Leukocyte-endothelial Interaction Is Augmented by High Glucose Concentrations
and Hyperglycemia in a NF-kB—dependent Fashion

Marina Morigi,* Stefania Angioletti,* Barbara Imberti,* Roberta Donadelli,* Gianluca Micheletti,* Marina Figliuzzi,*

Andrea Remuzzi,* Carla Zoja,* and Giuseppe Remuzzi**

*Mario Negri Institute for Pharmacological Research, 24125 Bergamo, Italy; and *Division of Nephrology and Dialysis, Azienda

Ospedaliera, Ospedali Riuniti di Bergamo, 24128 Bergamo, Italy

Abstract

We addressed the role of hyperglycemia in leukocyte—endo-
thelium interaction under flow conditions by exposing hu-
man umbilical vein endothelial cells for 24 h to normal (5 mM),
high concentration of glucose (30 mM), advanced glycosyla-
tion end product-albumin (100 pg/ml), or hyperglycemic
(174-316 mg/dl) sera from patients with diabetes and ab-
normal hemoglobin A, (8.111.4%). At the end of incuba-
tion endothelial cells were perfused with total leukocyte sus-
pension in a parallel plate flow chamber under laminar flow
(1.5 dyn/cm?). Rolling and adherent cells were evaluated by
digital image processing. Results showed that 30 mM glu-
cose significantly (P < 0.01) increased the number of adher-
ent leukocytes to endothelial cells in respect to control (5 mM
glucose; 15119 versus 338 cells/mm?). A similar response
was induced by endothelial stimulation with IL-183, here
used as positive control (195%20 cells/mm?). The number of
rolling cells on endothelial surface was not affected by high
glucose level. Stable adhesion of leukocytes to glucose-
treated as well as to IL-1B-stimulated endothelial cells was
preceded by short interaction of leukocytes with the endo-
thelial surface. The distance travelled by leukocytes before
arrest on 30 mM glucose, or on IL-13-treated endothelial
cells, was significantly (P < 0.01) higher than that observed
for leukocytes adhering on control endothelium (30 mM
glucose: 76.7*+3.5; IL1B: 69.7+4 versus 5 mM glucose:
21.5£5 pm). Functional blocking of E-selectin, intercellular
cell adhesion molecule-1, and vascular cell adhesion mole-
cule-1 on endothelial cells with the corresponding mouse
mADb significantly inhibited glucose-induced increase in leu-
kocyte adhesion (67+16, 83+12, 62+8 versus 144+21 cells/
mm?). Confocal fluorescence microscopy studies showed
that 30 mM glucose induced an increase in endothelial sur-
face expression of E-selectin, intercellular cell adhesion
molecule-1, and vascular cell adhesion molecule-1. Electro-
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phoretic mobility shift assay of nuclear extracts of human
umbilical vein endothelial cells (HUVEC) exposed for 1 h to
30 mM glucose revealed an intense NF-kB activation.
Treatment of HUVEC exposed to high glucose with the
NF-KkB inhibitors pyrrolidinedithiocarbamate (100 M) and
tosyl-phe-chloromethylketone (25 M) significantly re-
duced (P < 0.05) leukocyte adhesion in respect to HUVEC
treated with glucose alone. A significant (P < 0.01) inhibi-
tory effect on glucose-induced leukocyte adhesion was ob-
served after blocking protein kinase C activity with stauro-
sporine (5 nM). When HUVEC were treated with specific
antisense oligodesoxynucleotides against PKCa and PKCe
isoforms before the addition of 30 mM glucose, a signifi-
cant (P < 0.05) reduction in the adhesion was also seen. Ad-
vanced glycosylation end product-albumin significantly in-
creased the number of adhering leukocytes in respect to
native albumin used as control (110*=16 versus 66+7, P <
0.01). Sera from diabetic patients significantly (P < 0.01)
enhanced leukocyte adhesion as compared with controls,
despite normal levels of IL-13 and TNFa in these sera.
These data indicate that high glucose concentration and
hyperglycemia promote leukocyte adhesion to the endothe-
lium through upregulation of cell surface expression of ad-
hesive proteins, possibly depending on NF-kB activation. (J.
Clin. Invest. 1998. 101:1905-1915.) Key words: adhesive mol-
ecules « AGE:s « leukocyte adhesion « endothelium « flow

Introduction

Hyperglycemia has been recognized as a primary factor in the
development of diabetic microvascular disease (1), but the bio-
chemical mechanism(s) responsible for the toxicity of high glu-
cose concentrations on vascular cell functions and their impli-
cation for cell-cell interaction in the microcirculation remain
elusive. Data show that increased intracellular concentration
of glucose and glycolytic intermediates trigger acute reversible
changes in cellular metabolism leading to increased aldose re-
ductase activity (1, 2) and to de novo synthesis of diacylglyc-
erol responsible for protein kinase C (PKC)! activation (3, 4).
The deleterious effects of high glucose on cell function and
cell-cell interaction is additionally mediated by advanced gly-
cosylation end products (AGEs) that accumulate in the
plasma and vascular tissue of diabetics (5, 6). AGEs are highly

1. Abbreviations used in this paper: AGEs, advanced glycosylation
end products; EMSA, electrophoretic mobility shift assay; HbA,, he-
moglobin Alc; HUVEC, human umbilical vein endothelial cells;
ICAM-1, intercellular cell adhesion molecule-1; ODN, oligodesoxy-
nucleotide; PDTC, pyrrolidinedithiocarbamate; PKC, protein kinase C;
TPCK, tosyl-phe-chloromethylketone; VCAM-1, vascular cell adhe-
sion molecule-1.

High Glucose and Leukocyte-endothelium Interaction under Flow 1905



reactive substances resulting from prolonged exposure of pro-
teins to high glucose concentration. They represent an heterol-
ogous group of compounds deriving from Amadori product,
an early intermediate of the nonenzymatic reaction of glucose
with free aminogroups of proteins (1, 7). The in vivo signifi-
cance of elevated circulating and tissue AGEs as direct con-
tributors to the accelerated vascular disease has been high-
lighted by in vitro studies showing that AGEs promote
monocyte migration (8, 9) and production of cytokines (10)
and growth factors (8). These effects are mediated by interac-
tion with a specific receptor, RAGE, a newly identified mem-
ber of the Immunoglobulin superfamily expressed on mononu-
clear phagocytes as well as vascular smooth muscle cells and
endothelial cells (5, 11, 12). In endothelial cells in culture,
AGE:s induce cellular oxidant stress thereby increasing vascu-
lar permeability (13) and upon binding to RAGE, activate the
transcriptional factor NF-kB (14). Thus high glucose concen-
tration may contribute to the development of micro- and
macro-angiopathy of diabetes by activation of distinct path-
ways of injury that finally concur to accelerate atherosclerosis
and death.

There is now a large enough body of evidence, which is not
just confined to diabetes, that credits leukocyte adhesion to
vascular endothelium and their subsequent activation and mi-
gration as one of the earliest events in the development of ath-
erosclerosis. In this context, in vitro data are available showing
that monocytes isolated from diabetic patients were more ad-
hesive to cultured human endothelium than those from normal
subjects and that the adhesion was CD11-CD18 dependent
(15). In vivo leukocyte accumulation in the endothelium was
increased in rabbits with alloxan diabetes (16), while capillary
occlusions by monocytes and granulocytes preceded destruc-
tion of capillary bed in diabetic retinopathy of rats (17). There
is also evidence that in nonobese diabetic mice that spontane-
ously develop diabetes, upregulation of adhesion molecules
and invasion of leukocytes into pancreatic islets of Langherans
is followed by selective destruction of insulin-producing pan-
creatic B cells (18). Of remarkable interest, treatment of these
mice with antibodies against the leukocyte L-selectin, very late
antigen-4 (VLA-4) and leukocyte function-associated mole-
cule-1 (LFA-1) or endothelial mucosal addressin CAM-1
(Mad CAM-1) and intercellular adhesion molecule-1 (ICAM-1)
limited leukocyte infiltration and development of spontaneous
diabetes (18). In human diabetes, enhanced expression of
ICAM-1 has been observed in the vascular endothelium of
pancreatic islets (19), and in the retina and choroid along with
upregulation of P-selectin (20).

Indirect evidence from recent studies seems to indicate that
a number of abnormalities in leukocyte-endothelium interac-
tion of diabetes can be related to hyperglycemia. Thus, in
vitro, a higher than normal glucose concentration (25 mM) in-
duced a significant increase in monocyte binding to human
aortic endothelial cells. This effect was attributed to oxidized
LDL produced by endothelial cells in hyperglycemic condition
that in turn would activate monocyte 8, integrin (21). A pre-
liminary report has shown that glucose alone or in association
with a PKC activator increased surface expression of vascular
cell adhesion molecule-1 (VCAM-1) and E-selectin on human
umbilical vein endothelial cells (HUVEC; reference 22). The
upregulation of adhesive molecules on cultured endothelial
cells has been also documented after exposure to AGEs. Spe-
cifically, enhanced expression of ICAM-1, VCAM-1, and
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E-selectin was observed on endothelial cells grown on AGE-
modified matrix protein (fibronectin) while AGE-modified al-
bumin (circulating soluble AGE protein) upregulated the ex-
pression of VCAM-1 only (23). In another study AGEs either
prepared in vitro or isolated from serum of diabetic patients
induced VCAM-1 expression on endothelial cells by a mecha-
nism involving AGE binding to RAGE and the activation of
the transcription factor NF-kB (14).

Compelling evidence is also available which shows that the
events that modulate adhesion and infiltration of leukocytes
into the endothelium are critically dependent by hemody-
namic flow conditions. The flow velocity gradient near the ves-
sel wall induces tractive forces tangential to endothelial sur-
face (shear stress) that oppose leukocyte adhesion. The effects
of flow on leukocyte—endothelium interaction have been mim-
icked in vitro using a parallel plate perfusion chamber and
videomicroscopy (24-26). Using the in vitro replica of these
dynamic conditions, it has been documented that before ad-
hering firmly, leukocytes roll on the endothelial surface. Early
molecules involved in the process of leukocyte rolling belong
to the Selectin family (27, 28). Firm leukocyte adhesion implies
an interaction of their B, and B, Integrin receptors with spe-
cific endothelial ligand, i.e., ICAM-1 and VCAM-1, belonging
to the Immunoglobulin gene superfamily, whose levels are reg-
ulated by humoral mediators and flow (26, 29, 30).

In this study we sought: (@) to evaluate the effect of high
glucose concentration and AGE-albumin on leukocyte inter-
action with HUVEC under flow conditions; (b) to identify
molecular determinants and intracellular events involved in
glucose-induced leukocyte adhesion; and (c) to investigate
whether sera from diabetic patients increased leukocyte adhe-
sion to endothelial cells under dynamic flow conditions.

Methods

Endothelial cell culture and incubation. Endothelial cells were ob-
tained from HUVEC by collagenase digestion according to the
method of Jaffe et al. (31). The cells were grown in Medium 199
(GIBCO BRL, Gaithersburg, MD) supplemented with 10% newborn
calf serum (GIBCO BRL), 10% human serum, and antibiotics. Cul-
tures were grown at 37°C in 5% CO,-95% air. Confluent HUVEC
were used routinely for experiments between first and fifth passage.
Cultured cells were identified as endothelial by their morphology and
the presence of vWf{, using indirect immunofluorescence microscopy.
For the adhesion experiments HUVEC were plated on 60x20-mm
plastic coverslips (Thermanox; NUNC, Inc., Naperville, IL), coated
with bovine gelatin, and used 2 d after reaching confluence. Before
adhesion assay, HUVEC were incubated for 24 h with M199 (con-
taining 5 mM glucose) plus 5% Newborn calf serum (GIBCO BRL)
and 5% human serum (medium test) or with 30 mM glucose (adding
glucose to the medium test to reach 30 mM as a final concentration;
reference 32) or with medium test containing 25 mM mannitol. Glu-
cose used for the experiments was virtually endotoxin free (LPS <
0.001 ng/mg; Sigma Chemical Co., St. Louis, MO). HUVEC stimu-
lated for 24 h with recombinant human IL-1f (100 U/ml; 5 X 107 U/mg
protein; Boehringer Mannheim, Mannheim, Germany) were used as
positive control.

The involvement of adhesive molecules in glucose-induced leuko-
cyte adhesion was evaluated using adhesion-blocking mouse anti—
E-selectin, anti-ICAM-1, or anti-VCAM-1 mAbD in adhesion assay and
by confocal microscopy (see below). After 24-h glucose incubation,
HUVEC were treated with 10 pg/200 pl of adhesion-blocking mouse
anti-E-selectin mAb (clone 18/7; Becton Dickinson, Bedford, MA),
anti-ICAM-1 (LB-2; Becton Dickinson), anti-VCAM-1 (E1/6; Bec-



ton Dickinson), or with a mouse isotype-matched mAb (X40; Becton
Dickinson) for 20 min before the adhesion assay.

To study a possible role of NF-kB in glucose-induced leukocyte
adhesion, we performed two different series of experiments: (a) HU-
VEC were seeded in 100 mm plastic dishes (Falcon Labware Divi-
sion, Becton Dickinson, Milan, Italy) and when confluent were ex-
posed for 1 h to 30 mM glucose. At the end of incubation nuclear
proteins were extracted for electrophoretic mobility shift assay; and
(b) HUVEC were pre-exposed for 1 h to the antioxidant and re-
ported NF-kB inhibitor pyrrolidinedithiocarbamate (PDTC, 100 wM;
Sigma Chemical Co.) (33, 34) or to the protease inhibitor tosyl-phe-
chloromethylketone (TPCK, 25 pM; Sigma Chemical Co.) (34) which
prevents the proteolytic degradation of IkB, the cytoplasmic inhibitor
of NF-kB (35) before the addition of 30 mM glucose for 24 h. To in-
hibit PKC activity, HUVEC were pretreated with staurosporine (5 nM;
Sigma Chemical Co.) (36) before exposure to glucose. The involve-
ment of PKC isoforms a and € in glucose-induced leukocyte adhesion
was also evaluated by incubating HUVEC with phosphorothioate an-
tisense oligodesoxynucleotide (ODN; TIB Molbiol, Genova, Italy) as
described previously (37). We used a cationic lipid solution (lipofec-
tin, GIBCO BRL) which enhances the ODN uptake. For transfec-
tion, HUVEC were incubated with lipofectin (10 pg/ml) and ODN
(1 wM) in serum free condition at 37°C for 4 h, washed two times with
medium, and then incubated with medium test and ODN (1 uM) for
another 4 h. At the end of incubation fresh medium test was replaced
and maintained for 20 h before the addition of glucose. The antisense
sequences used for human PKCa was 5" GTT.CTC.GCT.GGT.-
GAG.TTT CA 3'. The sense ODN sequence 5' TG.AAA.CTC.-
ACC.AGC.GAG.AAC 3’ and a scrambled version 5" GAG.TTG.-
CTT.GCT.TAT.CGG.TC 3’ were used as controls. The antisense
sequence used for PKCe against the human AUG start codon was 5’
GCC.ATT.GAA.CAC.TAC.CAT 3'. The sense ODN sequence 5’
ATG.GTA.GTG.TTC.AAT.GGC 3’ was used as control.

In additional experiments HUVEC were incubated for 24 h with
AGE-albumin (100 wg/ml) (14), prepared as described below, or with
native HSA used as control (100 pg/ml; Sigma Chemical Co.). Endo-
toxin contamination, as evaluated by E-toxate assay (Limulus ame-
bocyte lysate; Sigma Chemical Co.) of AGE-albumin and HSA was
< 0.03 EU/ml, considered as negative.

Finally, in the last series of experiments HUVEC were incubated
for 24 h with sera from diabetic patients (n = 8) with hyperglycemia
(174-316 mg/dl) and abnormal hemoglobin Alc (HbA ) (8.1x1.4%),
which measures the red blood content of the Amadori products
present on the NH,-terminal valine of the hemoglobin 3-chain and is
indicative of the cumulative exposure of hemoglobin to blood glucose
over the time period (3—4 wk) required for Amadori products to
reach equilibrium (38), with sera from healthy subjects (control, n =
8) or with IL-1B dissolved in control sera (n = 8). At the end of incu-
bation, cells were exposed to human total leukocytes in a parallel-
plate flow chamber for adhesion assay.

Preparation of AGE-albumin. AGE-albumin was prepared ac-
cording to the method of Takata et al. (39) with minor modifications.
Briefly, HSA (25 mg/ml; Sigma Chemical Co.) was dissolved in cal-
cium/magnesium free PBS containing glucose (0.5 M) in the presence
of PMSF (1.5 mM,; Sigma Chemical Co.), sodium azide (1 mM; Sigma
Chemical Co.), and EDTA (1 mM; Merk, Darmstadt, Germany); pH
was adjusted to between 6.8 and 7.0. The solution was sterilized using
a 0.22-pm filter (Sartorius Minisart, Goettingen, Germany) and incu-
bated for 4 mo at 37°C in dark. Albumin incubated in parallel without
glucose was used as control. Extent of glycosylation modification was
determined by absorption spectra at a concentration of 1.0 mg/ml in
sodium-phosphate buffer, the absorption spectra were taken on a
spectrophotometer (Cary 1E UV-Visible; Varian, Victoria, Austra-
lia) from 190 to 550 nm wavelength. To remove unincorporated glu-
cose the preparations were dialyzed for 24 h against PBS under sterile
conditions using a dialyzing membrane (GIBCO BRL).

Immunoassay for IL-1B and TNFa. 1L-1B and TNFa levels were
measured in serum samples from diabetic patients and normal

subjects by sandwich ELISA using commercially available Kkits
(BIOTRAK; Amersham International Buckinghamshire, United
Kingdom). The limits of detection of the assays were 0.1 pg/ml and 2
pg/ml respectively. In serum samples from normal subjects levels of
IL-1B ranged between 0-1.5 pg/ml and TNFa was undetectable.

Leukocyte isolation. Before adhesion experiments a leukocyte
suspension was prepared from human fresh venous blood collected
from healthy volunteers on EDTA (final concentration 5 mM) and
diluted with an equal volume of cold saline solution as described pre-
viously (26). The blood samples were centrifuged at 200 g for 10 min
at 4°C, the cell pellet was resuspended in 4 vol of Emagel (Behring-
werke AG, Marburg, Germany), and erythrocytes were sedimented
at 4°C for 40 min. Supernatant was removed, centrifuged at 500 g for
7 min at 4°C and the pellet was washed twice by centrifugation with
saline. Remaining erythrocytes were removed by ammonium chloride
lysis at 4°C and centrifugation. After this procedure the cell viability,
measured by trypan blue exclusion, was > 95%. Cells were then re-
suspended in culture medium at a final concentration of 10° cells per
milliliter.

Adhesion assay under flow conditions. For adhesion experiments
we used a parallel-plate flow chamber and a perfusion system that
have been described previously (24, 26). Briefly, the chamber is com-
posed of two parallel surfaces, a coverslip coated with HUVEC at
confluence and a flat surface machined from polymethylmethacry-
late. The two surfaces are separated by a 250-pm thick silicon rubber
gasket, leaving a rectangular surface of 30 X 13 mm exposed to flow.
An inlet and outlet channel distribute the fluid uniformly along the
entrance side of the adhesion surface. Shear stress levels as a function
of medium flow rate was calculated as described previously (24) as-
suming fully developed laminar flow between the two parallel plates.
After assembling with the HUVEC monolayer, the chamber is placed
on the stage of an inverted phase-contrast microscope with a termo-
stated hood to maintain the temperature at 37°C. The microscope is
connected with a video recording system (Panasonic, Osaka, Japan).

Leukocyte suspension was pumped through the chamber, at con-
trolled flow rates, using a syringe pump (Harvard Apparatus, Inc.,
South Natick, MA). After initial perfusion with cell free medium at
0.6 dyn/cm? for 2 min for equilibration, the leukocyte suspension was
perfused through the chamber at 1.5 dyn/cm? and images recorded
thereafter. After 10 min, cell-free medium was perfused at a flow rate
of 3.0 dyn/cm? for evaluation of the number of leukocytes rolling on
the HUVEC surface. At this flow rate rolling leukocytes are easily
distinguishable from cells freely flowing in the suspension that move
much faster. After 3 min of perfusion at 3.0 dyn/cm? several fields
(> 10) were observed for evaluation of the number of firmly adher-
ent cells. Images acquired during the perfusion experiments were dig-
itized and processed on a personal computer using general purpose
image processing software (NIH Image, v. 1.59; NIH, Bethesda, MD).
Adherent leukocytes were identified and counted at the end of 13
min perfusion as described in detail previously (24, 26). The number
of rolling leukocytes was evaluated by superimposition of 16 conse-
quent frames so that rolling cells could be identified from their wake.
Identification of leukocyte interaction during rolling and adhesion
process was also performed manually by backward analysis of the se-
quences of the images recorded.

The number of cells that transmigrate across the HUVEC mono-
layer during the perfusion experiments was investigated as previously
described (40).

Fluorescence confocal microscopy. HUVEC grown on gelatin-
coated coverslips were incubated for 24 h with control medium, 30 mM
glucose, or with IL-1B as positive control. At the end of the incuba-
tion, cells were fixed in 4% paraformaldehyde in PBS, pH 7.4, for 30
min at room temperature. After three washings in PBS, cells were in-
cubated in 0.1% bovine gelatin in PBS for 5 min to prevent nonspe-
cific mAb binding. HUVEC were then incubated with 1 ug/100 pl
anti-E-selectin, anti-ICAM-1, and anti-VCAM-1 mAb for 1 h at
room temperature. Washing with 0.1% bovine gelatin, three times for
5 min, was followed by addition of a 1:10 dilution of FITC-conjugated
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goat anti-mouse F(ab’)2 fragments (Techno Genetics, Milan, Italy)
for 45 min at room temperature. Control experiments were carried
out with FITC-conjugated Ab alone.

Coverslips were washed, mounted with 1% N-propyl-gallate in
50% glycerol, 0.1 M Tris-HCI, pH 8, and examined under a confocal
inverted microscope (InSight plus; Meridian Instruments, Inc., Oke-
mos, MI). Representative fields of resting or stimulated HUVEC were
digitized with 256 gray levels and printed using a film printer (Mon-
tage, FR2 film recorder; Presentation Technologies, Sunnyvale, CA).

Preparation of nuclear extracts and electrophoretic mobility shift
assay (EMSA). Nuclear extracts were prepared according to Satri-
ano and Schlondorff (41) with minor modifications. Cells, after wash-
ing with PBS, were harvested and resuspended in 1.5 ml of hypotonic
buffer A (10 mM Hepes, pH 7.6, 15 mM KCI, 2 mM MgCI2, 0.1 mM
EDTA, 1.0 mM dithiothreitol-DTT; Sigma Chemical Co.; and 0.2%
Nonidet P-40; Boehringer Mannheim). After incubating for 5 min on
ice, the homogenate was centrifuged at 650 g and the pellet was then
washed once with buffer A. The resulting nuclear pellet was resus-
pended by gentle pipetting in 100 wl buffer C (25 mM Hepes, 50 mM
KCl, 0.1 mM EDTA, pH 8.0, 1.0 mM DTT, 10% [vol/vol] glycerol)
and 0.4 M NaCl. This suspension was incubated for 45-60 min at 4°C
followed by centrifugation at 18,000 g for 10 min. The supernatant
collected (nuclear extract) was divided into aliquots and stored at
—70°C for subsequent use. To minimize proteolysis, all buffers con-
tained 1.0 mM Pefabloc, aprotinin (15 pg/ml; Sigma Chemical Co.),
leupeptin (0.5 pg/ml; Sigma Chemical Co.). Protein concentrations
were determined by the Bradford assay using the Bio-Rad protein as-
say reagent (Bio-Rad Laboratories, Richmond, CA).

The kB DNA sequence of the immunoglobulin gene was used for
the EMSA (5'-CCGGTCAGAGGGGACTTTCCGAGACT). The
core kB sequence is underlined. Oligonucleotides were synthesized
(Life Technologies/GIBCO-BRL, San Giuliano Milanese, Italy) and
annealed. Probe DNA (with 5’ overhangs) was end-labeled by the
kleenow enzyme with a [*P]dCTP, and separated from unincorpo-
rated nucleotides over a G-50 Sephadex column (Pharmacia Fine
Chemicals, Uppsala, Sweden).

Nuclear extracts (2 pg) were incubated with 50 kepm of ¥P-labeled
NF-kB oligonucleotide in binding reaction mixture (10 mM Tris-HCl,
pH 7.5, 80 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol, 1.5 pg
of poly [dI-dC]) in a final volume of 15 pl. After 30 min on ice, the
protein—-DNA complexes were resolved on a nondenaturing 6% poly-
acrylamide gel in 0.5 X Tris-borate-EDTA buffer and run at 200 V
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for 1.5 h at room temperature. Gels were then dried and subjected to
autoradiography for analysis.

In competition studies, a 1,000-fold molar excess of unlabeled oli-
gonucleotide was added to the binding reaction mixture as indicated,
before the addition of the labeled kB probe. In other experiments, to
confirm the specificity of binding reaction, an excess unlabeled oligo-
nucleotide containing an altered sequence of the consensus NF-kB
sequence (5'-CCGGTCAGAATTCACTTTCCGAGACT; the al-
tered sequence of the mutated DNA sequence is underlined) was
added to the binding reaction mixture before the addition of the la-
beled kB probe.

Statistical analysis. Results are expressed as mean+SEM. Statis-
tical analysis was performed using paired Student’s  test and one-way
ANOVA followed by the Dunnet or Duncan test for multiple com-
parisons, as appropriate (42). Statistical significance was defined as P <
0.05.

Results

Effect of high glucose concentration on leukocyte interaction
with HUVEC under flow conditions. Rolling and adherent
leukocytes per unit surface area of endothelial layer, pre-
exposed for 24 h to 5 mM glucose (control), 30 mM glucose or
IL-1B (100 U/ml) at the end of perfusion are reported in Fig. 1.
Exposure of HUVEC to 30 mM glucose for 24 h did not affect
the number of rolling leukocytes per mm?, as compared with
control HUVEC (63 versus 0.5%0.2 cells/mm? Fig. 1 A). IL-18
activation, as expected, showed important leukocyte rolling on
the endothelial surface (489 cells/mm?, P < 0.01).

High glucose exposure induced a significant (P < 0.01) in-
crease in the number of leukocytes adhering to HUVEC as
compared with control cells (15119 versus 33+8 cells/mm?;
Fig. 1 B). A similar response was elicited by IL-1f, which is
one of the most potent inducers of endothelial cell adhesive
properties (19520 cells/mm?, P < 0.01 versus 5 mM glucose).
A comparable increase in leukocyte adhesion was observed
when HUVEC were incubated with 30 mM glucose for a more
prolonged period of time, i.e., 7 days (data not shown). Fig. 2
depicts digitized images from a representative experiment at
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Figure 1. Rolling (A) and adherent (B) leukocytes on normal or high glucose—stimulated HUVEC under conditions of flow. HUVEC were incu-
bated for 24 h with 5 mM or 30 mM glucose. HUVEC activated with IL-18 (100 U/ml) were used as positive control. Leukocyte rolling and ad-
hesion were measured at the end of the perfusion (see Methods). Data are expressed as mean+SEM. *P < 0.01 versus 5 mM and 30 mM glucose;

°P < 0.01 versus 5 mM glucose.
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Figure 2. Effect of glucose on leukocyte adhesion to endothelial cells
under flow conditions. HUVEC were incubated for 24 h with control
medium (5 mM glucose), 30 mM glucose or activated with IL-18 (100
U/ml). Here are represented digitized images of total leukocytes ad-
herent on HUVEC at the end of the perfusion in the parallel-plate
flow chamber.

the end of leukocyte perfusion. A limited number of leuko-
cytes firmly adhered to control HUVEC, while a marked in-
crease in leukocyte adhesion was observed on endothelial cells
exposed for 24 h to 30 mM glucose. Similar adhesion was ob-
served with IL-1P here used as positive control.

The result that high glucose induced enhancement of leu-
kocyte adhesion to HUVEC without affecting leukocyte roll-
ing is in contrast with the general view that rolling is the first

step for firm adhesion of circulating cells (43). Therefore we
investigated whether cells rolling on the endothelial surface
did actually arrest within the field of view of the microscope.
Reviewing all the recorded sequences for the entire perfusion
intervals, we identified each rolling cell entering the field and
we followed these cells to determine whether they adhered on
endothelial surface or continuously rolled exiting from the mi-
croscope field. We found that all rolling cells did not arrest
within the field either on HUVEC pre-exposed to normal or
high glucose concentration, as well as on IL-1B-activated HU-
VEC. The total number of rolling leukocytes identified during
the entire 10-min perfusions are reported in Fig. 3 A. Accord-
ing to the data obtained at the end of perfusion (Fig. 1 A), low
number of rolling cells was identified during the perfusion ex-
periment in HUVEC pretreated with normal or high glucose
concentration, while IL-1B increased significantly the number
of rolling cells (5 mM glucose: 25+5, and 30 mM glucose: 35+5
versus IL-1B3: 20718 cells/mm?, P < 0.01). Since rolling cells
entering the field of view never arrested, we then examined
which kind of interaction characterized those cells that actually
arrested to form stable adhesion. All recorded sequences were
reviewed once again backwards to identify adherent cells and
then to measure the distance travelled by these cells during the
rolling phase that precedes firm adhesion. Rolling motion of
these cells was clearly distinguishable since at this flow rate,
free-flowing cells move faster than rolling cells. These evalua-
tions allowed to establish that, in the three experimental con-
ditions, all cells that firmly adhered to the endothelial surface
did interact with endothelium before arrest, but only for a
short distance. The average distance travelled by cells before
firm adhesion is reported in Fig. 3 B. A graphic representation
of this phenomenon in a representative experiment is reported
in Fig. 4. Exposure of HUVEC to high glucose concentration
enhanced the averaged distance travelled by leukocytes before
adhesion, at a similar extent than IL-1B, in respect to control
HUVEC (30 mM glucose: 76.7=3.5; IL1B: 69.7%4 versus 5 mM
glucose: 21.5+5 pm, P < 0.01).

To rule out the possibility that glucose-induced leukocyte
adhesion were secondary to changes in osmolality caused by
high glucose, we exposed HUVEC to 25 mM mannitol for 24 h.
Results showed that leukocyte adhesion on HUVEC exposed
to high concentration of mannitol was comparable to control
cells (468 versus 475 cells/mm?).

We also examined the effect of glucose on leukocyte trans-
migration. High glucose concentration did not affect transen-
dothelial migration of adherent leukocytes which was similar
to that observed in control cells that averaged 5.4+1 versus
3.7%0.8 cells/mm?, respectively. In contrast IL-1B stimulation
of HUVEC promoted significantly higher number of transmi-
grating leukocytes which averaged 17.5+2.4 cells/mm? (P <
0.01 versus 5 mM and 30 mM glucose).

Endothelial surface adhesive proteins involved in leukocyte
adhesion. To identify the molecular determinants of glucose-
induced leukocyte adhesion to endothelial cells under flow
conditions, HUVEC exposed for 24 h to 30 mM glucose were
incubated with the adhesion blocking mAb anti-E-selectin,
anti-ICAM-1, and anti-VCAM-1 immediately before the ad-
hesion assay. As shown in Fig. 5, leukocyte adhesion on HU-
VEC exposed to high level of glucose was enhanced signifi-
cantly (P < 0.01) as compared with 5 mM glucose (144*21
versus 49=x5 cells/mm?). mAb anti-ICAM-1 significantly in-
hibited leukocyte adhesion to HUVEC incubated with 30 mM
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Figure 3. Total number of continuously rolling leukocytes on endothelial cells within the microscope field during the entire 10 min perfusion
time (A). Distance covered by adhering leukocytes before stable arrest on endothelial surface (B). HUVEC were incubated with 5 mM glucose
(control), 30 mM glucose or activated with IL-1f3 (100 U/ml) for 24 h (A and B). Data are expressed as mean+SEM. *P < 0.01 versus 5 mM and

30 mM glucose; °P < 0.01 versus 5 mM glucose.

glucose (8312 cells/mm?, P < 0.01 versus 30 mM glucose).
Functional blocking of E-selectin and VCAM-1 had even a
more inhibitory effect on glucose-induced leukocyte adhesion
with the number of adhering leukocytes ranging on average
67+16 and 628 cells/mm? (P < 0.01 versus 30 mM glucose),
respectively. Treatment with irrelevant mAb did not modify
high glucose-induced leukocyte adhesion (135+4 cells/mm?).

MICROSCOPE FIELD

== Trace of leukocyte- o Cell arrest

—> |nitial leukocyte-
endothelial interaction

endothelial contact

Figure 4. Digitally derived evaluation of leukocyte interaction with
endothelial surface before stable adhesion. Images of a representa-
tive microscope field were analyzed to digitally trace the cell position
during the rolling phase that precedes stable adhesion. Only cells ad-
hering in the right half of the images were analyzed in each frame. All
adherent cells came in contact with the endothelial surface within the
microscope field. None of the cells continuously rolling stopped in the
field during the perfusion interval.
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The adhesive molecules involved in high glucose—induced
leukocyte adhesion to endothelial cells were further character-
ized by confocal fluorescence microscopy. As shown in Fig. 6,
HUVEC exposed to 30 mM glucose exhibited increased ex-
pression of E-selectin, ICAM-1, and VCAM-1 on the luminal
surface in respect to control cells (S mM glucose). IL-18, used
as a positive control, induced a strong intensity staining on cell
surface for all the adhesive molecules studied. Control experi-
ments carried out in the absence of the primary antibodies
showed no fluorescence on high glucose-stimulated HUVEC
(not shown).

Effect of high glucose concentration on NF-kB activation.
To investigate whether high glucose concentration activated
the transcriptional factor NF-kB, which is known to be in-
volved in the upregulation of adhesive molecules, HUVEC

5 mM glucose H

30 mM glucose -

mo Ab
anti-E-selectin

mo Ab

30 mM anti-ICAM-1

glucose

mo Ab
anti-VCAM-1

T T '
0 50 100 150 200

Adherent leukocytes/mm 2

Figure 5. Effect of mAb anti-E-selectin, anti-ICAM-1 or anti—
VCAM-1 on glucose-induced leukocyte adhesion on endothelial
cells. Before the adhesion assay 30 mM glucose-treated HUVEC
were incubated for 20 min with mAb anti-E-selectin, anti-ICAM-1,
or anti-VCAM-1. Data are expressed as mean*=SEM. °P < 0.01 ver-
sus 5 mM glucose; *P < 0.01 versus 30 mM glucose.



Figure 6. Confocal micrographs of control (glucose 5 mM; a, d, and g), glucose 30 mM (b, e, and /), and IL-1B-treated HUVEC (c, f, and i)
stained for E-selectin (a—), ICAM-1 (d—f), and VCAM-1 (g—i). After 24-h incubation with 30 mM glucose, HUVEC showed an increased ex-
pression of E-selectin (b) in respect to control cells (a); IL-1B-treated cells were used as the positive control (c¢). Control HUVEC stained for
ICAM-1 (d) showed a weak fluorescence. In glucose-treated HUVEC (e) staining for ICAM-1 produced a stronger, diffuse granular pattern;
IL-1B-treated cells were used as the positive control (f). Expression of VCAM-1 increased in glucose-treated HUVEC (k) in respect to control
cells (g); IL-1B—treated cells were used as the positive control (i).
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Figure 7. Electrophoretic mobility shift analysis for NF-kB activity in
nuclear extracts from HUVEC exposed for 1 h to 5 mM glucose (con-
trol) or 30 mM glucose. To demonstrate the specificity of binding of
the NF-kB oligonucleotide, 1,000-fold molar excess unlabeled NF-kB
(cold) and unlabeled kB-mutant oligonucleotide (cold mt kB) were
used to compete with the labeled NF-kB probe for binding to glu-
cose-induced nuclear proteins.

were exposed to 30 mM glucose for 1 h. As shown in Fig. 7,
EMSA of nuclear extracts harvested from control cells (5 mM
glucose) demonstrated little constitutive binding to an oligo-
nucleotide containing the consensus NF-kB recognition se-
quence. After treatment with 30 mM glucose an intensely la-
beled complex was observed. This NF-kB like band could
effectively be competed out with an excess unlabeled (cold
kB) NF-kB oligonucleotide (Fig. 7). In contrast, the mutated
kB sequence (cold mt kB) was far less efficient in displacing la-
beled NF-kB binding DNA sequences indicating kB-specific
DNA binding of the nuclear protein extracts (Fig. 7).
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Figure 8. Effect of NF-kB and PKC inhibitors on glucose-induced
leukocyte adhesion to HUVEC under flow conditions. Before the ad-
hesion assay, HUVEC were pretreated with the NF-kB inhibitors
PDTC (100 M) and TPCK (25 uM) or the PKC inhibitor stauro-
sporine (5 nM) 1 h before the addition of 30 mM glucose. Data
(mean*+SEM) are expressed as percent of adherent leukocytes in re-
spect to 30 mM glucose considered as 100%. *P < 0.05, **P < 0.01
versus 30 mM glucose.
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Role of NF-kB and PKC on glucose-induced leukocyte ad-
hesion. To evaluate a possible role of NF-kB and PKC activa-
tion on high glucose—induced leukocyte adhesion, HUVEC
were pretreated with the NF-kB inhibitors PDTC and TPCK
or with the PKC inhibitor staurosporine before the addition of
30 mM glucose. As shown in Fig. 8, both PDTC and TPCK sig-
nificantly (P < 0.05) reduced leukocyte adhesion in respect to
HUVEUC treated with glucose alone. A significant (P < 0.01)
inhibitory effect on glucose-induced leukocyte adhesion was
also observed when HUVEC were pretreated with staurospo-
rine. We then examined whether a specific downregulation of
PKCa and PKCe isoforms with antisense ODNs influenced
the glucose-induced leukocyte adhesion (Fig. 9). Antisense
ODNs against PKCa and PKCe significantly (P < 0.05) re-
duced leukocyte adhesion on endothelial cells exposed to 30 mM
glucose as compared with sense ODNs or scrambled used as
controls.

Effect of AGE-albumin on leukocyte adhesion to HUVEC
under flow conditions. Fig. 10 shows the effect of AGE-albu-
min (100 pg/ml) on leukocyte adhesion to HUVEC under flow
conditions. AGE-albumin significantly increased leukocyte
adhesion in respect to native albumin, used as control (110+16
versus 66+7 cellsymm?, P < 0.01). As also shown in Fig. 10, the

% adherent leukocytes in
respect to glucose

0 25 50 75 100

AN

scrambled PKCa

30 mM glucose ——

antisense PKCe

Figure 9. Effect of antisense ODN against PKCax, sense and scram-
bled ODNES, or antisense against PKCe and sense ODN on glucose-
induced leukocyte adhesion to HUVEC under flow conditions. Be-
fore the adhesion assay, HUVEC were pretreated with the antisense,
sense or scrambled ODN 1 h before the addition of 30 mM glucose.
Data (mean=SE) are expressed as percent of adherent leukocytes in
respect to 30 mM glucose considered as 100%. *P < 0.05 versus 30 mM
glucose; °P < 0.05 versus sense and scrambled PKCq; P < 0.05 ver-
sus sense PKCe.
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adhesive response elicited by AGE-albumin was similar to
that induced by 30 mM glucose (13722 cells/mm?).

Effect of sera from diabetic patients on leukocyte adhesion
to HUVEC under flow conditions. For 24 h, we exposed HU-
VEC to sera from control or diabetic patients with hyperglyce-
mia (174-316 mg/dl) and abnormal level of HbA,, (8.1+1.4%).
At the end of incubation, we performed the adhesion assay
with leukocyte suspension obtained from normal subjects.
Within each experiment one serum sample from a diabetic pa-
tient and a control serum sample from an healthy volunteer

Control
\ 4

Diabetic sera

0 50 %

Percent increase in adherent leukocytes/mm?
above controls. Difference was normalized using

the percent increase induced by IL-1B within
each experiment.

Figure 11. Effect of endothelial incubation with sera from diabetic
patients on leukocyte adhesion under flow conditions. HUVEC were
incubated for 24 h with sera from diabetic patients, with sera from
healthy subjects (control) or with IL-1B dissolved in control sera. At
the end of incubation, an adhesion assay was performed with total
leukocyte suspension obtained from normal subjects. For each exper-
iment, an index of the percent increase in leukocyte adhesion (A) on
endothelial cells exposed to diabetic sera was calculated using the for-
mula: A (%) = (DS — C)/(IL — C) X 100, where DS is the number of
adherent leukocytes/mm? on HUVEC exposed to diabetic sera; C is
the number of adherent leukocytes/mm? on HUVEC exposed to
control sera; and IL is the number of adherent leukocytes/mm? on
HUVEC activated with IL-18. A (%) equals 0% if there is no in-
crease in cell adhesion above control value and equals 100% if in-
crease in cell adhesion is equal to that induced by IL-1B. Diabetic
sera significantly (P < 0.01) enhanced leukocyte adhesion on endo-
thelial cells in respect to control sera.
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were used, together with a positive control, i.e., IL-1B acti-
vated HUVEC. Because of the variability in response that is
observed for different HUVEC cultures, we normalized the
changes in cell adhesion as reported in Fig. 11. All diabetic
sera significantly (P < 0.01) enhanced leukocyte adhesion to
HUVEC over the corresponding control value, some serum
samples induced leukocyte adhesion comparable to that in-
duced by HUVEC activation with IL-13. Serum levels of IL-
18 and TNFa in diabetic patients were within the normal
range (IL-1B: 0.190+0.02 pg/ml; TNFa: < 2 pg/ml) thus ex-
cluding a role for these cytokines in enhanced leukocyte adhe-
sion.

Discussion

This study shows, for the first time, that a higher-than-normal
concentration (30 mM) of glucose induced leukocyte adhesion
to cultured endothelial cells under flow conditions typical of
postcapillary venule circulation. The adhesive response elic-
ited by glucose was quite similar to that of IL-1B, one of the
most potent inducers of leukocyte—endothelial cell adhesive-
ness so far known (30).

The selective effect of high glucose on leukocyte adhesion,
and not on rolling, on the endothelial surface prompted us to
carefully evaluate the dynamic interaction between leukocytes
and the endothelial surface. Using video microscopy technique
we documented that rolling cells do not firmly adhere, but
rather continuously move on the endothelial surface. This was
observed on control HUVEC as well as on HUVEC exposed
to high glucose or to IL-1B. On the contrary, cells that actually
adhere, come in contact with the endothelial surface for a
short distance before stable adhesion. On control HUVEC
leukocytes travelled for an average distance of about 21 pm in
contact with the endothelial surface before arresting. On HU-
VEC exposed to high glucose, this distance importantly in-
creased to more than 76 wm in average, similar to what ob-
served on IL-1B stimulated HUVEC. These observations
indicate that leukocyte—endothelial interaction is more com-
plex than what has been derived so far. In details, they suggest
that the weak interactions that characterize rolling cells may
give place to two different patterns, one resulting in continu-
ous cell movement without a subsequent adhesion, while an-
other interaction of circulating cells with endothelium is re-
quested for effective cell arrest. It is tempting to speculate that
these two phenomena depend from different adhesion mole-
cules expressed on the surface of leukocytes and endothelial
cells. Our data show that high glucose exposure to HUVEC af-
fected the second pattern of initial leukocyte—endothelial in-
teraction we have identified, and resulted in increased cell ad-
hesion.

Our in vitro results of glucose-induced leukocyte adhesion
are in agreement with data obtained in animal models of dia-
betes showing capillary occlusion by leukocytes associated
with extravascular macrophage accumulation (16-18). Evi-
dence derived from intravital microscopy studies also docu-
mented that, in rats made diabetic by streptozotocin injection,
the diabetic state induced lower venular shear rates and an in-
creased number of rolling leukocytes in mesenteric venules as
compared with nondiabetic animals (44). In response to isch-
emia-reperfusion an exaggerated leukocyte adhesion, depen-
dent by CD11/CD18 ICAM-1 interaction, and a remarkable
transmigration was also observed.
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There are some conflicting results in the literature on the
subject of glucose-induced upregulation of adhesive mole-
cules. In one study, 20 mM concentration of glucose induced
increased surface expression of VCAM-1 and E-selectin on
HUVEQC, via activation of PKC (22). By contrast, in another
study, under static conditions, increased binding of monocytes
to human aortic endothelial cells induced by elevated glucose
was not associated with enhanced expression of adhesive
molecules (21). Our finding that the functional blocking of
E-selectin, ICAM-1, and VCAM-1 with the respective anti-
bodies significantly reduced the number of leukocytes adher-
ing to glucose-treated HUVEC under flow conditions indi-
cates that glucose-induced leukocyte adhesion to endothelium
is associated with an upregulation of endothelial surface ex-
pression of adhesive molecules, as also documented directly by
confocal microscopy experiments.

Experimental evidence is available that expression of adhe-
sive molecules is critically dependent by intracytoplasmic acti-
vation of NF-kB. Thus specific subunits of NF-kB differen-
tially regulate gene expression of E-selectin, ICAM-1 and
VCAM-1 in endothelial cells activated by inflammatory cyto-
kines (45-47). Here we examined whether high glucose—induced
upregulation of adhesive molecules were critically dependent
by the activation of NF-kB. By electrophoretic mobility shift
assay, we documented, for the first time, that the exposure of
endothelial cells to 30 mM glucose induced an increase in NF-kB
DNA binding activity. This finding together with data showing
that specific inhibitors of NF-kB significantly reduced high glu-
cose—induced leukocyte adhesion can be taken to suggest that
hyperglycemia promoted upregulation of adhesive molecules
through NF-kB activation. Since it has been documented that
elevated glucose concentrations caused endothelial cell dys-
function through the generation of free radicals (32, 48) that
are known intracellular intermediates for NF-kB activation
(49), it is also possible that in our experimental conditions oxi-
dant stress consequent to hyperglycemia is responsible for the
activation of NF-kB.

In this study, we have also shown that the PKC inhibitor
staurosporine markedly decreased the number of leukocytes
adhering to high glucose-treated cells. Moreover, using spe-
cific antisense oligodesoxynucleotides against PKCa and €, we
observed a marked reduction in leukocyte adhesion induced
by glucose, thus suggesting a role for both PKC isoforms in the
observed phenomenon. In line with our finding is the recent
demonstration that high glucose concentrations lead to an in-
creased expression of PKCe, 3, and € in vascular smooth mus-
cle cells (50) and in porcine aortic endothelial cells (37). The
recent evidence that PKC activation leads to dissociation of
NF-kB/IkB complex allowing NF-kB to translocate to the nu-
cleus and activate its target genes (51) would suggest the possi-
bility of a link between PKC and NF-kB activation in glucose-
induced adhesive molecule expression.

Another finding of this study is that AGE:s significantly en-
hanced the number of leukocytes adhering to endothelial cells
under flow conditions. These observations can be explained by
recent data that AGE-albumin or AGE-modified matrix pro-
tein upregulated the expression of adhesive molecules on en-
dothelial cells (23). Moreover, AGEs by interacting with en-
dothelial RAGE, enhanced the expression of cell associated
VCAMS-1 and released soluble VCAM-1 antigen into cell su-
pernatant by induction of cellular oxidant stress and activation
of NF-kB (14). Because these aldose-modified proteins accu-
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mulate in the vessel wall of diabetics in vivo in humans, such
data may be relevant to the pathogenesis of vascular complica-
tions associated with diabetes.

The definitive demonstration that both high glucose and
AGE:s directly affect leukocyte—endothelium interaction arises
from the last observation of this study—that sera from diabetic
patients with hyperglycemia and abnormal HbA,. markedly
enhanced the number of adhering leukocytes to endothelial
cells in respect to sera taken from healthy subjects. Finding
that IL-18 and TNFa content in sera from diabetic patients
was within the normal range would exclude a contribution of
these cytokines in the stimulatory activity of diabetic sera.

In conclusion, our results indicate that (a) high glucose con-
centration is a potent promoter of leukocyte adhesion to en-
dothelial cells under flow conditions; (b) glucose-induced leu-
kocyte adhesion is dependent by upregulation of adhesion
molecules, i.e., E-selectin, ICAM-1, and VCAM-1 as docu-
mented by confocal microscopy analysis and by inhibition
studies with the respective specific antibodies; (c) NF-kB and
PKC intracellular pathways are possibly involved in leuko-
cyte—endothelium interaction in hyperglycemia; (d) AGEs sig-
nificantly enhanced leukocyte attachment to endothelial cells;
and (e) sera from diabetic patients with elevated glycemia and
abnormal HbA,, induced a significant adhesive response as
compared with sera from normal subjects. These findings
might be relevant in understanding the nature of microvascu-
lar lesions associated to diabetes.
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