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The effects of glucose extremes on vascular physiology and
endothelial cell function have been examined across a range of
time scales. Not unexpectedly, chronic glucose exposure
induces long term tissue effects. Yet short term exposure can
also impose lasting consequences. The persistence of vascular
pathology after euglycemic restoration further suggests a glu-
cose exposure memory. Slow turnover reservoirs such as base-
ment membrane are candidates for prolongation of acute
events. We hypothesized that glucose-induced vascular dys-
function is related to altered vasoactive compound handling
within the endothelial cell-basement membrane co-regulatory
unit. Endothelial cell basementmembrane-associated fibroblast
growth factor-2 increased linearly with culture glucose within
days of elevated glucose exposure. Surprisingly, basementmem-
brane fibroblast growth factor-2 binding kinetics remained
unchanged. The glucose-induced increase in basement mem-
brane fibroblast growth factor-2 was instead related to
enhanced endothelial cell fibroblast growth factor-2 release and
permeability. Cellular fibroblast growth factor-2 release
occurred concomitant with apoptosis but was not blocked by
caspase inhibitors. These data suggest that release was associ-
ated with sub-lethal early apoptotic cell membrane damage,
perhaps related to reactive oxygen species formation. High glu-
cose basementmembrane in turn enhanced endothelial cell pro-
liferation in a fibroblast growth factor-2-dependent manner.
We now show that glucose-induced alterations in endothelial
cell function promote changes in basement membrane compo-
sition, and these changes further affect endothelial cell function.
These data highlight the interrelationship of cell and basement
membrane in pathological conditions such as hyperglycemia.
These phenomena may explain long term effects on the endo-
thelium of short term exposure to glucose extremes.

Glucose is critical across the spectrum of biologic and phys-
iologic processes. Yet in overabundance this sugar can produce
profound systemic toxic effects. A primary manifestation of
morbidity and mortality in diseases of glucose metabolism is

unregulated remodeling and abnormal homeostasis of the vas-
culature. Much research has focused on long term exposure to
elevated glucose, for example in diabetics. Indeed, though var-
ied and vascular bed-dependent, vascular disease is diffuse and
devastating in the diabetic and worse still with poor control of
plasma glucose. Loss of renal filtration function in diabetic
nephropathy follows glomerular capillary hypertrophy, and
fragile new vessels formed by excessive angiogenesis create a
unique retinopathy (1). Reduced angiogenesis in the extremi-
ties contributes to poor wound healing (2). In the macrovascu-
lature, diabetics demonstrate accelerated atherosclerosis, rapid
and more extensive restenosis after endovascular intervention,
and decreased collateral formation around blockages (3, 4).
These glucose effects persist long after restoration of euglyce-
mia, and the possibility remains that acute fluctuations in local
glucose concentration have prolonged cell and tissue effects.
Alterations in vascular basement membrane, a dense amor-

phous protein mesh located basolateral to endothelial cells,
may explain hyperglycemic memory in diabetic vascular dis-
ease. Historically, vascular basement membrane was viewed
purely from a structural perspective as a platform on which
endothelial cells reside. More recently, it has become clear that
basement membrane supports a plethora of biochemical activ-
ities, including cell signaling mediation through integrin bind-
ing, storage and release of growth factors such as vascular endo-
thelial growth factor and fibroblast growth factor-2 (FGF-2)2
and, even in degradation, production of protein fragments that
promote or inhibit angiogenesis (5–9).
Diabetes changes basementmembrane size and composition

in both themicro- andmacrovasculature. Throughout vascular
beds, fromkidney to eye to aorta, basementmembrane thickens
(1). Relative quantities of major protein components change,
with increases in type IV collagen and fibronectin anddecreases
in laminin and heparan sulfate proteoglycans (1, 10–12). His-
tological analysis of human tissues has identified changes in
basementmembrane cytokine concentration, such as increased
retinal FGF-2 in proliferative retinopathy (13). Although no
single biochemical diabetic alteration has been identified as the
cause of these changes, hyperglycemia has been implicated (14,
15). In vitro, high glucose affects basement membrane protein
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production and leads to glycation of these proteins, altering
both matrix-matrix and matrix-cell interactions (16–18).
Using an in vitro hyperglycemic model, we investigated the

influence of glucose on FGF-2 handling within the endothelial
cell-basement membrane co-regulatory unit. Basement mem-
brane FGF-2 levels were determined in low and high glucose
culture, and basement membrane FGF-2 binding kinetics was
measured. The effects of glucose-induced changes in endothe-
lial cell FGF-2 release, permeability, and apoptosis on basement
membrane FGF-2 storage were quantified, and in vitro results
were correlated with in vivo data. Finally, we determined the
effects of altered basement membrane FGF-2 on endothelial
cell proliferation. We now show that basement membrane
FGF-2 increases linearly with glucose exposure due to endothe-
lial cell function alterations and that the change in basement
membrane composition further affects endothelial cell func-
tion over an extended time scale.

EXPERIMENTAL PROCEDURES

Cell Culture—Porcine aortic endothelial cells were isolated
from Yorkshire swine aortae by the collagenase dispersion
method and maintained in low glucose Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal bovine serum, 1%
penicillin-streptomycin, and 2% glutamine (Invitrogen) (19).
Culture media was changed every 48 h, and cells were used
between passages 4 and 9.
For high glucose media, D-glucose was added to supple-

mented low glucose Dulbecco’s modified Eagle’s medium (5
mM, 90 mg/dl) to a final concentration of 30 mM (540 mg/dl).
Media glucose levels decreased over 4 days of culture due to
cellular glucose consumption (5 mM glucose decreased to
2.4 � 0.04 mM; 30 mM decreased to 22.4 � 1.8 mM). Despite
rapid endothelial cell glucose metabolism, the glucose level
in high glucose media remained significantly higher than
that of low glucosemedia over a 4-day experiment (p� 0.01).
Although glucose effects continued to rise with higher glu-
cose concentrations, values chosen are literature standards
and remain close to the pathophysiologic range. For osmotic
controls, mannitol (Sigma) was added to base media to
achieve a 30 mM solution.

Porcine tumor necrosis factor-� (TNF�; R&D Systems), a
potent inflammatory cytokine, and tert-butyl hydroperoxide
(tBHP; Sigma), which is broken down intracellularly to produce
reactive oxygen species, were used as alternative methods to
induce cell stress. Endothelial cells were exposed to TNF� for
24 h and tBHP for 48 h. Recombinant human FGF-2 was
obtained from Peprotech, and blocking antibodies for FGF-2
and TNF� were from Upstate Biotechnology and Serotec,
respectively. The blocking antibodies specifically neutralized
FGF-2 and TNF� when compared with a vascular endothelial
growth factor antibody as measured through enzyme-linked
immunosorbent assay (ELISA) and apoptosis assays.
Basement Membrane Isolation—Initial experiments demon-

strated differential glucose effects on endothelial cells by 4 days;
therefore, subsequent experiments used endothelial cells
seeded near confluence and grown for 4 days inmultiwell tissue
culture polystyrene plates (12, 24, or 96 well; BD Biosciences).
Cells in all glucose conditions reached confluence concur-

rently. 4% w/v dextran (40 kDa, Sigma) was added to media for
the last 2 days to increase cellular basementmembrane produc-
tion (20). Endothelial cells were lysed in 20 mM NH4OH with
0.5% Triton X-100 (Sigma), after which wells were thoroughly
washed with phosphate-buffered saline (6). Scanning electron
microscopy confirmed that basement membrane remained
intact, adherent to the tissue culture plate, and free of cell
debris. The total basement membrane protein for each condi-
tion was quantified by the Coomassie assay after digesting iso-
lated basement membrane with trypsin (25 �g/ml) for 24 h at
37 °C (21).
FGF-2 Extraction, Collection, and Quantification—Base-

ment membrane FGF-2 was extracted using a salt buffer (2 M

NaCl, 20mMHepes, pH 7.4), which was deemed sufficient after
subsequent extractions failed to produce additional FGF-2 (22).
Total protein levels in FGF-2 extraction buffer ranged from 30
to 70 pg/ml and were not significantly different with glucose or
osmotic controls.We further exposed isolated basementmem-
brane to supplemented media for 4 days at 37 °C and were
unable to extract measurable levels of FGF-2, confirming that
exogenous FGF-2 from culture media fetal bovine serum did
not significantly contribute to FGF-2 detected in basement
membrane.
Endothelial cell-released FGF-2 was measured in media col-

lected from cell culture and centrifuged to remove cellular
debris. Tissue FGF-2was prepared by homogenizing 3� 3-mm
porcine aortic tissue samples in lysis buffer (20 mM Tris-HCl,
150mMNaCl, pH7.4) withComplete protease inhibitor (Roche
Applied Science). Homogenized samples were incubated on ice
for 30 min and centrifuged to pellet insoluble material. All
FGF-2 samples were either used immediately or stored at
�20 °C for later use. Basement membrane, cell-released, and
tissue FGF-2 levels were quantified using an FGF-2 ELISA
(R&D Systems). Extraction buffer, conditioning media, or tis-
sue lysate buffer alone did not alter ELISA accuracy. Because
each ELISA varied slightly, as did FGF-2 integrity in various
buffers, FGF-2 was quantified immediately after each experi-
ment using a single ELISA kit whenever possible.
FGF-2 Binding Kinetics—All basement membrane FGF-2

binding kinetic experiments were performed at room temper-
ature. Basement membrane FGF-2 equilibrium binding capac-
ity was determined by adding FGF-2 in binding buffer (25 mM

Hepes, 0.05% w/v gelatin, pH 7.4) to isolated basement mem-
brane at concentrations from 0 to 1 �g/ml. Equilibrium,
defined as the time at which association and dissociation occur
at balanced rates resulting in no change in basement mem-
brane-bound FGF-2, occurred 2–3 h after growth factor addi-
tion. The FGF-2 solution was aspirated, basement membrane
was washed in binding buffer to remove unbound FGF-2, and
bound FGF-2 was extracted as described above. Basement
membrane FGF-2 association was measured by adding 5 ng/ml
FGF-2 in binding buffer to isolated basement membrane for
0–360 min. This concentration (5 ng/ml) is within the linear
binding range and results in physiologically relevant bound
FGF-2 levels. After the incubation period, FGF-2 was aspi-
rated, basement membrane was washed in binding buffer,
and bound FGF-2 was extracted as previously described (22).
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Glycated FGF-2 was prepared by incubating 1 �g/ml FGF-2
in 0.25 M fructose for 24 h at 37 °C (23).
FGF-2 basementmembrane dissociation kineticswere deter-

mined by incubating isolated basement membrane with 5
ng/ml 125I-labeled FGF-2 in binding buffer to equilibrium (3 h).
The 125I-labeled FGF-2 solution was removed, and binding
buffer containing unlabeled FGF-2 (1�g/ml) was added to each
well for 0–360 min. Unlabeled FGF-2 was included in dissoci-
ation buffer to decrease rebinding of released 125I-labeled
FGF-2 to the basement membrane. After the dissociation
period, dissociation buffer was removed, and basement mem-
brane-bound 125I-labeled FGF-2 was extracted (22). 125I-La-
beled FGF-2 in dissociation buffer and extraction buffer was
quantified in a gamma counter (Packard).
Endothelial Cell Permeability—Endothelial cells were cul-

tured for 4 days on 0.4-�m Costar Transwell inserts (Corning)
in either 5 or 30 mM glucose supplemented media. After 4 days
of glucose exposure, supplemented media was replaced by
serum-free media with 1 mg/ml 10-kDa tetramethyl rhodam-
ine-labeled dextran (Molecular Probes). At this size, the effec-
tivemolecular radius of dextran resembles that of FGF-2. 50-�l
samples were collected frommedia outside the insert well from
30 to 480 min after dextran addition and measured at 544/590
nm in a Fluoroskan fluorometer (ThermoLabsystems). Cell
permeability to FGF-2 and subsequent binding to basement
membrane was measured on cells cultured for 4 days in 5 or 30
mM glucose supplementedmedia. After 4 days of glucose expo-
sure, supplemented media was replaced by serum-free media
with 1 �g/ml FGF-2. After a 2-h incubation at 37 °C, basement
membrane was isolated, and FGF-2 was extracted as described
above.
Apoptosis and Cell Cycle Analysis—Endothelial cell apopto-

sis was measured using four complementary methods: cell
counts, annexin V-propidium iodide labeling, caspase 3 activa-
tion, terminal deoxynucleotidyltransferase dUTP nick end
labeling. Cell counts were performed by trypsinizing cells and
counting with a Coulter counter (Beckman Coulter). Annexin
V binds phosphatidylserine translocated from the inner to the
outer cell membrane. Cells in early apoptosis are identified as
annexin V-positive and are negative for the vital dye propidium
iodide. Endothelial cells were prepared for the annexin V-pro-
pidium iodide assay by combining floating and trypsin-released
attached cells. Samples were centrifuged to pellet cells, washed
thoroughly, resuspended in annexin binding buffer, and labeled
with annexin V-fluorescein and propidium iodide as per the kit
instructions (BD Pharmingen). Samples were analyzed imme-
diately by flow cytometry (BD FACScan).
Caspase 3, a cysteine protease activated during early apopto-

sis, is considered the “point of no return” for apoptotic cells.
Activated caspase 3 wasmeasured in endothelial cells both by a
spectrofluorimetric assay and flow cytometry. For spectrofluo-
rimetry, endothelial cells were lysed as per the kit instructions
(BD Pharmingen), and 50 �l of cell lysate was incubated with 5
�l of N-acetyl-DEVD-7-amino-4-methylcoumarin in a multi-
well plate for 1 h at 37 °C. Ac-DEVD-aldehyde, a caspase inhib-
itor, was used as the negative control. 7-Amino-4-methylcou-
marin (AMC) liberated from Ac-DEVD-AMC by activated
caspase 3 was measured using a Fluoroskan at 380/450 nm. For

flow cytometry, cells were collected as for the annexin V assay.
Cells were fixed and permeabilized, then labeled with fluores-
cein-conjugated monoclonal rabbit anti-active caspase-3 anti-
body as per the kit instructions (BD Pharmingen). Samples
were analyzed immediately by flow cytometry.
The terminal deoxynucleotidyltransferase dUTP nick end

labeling assay employed an APO-BRDU kit (BD Pharmingen)
in which TdT catalyzes the addition of bromolated deoxyuri-
dine triphosphates to 3�-OH ends of double- and single-
stranded DNA fragments in late apoptosis. Cells were collected
in the same way as for the annexin V assay. Cells were fixed in
paraformaldehyde, washed, resuspended in 70% v/v ethanol in
phosphate-buffered saline, and stored at �20 °C until use. For
each experiment, samples were thawed, labeled as per kit
instructions, and analyzed immediately by flow cytometry.
For cell cycle analysis, endothelial cells were trypsinized, cen-

trifuged, and resuspended at 37 °C in a stain solution of 3% w/v
polyethylene glycol, 50 �g/ml propidium iodide (Molecular
Probes), 180 units/ml RNase (Worthington), and 0.1% Triton
X-100 in a 4 mM citrate buffer, pH 7.2. An equal volume of salt
solution (3% w/v polyethylene glycol, 50 �g/ml propidium
iodide, and 0.1%Triton X-100 in 0.4 MNaCl, pH 7.2) was added
after 20 min. Cells were incubated overnight at 4 °C and meas-
ured by flow cytometry in the morning.
Fluorescence Microcopy and Immunohistochemistry—Endo-

thelial cells cultured on coverslips were fixed in 4% w/v
paraformaldehyde, pH 7.4. Fixed cells were labeled with mouse
monoclonal antibody to platelet endothelial cell adhesion mol-
ecule (PECAM,CD31) (1:100,MCA1746, Serotec) and vascular
endothelial cadherin (Ve-cadherin) (1:50, MCA1748, Serotec).
After thoroughwashing, cellswere labeledwithAlexa Fluor 488
goat anti-mouse secondary antibody (1:100,A11017,Molecular
Probes) and with Hoescht 33258 nuclear stain (1:1000). Cover-
slips were mounted on microscope slides with 1:1 glycerol-
phosphate-buffered saline and imaged using either a 20�/0.5
or 40�/0.75 objective (Leica) in an inverted fluorescent micro-
scope (CTRMIC; Leica). Hoescht and PECAM or Ve-cadherin
images of the same microscope field were merged using Meta-
morph software, and background was subtracted uniformly
from all images with Photoshop (Adobe). Intracellular and
intercellular area were measured by tracing PECAM-labeled
cell borders and counting pixels included or excluded, respec-
tively, in Photoshop.
Immunohistochemical analysis was performed on frozen tis-

sue sections (8 �m). Sections were acetone-fixed and air-dried
for 24 h. Endogenous peroxidase activity was first quenched by
incubating sections with peroxidase block, after which sections
were incubated with mouse monoclonal antibody to FGF-2
(1:250,MC-GF1, Abcam).Mouse nonspecific IgG served as the
negative control. Sections were incubated with a peroxidase-
labeled dextran polymer conjugated to goat anti-mouse IgG
(Dako Cytomation). Staining was completed by incubation
with 3,3�-diaminobenzidine� substrate-chromogen, which
results in a brown-colored precipitate at FGF-2 sites. Slides
were counterstained with hematoxylin and mounted using
Crystal Mount Aqueous Mounting media (Sigma). Sections
were imaged using a 60�/1.40 oil objective (Nikon) with a
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