isolated
from Type 2 (non-insulin-dependent) diabetic patients
have not documented any abnormality in LDL catabo-
lism by fibroblasts, except in patients who were mark-
edly hypertriglyceridaemic [16, 17]. LDL glycosylation
was not determined in any of the above studies. Since
macrophages are thought to be the main precursors of
the cholesterol-laden foam cells characteristic of ather-
omatous lesions [18, 19], we decided to investigate the
interaction of human monocyte-derived macrophages
with LDL isolated from diabetic patients, and to deter-
mine whether increased glycosylation of LDL influ-
ences this interaction.

Subjects and methods

Ten patients with Type 1 diabetes, diagnosed according to the crite-
ria established by the National Diabetes Data Group [20], were re-
cruited from the Private Diagnostic Clinic of the Medical University
of South Carolina. For every diabetic patient an age-, sex- and race-
matched non-diabetic control subject was recruited and blood was
drawn on the same day from each member of the matched pair. Of
the 10 diabetic patients, 8 performed home blood glucose monitor-
ing and were asked to provide measurements of blood glucose taken
four times daily (before meals) during the week prior to blood sam-
pling. The mean of these values for each patient was recorded as
mean home blood glucose (MHBG). Four patients had evidence of
background retinopathy and two had evidence of neuropathy. None
of the patients had proteinuria. Two patients were receiving thyrox-
ine therapy for hypothyroidism, but were clinically euthyroid; two
control subjects were taking diuretics (furosemide or thiazide) and
one control subject was taking a beta-blocking agent. One diabetic
patient and her corresponding control subject were in the third tri-
mester of pregnancy. Additional characteristics of the diabetic and
control groups, including weight, age, sex, and race distribution, are
shown in Table 1.

A 60-ml sample of blood was collected in ethylenediamimetetra-
acetate (EDTA) (1 mg/ml blood) from all subjects after a 12-14h
fast. This was used to isolate LDL for metabolic studies and determi-
nation of LDL glycosylation. Fasting plasma glucose, haemoglo-
bin A (HbA,.) and fasting lipid profile were determined in all sub-
Jects.

Informed consent, as approved by the Institutional Review
Board for Human Research of the Medical University of South Car-
olina, was obtained from all subjects involved in the study.

Cholesteryl ester (CE) synthesis and CE accumulation were mea-
sured in human monocyte-derived macrophages incubated with
LDL from diabetic patients and matched control subjects. The
amount of LDL from diabetic patients and matched control subjects
degraded by macrophages was also determined. For each experi-
ment, the monocytes used were obtained from an individual donor.
Different donors were used for different experiments. Matched LDL
samples from diabetic patients and control subjects were always
studied in the same experiment, and each LDL sample was incubat-
ed in duplicate. To compensate for variability between cell batches,
the CE synthesis results were expressed as the ratios of values ob-
tained for diabetic and control LDL. LDL samples from four of the
diabetic: control pairs were studied in more than one experiment to
confirm that the CE synthesis ratio between diabetic and control
subjects remained similar despite differences in cell batches.

CE synthesis by macrophages exposed to LDL glycosylated in
vitro was also determined using a similar protocol.

Lipid composition (free and esterified cholesterol, triglycerides
and phospholipids) and degree of glycosylation were measured in
each LDL sample.

Monocyte isolation and maturation

Monocytes were isolated from leukapheresis specimens by counter-
current centrifugal elutriation [21, 22]. The purity of the monocyte
preparations was found to be 93% by checking morphology on
Wright’s stained cytocentrifuge preparations, 92% by nonspecific es-
terase staining and 93% by observing their ability to ingest latex par-
ticles [23]. The average viability of the cells was 99%. The isolated
monocytes were suspended in a specially formulated serum free me-
dium (SFM) to a final concentration of 1 x 10¢ cells/ml. The medium
was prepared as described [24] using Iscove’s modified Dulbecco’s
medium supplemented with human serum albumin (fatty acid free,
4 mg/ml), cholesterol (>99% pure, 20 pg/ml), L-a-phosphatidyl-
choline (80 pg/ml), human transferrin (98% pure, 1 pug/ml) (all from
Sigma Chemical Company, St.Louis, Mo, USA), human insulin
(0.128 U/m), Eli Lilly and Co., Indianapolis, Ind, USA), and ferrous
chioride (7 x10~" mol/1, Eastman-Kodak, Rochester, NY, USA).
Aliquots (1 ml) of the cell suspension were transferred to 35-mm tis-
sue culture dishes and incubated for 2-3 h at 37°C in a humidified
incubator (5% CO,) to allow adherence of the cells. After this time,
to induce maturation, the medium was removed and replaced with
fresh medium containing 30% (v/v) of whole human serum (Whit-
taker, M. A. Bioproducts, Walkersville, Md, USA) and the cells were
incubated for 8 days at 37°C. The medium was changed every
3 days. The metabolic experiments were performed using serum free
medium prepared as described but without addition of cholesterol.

LDL isolation

LDL (1.019<d <1.063 g/ml) was isolated from plasma at 15°C by
sequential ultracentrifugation [25] in a Beckman 50 Ti rotor (Beck-
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man Instruments Inc., Palo Alto, Calif, USA). Salt solutions used to
adjust solvent densities contained 0.01% (w/v) EDTA, pH 7.4. Iso-
lated LDL was washed and concentrated by recentrifugation at the
appropriate density in a Beckman SW55 Ti rotor (Beckman Instru-
ments Inc.,, Palo Alto, Calif, USA). Aliquots of the washed LDL
fraction were adjusted to a concentration of 1 mg/ml and frozen at
—70°C for subsequent determination of glycosylation. The LDL
preparations were sterilised by passage through a 0.2-um filter (Gel-
man Sciences, Ann Arbor, Mich, USA) and stored under a nitrogen
atmosphere at 4°C.

In vitro glycosylation of LDL

LDL samples (2 mg protein/ml) from normolipaemic, non-diabetic
subjects were incubated under sterile conditions with 90 mmol/1 glu-
cose, in phosphate buffered saline (PBS), pH 7.4 for 1 week at 37°C.
Glucose was removed by dialysis against saline containing EDTA
(0.01%, w/v). A control incubation was performed under the same
conditions (including dialysis) but omitting glucose.

Incorporation of [1-'*CJ-oleate into cholesteryl esters

Cholesteryl ester synthesis was determined after incubation in dupli-
cate of monocyte-derived macrophages for 20 h, at 37°C, with se-
rum-free medium (SFM) containing 0.2 mmol *“C-oleate/2.5 mg of
bovine serum albumine and 100 pug of LDL isolated from diabetic
patients and matched control subjects. After maturation into macro-
phages, the cells were washed with sterile phosphate buffered saline
(PBS) and received 1 ml of SFM containing “C-oleate complexed
with bovine serum albumin [26] and LDL from diabetic patients or
control subjects as described above. The cells were incubated for
20 h at 37 °C and were harvested with a rubber policeman using 1 ml
of PBS and rinsed with 2 ml of the same solution. The harvesting
procedure was repeated twice to minimise cell loss. The cells were
pelleted by centrifugation (1000 g for 30 min), resuspended in 10 ml
of PBS and recentrifuged to remove any traces of medium. A lipid
extraction of the cell pellet was performed with chloroform/metha-
nol (2:1) (v/v) {27]. Cholesteryl-{**C]-oleate was isolated by thin layer
chromatography of the lipid extracts on silica gel plates developed in
a solvent system of petroleum ether/ethyl ether/acetic acid (80:20:
2) (v/v/v). Lipids were visualised with I, vapor, and the spots which
co~-migrated with a cholesteryl oleate standard were marked and
scraped into scintillation vials after the total disappearance of colour.
Scintillation fluid (ScintiPrep, Fisher Scientific Co., Springfield,
Fairlawn, NJ, USA), was added and the samples counted in a liquid
scintillation counter. Correction for procedural losses was made by
adding *H-cholesteryl oleate as an internal standard to the chloro-
form/methanol extraction mixture. Incorporation of C oleate into
cholesteryl esters was linear over the period of 20 h. After the lipid
extraction, the cell pellet was solubilised with 1 mol/l sodium hy-
droxide (NaOH) and the protein content determined [28].

Measurement of sterol synthesis

Sterol synthesis was determined by measuring the incorporation of
4C acetate into non-saponifiable sterols [29]. Macrophages were cul-
tured for 8 days in media containing 30% whole human serum as de-
scribed before. The media was removed and the cells were washed
twice with SFM. Lipoproteins were added to SFM at a concentra-
tion of 100 pg protein per milliliter media. Additional cultures were
maintained in media containing 30% WHS or SFM without added
lipoproteins. All cuitures were incubated at 37 °C for 20 h. Six hours
prior to the end of the incubation period, 2-[**Clacetate (142 umol/1;
56 mCi/mmol) (Amersham Corporation, Arlington Heights, Iil,
USA) [29] was added. At the end of the incubation, the medium was
removed and the cells were washed twice with PBS. The lipids were
extracted into hexane/isopropanol (3 :2, v/v) [30] containing *H-cho-
lesteryl oleate as an internal standard to correct for procedural
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losses. The solvents were evaporated to dryness under a nitrogen
stream. The lipids were saponified with 1 mol/1 potassium hydrox-
ide (KOH) in 95% ethanol for 1 h at 85°C. Non-saponifiable lipids
were extracted into hexane containing non-radiolabeled cholesterol
(200 pg/extraction). Aliguots of the hexane extracts were removed
and evaporated under a nitrogen stream. The lipid residue was dis-
solved in acetone/diethyl ether (1:1, v/v), acidified with 10% acetic
acid and the sterols were precipitated with 0.5% digitonin. The pre-
cipitate was left to stand overnight at 4°C and then was washed
three times, once with acetone/diethyl ether (1:2, v/v) and then
twice with diethyl ether. The precipitate was dried under a stream of
air, dissolved in 500 ul concentrated glacial acetic acid and a 400 pl
aliquot was taken for liquid scintillation counting in ACS II (Amer-
sham). The yields of products were calculated from the specific ac-
tivities of the substrates and on the assumption that all radiolabel
was incorporated into C,; sterols which contained 15 labelled posi-
tions derived from [2-*C]-acetate.

Measurement of free and esterified cholesterol content
in macrophages

To perform these experiments, 3 x 10° monocytes per culture dish
were plated and matured into macrophages as described above. Af-
ter maturation into macrophages, the medium was removed and the
cells were washed with PBS to remove any trace of medium contain-
ing whole human serum. SFM containing 100 pg/ml of LDL iso-
lated from control subjects or diabetic patients was added to each
culture and the cells were then incubated for 20 h. After the incuba-
tion, the medium was removed and the cells were harvested as de-
scribed above. The cell pellet was extracted with chloroform/metha-
nol (2:1) (v/v) as previously described [27]. Free and total cholester-
ol in cell lipid extracts were assayed on a gas-chromatograph
equipped with a hydrogen flame ionization detector. A glass column
packed with 3% SP-2250 on 80/100 mesh Supelcoport (Supelco, Inc.
Belieforte, Penn, USA) was used for the chromatographic separation
and its temperature maintained at 250 °C during the separation. Ni-
trogen was used as the carrier gas. For assay of total cholesterol, the
chloroform extracts were evaporated to dryness and the residue hy-
drolysed by Ishikawa’s method [31] as previously described [15].
Cholesteryl ester levels were obtained by subtracting free cholesterol
from total cholesterol levels. Sa-cholestane was used as internal
standard.

LDL degradation studies

After appropriate labelling with '2I [15], LDL from each diabetic
patient and matched control subject was added to 1x10° macro-
phages, at three different concentrations (20, 100 and 250 ug/mi)
and incubated for 20 h, at 37°C. After the incubation, the medium
was removed and used to measure LDL degradation. The cells were
then washed two times with 1 ml PBS containing 0.2% (w/v) bovine
serum albumin followed by two additional washes with PBS without
albumin. Afterwards, the cells were dissolved in 1 mol/1 NaOH and
used to determine the amount of cellular protein.

The proteolytic degradation of *I-labelled lipoproteins by hu-
man macrophages was measured by assaying the amount of I
trichloroacetic acid (TCA)-soluble (non-iodide) material formed by
the cells and excreted into the culture medium [32]. Receptor-media-
ted degradation was determined as the difference between degrada-
tion levels in cells incubated with only "*I-LDL and parallel incuba-
tions containing 'ZI-LDL and a 25-fold excess of unlabelled LDL.
Corrections were made for the small amounts of ZI-labelled acid-
soluble material that was found in parallel incubations without cells.
Prior to the addition of lipoproteins, the cells were incubated for
24 h with lipoprotein deficient serum (LPDS) (5 mg of protein/ml of
medium).
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Table 2. Parameters of glycaemic control and plasma lipid levels in diabetic and control groups
A FPG > MHBG ¢ HbA;. 4 Gly-LDL Total TG ¢VLDL "LDL HDL
SH-HAA ¢ Chol Chol Chol Chol
(mmol/l) (mmol/}) (%) cpm/ug {mmol/1) {mmol/1) {mmol/1) {mmol/f) (mmol/1)
Diabetic 10.6+22 89+094 82+06 319%32 447+026 098+0.11 0.56+0.13 2.64+£0.28 1.37+0.08
patients  (3.3-24) (54-134) (64-10.5) (204-52.6) (3.5-5.8) (0.53-1.66) (0.05-1.06) (1.68-3.88) (1.03-1.63)
(n=10)
Controls 47+0.16 - 5.6£0.1 224+13 50028 1.33£0.21 0.69+0.16 32+£021 1.24+0.78
subjects  (4.2-5.6) (5.4-6.0) (18.1-30.5) (43-72) (0.76-2.83) (0.13-1.81) (243-4.24) (0.88-1.76)
(n=10)
p <0.01 <0.001 <0.01 NS NS NS NS NS

2 Fasting plasma glucose; ® mean home blood glucose; ¢ haemoglobin Ay, fraction; ¢ glycosylated LDL, SH-HAA =tritiated hexitol-amino-acid;
¢ cholesterol; ! triglycerides; & very low-density lipoproteins; ' low density lipoproteins;  high density lipoproteins. | MHBG was obtained from
eight patients only. They reported an average of 24 blood glucose readings in 7 days. Values shown indicate mean + SEM (range). NS = not sig-

nificant

Table 3. Chemical composition of LDL from diabetic patients and control subjects

Subjects Percent by weight Ratios of constituents (umol/mg protein)
Pro FC CE TG PL FC CE G PL
Control 19.6° 10.1 43.9 6.2 203 133 335 0.36 133
+ 1.0 + 07 + 19 +09 + 0.8 +0.13 +0.25 +0.05 +0.07
Diabetic 19.0 10.4 43.9 57 21.0 1.42 3.46 0.34 1.42
+ 09 + 04 + 0.6 +0.6 + 1.0 +0.16 +0.33 +0.04 +0.09

4 Mean+SEM, n=10. Pro: protein; FC: free cholesterol; CE: cholesteryl ester = esterified cholesterol X 1.7; TG: triglyceride; PL: phospho-
lipid. Molecular weights assumed: FC=386.6, CE =668, TG=885.4, PL=778.2

Determination of LDL composition

Samples of isolated LDL were extracted with chloroform/methanol
(2:1) (v:v) [27]. Their free and total cholesterol contents were deter-
mined by gas chromatography, as described abave for cellular cho-
lesterol mass determination.

The triglyceride content of isolated LDL was measured using a
semiautomated method standardised by the Lipid Research Clinics
Program [33]. The phosphorus content of phospholipids was assayed
by the method of Barlett et al. [34]. Protein was determined by the
Lowry method [28], using bovine serum albumin (Sigma) as a stan-
dard.

Measurement of glycosylation of LDL

Glycosylation of LDL was determined by affinity chromatography,
using a method recently described by us [35], which is similar to that
employed by Yue et al. [36] in the measurement of tissue protein gly-
cosylation. Stored LDL samples were thawed and aggregated lipo-
proteins were dispersed by brief (<5 s) sonication (Probe sonicator,
Heat Systems-Ultrasonic Inc., Plainview, NY, USA) before assessing
their degree of glycosylation.

The extent of glycosylation of LDL was expressed as *H-hexitol-
aminoacid radioactivity counts per ug LDL. The results presented in
this paper were obtained from three separate experiments conducted
during the same week. In every case both members of a diabetic-con-
trol pair were studied in the same experiment, and the same batch of
tritiated sodium borohydride was used throughout. The between-as-
say coefficient of variation for the whole précedure was 10.8%
(n=06), and the within-assay variation, 7.8%.

Other methods

Home plasma glucose measurements were obtained and recorded by
the patients using Dextrostix and a Glucometer (Ames Division,

Miles Laboratories Inc., Elkhart, Ind, USA). Plasma glucose was as-
sayed by the glucose oxidase method, as adapted for use in the
Beckman glucose analyser [37]. HbA,. was measured by isoelectric
focusing of erythrocyte haemolysates in a gradient of pH 6-8 [38].

Separation of lipoproteins was performed by ultracentrifugation
as previously described [15]. High-density lipoproteins (HDL) were
isolated from whole plasma by precipitating very low density lipo-
proteins (VLDL) and LDL with sodium phosphotungstate/magne-
sium chloride, as described [39]. Total cholesterol and triglyceride
were measured in whole plasma and lipoprotein fractions by the se-
mi-automated methods standardised by the Lipid Research Clinics
Program [33].

Statistical analysis

Statistical analysis was performed using the mean paired Student’s t-
test and the Wilcoxon signed rank test to compare differences be-
tween paired data. Correlation coefficients were determined by lin-
car regression analysis. All results are expressed as mean+SEM.

Results

LDL from hyperglycaemic, normolipaemic diabetic
patients (see Table 2) stimulated significantly more CE
synthesis than LDIL from control subjects (7.19+1.19
vs 6.110.94 nmol “C-cholesteryl oleate per mg cell
protein per 20h, p<0.05). In order to determine
whether changes in LDL lipid composition might be
responsible for this increase, we measured cholesterol
(free and esterified), triglycerides, phospholipids and
total protein in the LDL from diabetic patients and
control subjects. As shown in Table 3, no significant



920

[vs]
o
L

1

~
o
1

('4c1-Oleate ~ Cholestery! ester
{°/o of control}
3
b

o

40 80 120 160 200 240 280
LDL Glycosylation {°/s of control)

T

[w]

Fig.1. Relationship in 10 diabetic patients between LDL glycosyla-
tion and cholesteryl ester synthesis by macrophages. LDL glycosyla-
tion and cholesteryl ester synthesis for each diabetic patient is ex-
pressed as a percentage of the level determined in incubations with
LDL isolated from the corresponding control subject. Cholesteryl
ester synthesis rates in control subjects averaged 6.1+0.9 nmol
14C-cholesteryl oleate synthesised per mg cell protein per 20 h.
(y=069.8+0.34X, r=0.58, p <0.05)
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Fig.2. Rates of synthesis of ¥C-cholesteryl oleate by macrophages
incubated with (a) LDL (100 ug/ml) isolated from 10 diabetic pat-
ients @ and 10 control subjects @ and with (b) in vitro glycosylat-
ed 8 and control B LDL (100 pg/ml). Rates of cholesteryl ester
synthesis are expressed as a percentage of the rate determined in
cells incubated with control LDL with this rate set equal to 100. Ab-
solute rates of cholesteryl ester synthesis in macrophages incubated
with control LDL averaged 6.120.9 and 4.8+0.1 nmol “C-choles-
teryl oleate synthesised per mg cell protein per 20 h for the experi-
ments in a and b respectively. The rate of cholesteryl ester synthesis
by cells not incubated with LDL O averaged 8.6+ 1.1% of the level
determined in incubations with control LDL

differences were found in the lipid composition of
LDL isolated from the two groups. Therefore we pro-
ceeded to investigate whether abnormalities in apolipo-
protein B could be responsible for the increase in CE
synthesis observed.
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Table 4. Cellular accumulation of free, esterified and total choles-
terol in human macrophages

Cellular cholesterol mass
(nmol/mg cell protein)

Incubation

Free Esterified Total
No lipoprotein 106 £ 4° 10+ 1 116+ 3
Control LDL 115+ 10P 20+ 3 13511
Diabetic LDL 119 +11° 25+ 2° 143 +10¢
Acetyl LDL 122+10* 11121 233+19

# Mean £ SEM, triplicate incubations with macrophages from three
different donors. ® Mean = SEM of seven of the ten pairs of subjects
incubated in duplicate with macrophages from four different donors.
¢ p<0.02 vs control LDL. ¢ p<0.05 vs control LDL

We found, as shown in Table 2, that the degree of
glycosylation of LDL from diabetic patients was in-
creased 1.4-fold over control values (p <0.01) and that
a significant correlation was present between LDL gly-
cosylation and CE synthesis (n=10, r=0.58, p <0.05)
(Fig.1). Since glycosylation of LDL was found to
correlate significantly with mean home blood glucose
(MHBG) (n=38, r=0.76, p <0.05) but not with HbA,,
(n=10, r=0.38, NS), we assessed the relationship be-
tween these two parameters and CE synthesis. A sig-
nificant correlation was found between MHBG and
CE synthesis (n=8, r=0.67, p <0.05), but as expected
there was no correlation between HbA,. and CE syn-
thesis.

To further investigate the role played by LDL gly-
cosylation, we measured CE synthesis in human mac-
rophages incubated with LDL glycosylated in vitro.
Like LDL from diabetic patients, LDL glycosylated in
vitro stimulated significantly more CE synthesis than
control LDL (10.65 £ 1.50 vs 4.80+0.13 nmol “C-cho-
lesteryl oleate per mg cell protein per 20 h, p <0.05)
(Fig.2). However, the LDL glycosylated in vitro stimu-
lated a greater increase in CE synthesis than that ob-
served with LDL from diabetic patients (Fig.2). This
was expected, since previous studies in this laboratory
have shown that, using the conditions described in
methods for LDL glycosylation, we obtain, on average,
a four-fold increase in LDL glycosylation. That degree
of glycosylation is greater than that found in the LDL
of the diabetic patients we studied.

To determine whether the enhancement in CE syn-
thesis by macrophages exposed to LDL from diabetic
patients was paralleled by intracellular accumulation
of cholesteryl esters we determined the cholesterol
content (free and esterified) of macrophages exposed
for 20 h to LDL isolated from diabetic patients and
matched control subjects. There was a significantly in-
creased accumulation of total and esterified cholesterol
in the cells exposed to LDL isolated from diabetic pat-
ients (p <0.02) (Table 4). No difference was found in
the free cholesterol content of cells exposed to LDL
from diabetic patients and control subjects.
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Table 5. Incorporation of 2-“C-acetate into digitonin precipitable
sterols by human macrophages incubated with low density lipopro-
teins isolated from diabetic patients and control subjects

Culture media addition  Sterol synthesis (pmol/mg cell protein)

SFM alone 281.1£53.9
Control LDL 123.7+13.0
Diabetic LDL 1063+ 3.7
30% WHS 412+ 21

Cells were incubated for 14 h in Serum free medium (SFM) contain-
ing isolated LDL (100 ng/ml) or 30% whole human serum (WHS).
After this preincubation, 2-*C-acetate was added to each culture
and the incubation continued for an additional 6 h. Cellular lipids
were extracted and the incorporation of 2-"C-acetate into non-
saponifiable, digitonin precipitable sterols was determined as de-
scribed in Methods. Values are mean - SD of four determinations

Table 6. Degradation by human macrophages of *I-labelled LDL
isolated from control subjects (control LDL) and diabetic patients
(diabetic LDL)

Control Diabetic
LDL LDL
Total degradation
(ng LDL/mg cell protein)

20 pg LDL/m! medium 2982+ 72 3,542 4225
100 pg LDL/ml medium 6,946 635 7,860 £426
250 ug LDL/ml medium 10,558 +774 11,109 £ 602

Non-high-affinity receptor
mediated degradation®
(ng LDL/mg cell protein)

80 ug LDL/ml medium 578+ 38 639+ 24

100 pg LDL/ml medium 1,245+ 70 1,327+ 96

The above levels were determined in 5 of the 10 diabetic:control
pairs studied. # Degradation of I-LDL by macrophages incubated
with the indicated amounts of '®I-LDL plus a 25-fold excess of un-
labelled lipoprotein

We determined the effects on macrophage sterol
synthesis of DL isolated from diabetic patients and
control subjects by measuring the incorporation of C-
acetate into macrophage non-saponifiable, digitonin
precipitable sterols (Table 5). The incorporation of C-
acetate into macrophage sterols was determined as de-
scribed in Methods. LDL pooled from two diabetic
patients and from two nondiabetic, matched control
subjects was used to perform the experiments. As ex-
pected, macrophages which were up-regulated by incu-
bation for 20 h in SFM incorporated significantly more
14C-acetate into sterols than did cells incubated with
isolated LDL or whole human serum. Macrophages in-
cubated with LDL isolated from diabetic patients in-
corporated significantly less C-acetate into sterols
than did cells incubated with isolated LDL from con-
trol subjects (Table 5).

To determine if the observed increase in CE synthe-
sis and accumulation resulted from an increased deg-
radation by macrophages of LDL isolated from diabet-
ic patients, we compared the degradation of '»I-LDL
from control subjects and diabetic patients. There was
no significant difference between the receptor-mediat-
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ed degradation of LDL isolated from control subjects
and diabetic patients. In contrast, there was a signifi-
cant increase in the total and non-high affinity receptor
mediated degradation (nonspecific degradation = total-
receptor mediated degradation) of the LDL from dia-
betic patients compared to that isolated from control
subjects (p <0.05) when '»I-LDL was included at con-
centrations of 20 and 100 ug LDL/m! in the medium
(Table 6).

Discussion

In the present study, human macrophages exposed to
LDL isolated from normolipaemic, Type 1 diabetic
patients showed enhanced CE synthesis. Furthermore,
the enhancement in CE synthesis was significantly
correlated with the degree of glycosylation of LDL.
This suggests that glycosylation of LDL may be re-
sponsible for the increase in CE synthesis, and this hy-
pothesis is supported by our findings using LDL gly-
cosylated in vitro. Here, LDL glycosylation was in-
creased four-fold over control values, and was there-
fore higher than that found in our patients. This degree
of glycosylation stimulated a two-fold increase in CE
synthesis, which is in close agreement with the value
predicted by the regression line in Figure 1. Further-
more, the increase in CE synthesis observed was ac-
companied by increased intracellular accumulation of
CE.

These results are of interest because they suggest
the presence of an abnormality of lipoprotein metabo-
lism in diabetes, even in patients who are in relatively
good glycaemic control and whose plasma lipid and
lipoprotein levels are normal. Epidemiological studies
have shown that the diabetic state, in itself and inde-
pendent of all other recognised risk factors, is associat-
ed with a higher incidence of atherosclerosis [40, 41].
Our findings suggest that this independent risk factor
may result, at least in part, from abnormal interactions
between glycosylated LDL and macrophages in the ar-
terial wall.

The mechanism(s) responsible for the enhancement
of CE synthesis and accumulation in macrophages ex-
posed to LDL from diabetic patients may derive from
the observed increase in the total degradation of LDL
isolated from diabetic patients. It appears that the in-
crease in total degradation of glycosylated LDL and of
LDL isolated from diabetic patients is due to their in-
creased uptake by a pathway independent of the classi-
cal LDL receptor pathway. Studies performed in our
laboratory using LDL glycosylated in vitro favour this
hypothesis since they also show an increased degrada-
tion of the glycosylated lipoprotein by macrophages
[42]. Whether the recognition of glycosylated LDL or
LDL from diabetic patients is mediated by a nonspe-
cific pathway or by a low affinity pathway needs to be
determined.
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Although our findings have clearly demonstrated
the importance of glycosylation in inducing an abnor-
mal LDL-macrophage interaction, increased glycosyla-
tion is not the only possible mechanism to explain ab-
normal LDL-macrophage interactions in diabetes. In
this study, the diabetic patients were in good glycaemic
control and the lipid composition of LDL isolated
from diabetic patients was similar to that of LDL from
non-diabetic control subjects. However, in poorly-con-
trolled patients, alterations in LDL composition such
as increased triglyceride content may also be involved.
Lopes-Virella et al. [15] have previously shown that the
recognition by fibroblasts of triglyceride-enriched
LDL, isolated from poorly controlled Type 1 diabetic
patients was impaired. However, Kraemer et al. [16],
studying LDL from patients with Type 2 diabetes,
which again was triglyceride-enriched, found no alter-
ation in binding or degradation by fibroblasts or by
mouse peritoneal macrophages. In neither of these
studies was the extent of glycosylation of LDL mea-
sured nor was the possible role of triglyceride-enrich-
ment of LDL in altering its behaviour assessed. Hira-
matsu et al. [17] in a later study showed that triglycer-
ide-enriched LDL, isolated from both diabetic and
non-diabetic patients with marked hypertriglycerid-
aemia, was poorly recognised by fibroblasts. Another
lipoprotein modification which may be important in
diabetes is that due to oxidation of lipoprotein lipids
resulting from prolonged circulation times. Increased
levels of oxidised lipoproteins have been reported in
diabetic animals [43] and in human diabetic patients
[44). The significance of these findings in not clear;
however, such modifications could potentially lead to
increased lipoprotein uptake by the scavenger pathway
and lead to increased intracellular CE accumulation. It
is therefore possible that functional abnormalities of
LDL in diabetes may be induced not only by modifica-
tions (glycosylation or oxidation) of the apoprotein
moiety but also by abnormalities in the lipid moiety of
the particle. It would be of interest to determine
whether abnormalities induced by these different pro-
cesses are additive and to compare the interaction of
these abnormal LDL particles with different cell types.

In the present study the increase in CE synthesis
and accumulation by human macrophages exposed to
LDL from diabetic patients was relatively small. How-
ever, since it was observed with LDL from patients in
good or fair glycaemic control, it is likely to be a con-
stant process and present in almost all diabetic pat-
ients. Therefore, it may lead to serious long-term con-
sequences by accelerating the development of macro-
vascular complications. The data provide further evi-
dence that “tight” glycaemic control is an important
goal in the management of diabetes.
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