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endothelial function after the cell-LDL interaction
might play a central role in the atherogenic process in
diabetes. Diabetes 48:2221–2228, 1999

E

ndothelial dysfunction plays a pivotal role in the
initiation and progression of atherosclerosis. In
fact, the vascular endothelium modulates the vessel tone by releasing both relaxing and contractile
factors (1), regulates the adherence of mononuclear cells to
its surface and the vascular permeability (2,3), and produces
substances involved in the regulation of hemostasis and tissue proliferation (4). All of these processes have been
demonstrated to be altered in human diabetes, which is characterized by an imbalance between endothelium-derived
vasorelaxing and vasoconstrictor factors, a modified adherence of mononuclear cells to the endothelium, an altered
vascular permeability, and a hypercoagulable state with
platelet activation (5). These observations have recently led
to the hypothesis that a modified interaction between circulating molecules and/or cells and the vessel wall might be at
the basis of the endothelial dysfunction in diabetes (6).
LDL is able to modify in vitro endothelial cell functions.
High concentrations of native LDL alter endothelial
eicosanoid metabolism (7) and mononuclear cell attachment
by changing the cell membrane lipid composition and
dynamics (8). Oxidized LDLs have also been demonstrated to
induce potentially atherogenic changes in membrane physicochemical properties and in cytosolic calcium concentrations in bovine aortic endothelial cells (9). Moreover, recent
reports demonstrated that native LDL binding to the LDL
receptor induces the endothelial expression of adhesion molecules through a rise in intracellular calcium (10).
The aim of the present work was to analyze the effect of
LDL obtained from normolipidemic type 1 diabetic patients
in good metabolic control on human umbilical vein endothelial cells (HUVECs) after a short incubation period to detect
possible atherogenic modifications of endothelial properties.
It might be hypothesized that LDL from type 1 diabetic
patients exerts an effect similar to oxidized LDL (9) or high
concentrations of native LDL (8) on the endothelial cell
membrane physicochemical properties, evaluated by means
of the measurement of fluidity both in the more superficial and
in the deeper part of the membrane. Such an action might be
mediated by a peroxidative stress exerted by LDL from diabetic patients that we evaluated as conjugated diene (CD) for2221
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The aim of the present work was to analyze the effect
of LDL obtained from type 1 diabetic patients in good
metabolic control on human umbilical vein endothelial
cells (HUVECs) after a short incubation period to
detect possible atherogenic modifications of endothelial properties. Cultured HUVECs were incubated for 3 h
with culture medium alone (control HUVEC), with
native LDL from 12 healthy men (control LDL), or with
native LDL from 12 type 1 diabetic men (type 1 LDL)
(100 µg/ml). After the incubation, the following parameters were evaluated: nitric oxide synthase (NOS)
activity, cytoplasmic Ca2+ levels, Na+-K+-ATPase activity,
plasma membrane fluidity determined by means of 1,6diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylaminophenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH),
and plasma membrane conjugated diene (CD) content.
The same experiments were repeated after bradykinin
stimulation or in the presence of the antioxidant butylated hydroxytoluene (BHT), and nitric oxide (NO) production in intact HUVECs was also evaluated. HUVECs
incubated with control LDL in comparison with control
HUVECs showed a decreased fluidity of the membrane
surface evaluated by TMA-DPH and a higher CD content. These alterations were prevented by the presence
of BHT. HUVECs incubated with type 1 LDL in comparison with both control HUVECs and cells incubated
with control LDL showed 1) increased NOS and Na+-K+ATPase activity, cytoplasmic Ca2+ levels, and CD content, and 2) decreased fluidity of the membrane surface
evaluated by TMA-DPH. These modifications were
blunted—but not abolished—by the presence of BHT.
After bradykinin stimulation either in the absence or in
the presence of BHT, both cytoplasmic Ca2+ levels and
NO production were increased in control HUVECs and
in HUVECs incubated with control LDL, while a
reduced response was observed in HUVECs incubated
with type 1 LDL. The alterations observed in the
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mation. Secondary effects of the endothelial membrane modifications might be changes in cytosolic Ca2+ concentration
caused by altered transmembrane calcium fluxes and modifications in nitric oxide synthase (NOS) activity, which regulates the vessel tone by modifications in nitric oxide (NO) production and is known to be modulated by cytosolic Ca2+ levels (10). In the present work, we also studied the action of LDL
on the activity of Na+-K+-ATPase, which is an integral membrane protein highly sensitive to modifications in membrane
fluidity and which is also dependent on NO synthesis through
a not yet elucidated mechanism (11).
RESEARCH DESIGN AND METHODS

2222

Healthy
men
n
Age (years)
BMI (kg/m2)
Diabetes duration (years)
Fasting plasma glucose (mmol/l)
HbA1c (%)
Plasma LDL cholesterol (mmol/l)
Plasma HDL cholesterol (mmol/l)
Plasma triglycerides (mmol/l)

12
37 ± 8
24 ± 3
—
5.2 ± 0.3
5.3 ± 0.3
2.61 ± 0.23
1.23 ± 0.09
1.41 ± 0.22

Type 1
diabetic men
12
33 ± 8
23 ± 3
8±5
7.4 ± 0.9*
7.2 ± 0.8*
2.53 ± 0.18
1.18 ± 0.10
1.38 ± 0.28

Data are means ± SD or n. *P < 0.05.

NOS assay mixture consisted of 200 µmol/l CaCl2, 1 mmol/l MgCl2, 100 µmol/l L-Arg,
100 µmol/l NADPH, 1.6 µmol/l oxyhemoglobin, and 12 µmol/l (6R)-5,6,7,8-tetrahydro-L-biopterin dihydrochloride. The reaction was initiated with 50 µl of HUVEC
homogenate, which was mixed with the reaction medium with the aid of a glass
plumper. Cells were counted in each sample before homogenizing platelets to
ensure that the same amount of cells was used. NO production was calculated from
the decrease in absorbance at 426 nm (with an estimated extinction coefficient
of 98,000 l · mol–1 · cm–1). NOS activity was expressed in picomoles NO produced
per minute per milligram of protein.
To ensure the NOS specificity of the oxidation of oxyhemoglobin, the reaction
was also performed after a 20-min preincubation of HUVEC homogenate with
100 mmol/l nitro-L-arginine methyl ester or NG amino arginine, which completely
inhibited the decrease in absorbance at 426 nm. Both substances are L-arginine
analogs affecting NOS activity by competitive inhibition (17).
Intracellular Ca2+ concentrations. Intracellular Ca2+ concentration ([Ca2+]i) was
measured in intact HUVECs using the fluorescent probe Fura 2-AM as previously described (18). Determinations were performed in a Perkin-Elmer/Cetus
(Norwalk, CT) MPF-66 spectrofluorometer at 37°C according to the method of Rao
(19). Fluorescence intensity was read at a constant emission wavelength (490 nm)
with changes in the excitation wavelength (340 and 380 nm). Calibration was carried out as described by Grynkiewicz et al. (20) with
[Ca2+]i = Kd 3

R – Rmin
Sf2
3
Rmax – R
S b2

where Kd is the dissociation constant of the Ca2+–Fura 2 interaction in the cytosolic environment; R is the ratio of the fluorescence intensities at excitation wavelengths 340 and 380 nm; Rmin and Rmax are the ratios of the fluorescence intensities without Ca2+ and with saturating levels of Ca2+, respectively; and Sf2 and Sb2
are fluorescence intensities at 380 nm without Ca2+ and with saturating levels of
Ca2+, respectively. Rmin and Sf2 were measured after cellular lysis with 25% Triton
and addition of 10 mmol/l EGTA, pH 8.3. Rmax and Sb2 were determined after lysis
and addition of 10 mmol/l CaCl2. Autofluorescence was subtracted before performing the Ca2+ calibration procedure.
Na+-K +-ATPase assay. The Na+-K+-activated Mg2+-dependent ATPase activity
was determined on HUVECs by the Kitao and Hattori method (21). ATPase activity was assayed by incubating 1 ml of HUVECs (2 3 106 cells/ml) after sonication
at 37°C in the reaction medium containing MgCl2 (5 mmol/l), NaCl (140 mmol/l),
and KCl (14 mmol/l) in 40 mmol/l Tris-HCl, pH 7.7. The ATPase reaction was started
by the addition of 3 mmol/l Na2ATP and stopped 20 min later by the addition of
1 ml of 15% trichloroacetic acid. Tubes were centrifuged at 1,100 g for 10 min, and
the inorganic phosphate hydrolyzed from the reaction was measured in the supernatant by a colorimetric assay using KH2PO4 as standard (22). The ATPase activity assayed in the presence of 10 mmol/l ouabain was subtracted from the total
Mg2+-dependent ATPase activity to calculate the activity of Na+-K+-ATPase. Protein concentration was determined as described by Lowry et al. (23) using serum
albumin as a standard.
Membrane fluidity. The HUVEC plasma membrane fluidity was studied by
determining the fluorescence anisotropies (reciprocal of fluidity) of the probes
DPH and TMA-DPH, which are incorporated, respectively, in the deeper
hydrophobic part of the membrane and at the lipid-water interface of the membrane bilayer (24). Cell incubations with DPH and with TMA-DPH were performed as described by Mazzanti et al. (25) and by Sheridan and Block (26),
DIABETES, VOL. 48, NOVEMBER 1999
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HUVECs were purchased from Mascia Brunelli (Milan, Italy) and cultured in
endothelial cell basal growth medium (ECBGM) with addition of low serum
growth supplement. At 80% confluence (about 800,000 cells/ml), cultured
HUVECs were used for three different incubation experiments.
Experiment 1. In experiment 1, incubation was for 3 h at 37°C with ECGBM alone
(control HUVEC), with native LDL from healthy subjects (control LDL), or with
native LDL from type 1 diabetic patients (type 1 LDL) (100 µg/ml in ECGBM). After
the incubation, the monolayers were removed by scraping and resuspended in
fresh culture medium or in Tris-HCl (50 mmol/l, pH 7.4) for the fluorescence experiments, and the following parameters were evaluated: NOS activity, cytoplasmic
Ca2+ levels, Na+-K+-ATPase activity, plasma membrane fluidity determined by
means of both 1,6-diphenyl-1,3,5-hexatriene (DPH) and its derivative 1-(4trimethylaminophenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH), and plasma membrane CD content. These incubation experiments were performed with fresh
LDL obtained from 12 healthy men and 12 age-matched men affected by type 1
diabetes but in good metabolic control. Clinical characteristics of the study subjects are shown in Table 1. The two groups differed only in terms of blood glucose
concentrations and HbA1c levels. Clinical laboratory parameters were measured
by routine laboratory methods. All the study subjects were normotensive and were
not smokers. No subject was taking any medication, except for insulin in the type 1
diabetic patients. None of the patients was affected by nephropathy or neuropathy; three patients showed background retinopathy.
Experiment 2. At a later time, LDLs were again obtained from eight healthy subjects and eight type 1 diabetic patients from the two groups previously described
and immediately used for further incubation experiments with HUVECs under the
conditions described above. At the end of the incubation period, an aliquot of
HUVECs was immediately used for the determination of NO directly produced by
cells, cytoplasmic Ca2+ levels, Na+-K+-ATPase activity, plasma membrane fluidity
determined by both DPH and TMA-DPH, and plasma membrane CD content. The
other aliquot was stimulated with 200 nmol/l bradykinin, and the same parameters were evaluated after stimulation.
Experiment 3. LDLs obtained from the patients of experiment 2 were also incubated with HUVECs for 3 h at 37°C in the presence of 20 µmol/l of the antioxidant
butylated hydroxytoluene (BHT) (12). NO directly produced by cells, cytoplasmic
Ca2+ levels, Na+-K+-ATPase activity, plasma membrane fluidity determined by
both DPH and TMA-DPH, and plasma membrane CD content were then measured.
After the incubation, an aliquot was stimulated with 200 nmol/l bradykinin, and
NO production and cytoplasmic Ca2+ levels were determined.
Study protocol. LDLs from type 1 diabetic patients and respective control subjects were run in the same experiment. The study was performed in accordance
with the principles of the Declaration of Helsinki as revised in 1996, and informed
consent was obtained from the patients.
Statistical analysis. Results are expressed as means ± SD. Statistical analyses
were performed using the Student’s t test for paired data. Differences were considered significant with P < 0.05.
Preparation and characterization of LDLs. Plasma was separated from
freshly drawn human blood, and native lipoproteins (LDL: density between 1.025
and 1.063 g/ml) were isolated by discontinuous density gradient ultracentrifugation as described by Chen et al. (13). The concentrations of triglycerides, phospholipids, and cholesterol were determined in LDL as previously described (14).
LDL lipid hydroperoxide concentrations were measured by the ferrous oxidation–xylenol orange assay according to Jiang et al. (15).
NOS activity. NOS activity was measured spectrophotometrically by following
the oxidation of oxyhemoglobin (l max 426 nm) to methemoglobin (l max 405
nm) by NO at 37°C, as previously described (16). Oxyhemoglobin was prepared
by reduction. Briefly, human hemoglobin (60 mg; Sigma, St. Louis, MO) and
sodium dithionite (120 mg) were dissolved in distilled water (2 ml) and gently agitated in a flat dish for 15 min. The hemoglobin mixture was then chromatographed on a column of Sephadex G-25 (1.5 3 30 cm). The reduced fraction,
with its characteristic bright red color, was isolated and stored frozen (–20°C). The

TABLE 1
Clinical characteristics of subjects from whom LDLs were
obtained
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TABLE 2
Composition of LDL from healthy subjects and patients affected
by type 1 diabetes

n
Proteins (%)
Triglycerides (%)
Phospholipids (%)
Cholesterol (%)
Lipid hydroperoxides
(µmol/mg phospholipids)

Control LDL

Type 1 LDL

12
30.04 ± 5.96
2.27 ± 1.02
27.12 ± 5.13
40.57 ± 8.09

12
29.84 ± 6.34
2.98 ± 0.96
26.51 ± 6.84
40.67 ± 9.12

163.51 ± 45.23

171.12 ± 41.29

Data are means ± SD or n.

r=

IVG – Ih
I V + 2Ih

where G is the instrumental factor that corrects the r value for an unequal detection of vertically (I V) and horizontally (Ih) polarized light.
Plasma membrane CD content. Endothelial plasma membranes were prepared as described by Thorin et al. (9). Briefly, HUVECs were detached by scraping, and the suspension was centrifuged for 5 min at 400 g. The pellet was suspended in hypotonic buffer containing Na2HPO4 (0.61 mmol/l), KH2PO4 (0.38
mmol/l), MgSO4 (0.2 mmol/l), and dithiothreitol (1 mmol/l), pH 7.4, dispersed in
a Dounce homogenizer, and then centrifuged for 15 min at 20,000 g at 4°C. Lipids
were extracted from the resulting pellet with chloroform-methanol 2:1 according
to the method of Folch (28). All aqueous phase procedures were conducted in the
presence of EDTA to avoid possible lipid peroxidation. CDs were measured on
the extracted chloroform-free lipid under N2 flux in 3 ml cyclohexane as
described by Esterbauer et al. (29), measuring the absorbance at 234 nm against
a cyclohexane blank. The amount of CDs was calculated using the molar

RESULTS

No significant difference was observed in triglycerides, phospholipids, cholesterol concentrations, or in lipid hydroperoxide levels in LDL obtained from type 1 diabetic patients
compared with LDL isolated from healthy subjects (Table 2).
Incubation experiments with HUVECs in the basal
state. The incubation of HUVECs for 3 h with ECGBM alone
did not cause significant changes in any of the parameters
studied with respect to the basal levels.
NOS activity was not significantly changed after the incubation of HUVECs with control LDL, while it was greatly
enhanced after the incubation with type 1 LDL (Fig. 1: P <
0.01 type 1 LDL vs. control HUVEC, P < 0.01 type 1 LDL vs.
control LDL). Similarly, the [Ca2+]i was not changed in
HUVECs incubated with control LDL, while it was significantly increased after incubation with type 1 LDL (Fig. 2: P <
0.01 type 1 LDL vs. control HUVEC, P < 0.01 type 1 LDL vs.
control LDL). LDL from healthy subjects did not affect
HUVEC Na+-K+-ATPase activity, which was, on the contrary,
significantly increased after the incubation of endothelial
cells with LDL from type 1 diabetic patients (Fig. 3: P <
0.01 type 1 LDL vs. control HUVEC, P < 0.01 type 1 LDL vs.
control LDL).
The effect of the incubation with LDL on HUVEC plasma
membrane fluidity is shown in Table 3. The incubation with
both control and type 1 LDL did not cause significant changes
in the r values of DPH. On the contrary, higher TMA-DPH r val-

FIG. 1. NOS activity in HUVECs in the basal state (HUVEC) and after incubation with culture medium alone (control HUVEC), with LDL from
healthy subjects (control LDL), and with LDL from patients affected by type 1 diabetes (type 1 LDL). Means ± SD are shown. P < 0.01 type 1
LDL vs. HUVEC, control HUVEC, and control LDL.
DIABETES, VOL. 48, NOVEMBER 1999
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respectively. Briefly, 3 µl of DPH or TMA-DPH (10–3 mol/l) were incubated for 10
or 5 min, respectively, at room temperature (23°C) with 2 ml of endothelial cells
(2 3 106 cells/ml) in 50 mmol/l Tris-HCl buffer solution, pH 7.4. The incubation
times were chosen in order to avoid probe diffusion within the cells, which was
previously checked by the 2,4,6-trinitrobenzenesulfonic acid method (27).
Fluorescence intensities (100 readings each) of the vertical and horizontal components of the emitted light were measured on a Perkin-Elmer/Cetus MPF66
spectrofluorometer equipped with two glass prism polarizers (excitation wavelength 365 nm, emission wavelength 430 nm). Steady-state fluorescence
anisotropy of DPH and TMA-DPH was calculated using

absorbance of CD (E234nm = 27,000 l · mol–1 · cm–1). Results are expressed as
nanomoles CD per milligram of lipid.
NO production. NO released by endothelial cells was directly measured in the
intact HUVEC suspension using an isolated NO meter and its associated probe
(IsoNO Mk-II; World Precision Instruments, Sarasota, FL) equipped with the
Duo. 18 Data Acquisition System, as recently described by Chakravarthy et al. (30).
NO gas diffuses through to the probe tip and is oxidized at the working electrode,
resulting in an electrical current proportional to its concentration. The NO probe
was calibrated according to the chemical calibration method of Tsukahara (31).
NO production was determined directly in the HUVEC suspension medium after
addition of 100 µmol/l L-Arg, which induced a rapid increase in NO release measurable 30 s after stimulation.

EFFECTS OF DIABETIC PATIENTS’LDLON HUVEC

ues (i.e., decreased fluidity of the superficial part of the membrane) were observed after the incubation with control LDL
compared with HUVECs in the basal state and with HUVECs
incubated with the culture medium alone (P < 0.05). Type 1
LDL caused a further increase in the TMA-DPH anisotropy values in comparison not only with basal levels (P < 0.01) but also
with cells incubated with control LDL (P < 0.05). Table 2
shows the action of the incubation with LDL on the CD formation in HUVECs. CDs were significantly increased after
the exposure of endothelial cells to control LDL compared
with either basal levels or cells incubated with culture
medium (P < 0.05). The incubation with type 1 LDL formed
significantly more CDs than did control LDL (P < 0.01).

Incubation experiments with bradykinin activation.
The additional incubation experiments performed as
described in RESEARCHDESIGNANDMETHODS (experiment 2) confirmed the results described above with HUVECs in the basal
state (data not shown). In fact, control LDL induced no significant change in HUVEC [Ca2+]i, Na+-K+-ATPase activity, or
DPH anisotropy values, while significant increases were
observed in TMA-DPH anisotropy levels and CDs with
respect to HUVECs incubated with culture medium alone
(P < 0.01). LDLs obtained from type 1 diabetic patients
induced significant elevations in [Ca2+]i, Na+-K+-ATPase activity, TMA-DPH anisotropy levels, and CDs with respect to
both HUVECs incubated with culture medium alone (P <

FIG. 3. Na+-K+-ATPase activity in HUVECs in the basal state (HUVEC) and after incubation with culture medium alone (control HUVEC), with
LDL from healthy subjects (control LDL) and with LDL from patients affected by type 1 diabetes (type 1 LDL). Means ± SD are shown. P <
0.01 type 1 LDL vs. HUVEC, control HUVEC, and control LDL.
2224
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FIG. 2. [Ca2+]i in HUVECs in the basal state (HUVEC) and after incubation with culture medium alone (control HUVEC), with LDL from healthy
subjects (control LDL) and with LDL from patients affected by type 1 diabetes (type 1 LDL). Means ± SD are shown. P < 0.01 type 1 LDL vs.
HUVEC, control HUVEC, and control LDL.
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TABLE 3
Plasma membrane fluorescence anisotropy of DPH and TMA-DPH and CD content

HUVEC
n
12
Fluorescence anisotropy
of DPH
0.285 ± 0.024
Fluorescence anisotropy
of TMA-DPH
0.344 ± 0.011
CD content (nmol/mg lipid)
146 ± 12

Control HUVEC

HUVEC +
control LDL

HUVEC +
type 1 LDL

HUVEC +
control LDL +
BHT

HUVEC +
type 1 LDL +
BHT

12

12

12

8

8

0.281 ± 0.029

0.298 ± 0.036

0.312 ± 0.043

0.301 ± 0.026

0.307 ± 0.024

0.342 ± 0.013
151 ± 15

0.379 ± 0.011*
188 ± 14*

0.402 ± 0.015†‡
306 ± 39‡§

0.345 ± 0.016
162 ± 18

0.380 ± 0.012*i
190 ± 16*i

0.01) and HUVECs incubated with control LDL (P < 0.01),
while they did not affect DPH anisotropy values.
NO production directly measured in the intact HUVEC
suspension using the NO meter was not changed after incubation with LDL from control subjects in comparison with
cells incubated in ECGBM alone, while a significant increase
was observed after incubation with LDL from type 1 diabetic
patients (Fig. 4: P < 0.01 type 1 LDL vs. control HUVEC, P <
0.01 type 1 LDL vs. control LDL).
After bradykinin stimulation, NO production significantly
increased in HUVECs incubated with culture medium alone
or with control LDL (P < 0.01), while no significant change
was observed in HUVECs previously incubated with type 1
LDL (Fig. 4). In a similar way, bradykinin caused a significant
increase in [Ca2+]i in HUVECs incubated with ECGBM (125
± 21 vs. 73 ± 7 nmol/l in the basal state, P < 0.01) and in
HUVECs incubated with control LDL (121 ± 20 vs. 75 ±
8 nmol/l in the basal state, P < 0.01), while HUVECs previously incubated with type 1 LDL showed a blunted

response of [Ca2+]i to bradykinin addition (123 ± 22 vs. 95 ±
9 nmol/l in the basal state, P < 0.05). Bradykinin did not
affect Na+-K+-ATPase activity, DPH and TMA-DPH
anisotropy values, or CD content.
Incubation experiments in the presence of antioxidant. When the incubation experiments were performed in
the presence of BHT, control LDL did not cause any significant change in HUVEC CD content or in TMA-DPH
anisotropy values (Table 3). Moreover, in the presence of
BHT, type 1 LDL caused a less relevant increase in HUVEC
CD content or in TMA-DPH anisotropy values, although it
was always statistically significant in comparison with
HUVECs incubated with culture medium alone (P < 0.05,
Table 3). In a similar way, in the presence of BHT, type 1 LDL
caused a less relevant increase in both HUVEC NO production and [Ca2+]i in comparison with HUVECs incubated with
culture medium alone (NO production = 141 ± 23 nmol · l–1 ·
l–1 NO released 3 106 cells [P < 0.05] vs. control HUVEC;
[Ca2+]i = 83 ± 7 nmol/l [P < 0.05] vs. control HUVEC). Na+-K+-

FIG. 4. NO produced by HUVEC before (HUVEC) and after incubation with culture medium alone (control HUVEC), with LDL from healthy subjects (control LDL), and with LDL from patients affected by type 1 diabetes (type 1 LDL) in the basal state ( ) and after bradykinin stimulation ( ). Means ± SD of eight experiments are shown. P < 0.01 type 1 LDL vs. HUVEC, control HUVEC, and control LDL in the basal state.
DIABETES, VOL. 48, NOVEMBER 1999
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Data are means ± SD or n. Fluorescence anisotropy and CD content were determined in HUVECs in the basal state (HUVEC) and
after incubation with culture medium alone (control HUVEC), with LDL from healthy subjects (HUVEC + control LDL), and with
LDL from patients affected by type 1 diabetes (HUVEC + type 1 LDL) in the absence or in the presence of 20 µmol/l of the antioxidant BHT. *P < 0.05 vs. HUVEC and control HUVEC; †P < 0.05 vs. HUVEC + control LDL; ‡P < 0.01 vs. HUVEC and control HUVEC;
§P < 0.01 vs. HUVEC + control LDL; iP < 0.01 vs. HUVEC + type 1 LDL.

EFFECTS OF DIABETIC PATIENTS’LDLON HUVEC

ATPase activity was not affected by type 1 LDL incubation
in the presence of BHT.
The addition of BHT to the medium did not affect the
altered Ca2+ or NO responses to bradykinin in HUVECs incubated with LDL from patients with type 1 diabetes.
DISCUSSION
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The incubation of HUVECs with LDL was associated with a
significant decrease in the fluidity of the more superficial
part of the plasma membrane, as demonstrated by the higher
TMA-DPH r values, while the deeper and more hydrophobic
region of the membrane probed by the DPH fluorescence
did not seem to be modified by either LDL from healthy subjects or LDL from type 1 diabetic patients. These data are in
agreement with the previous observations of Pritchard et al.
(8), who observed a reduced fluidity of plasma membranes
of HUVECs after a prolonged (4 days) incubation with
atherogenic LDL concentrations and hypothesized a relation
between this change and an enhanced endothelial cell binding of monocytes. In addition, the present study indicates that
this modification may occur after a short-term incubation
with control LDL and is deeper when the incubation is performed with LDL from type 1 diabetic patients. It might
therefore be hypothesized that short-term interactions
between LDL and endothelial cells affect the plasma membrane surface in a possible atherogenic way, since modulations in fluidity influence not only mononuclear cell attachment (8) but also endothelial cell plasma membrane transport
and receptor function (32).
The decreased fluidity of the plasma membrane surface
might be partly due to the peroxidative damage caused by the
incubation of HUVECs with LDL, as demonstrated by the
increased CD content observed in both endothelial cells
incubated with LDL from healthy subjects and, to a greater
extent, in cells incubated with LDL from type 1 diabetic
patients. This hypothesis is confirmed by the experiments
performed in the presence of the antioxidant BHT, which
completely prevented the modifications in the CD content
and in the surface fluidity of HUVEC membrane caused by
incubation with LDL from healthy subjects. Moreover, the
antioxidant was also able to significantly reduce—but not
abolish—the modifications induced in HUVECs by LDL
from type 1 diabetic patients, suggesting that these lipoproteins exert their action on endothelial cells at least partially
by peroxidative damage.
The occurrence of membrane lipid peroxidation might
play a central role in endothelial dysfunction in diabetes,
since the generation of oxygen-derived free radicals has
been reported to mediate the abnormal endothelium-dependent relaxation of aorta exposed to elevated glucose in vitro
(33). The present data suggest that a further mechanism
causing an oxidative stress in endothelial cells during diabetes might be the interaction between circulating LDL and
the plasma membrane.
It was recently observed that the generation of O2– in
endothelial cells results in elevation of intracellular Ca2+
release, Ca2+ entry, and endothelium-derived relaxing factor
(EDRF) formation to bradykinin (34). In the present work we
found that the relevant increase in the CD content of HUVECs
exposed to LDL from diabetic patients was accompanied by
a higher cytosolic Ca2+ concentration and an enhanced NOS
activity in comparison with both control cells and cells incu-

bated with LDL from healthy subjects. It might be hypothesized that the changes induced by LDL from diabetic patients
in endothelial cell Ca2+ concentration and NOS activity are
mediated, at least partially, by peroxidative damage, as previously demonstrated for the similar alterations caused by
high D-glucose in endothelial Ca2+/EDRF signaling (34). This
hypothesis is also supported by the confirmatory experiments
performed in the presence of antioxidant, which caused a
contemporaneous reduction in both the peroxidative damage
of the endothelial membrane evaluated as CD content and in
the cellular Ca2+ concentration and NO production.
Graier et al. (34) suggested that the interaction of O2– with
outer parts of the cell membranes might be responsible for
the altered endothelial Ca2+/EDRF signaling caused by glucose. In a similar way, our finding of a reduced fluidity of the
more superficial part of the plasma membrane in HUVECs
exposed to LDL from diabetic patients in comparison with
control cells and with cells incubated with LDL from healthy
subjects seems to suggest a central role of the cellular surface
in these modifications.
The increased HUVEC cytosolic Ca2+ concentrations
caused by the incubation with LDL from diabetic patients
might be the direct determinant of the enhanced NOS activity observed under the same conditions, since endothelial constitutive NOS (eNOS) is Ca2+-dependent (35). Moreover, this
isoenzyme is partly membrane-associated because of binding
of the NH2-terminal myristate to plasma membrane (35).
Therefore, a modification of the plasma membrane might
also cause an altered activity of this enzyme through an
altered membrane binding, as one can hypothesize concerning Na+-K+-ATPase, an integral plasma membrane protein
that shows an increased activity after incubation of HUVECs
with LDL from type 1 diabetic patients. Na+-K+-ATPase activity is also dependent on NO synthesis, since sodium nitroprusside, which directly releases NO, reverses the inhibition
of rabbit aorta Na+-K+-ATPase caused by either hyperglycemia or removal of the endothelium (11).
The enhanced endothelial NOS activity caused by a shortterm incubation with LDL from diabetic patients is consistent
with the enhanced vessel relaxation taking place in the early
stages of diabetes (36). Moreover, the increased NO release
might exert cytotoxic effects in the presence of high concentrations of oxygen-reactive species, as occurs during
hyperglycemia. In fact, NO can rapidly react with superoxide
anion to produce the strong oxidant peroxynitrite (37).
Data obtained on NO production directly measured in
intact endothelial cells give further support to the observations concerning NOS activity in cell homogenates, confirming that eNOS activity in intact cells is also altered by the
action of LDL from type 1 diabetic patients. Experiments
performed after bradykinin stimulation suggest a further possible mechanism of damage on intact HUVECs caused by
LDL from diabetic patients, i.e., the blunted response of intracellular Ca2+ and NO production to bradykinin addition. This
observation indicates that diabetic LDLs impair the HUVEC
receptor-mediated cytosolic Ca2+ increase and the subsequent eNOS stimulation caused by bradykinin, as described
recently in endothelial cells exposed to elevated glucose concentrations (38). This action might be physiologically significant, suggesting that exposure to diabetic LDLs might make
endothelial cells less responsive to stimuli inducing in vivo
endothelial-dependent relaxation. Interestingly, this effect
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the cell-lipoprotein interaction might play a central role in the
atherogenic process.
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was not inhibited by the presence of an antioxidant, suggesting that the effect of diabetic LDLs on HUVECs is not
explained only by peroxidative damage of the membrane. The
decrease in the fluidity of the more superficial part of the
membrane caused by diabetic LDLs also in the presence of
the antioxidant BHT might be at the basis of the reduced
bradykinin-initiated Ca2+ signaling. In fact, a recent work performed on porcine aortic endothelial cells reported a negative
correlation between membrane viscosity (i.e., the inverse of
fluidity) and agonist-stimulated intracellular Ca2+ release,
suggesting that this relation might also be mediated by a
modulation of phospholipase C activity or a modification of
membrane polarization (39).
It might be argued that the experiments performed in the
present work are not relevant for the in vivo situation, since
plasma contains antioxidants, and therefore, incubation of
endothelial cells with LDL alone creates an environment
favoring LDL oxidation that does not exist in vivo. However,
in a recent work by our group, we described similar alterations in HUVECs caused by plasma from type 1 diabetic
pregnant women (40).
The mechanisms by which native LDL from healthy and diabetic patients causes the observed alterations in HUVECs in
vitro deserve further investigation. LDL from type 1 diabetic
patients in good metabolic control did not show any relevant
change in the main lipid classes or in levels of lipid hydroperoxides in comparison with LDL from healthy subjects, so
that a subtler difference in the lipid composition must be
hypothesized to explain the different and/or the deeper
effects exerted on HUVECs by diabetic LDL (for instance, a
modification in the concentrations of distinct fatty acids). A
role of glycation of LDL must also be taken into consideration,
since glycated LDL have been reported to exert an increased
atherogenic action (41).
Further studies are also needed to elucidate the role of the
LDL receptor in these modifications caused by short-term
interactions of LDL with HUVECs. Based on the present data,
it can be suggested that this short-term interaction modifies
the physicochemical properties of the lipid moiety of the
more superficial part of the plasma membrane. It can be
hypothesized that the observed alterations in the activity of
integral membrane-bound enzymes, such as Na+-K+-ATPase,
and/or in transmembrane Ca2+ fluxes, with secondary
enhancement of NOS activity, might be dependent on
changes of the protein arrangement within the lipid moiety.
Moreover, as mentioned above, a key regulatory role of membrane fluidity on the endothelial cell Ca2+ signaling has been
recently suggested based on the negative correlation
observed between bradykinin-initiated Ca2+ release and
membrane viscosity (39).
LDLs have been implicated as one of the major factors
that could modulate the development of atherosclerosis.
Both native and oxidized lipoproteins can interact with the
endothelial cells lining the vessel wall and might exert a role
in the endothelial dysfunction observed in both atherosclerosis and diabetes (5,6). The present work demonstrated that
the short-term incubation of endothelial cells with LDL
obtained from type 1 diabetic patients causes deep modifications in both the plasma membrane and the cytosolic compartment, both of which are not present or are present to a
smaller extent after incubation with LDL from healthy subjects. The alterations observed in endothelial function after
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