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I-00161 Roma, Italy; Laboratorio di Patologia Vascolare (F.F., D.D., K.R., M.C.C., A.F.), and
Laboratorio di Biologia Molecolare e Cellulare (G.Z.), Istituto Dermopatico dell’Immacolata-IDI,
Istituto di Ricovero e Cura a Carattere Scientifico, I-00167 Roma, Italy; Dipartimento di Scienza degli
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Angiogenesis impairment in hyperglycemic pa-
tients represents a leading cause of severe vascu-
lar complications of both type-1 and -2 diabetes
mellitus (DM). Angiogenesis dysfunction in DM is
related to glycemic control; however, molecular
mechanisms involved are still unclear. Fibroblast
growth factor-2 (FGF-2) is a potent angiogenic fac-
tor and, according to previous evidence, may rep-
resent a key target of molecular modifications trig-
gered by high-sugar exposure. Therefore, the
purpose of this study was to investigate whether
short incubation with hyperglycemic levels of glu-
cose affected FGF-2 and whether glucose-modi-
fied FGF-2 was detectable in vivo. Biochemical
analyses carried out with SDS-PAGE, fluorescence
emission, mass-spectrometry, immunoblot, and
competitive ELISA experiments demonstrated that
human FGF-2 undergoes a rapid and specific gly-
cation upon 12.5–50 mM glucose exposure. In ad-
dition, FGF-2 exposed for 30 min to 12.5 mM glu-
cose lost mitogenic and chemotactic activity in a
time- and dose-dependent manner. Under similar

conditions, binding affinity to FGF receptor 1 was
dramatically reduced by 20-fold, as well as FGF
receptor 1 and ERK-1/2 phosphorylation, and
FGF-2 lost about 45% of angiogenic activity in two
different in vivo angiogenic (Matrigel and cho-
rioallantoic-membrane) assays. Such glucose-in-
duced modification was specific, because other
angiogenic growth factors, namely platelet-de-
rived growth factor BB and placental-derived
growth factor were not significantly or markedly
less modified. Finally, for the first time, glycated-
FGF-2 was detected in vivo, in tissues from hyper-
glycemic nonobese diabetic mice, in significantly
higher amounts than in normoglycemic mice. In
conclusion, hyperglycemic levels of glucose may
strongly affect FGF-2 structure and impair its an-
giogenic features, and endogenous glycated-
FGF-2 is present in diabetic mice, indicating a
novel pathogenetic mechanism underlying angio-
genesis defects in DM. (Molecular Endocrinology
20: 2806–2818, 2006)

MOLECULAR MECHANISMS underlying vascular
complications in diabetes mellitus (DM) are still

not completely elucidated and represent an emerging
field of investigation, with potentially large clinical and
social impact. Previous studies indicated close rela-
tionships between glycemic control and incidence/
severity of DM complications (1–6) and serum levels of
glycation products were related to the development of

vascular complications in type 1 and 2 DM (7–9). Pro-
tein glycation depends on glucose concentration and
on levels of triose phosphate metabolites (10), deoxy-
glucosones (11), and other compounds and sugars.
These compounds act per se or generate other potent
glycating agents such as methylglyoxal (12) or glyoxal,
which is formed under physiological conditions via
oxidative degradation of Amadori products (13) or lipid
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peroxidation (14). Therefore, the serum molecules able
to modify proteins via a glycation process are more
than just glucose, and glycemic level only, in part,
describes, in DM patients, the concentration of effec-
tive serum glycating molecules.

Hyperglycemia promotes endothelial cells (ECs)
dysfunction in insulin-dependent and insulin-indepen-
dent DM and is a major causal factor in development
of macro- and microvascular diseases (1–4). Endothe-
lial dysfunction in DM leads to a severe angiogenesis
impairment, according to clinical as well as experi-
mental studies (15–18); further, angiogenesis impair-
ment in hyperglycemic DM patients may lead to seri-
ous skin ulcers and amputation, or increased
morbidity and mortality due to coronary artery dis-
ease. Molecular mechanisms underlying these angio-
genic defects are still not completely clarified. How-
ever, it is known that elevated glucose serum levels
may induce protein nonenzymatic glycosylation (gly-
cation) where free amino groups belonging to lysine or
arginine residues interact with reducing sugars form-
ing unstable Schiff bases which, in turn, through the
Amadori rearrangement, proceed toward formation of
advanced glycation end (AGE) products (19, 20). Sev-
eral proteins, including extracellular matrix proteins,
serum albumin, hemoglobin, ribonuclease (RNAse),
crystallins, lysozyme, and �-lactoglobulin, undergo
such nonenzymatic modification, and precipitate as
insoluble material with capillary basement membrane
thickening, a hallmark of diabetic microangiopathy (7,
21–24). Glycation products accumulation may be in-
duced by glucose, as well as by many other reducing
molecules elevated in DM, and has been involved in
the etiology of both micro- and macrovascular com-
plications and EC dysfunction of DM (7, 25–32). Fur-
ther, accumulation of glycated proteins such as he-
moglobin is considered a marker of the hyperglycemic
history and a proof of the glycation occurring in vivo.
Interestingly, other proteins have been reported to be
glycated in vitro (21, 33, 34), including growth factors and
enzymes (7), upon long-term exposure to high-sugar
concentrations (i.e. 24- to 48-h incubation with 200 mM

or higher concentrations of sugars like glucose-6-
phosphate, glyceraldehyde-3-phosphate). The effects
of very short incubations with low-glucose concentra-
tions, comparable to those found in hyperglycemic
conditions, on regulatory proteins such as angiogenic
growth factors, and the direct determination in vivo of
their glycation were never reported. In the present
study, we report for the first time the detection of
glycated fibroblast growth factor-2 (FGF-2) in vitro
upon experimental conditions, namely 30–60 min in-
cubation with 12.5–50 mM glucose, comparable to
those present in hyperglycemia and in DM patients,
showing a significant functional impairment as com-
pared with unglycated FGF-2. Furthermore, for the
first time direct evidence of in vivo FGF-2 glycation is
reported in the present study. Therefore, these data
strongly support the existence of a novel pathogenetic
mechanism underlying angiogenesis impairment and

vascular complications in DM, specifically involving
both proliferative/chemotactic and angiogenic activi-
ties of FGF-2.

RESULTS

Biochemical Modifications Induced by
Glucose Incubation

Hyperglycemia in DM patients usually ranges from
6–30 mM, and in some cases it may reach 55 mM in
hyperosmolar hyperglycemic nonketotic diabetic pa-
tients (35). Therefore, to mimic a pathological context
corresponding to DM, in this study FGF-2 was incu-
bated with glucose concentrations ranging from 12.5
to 50 mM, in most experiments. We first carried out
biochemical studies, namely SDS-PAGE analysis un-
der denaturing conditions and mass spectrometry
analysis, to evaluate the structural modifications of
FGF-2 incubated with glucose. FGF-2 was incubated
with 50 mM glucose added with tracing amounts of
[14C]glucose, and denaturing SDS-PAGE analysis was
carried out, followed by autoradiography. A direct
binding of the [14C]glucose to monomer FGF-2 was
detected at 1 h incubation; upon longer incubation
time, it paralleled the formation of labeled high molec-
ular mass (HMM) complexes (Fig. 1A). In the range of
40–90 kDa, glucose incubation induced the formation
of a faint labeled smeared band (data not shown).
Upon longer time exposure (48–96 h or longer), or
higher sugar concentration, both the HMM complexes
and the smeared band were more evident (data not
shown). The smeared band and the aggregates at high
molecular mass, observed under denaturing electro-
phoretic conditions, are very similar to those de-
scribed for other proteins, e.g. ovalbumin, when ex-
posed to the nonenzymatic glycation reaction (36).

In mass spectrometry studies, FGF-2 incubated
with 50 mM glucose showed a marked mass shift (Fig.
1B) corresponding to an approximately 160-Da in-
crease of mass, indicating the formation of glucose-
containing adducts, likely due to glycation. Mannitol
was used as inactive, isoosmotic control and gave no
mass shift. In additional mass spectrometry studies,
glycated FGF-2 was cleaved by cyanogen bromide
treatment according to a published protocol (37) to
localize where the sugar-induced chemical modifica-
tion occurs. Preliminary results indicate that one res-
idue in the C-terminal fragment of FGF-2 (between
residues 85 and 150) is the most rapidly modified by
glucose with an approximately 160-Da mass shift,
suggesting the formation of a glycated adduct (data
not shown). As an additional approach, the intrinsic
fluorescence of FGF-2 was then investigated upon 30
and 60 min incubation with glucose, using mannitol as
a control. Figure 2A shows that, upon excitation at 278
nm, the maximum of the fluorescence spectrum in the
absence of glucose was centered at about 340 nm,
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according to previous studies (38) with excitation at
290 nm. The maximum was shifted to 347 nm upon
glucose addition (Fig. 2B), suggesting a glucose-in-

duced environmental effect onto the FGF-2 molecule.
Moreover, difference spectra reported in Fig. 2B
showed near doubling of the fluorescence intensity at

Fig. 1. Biochemical Analysis of Glucose-Incubated FGF-2
A, Autoradiographic SDS-PAGE analysis. FGF-2 (1 �g) incubated with 50 mM glucose added with trace amounts of [14C]glu-

cose was subjected to SDS-PAGE followed by autoradiography (upper and middle panels). High molecular mass (HMW)
complexes at the beginning of the resolving gel are marked. An equal amount of FGF-2 loaded in the gel was assayed by Western
blot (lower and righthand panels). B, Mass spectrometry analysis: FGF-2 (as native protein, upper panel) was incubated with 50
mM mannitol (middle panel) or glucose (lower panel) for 48 h, and then subjected to MALDI/MS analysis (see Materials and
Methods). A representative graph for each condition is reported.
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the incubation start (asterisks), which thereafter de-
creased in time. Under these conditions, glucose in-
creased the fluorescence and altered the ratio be-
tween intensities at 320 and 360 nm, F320/F360 (Fig. 2,
B and C), to an extent considerably higher than man-
nitol, suggesting a marked involvement of tyrosyl and
tryptophanyl fluorophores within 60 min exposure to
glucose.

FGF-2 is known to require a specific interaction with
high-affinity FGF-R1 receptor and a homodimerization
step to trigger the signaling cascade (39, 40). There-
fore, we investigated whether glucose affects FGF-2
binding and homodimerization properties, under our
experimental conditions. Surface plasmonic reso-
nance (SPR) experiments showed that glucose-ex-
posed FGF-2 bound FGF-R1 markedly less than man-
nitol-exposed FGF-2 (Fig. 3A). Kinetic analyses,
performed by evaluating binding features at increasing
FGF-2 concentration, indicated that FGF-2 preincu-
bated with glucose binds FGF-R1 with 20-fold less

affinity, as compared with mannitol-treated FGF-2 (Ta-
ble 1). Additional experiments were then performed to
evaluate whether glucose may interfere with FGF-2
homodimerization. After 60 min incubation with 50 mM

glucose or fructose, FGF-2 lost about 50% of its ability
to homodimerize (Fig. 3B), whereas 25 mM glucose
gave about 30% inhibition (data not shown). This sig-
nificant reduction of FGF-2’s ability to homodimerize
was already detectable and significant after 30 min
exposure to glucose or fructose, but completely ab-
sent with mannitol (Fig. 3B). The effects of glucose on
homodimerization are not in conflict with results from

Fig. 2. Structural Analysis: Emission Fluorescence Study
FGF-2 was incubated with sugars, after which the emis-

sion fluorescence scan was recorded and representative
spectra are shown. A, FGF-2 fluorescence in the absence of
sugars. B, FGF-2 fluorescence in the presence of 50 mM

mannitol or glucose. The ordinate axis represents fluores-
cence excess (�F) (see Materials and Methods). C, Ratio
between intensities at 320 and 360 nm as a function of
duration of glucose exposure. ex. or exec., Excitation.

Fig. 3. Binding Analysis
A, Glucose effects on FGF-2 binding to FGFR1. FGF-2 was

treated with mannitol or glucose (50 mM, 1 h), after which its
ability to interact with immobilized FGFR-chip was assayed
by SPR. Representative sensorgrams are reported. The ex-
periment was carried out three times with similar results. B,
FGF-2 homodimerization in the presence of glucose. The
effects of glucose treatment (50 mM) on ability of biotinylated
FGF-2 to interact with immobilized FGF-2 were evaluated by
streptavidin-HRP detection. Data are expressed as mean �
SD of one representative experiment performed in triplicate.
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SDS-PAGE experiments (Fig. 1A). HMM complexes for-
mation and homodimerization reflect different structural
phenomena. In fact, HMM complexes, due to covalent-
bonds formation, become evident upon long (12–24 h)
sugar exposure, whereas the effect on homodimeriza-
tion, due to a noncovalent interaction, is evident upon
short (30–60 min) sugar exposure. Therefore, the effects
on HMM complex formation and impairment of ho-
modimerization should be not directly related.

All together, these data indicate a marked structural
modification of FGF-2 and a strong reduction of its
binding properties upon 60 min incubation with glu-
cose at concentrations very close to those found in
hyperglycemic DM patients.

Characterization of the Glucose-Modified FGF-2

To characterize the observed phenomenon and con-
firm that FGF-2 undergoes a rapid glycation, the for-
mation of glycation products was investigated. FGF-2,
incubated for 0–48 h with glucose, fructose, or man-
nitol, was evaluated in a competitive ELISA using a
specific anti-AGE antibody. Results of these experi-
ments are reported in Fig. 4A. Additional immunoblot
analyses to confirm the time-dependent formation of
glycation products are reported in Fig. 4B (P � 0.001).
Interestingly, a significant glycation was observed at
36 h incubation by exposing FGF-2 to an even lower
glucose concentration (namely 12.5 mM, frankly within
hyperglycemic levels) (P � 0.001). The dose-depen-
dent effect of sugars was evaluated by competitive
ELISA and reported in Table 2. Fructose was slightly
more reactive to induce FGF-2 glycation than glucose,
whereas mannitol, as expected, was ineffective in all
cases. Incubation of BSA, placental growth factor
(PlGF), platelet derived growth factor-BB (PDGF-BB)
or FGF-2 (0.1 mg/ml final concentration each) with
sugars for 0–24 h (Table 2) showed that only FGF-2
was markedly and significantly modified within 12 h,
whereas for PlGF a weak effect was detectable at 24 h.
BSA, which is known to be glycated under more ex-
treme conditions (21), and PDGF-BB were not signif-
icantly modified at any incubation time. These data
indicate that, at 25 mM glucose incubation, a highly
specific FGF-2 modification occurs, identified as a
glycation product formation.

FGF-2 Mitogenic and Chemotactic Activities Are
Rapidly Reduced by Low-Glucose Incubation

The in vitro angiogenic activity of FGF-2 was tested on
ECs. Both FGF-2-induced proliferation and chemo-

taxis were significantly reduced by glucose exposure;
such an effect was time dependent and was already
statistically significant after 1 h glucose incubation
(Fig. 5, A and B).

To address whether the reduced proliferation ob-
served in vitro was due to an increased apoptosis, an

Table 1. Glucose Effect on FGF-2 Binding to FGFR1

Immobilized Ligand Analyte in Solution ka (M�1sec�1) kd (sec�1) KD (M)

FGFR1 FGF-2 preincubated with 50 mM mannitol (4.2 � 4.2) � 105 (1.6 � 0.4) � 10�3 (3.8 � 0.7) � 10�9

FGFR1 FGF-2 preincubated with 50 mM glucose (5.2 � 1.8) � 104 (4.1 � 0.1) � 10�3 (7.9 � 2.7) � 10�8

Kinetics analysis was performed as described in Materials and Methods and legend to Fig. 3A, using FGFR1-immobilized chip
and sugar-treated FGF-2 as analyte, injected at increasing concentrations (see Materials and Methods).

Fig. 4. FGF-2 Glucose-Induced Modification Leads to Gly-
cation Products Formation

A, Competitive ELISA experiments. FGF-2 (11 pmol) was
incubated for specified times with 50 mM glucose or control
sugars. The 10% competition reported in panel A corre-
sponds to the presence of 5 pmol of glycation product for-
mation. B, Immunoblot analysis: FGF-2 (110 pmol) treated for
specified times with PBS, 50 mM or 12.5 mM glucose, or
control sugars was blotted onto nitrocellulose and detected
with anti-AGE antibody. Immunolabeled dots were quantified
by densitometry. Asterisks indicate P � 0.001 vs. mannitol.
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in vitro quantification of programmed cell death was
carried out in ECs exposed to FGF-2, pretreated or
not with sugars, and compared with controls (Fig.
5C). The results do not show signs of increased
apoptosis, compared with controls, indicating that
the impaired mitogenic properties of glucose-
treated FGF-2 were not due to the activation of an
apoptotic pathway.

The phosphorylation of both FGF receptor 1
(FGFR1) and ERK-1/2 induced by FGF-2 (glycated
or not) was analyzed in Western blot experiments
with anti-phospho-FGFR1 and phospho-Erk-1/2 an-
tibodies. ECs were treated with basal medium with-
out any stimulus (medium alone) or supplemented
with fetal calf serum (FCS) or with FGF-2 (unmodi-
fied or pre-treated with mannitol or glucose). The
glucose-treated FGF-2 (rightmost lane in panels of
Fig. 5D) was significantly less potent to induce both
FGFR1 (P � 0.01) and ERK-1/2 (P � 0.01) phos-
phorylation, as compared with mannitol-treated
FGF-2 (Fig. 5D), taking the phosphorylation levels
back to the basal (leftmost lane of Fig. 5D). These
results indicate that the glucose-induced modifica-
tion of FGF-2, under our experimental conditions,
markedly impairs its signaling pathway. Further,
dose-dependent experiments showed, upon 25 mM

glucose exposure, a significant inhibition of FGF-2-
induced mitogenic and chemotactic activities, re-

spectively (P � 0.05) (Fig. 5, E and F). A significant
reduction of both mitogenic and chemotactic activ-
ities of FGF-2 exposed to 12.5 mM was also detect-
able (P � 0.05). In both proliferation and chemotaxis
assays, glucose was slightly less reactive than fruc-
tose. Similar experiments were also carried out on
primary human umbilical vein ECs (HUVECs) with
similar results (data not shown). These data indi-
cated that fructose and glucose, incubated at low
millimolar concentrations and for a short time (i.e.
30–60 min) induced a marked loss of chemotactic
activity and mitogenic activity of FGF-2.

FGF-2 Glycation Impairs in Vivo Angiogenesis

The effect of glucose incubation on the angiogenic
properties of FGF-2 was then evaluated in vivo. FGF-2
incubated with glucose or mannitol (50 mM) for a spec-
ified time was assayed as angiogenic stimulus in cho-
rioallantoic membrane (CAM) assay (Fig. 6A) or mixed
with Matrigel and then injected sc in mice. In the latter
case, the angiogenic response induced by glucose-
incubated FGF-2 was measured in the plugs extracted
from mice (Fig. 6B). Exposure to glucose in the CAM
assay (30 min) or exposure in the Matrigel-assay (60
min), were sufficient to significantly reduce in vivo
angiogenic potential of FGF-2 (P � 0.01). Glucose and
fructose (data not shown) induced similar effects,

Table 2. Specificity of Glucose-Induced Glycation by Competitive ELISA Measure

Protein Incubation with Sugars Glycation (% of Competition)
Mean � SD

t Test
(P vs. Mannitol)

BSA 0 h Mannitol, 100 mM 5.8 � 0.46 —
BSA 0 h Fructose, 100 mM 5.66 � 0.71 0.7980
BSA 12 h Mannitol, 100 mM 5.93 � 9.21 0.6586
BSA 12 h Fructose,100 mM 6.1 � 0.26 0.4395
BSA 24 h Mannitol, 100 mM 5.76 � 0.61 0.7541
BSA 24 h Glucose, 100 mM 6.4 � 0.10 0.1511
BSA 24 h Fructose,100 mM 6.67 � 0.42 0.1026
FGF-2 0 h Mannitol, 25 mM 5.57 � 0.40 0.7129
FGF-2 0 h Mannitol, 100 mM 5.23 � 0.41 0.3695
FGF-2 0 h Glucose, 100 mM 6.03 � 0.65 0.1447
FGF-2 0 h Fructose, 100 mM 6.6 � 0.61 0.1297
FGF-2 12 h Mannitol, 25 mM 5.47 � 0.15 0.8058
FGF-2 12 h Glucose, 25 mM 7.83 � 0.85 0.0090
FGF-2 12 h Fructose, 25 mM 8.93 � 0.80 0.0018
FGF-2 12 h Glucose, 100 mM 9.17 � 0.45 0.0064
FGF-2 12 h Fructose, 100 mM 12.27 � 0.76 0.0008
FGF-2 24 h Mannitol, 100 mM 5.9 � 0.98 0.8243
FGF-2 24 h Glucose, 100 mM 16.5 � 0.9 0.0002
FGF-2 24 h Fructose, 100 mM 20.4 � 1.9 0.0002
PDGF-BB 0 h Fructose, 100 mM 5.6 � 0.50 0.3791
PDGF-BB 12 h Fructose, 100 mM 6.4 � 0.26 0.4436
PDGF-BB 24 h Fructose, 100 mM 6.57 � 0.40 0.3390
PlGF 0 h Fructose, 100 mM 5.33 � 0.38 0.7700
PlGF 12 h Fructose, 100 mM 7.13 � 0.68 0.1489
PlGF 24 h Fructose, 100 mM 8.2 � 0.55 0.0254

The specificity of the glucose effect was evaluated by incubation with different proteins and growth factors. Statistically significant
values (P � 0.05 vs. BSA, 0 h, mannitol 100 mM) are indicated in bold. The dashed line indicates that Student’s t test does not
apply.
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whereas mannitol was not effective. Apoptosis was
evaluated on CAMs using terminal deoxynucleotide
transferase-mediated deoxyuridine triphosphate nick-
end labeling (TUNEL) staining. Sections were studied
for the presence of apoptotic cells in the endothelium
of blood vessels. No apoptotic ECs were observed
(data not shown).

Detection of in Vivo Glycated FGF-2

Results reported above prompted us to hypothesize
that FGF-2 glycation may occur in vivo under hyper-
glycemic DM conditions; such a hypothesis was then
tested in brain extracts from hyperglycemic diabetic
mice. Endogenous FGF-2 was analyzed through im-

Fig. 5. Effects of Low-Glucose Concentrations on FGF-2-Induced Activity
A, BAEC cells were exposed to FGF-2 preincubated with glucose or control sugars (50 mM) for specified times after which the

mitogenic response was compared with mannitol-incubated FGF-2. B, ECs were exposed to FGF-2 preincubated as above and
chemotactic response was measured. Cell number in controls (FGF-2 with PBS for 0 h) was 42 � 5/field. C, ECs were exposed
to medium alone (neither serum nor growth factor) or supplemented with FGF-2 preincubated with PBS, glucose, or control sugar
(50 mM) as above, or exposed to medium supplemented with FCS, after which the formation of mono- and oligonucleosomes was
measured. Data are expressed as a percentage of apoptosis (mean � SD of three experiments performed in triplicate). D, FGFR1
and ERK-1/2 phosphorylation in ECs stimulated for 10 min with FGF-2 pretreated with glucose or mannitol (60 min, 50 mM), or
under basal (Medium) or FCS-stimulated conditions. Bands of phosphorylated proteins were quantified and normalized by
densitometric measures of tubulin bands, expressed as mean � SD of one representative experiment performed in triplicate. E
and F, Dose-dependent effect of glucose on mitogenic (E) and chemotactic (F) FGF-2 activity was evaluated by using FGF-2
preincubated with sugars for 1 h. Data are expressed as mean � SD of three experiments performed in triplicate (*, P � 0.05 vs.
mannitol). WB, Western blot.
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Fig. 6. Glucose Effects on FGF-2-Induced in Vivo Angiogenesis and in Vivo Glycation of FGF-2
A, Chick embryo CAM-sponge assay: macroscopic and microscopic assessment of vascular density on d 12 of incubation.

Macroscopic evaluation represents the number of blood vessels at the sponge-CAM boundary (mean � SD; magnification, �50)
(*, P � 0.001). Microscopic evaluation (magnification, �250) represents the microvessel density, i.e. the percentage of the
occupied intersection points referred to their total number of blood vessels inside the sponge. Angiogenic stimulus was FGF-2
incubated with 50 mM glucose or PBS alone. Asterisks indicate the statistical significance (P � 0.01) vs. mannitol-incubated
FGF-2. B, Matrigel assay in sc tissue of mice: Matrigel was mixed with FGF-2 previously incubated for specified time with mannitol
or glucose (50 mM), and then injected in mice (see Materials and Methods). Data are reported as percent of angiogenesis
measured in control mice (mean � SD) (*, P � 0.001; **, P � 0.05 vs. mannitol-treated mice). Hemoglobin content in plugs from
mice treated with unmodified FGF-2 was 3.2 � 0.2 �g/mg of total protein. C, Glycated-FGF-2 in brain extracts from normogly-
cemic (CD1-normoG and NOD-normoG) and hyperglycemic (NOD-hyperG) mice (n � 6 for each group of mice). Equal amounts
of protein extracts have been used for each sample, and total FGF-2 has been measured by a commercial ELISA kit (see Materials
and Methods). The dot blot analysis from four CD1-normoG, NOD-normoG, and NOD-hyperG mice with the anti-AGE antibody
is shown (upper panel), and the densitometric analysis is reported (lower panel). Asterisks indicate the statistical significance (P �
0.01) vs. normoG mice.
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munolabeling with anti-AGE antibody, and results
from hyperglycemic nonobese diabetic (NOD) mice
were compared with normoglycemic mice. Hypergly-
cemic mice were chosen with average glycemic levels
of 28 mM. Brain extracts were chosen because the
brain contains a very high FGF-2 concentration. In
extracts from hyperglycemic mice, the level of gly-
cated FGF-2 was found to be significantly higher (P �
0.006) as compared with extracts from normoglycemic
mice (Fig. 6C).

DISCUSSION

In the present study we investigated the glucose ef-
fects only, compared with fructose, as an additional
reducing sugar, and mannitol as iso-osmotic control,
bearing in mind that in serum and tissues from DM
patients many other molecules contribute to the total
glycating activity. Therefore, the low millimolar con-
centrations used in the current study may be consid-
ered to relate well to hyperglycemic diabetic condi-
tions. Further, previous studies showed that long-term
(i.e. days or weeks) exposure to high-sugar concen-
trations may efficiently modify in vitro a number of
proteins. In the present study, markedly milder condi-
tions (incubation time as short as 30–60 min with glu-
cose concentration as low as 12.5 mM) were sufficient
to induce the formation of an FGF-2 glycated product
and to induce significant modifications of FGF-2 struc-
ture and function, both in vitro and in vivo. It is note-
worthy that the antibody used to detect the glycated
FGF-2-product was specifically developed to recog-
nize early- or intermediate-AGE products: in the
present study it recognized more efficiently the FGF-2
produced at short incubation time, as compared with
longer incubations (see Fig. 4, time point at 36 h),
possibly suggesting the formation of an early or inter-
mediate glycation product of FGF-2 under these ex-
perimental conditions. Recently published studies
showed that another antibody raised against a similar
antigen was able to prevent experimental diabetic ret-
inopathy (41), confirming a potential role of similar
glycation products in development of DM vascular
complications and suggesting novel potential thera-
peutic approaches.

It is noteworthy that 1-h glucose incubation induced
the formation of an FGF-2 glycated product concom-
itantly with the changes of FGF-2 fluorescence. In
experiments reported in Fig. 2, glucose addition
caused a red shift of the maximum intensity from 340–
347 nm, suggesting a major structural modification
(compare Fig. 2, A and B). The glucose effect is better
appreciated by the F320/F360 ratio, which estimates
changes in shape of the spectrum. In fact, upon sugar
addition, it was invariably lower than 1 and signifi-
cantly lower for glucose than for mannitol, more mark-
edly at 60 min of incubation, indicating the occurrence
of glucose-induced FGF-2 structural modifications

(Fig. 2C). It is noteworthy that 60 min exposure of
FGF-2 to 50 mM glucose determines 1) a significant
reduction (50%) of FGF-2 homodimerization (neces-
sary step for FGF-2 to exert its biological activity), 2) a
strong reduction (�20-fold) in binding affinity to
FGFR1, and 3) a 56% reduction of Erk-1/2 phosphor-
ylation in HUVECs. Therefore, it is reasonable to hy-
pothesize that hyperglycemia may impair FGF-2 ho-
modimerization, FGF-2 binding to its receptor, and
activation of the signal transduction pathway, with a
subsequent significant loss of in vitro and in vivo an-
giogenic properties (�50% inhibition of proliferation
and migration features). To rule out that the reduced
proliferation observed in our in vitro system was not
due to the activation of an apoptotic pathway, a direct
quantification of apoptosis was carried out by a pho-
tometric ELISA. ECs were exposed to FGF-2 treated
or not with sugars and compared with controls. The
results from these experiments in vitro confirmed that
the impaired mitogenic properties of glucose-treated
FGF-2 were not due to the activation of an apoptotic
pathway. Further, in vivo apoptosis was evaluated on
CAMs using TUNEL staining. Sections were studied
for the presence of apoptotic cells in the endothelium
of blood vessels. Under the present experimental con-
ditions no apoptotic cells were observed (data not
shown), indicating that the impairment of FGF-2 an-
giogenic features was not due to an apoptosis in-
crease. However, the possibility cannot be ruled out
that glycated-FGF-2 may impair angiogenesis through
the activation of an apoptotic pathway in another in
vivo model. Mass spectrometry and biochemical and
functional analyses carried out in the present study
represent the first direct evidence of the formation of
glucose adduct in FGF-2 molecule, possibly due to
glycation, upon experimental conditions comparable
to hyperglycemia. An inverse correlation between gly-
cemic level and exogenous-FGF-2-induced angiogen-
esis in NOD mice is known (16): in the present study,
for the first time, the direct evidence of in vivo glycation
of endogenous FGF-2 has been reported in tissues of
hyperglycemic NOD mice with glycemic levels (28 mM

in average) very close to the glucose levels used
throughout the analyses carried out in the current
study. Glycation of endogenous FGF-2 was signifi-
cantly less evident both in CD1 and in normoglycemic
NOD mice, indicating that endogenous FGF-2 glyca-
tion was likely related to the hyperglycemic status.
These results confirm that this glucose-induced mod-
ification of FGF-2 occurs in vivo and strongly support
this as a novel and specific mechanism underlying the
angiogenesis impairment in DM patients.

In conclusion, the present study suggests a novel
role of protein glycation to control structural and func-
tional features of specific regulatory angiogenic pro-
teins exposed to hyperglycemia and may open inter-
esting new perspectives to study the effects of
glucose not only in pathological but also in physiolog-
ical conditions.
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MATERIALS AND METHODS

Experimental Animals

Procedures involving animals and their care were conducted
in conformity with institutional guidelines in compliance with
international laws and policies (NIH Guide for the Care and
Use of Laboratory Animals, 1996).

Materials

Human recombinant FGF-2, human recombinant PlGF and
human recombinant PDGF-BB were from R&D Systems, Inc.
(Minneapolis, MN). The FGFR-Fc chimera used for binding
studies was from R&D. The Biacore X instrument (Biacore AB,
Uppsala, Sweden), sensor chips CM5, surfactant P20, and
the amine-coupling kit containing N-hydroxysuccinimide,
N-ethyl-N	-(3-diethylaminopropyl) carbodiimide, and etha-
nolamine hydrochloride were from Pharmacia Biosensor AB
(Amersham Pharmacia Biotech, Uppsala, Sweden). The anti-
PDGF-BB and anti-FGF-2 antibodies were from R&D. Chem-
icals for immunoblot and western Blot analysis were from
Amersham Pharmacia Biotech and Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). ELISA kits for FGF-2 quantification
were from R&D. All other reagents were of the highest purity
available and were purchased from Sigma Chemical Co. (St.
Louis, MO).

Glucose-Dependent Modification of FGF-2 and
Other Proteins

Human recombinant FGF-2 was dissolved in glycation buffer
solution (0.9% NaCl, 0.144 g/liter KH2PO4, 0.426 g/liter
Na2HPO4) pH 7.4, at 10 �g/ml final concentration and imme-
diately frozen at �80 C, under sterile conditions, after which
FGF-2 aliquots were incubated at 37 C for different times
(from 0–48 h in sealed vials) with different concentrations of
glucose, fructose, or mannitol. These samples were then
diluted at least 1000 times to be tested in functional assays.
FGF-2 incubated with glucose was also subjected to Western
blot (not shown), immunoblotting (through Dot Blot assay)
and competitive ELISA using a polyclonal anti-AGE antibody
(see below) and detected via a chemiluminescent detection
assay (ECL, Amersham Pharmacia). SDS-PAGE and radiola-
beling studies with D-[1-14C]-glucose were carried out as
described (16). Nonspecific binding of glycated proteins to
plastics was minimized by careful handling and evaluation of
protein recovery after each manipulation.

Data reported in competitive ELISA, SDS-PAGE, and im-
munoblot analyses were carried out at least three times, with
similar results.

Matrix-Assisted Laser Desorption Ionization Mass
Spectrometry (MALDI/MS)

FGF-2 samples, after incubation with glucose or mannitol at
the specified doses, were analyzed by MALDI/MS on a Voy-
ager DE-Pro mass spectrometer (Applied Biosystems, Foster
City, CA) operating in positive-ion linear mode. A mixture of
analyte solution and saturated solution of sinapinic acid (10
mg/ml in acetonitrile/0.2% trifluoroacetic acid 40:60) (Sigma)
was applied to the metallic sample plate and dried. Average
mass values were measured in this analysis. The instrument
was calibrated using a standard mixture of proteins provided
by the manufacturer and following their procedures. FGF-2
fragments were generated using a cyanogen bromide treat-
ment, according to a published protocol (37).

Competitive ELISA

The rabbit AGE-RNAse polyclonal antibody used in this study
was developed against RNAse incubated for 20 d with 25 mM

methyl glyoxal (Fluka, Buchs, Switzerland). Hyperimmune se-
rum was obtained according to standard protocols and
stored at �80 C until use. The antiserum was characterized
by Western blot and competitive ELISA studies, as previously
described (16). Briefly, anti-AGE antibody was assayed
against BSA, ovalbumin, and casein, obtained by incubation
with 250 mM fructose for 7 d, or �-lactoglobulin incubated
with 250 mM methyl glyoxal for 7 d. To determine FGF-2
sugar-induced modification, 96-well flexible ELISA plates
were coated with 10 �g/ml glycated-BSA (i.e. preincubated
with methyl glyoxal as above) and incubated at 4 C overnight.
After blocking with 10% horse serum, 0.1 ml aliquots of rabbit
antiserum (1:4000), in the presence of glycated FGF-2, were
added at 37 C for 1 h. Peroxidase-conjugated antirabbit IgG
secondary antibodies and tetramethylbenzidine (Bio-Rad
Laboratories, Inc., Hercules, CA) were used for a colorimetric
assay measuring OD at 450 nm.

Fluorescence Studies

Fluorescence studies were carried out as reported elsewhere
(42). FGF-2 (10 �g/100 �l final volume in glycation buffer
solution) was incubated at 37 C in the presence and the
absence of mannitol or glucose, and steady-state fluores-
cence emission spectra were collected at regular time inter-
vals with a PerkinElmer LS55 instrument (PerkinElmer, Inc.,
Boston, MA), using an excitation wavelength of 278 nm,
equal bandwidths for excitation and emission, 120 nm/min
scan speed, and 1-sec integration time. Final spectra of
glucose-incubated FGF-2 were obtained after subtraction of
the separate contributions of protein and each sugar. Fluo-
rescence excess (�F) was obtained by subtracting contribu-
tions from separate FGF-2 and sugar solutions from the
fluorescence of the sugar/FGF-2 mixture assayed.

SPR Studies

FGF-2 binding studies were carried out on a Biacore X in-
strument according to previously reported procedures (42).
To study FGFR/FGF-2 interaction, protein A (70 �l, 300 �g/
ml) diluted in 30 mM acetate buffer, pH 4.2, was covalently
coupled to a CM5 sensor chip according to a published
procedure (43). The FGFR1 extracellular domain, fused to the
mouse heavy chain IgG2a (FGFR-Fc), was then immobilized
[�1000 resonance units (RU)]. Human recombinant FGF-2
(20 �l, 150 nM, 3 �g/ml), previously incubated in the presence
or in the absence of 50 mM glucose, fructose, or mannitol (37
C for different times), was injected on FGFR-Fc-coated sen-
sor chip for 2 min association phase and 30 sec dissociation
phase. The response expressed in RU was monitored at 25 C
and reported upon subtraction of the reference cell, to sub-
tract bulk refractive index background and nonspecific bind-
ing. Sensor chip regeneration was successfully achieved by
10 �l of 50 mM NaOH injection.

In additional experiments, different concentrations of
FGF-2 (in the range of 0–1200 nM) were preincubated with 50
mM glucose at 37 C for 60 min for kinetics evaluation, ac-
cording to previously published procedures (44).

Kinetic Data Analysis

Biacore sensorgrams were analyzed by nonlinear least
squares curve fitting using the BIAevaluation software ver-
sion 3.0 (Biacore Pharmacia). Kinetic constants were gener-
ated from the association and dissociation curves from the
SPR experiments by fitting to a single-site binding model
(Langmuir model: A 
 B � AB), as previously reported (42).
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The apparent equilibrium dissociation constant, kd, was com-
puted as the ratio of these kinetic constants (45, 46). This
model computed a single exponential fit with a �2 � 0.5. The
equation

Rt�R0exp��kd�t�t0�

was used for the dissociation phase, where Rt is the amount
of bound ligand expressed in RU at time t and t0 is the
beginning of dissociation phase. The final dissociation rate
constant, kd, was calculated from the mean values obtained
from injections performed at least in duplicate. To analyze the
association phase, the equation

Rt�Req�1�exp��ks�t�t0

was employed, where Req is the amount of bound ligand
(expressed in RU) at equilibrium, t0 is the starting time of
injection, and

ks�kaC
kd

where C is the concentration of analyte injected over the
sensor chip surface. The association rate constant, ka, was
determined as the slope of a plot of ks vs. C. The apparent
equilibrium dissociation constant, KD, was determined as the
ratio of these two kinetic constants (45, 46)

KD�kd/ka

FGF-2 Homodimerization

FGF-2 was diluted in assay buffer AC7.5 (50 mM Tris-HCl, pH
7.5; 100 mM KCl; 3 mM MgCl2; 1 mM CaCl2) at 7 �g/ml final
concentration; then 100 �l/well solution was incubated at 4 C
for 4 h in microplate (Costar, Cambridge, MA) and subse-
quently blocked with 300 �l/well of 30 mg/ml BSA (Sigma)
diluted in AC7.5 for 16 h at 4 C. The next day, biotinylated
FGF-2 was diluted in AC7.5T-BSA buffer (AC7.5 buffer added
with 0.1% Tween 20 and 0.15 mg/ml BSA; Sigma) and dis-
pensed onto FGF-2-coated wells, for 3 h at room tempera-
ture. Unbound material was then washed out and wells were
incubated for 60 min with AB complex (Vecstatine, Vector
Laboratories, Burlingame, CA) conjugated with alkaline phos-
phatase (100 �l/well). Plates were washed once with AC7.5T-
BSA and twice with diethanolamine buffer (10 mM diethanol-
amine, 0.5 mM MgCl2), incubated with p-nitrophenyl
phosphate (pNPP) in diethanolamine buffer (100 �l/well), and
the colorimetric reaction was detected at 405 nm according
to the manufacturer’s instructions using an ELISA plate
reader spectrophotometer (Bio-Rad).

Primary Cultures of ECs

Primary bovine aorta ECs (BAECs) and primary HUVECs were
prepared and cultured as described (47). Culture purity was
consistently more than 98% according to cobblestone ar-
rangement and to DiI-Ac-LDL uptake. BAECs were main-
tained in DMEM supplemented with 10% FCS (Euroclone
Ltd., Paignton, UK), 2 mM -glutamine, and 100 IU/ml penicil-
lin/streptomycin (GIBCO, Paisley, UK) in humidified 5% CO2
atmosphere at 37 C. All experiments were performed with
cells at passage 2–6.

In Vitro Migration and Proliferation Studies

Migration assays with BAECs (2 � 105) were carried out in
modified Boyden chambers (Costar Scientific Corp., Cam-
bridge, MA) as described (47). Glucose-incubated human
recombinant FGF-2 (10 ng/ml) was used as chemoattractant,
in the lower portion of a Boyden chamber. Assays were
carried out at 37 C in 5% CO2 humidified incubators, for 6 h.
Migrated cells were counted at �400 magnification; 10 fields/
filter were evaluated, and the average number of cells per
field was reported. In proliferation assays, ECs plated in
six-well plates (1 � 105 cells per plate) were grown for 24 h

in DMEM (for BAECs) or EBM-2 (for HUVECs) supplemented
with 10% FCS or EGM-2 kit (respectively) at 37 C in 5% CO2.
Medium was then replaced with a serum-free medium, for
24 h. Subsequently, the medium was replaced with fresh
medium containing either 0.1% BSA alone or 0.1% BSA
supplemented with growth factors previously incubated with
sugars. After 48 h treatment, cells were harvested and
counted with a hemacytometer. All experiments were carried
out at least three times in duplicate, with similar results.

In Vitro Assessment of Apoptosis

In vitro apoptosis was measured by photometric enzyme
immunoassay (Cell Death Detection ELISA; Roche Clinical
Laboratories, Indianapolis, IN), to quantify cytoplasmic his-
tone-associated DNA fragments (mono- and oligonucleo-
somes) as previously described (47).

FGFR1 and MAPK Activation Study

FGFR1 and ERK-1/2 phosphorylation was detected in ex-
tracts from ECs exposed for 10 min to FGF-2 treated with 50
mM glucose or mannitol as control, using anti-phospho-
FGFR1 (Abgent, San Diego, CA) and anti-ERK-1/2 and anti-
phospho-Erk-1/2 (Cell Signaling Technology, Inc., Beverly,
MA) antibodies according to a published protocol (48). Equal
amounts of total proteins (100 �g/lane) were electrophoresed
in 12% SDS-PAGE under reducing conditions and electro-
blotted to a nitrocellulose membrane Optitran BA-S 83
(Schleicher & Schuell, Keene, NH). Proteins were detected by
incubating the membrane with specific antibodies according
to manufacturer’s instructions and evidenced by incubation
with a secondary peroxidase-conjugated antibody and ECL
detection system (Amersham Pharmacia Biotech), according
to manufacturer’s instructions. Loading of equal amount of
total proteins and normalization were assessed by densito-
metric measures of tubulin bands.

In Vivo Studies

Angiogenesis Matrigel Assay. Angiogenesis in reconsti-
tuted basement membrane (Matrigel; Becton Dickinson and
Co., Franklin Lakes, NJ) plugs was evaluated as reported
(49). Matrigel added with FGF-2 (150 ng/ml) or added with
sugar-incubated FGF-2 (50 mM glucose or mannitol as con-
trol) was injected sc in C57BL/6 female mice, 10 mice per
group, 15–16 wk of age (Charles River Laboratories, Wilming-
ton, MA) (16). Mice were housed under controlled tempera-
ture (23 C) and lighting, with free access to water and stan-
dard mouse chow. Mice were killed 8 d after injection and
Matrigel plugs were excised and included in paraffin: plugs
with evident blood extravasation were excluded by the anal-
ysis. Angiogenesis was quantified according to hemoglobin
content, as described (49) after normalization for total protein
content.
CAM Assay. The CAM assay was performed according to
a published procedure (50). Fertilized White Leghorn chicken
eggs were incubated at 37 C at constant humidity. On d 3 of
incubation a square window was opened in the egg shell after
removal of 2–3 ml of albumin to detach the developing CAM
from the shell. The window was sealed with a glass and the
eggs were returned to the incubator. On d 8, 1 mm3 sterilized
gelatin sponges (Gelfoam; Upjohn, Kalamazoo, MI) were
placed on the top of the growing CAM. The sponges were
loaded with 2 �l of PBS containing 500 ng of recombinant
human FGF-2 (GIBCO) only, or FGF-2 incubated at 37 C for
30 min with 50 mM glucose or mannitol. CAMs were exam-
ined daily until d 12 and photographed in ovo with a ste-
reomicroscope equipped with a Camera System MC 63
(Zeiss, Oberkochen, Germany). On d 12, blood vessels en-
tering the sponges or the implants within the focal plane of
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the CAM were counted by two observers in a double-blind
fashion at �50 magnification. Mean values � SD of vessel
counts were determined for each analysis. Finally, CAMs
were fixed in ovo in Bouin’s fluid, dehydrated in graded
ethanol, embedded in paraffin, serially sectioned at 7 �m,
according to a plane perpendicular to their free surface, and
stained with a 0.5% aqueous solution of Toluidine blue
(Merck, Darmstadt, Germany). The angiogenic response was
assessed histologically by a planimetric method of point
counting (50). The vascular density was indicated as a per-
centage of the occupied intersection points referred to their
total number. Apoptotic cells were stained using the Terminal
deoxynucleotide transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) technique, according to a
published report (15).
In Vivo Glycation of FGF-2. Brain extracts were prepared
as described previously (51) from control CD1 mice (six fe-
males 16–21 wk of age; mean blood glucose � 88 � 12
mg/100 ml), normoglycemic NOD/Ltj mice (Charles River; six
females 12–21 wk of age; mean blood glucose � 95 � 14
mg/100 ml) and hyperglycemic NOD/Ltj mice (Charles River;
six females 16–21 wk of age; mean blood glucose � 498 �
142 mg/100 ml, corresponding to 28 mM, on the average).
Mice maintenance and glycemic measurements were per-
formed as described elsewhere (16). A monoclonal antibody
to FGF-2 (R&D) was spotted onto nitrocellulose (antibody
diluted at 10 �g/ml in PBS-BSA 1%, four spots of 10 �l for
each mouse brain extract), after which 30 mg of total proteins
from each postnuclear supernatant (i.e. 10 ml of brain extract
with 3 mg/ml protein concentration) was incubated onto the
nitrocellulose for 2 h at room temperature. These experi-
ments were carried out with a monoclonal anti-FGF-2 (R&D),
the same used to immobilize onto ELISA plates FGF-2 from
serum, cell lysates, and tissue homogenates. Therefore it was
assumed that such antibody spotted onto the nitrocellulose
would bind with good affinity and specificity the FGF-2
present in brain lysates. After four washes with PBS-Tween,
membranes were hybridized with anti-AGE polyclonal anti-
body (1:4,000, 2 h, RT), washed, and incubated with HRP-
antirabbit IgG-conjugated antibody (1:10,000); signal was
then measured by ECL followed by densitometry analysis.
For normalization, brain extracts were previously assayed for
total protein concentration, and extracts were diluted to ob-
tain the same total protein concentration, after which the ECL
signal detected by the anti-AGE antibody was reported as
referred to the total FGF-2 content measured by ELISA (R&D)
(OD/ng of FGF-2).

Statistical Analysis

Data were expressed as mean � SD. All experiments were
performed at least three times. Student’s two-tailed t test
was performed and a P � 0.05 was considered statistically
significant.
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