British Journal of Pharmacology (2003) 140, 681-690

© 2003 Nature Publishing Group Al rights reserved 0007-1188/03 $25.00 @

www.nature.com/bjp

Glycosylated human oxyhaemoglobin activates nuclear factor-«B
and activator protein-1 in cultured human aortic smooth muscle
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1 Diabetic vessels undergo structural changes that are linked to a high incidence of cardiovascular
diseases. Reactive oxygen species (ROS) mediate cell signalling in the vasculature, where they can
promote cell growth and activate redox-regulated transcription factors, like activator protein-1 (AP-1)
or nuclear factor-kB (NF-xB), which are involved in remodelling and inflammation processes.
Amadori adducts, formed through nonenzymatic glycosylation, can contribute to ROS formation in
diabetes.

2 In this study, we analysed whether Amadori-modified human oxyhaemoglobin, glycosylated at
either normal (N-HD) or elevated (E-Hb) levels, can induce cell growth and activate AP-1 and NF-«xB
in cultured human aortic smooth muscle cells (HASMC).

3 E-Hb (I nM—1 uM), but not N-Hb, promoted a concentration-dependent increase in cell size from
nanomolar concentrations, although it failed to stimulate HASMC proliferation. At 10nM, E-Hb
stimulated both AP-1 and NF-xB activity, as assessed by transient transfection, electromobility shift
assays or immunofluorescence staining. The effects of E-Hb resembled those of the proinflammatory
cytokine tumour necrosis factor-o (TNF-o). E-Hb enhanced intracellular superoxide anions content
and its effects on HASMC were abolished by different ROS scavengers.

4 In conclusion, E-Hb stimulates growth and activates AP-1 and NF-xB in human vascular smooth
muscle by redox-sensitive pathways, thus suggesting a possible direct role for Amadori adducts in

diabetic vasculopathy.
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Introduction

It is well known that diabetes mellitus leads to a high incidence
of vascular diseases, like atherosclerosis, myocardial infarction
or hypertension (Stamler et al., 1993; Stratton et al., 2000).
Diabetic vessels initially undergo functional alterations, which
are later on followed by structural changes, including
remodelling processes, as observed in both experimental
models (Rumble et al., 1997) or human patients (Giannattasio
et al., 2001). Among the causes leading to such vascular
complications, a growing body of evidence has pointed at
oxidative stress as a pivotal factor in developing diabetic
vascular disease (Tesfamariam, 1994; Giugliano et al., 1996; Di
Mario & Pugliese, 2001; Spitaker & Graier, 2002). Indeed,
diabetic vessels exhibit a pro-oxidant status, due to either
reduced antioxidant defenses and/or increased production of
different reactive oxygen species (ROS), including superoxide
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anions, hydrogen peroxide or hydroxyl radicals (Giugliano
et al., 1996; Di Mario & Pugliese, 2001; Spitaker & Graier,
2002), from early stages of the disease. Indeed, oxidative stress
is increased in diabetic vessels, not only when complications
are already set up, but also in early stages of diabetes prior to
the onset of vascular alterations (Dominguez et al., 1998).
Recently, using a monkey model of diabetes, a hydroxyl-like
radical species has been shown to damage wall proteins in
early diabetic vascular disease (Pennathur et al., 2001).

In the last years, ROS have emerged as key mediators in cell
signalling (Irani, 2000). In the vasculature, ROS can regulate the
activation of different pathways involved in signal transduction,
and they are involved in different processes, like cell growth or
apoptosis, that contribute to designing the vessel structure (Irani,
2000; Spitaker & Graier, 2002; Wolin et al., 2002). At the nuclear
level, ROS can modulate the expression of a certain number of
redox-regulated genes in vascular cells, among which activator
protein-1 (AP-1) and nuclear factor-xB (NF-xB) are the best
characterized (Kunsch & Medford, 1999; Spitaker & Graier, 2002).
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AP-1, which is formed by homodimers and heterodimers of
members of the c-jun and the c-fos families, is involved in
vascular remodelling and it has been directly implicated in the
control of vascular smooth muscle cell growth, either
proliferative or hypertrophic, in response to a wide variety of
stimuli (Kunsch & Medford, 1999).

NF-xB is a transcriptional factor complex, which is
composed of homodimeric or heterodimeric complexes of the
Rel family (Kunsch & Medford, 1999). Like AP-1, NF-xB has
also been involved in controlling cell growth and apoptosis in
the vascular wall, and it closely regulates the expression of
many genes involved in immune and inflammatory responses
(Barnes & Karin, 1997). In addition, it frequently acts by
crosscoupling with other transcription factors, such as AP-1
(Stein et al., 1993). NF-kB appears to be overexpressed in
several human diseases, particularly those characterized by a
chronic inflammatory state, including diabetes mellitus
(Baldwin, 2001).

During diabetes, hyperglycaemia can lead to the formation
of ROS-releasing compounds through processes of none-
nzymatic glycosylation. Thus, glucose and reactive protein
amino groups can undergo a condensation reaction, yielding
Schiff bases that rearrange in Amadori adducts within days or
weeks, which can, in turn, undergo irreversible changes to
form the so-called advanced glycosylation end products
(AGEs) after longer periods of time (Cerami et al., 1988). To
date, different studies have focused on the possible role of
AGEs in diabetic vascular remodelling (Vlassara, 1997; Di
Mario & Pugliese, 2001), but only few reports have analysed
the possible participation of early products of protein
glycosylation, like Amadori adducts. However, several re-
search groups, including ours, support the hypothesis that
these compounds may have a relevant role in producing either
functional or structural alterations associated with diabetic
vasculopathy (Rodriguez-Manas et al., 1993; Cohen &
Ziyadeh, 1994; Angulo et al., 1996; Peird et al., 1998;
Schalkwijk ez al., 1999a).

Therefore, in the present study, we aimed to investigate
whether a typical Amadori adduct, like nonenzymatically
glycosylated oxyhaemoglobin, used at both a concentration
and a percentage of glycosylation that may be found in
pathophysiological situations, can activate growth- and
inflammation-related mechanisms in cultured aortic human
smooth muscle cells (HASMC). In addition, the possible
participation of ROS in HASMC activation by Amadori-
oxyhaemoglobin was also analysed.

Methods
Materials

Culture plasticware was obtained from Corning-Costar (New
York, NY, U.S.A.). Dulbecco’s modified Eagle’s medium
(DMEM), fetal calf serum (FCS) and trypsin — EDTA were
from Biological Industries (Beit-Hamek, Israel). Antibodies
against c-jun/AP-1 and NF-xB/p-65 were purchased from
Transduction Laboratories (Lexington, KY, U.S.A.) and
Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.), respec-
tively. Secondary antibodies were from Chemicon Interna-
tional (Temecula, CA, U.S.A.). Human tumour necrosis
factor-o. (TNF-o) was from Peprotech (London, U.K.). Unless

otherwise stated, all other reagents were purchased from Sigma
Chemical Co. (St Louis, MO, U.S.A)).

Preparation of haemoglobins

Lyophilized human haemoglobins, glycosylated nonenzymati-
cally at either elevated or normal levels, containing 11.1%
(catalogue no. G-1012) and 5.4% (catalogue no. G-2012)
HDbA,, respectively, were purchased from Sigma Chemical Co.
Before use, haemoglobins were prepared as previously
described (Angulo et al., 1996). Briefly, haemoglobins were
dissolved in deionized water and subsequently reduced by
incubation with an excess of sodium dithionite. The haemo-
globin solutions were then extensively dialysed using a 0.25A
pore diameter (approximately 12 kDamol. wt.) dialysis mem-
brane (Visking®™, Serva, Heidelberg, Germany) against deio-
nized water containing 10mgl~! EDTA and continuously
bubbled with N,. Oxyhaemoglobins were then aliquoted and
stored at —70°C until used. The absence of AGEs in the
oxyhaemoglobin solutions was assessed by measuring fluores-
cence in a Fluostar fluorometer (BMG Labtechnologies,
Offenburg, Germany) at an excitation maximum of 370 nm
and emission maximum of 440 nm, which allows to quantify
total AGEs (Sell & Monnier, 1989). A standard curve
(r=0.99) was carried out using AGE-modified BSA (0.5—
5ugml™), prepared following a previously described method
(Bucala et al., 1991).

Cell culture

HASMC were obtained by enzymatic dissociation from the
aortas of five organ donors, according to Spanish legal
dispositions, as previously described (Peird et al., 2001).
HASMC were routinely cultured in DMEM containing
1 g17! D-glucose and supplemented with 10% FCS, 100 ugml™!
streptomycin, 100 U ml™" penicillin and 2.5 ugml™" Amphoter-
icin B. At confluence, HASMC were passaged using a 0.02%
EDTA — 0.05% trypsin solution and splitin a 1: 2 ratio. In the
present study, cultures between passages 2 and 10 were used.
Cell characterization was performed based on both cell
morphology and indirect immunofluorescence staining of -
smooth muscle actin, as described previously (Peir6 et al.,
2001). In the present work, HASMC obtained from the
different donors were pooled together and then used for
experimental work.

Western blotting

After washing with phosphate-buffered saline (PBS), HASMC
were extracted in lysis buffer containing 10mM Tris pH 7.4,
1% sodium dodecyl sulphfate (SDS), 10 mM sodium orthova-
nadate, 2mM phenylmethylsulphonyl fluoride (PMSF) and
12.5 ugml™" aprotinin. Total protein extracts were diluted 3: 1
in 4 x Laemmli’s buffer and boiled for 5 min at 100°C. Proteins
(10 pg/lane) were equally loaded and separated on 12% SDS —
polyacrylamide gel electrophoresis (SDS — PAGE) gels and
transferred onto a nitrocellulose membrane (BioRad Labora-
tories, Madrid, Spain). After blocking overnight at 4°C in
0.2% Tween-20 and 5% nonfat dry milk, the membrane was
incubated for 1h at room temperature with a monoclonal
antibody against either c-jun/AP-1 (dilution 1/1000) or NF-
kB/p65 (1/2000), followed by incubation for 45min with a
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horseradish peroxidase-conjugated secondary antibody (dilu-
tion 1/10,000). Immunoreactive bands were detected using an
enhanced chemiluminiscence detection kit (Amersham,
Arlington Hills, IL, U.S.A.) and quantified by densitometry
using NIH Image software.

Indirect immunofluorescence

HASMC were fixed with 4% paraformaldehyde and blocked
in a PBS solution containing 4% goat serum and 0.1% Triton
X-100. Cells were then incubated at 4°C overnight with a
monoclonal antibody against either c-jun (dilution 1/50) or the
NF-xB p65 subunit (dilution 1/50), followed by incubation
with an anti-mouse FITC-conjugated secondary antibody
(dilution 1/50) at room temperature for 45 min. HASMC were
observed with an Eclipse TE300 epifluorescence microscope
(Nikon, Tokyo, Japan).

Transient transfection

For transient transfection experiments, HASMC were grown
in six-well plates to 80% confluence. The culture medium was
then replaced by vehicle medium, that is, serum-free medium
supplemented with 0.1% BSA, for 18—20h. The transfection
mixture consisted of 3—4pug of either a firefly luciferase-
reporter plasmid containing four tandem repeats of the NF-xB
binding site (Clontech, Paloalto, CA, U.S.A.) or a reporter
plasmid containing a human collagenase promoter containing
one binding site for AP-1 at —73bp fused to the firefly
luciferase gene (Deng & Karin, 1993), together with 100 ul of
Lipovec” (InvivoGen; San Diego, CA, U.S.A.) in vehicle
medium. After incubation at room temperature for 20 min, the
transfection mixture was added to cell cultures for further 18 —
20 h. Afterwards, the transfection mixture was replaced by
fresh vehicle medium containing the different compounds to be
tested. At the indicated time points, HASMC were extracted
with 1 x Reporter Lysis Buffer (Promega, Madison, WI,
U.S.A.) for analysis of reporter gene expression. Luciferase
activity was expressed as relative luciferase units/ug of protein.

Preparation of nuclear extracts and electrophoretic
mobility shift assay

Nuclear extracts were prepared as previously described by
others (Schreiber et al., 1989). For electrophoretic mobility
shift assay (EMSA), nuclear extracts (5pug of protein) were
incubated in the presence of 3 ug poly-dIdC (Schreiber et al.,
1989) together with commercial double-stranded **P-labelled
oligonucleotides (Promega) encoding either the AP-1
consensus sequence (5-d(CGCTTGATGAGTCAGCCGGAA)-
3) or the NF-kB consensus sequence (5-AGTTGAGGG-
GACTTTCCCAGGC-3). DNA - protein complexes were
electrophoretically separated and subjected to autoradio-
graphy. Specificity of binding was ascertained by competition
with an excess of unlabelled consensus oligonucleotides.

Intracellular superoxide anions detection

To determine the presence of intracellular superoxide anions
HASMC seeded onto 96-well microplates were grown to
confluence and then serum deprived for 24 h. HASMC were
then subjected to the different treatments and 1h Ilater, the

fluorescent probe dihydroethidine (Molecular Probes Europe,
Rinjnsburgerweg, The Netherlands) was added to cell cultures
at a concentration of 160 uM. Fluorescence was followed up to
60min, in a Fluostar fluorometer (BMG Labtechnologies,
Offenburg, Germany), at an excitation maximum of 370 nm
and emission maximum of 440nm. In some experiments,
oxidized dihydroethidine incorporation into nuclear DNA was
visualized using an epifluorescence microscope (Nikon, Tokyo,
Japan).

Determination of cell number

HASMC were cultured to confluence onto 24-well plates and
then serum deprived for 24 h. After exposure to the different
compounds to be tested for two consecutive periods of 24 h in
vehicle medium, cell number per well was determined, using a
1% crystal violet dye to stain cell nuclei, as previously
described (Peird et al., 2001). In another set of experiments,
cell number was determined on sparsely seeded cultures
stimulated with 0.5% FCS either alone or supplemented with
the different test compounds for 4 days.

Planar cell surface area and protein synthesis

To determine protein synthesis, HASMC were serum deprived
for 24 h and then incubated in fresh vehicle medium containing
"C-leucine (0.5uCiml™"; 50 - 60 mCimmol™', Amersham)
and the different compounds to be tested for additional 24 h.
The uptake of “C-leucine into HASMC was quantified by
liquid scintillation, as previously described (Peiro et al., 1997).

Planar cell surface area was quantified by computer-assisted
morphometry, as previously described (Peird et al., 1998).
Briefly, HASMC were sparsely seeded onto six-well culture
plates in DMEM containing 10% FCS. After cell attachment,
culture medium was switched to vehicle medium, either alone
or containing the different compounds to be tested, and
cultured for 48h with medium renewal after the first 24 h.
HASMC were then fixed with 1% glutaraldehyde and planar
cell surface area was quantified by computer-assisted morpho-
metry. Randomly selected images of VSMC were transmitted
to a computer (Apple Macintosh Power 7100, Cupertino,
California, U.S.A.) by a video camera (Sony Corporation,
Tokyo, Japan) connected to the microscope (Nikon, Tokyo,
Japan) and thereafter submitted to analysis with appropriate
software (NIH Image). Measurements were performed in a
blinded manner. In every experiment, at least 70 cells were
counted for each treatment.

Statistical analysis

Results are expressed as means +s.e.m. The statistical analysis
was evaluated by ANOVA followed by Fisher’s protected
least-significance-difference test, with the level of significance
chosen at P<0.05.

Results

Effect of oxyhaemoglobins on HASMC growth

To assess whether oxyhaemoglobins could influence HASMC
growth, confluent cultures were treated with human
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oxyhaemoglobin glycosylated at either normal (N-Hb) or
elevated (E-Hb) levels (1nM—1uM) for two consecutive
periods of 24 h. As shown in Figure la, neither N-Hb nor E-
Hb significantly influenced cell proliferation at any of the
concentrations used. Furthermore, neither N-Hb nor E-Hb
modified final cell number of sparsely seeded cultures
stimulated with 0.5% FCS for 4 days (2.074+0.35-,
2.14+0.33- and 2.16+0.26-fold increase over initial cell
number for FCS alone, 10nM N-Hb and 10nM E-Hb,
respectively).

However, when planar cell surface area was quantified in
subconfluent cultures (Figure 1b), a concentration-dependent
increase in cell size was only observed in the presence of E-Hb.
E-Hb significantly modified cell size from a threshold
concentration of 1nM, although the increase in planar cell
surface area was quite modest (around 8-10%) at this
concentration. For this reason, the 10 nM concentration, which
yielded an increase in cell size around 15 —20%, was chosen
for further experiments.

In addition to increasing cell size, E-Hb promoted protein
synthesis in HASMC. Indeed, when used at a concentration of
10nM E-Hb, but not N-Hb, elicited an increase in protein
synthesis by around 64% (P<0.05 vs basal untreated
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Figure 1 Effect of N-Hb and E-Hb on cultured HASMC growth.
(a) Confluent HASMC were treated with 1 nM—1 uM of either N-Hb
or E-Hb for two consecutive periods of 24 h and cell number per well
was determined. (b) Planar cell surface area was measured in
sparselly seeded HASMC cultures after exposure to the above-
described conditions. Results are expressed as means +s.e.m. of four
independent experiments. *P <0.05 vs N-Hb.

cultures). The values of 'C-leucine uptake were
16.995+1.696, 17.510+ 908, and 27.815+2.003 d.p.m. per well
for basal untreated, N-Hb-treated and E-Hb-treated cultures,
respectively.

Effect of oxyhaemoglobins on AP-1 expression and
activity

To assess whether Amadori-modified oxyhaemoglobin could
promote AP-1 de novo synthesis, HASMC were incubated with
10nM N-Hb or E-Hb. Figure 2a shows the time course of
c-jun/AP-1 induction by 10nM E-Hb. HASMC showed
increased c-jun protein levels after 1h of treatment (P<0.05
vs time 0). Maximal expression was reached after 2h of
exposure, followed by a slow decay of protein levels. Figure 2
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Figure 2 Effect of E-Hb on c-jun expression in HASMC. (a) After
serum deprivation for 24 h, HASMC were treated with either 10 nM
E-Hb or 10ngml™" TNF-o and c-jun content was quantified by
Western blotting at the indicated time periods. A representative
immunoblot is shown on top. (b) Expression of c-jun in HASMC
after a 2h treatment with either N-Hb or E-Hb, both at a
concentration of 10 nM. A representative immunoblot is also shown.
Results are expressed as means+s.e.m. of three independent
experiments. *P<0.05 vs basal.
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also shows the effects of TNF-o in the same experimental
conditions. TNF-a was used as a positive control, as this
cytokine can stimulate cellular pathways leading to AP-1 and
NF-kB activation in vascular smooth muscle (Madamanchi
et al., 1998; Iseki et al., 2000). After 30 min of exposure to
TNF-z (10ngml™"), total c-jun/AP-1 levels were already
significantly enhanced in HASMC (P<0.05 vs time 0), with
maximal protein expression observed 1 h after beginning of the
treatment, again followed by a slow reduction in cellular c-jun/
AP-1 content (Figure 2a). N-Hb did not share the effects of
E-Hb on c-jun/AP-1 protein expression in HASMC. Indeed,
after treating cell cultures with 10nM N-Hb for 2h (corre-
sponding to the maximal stimulation time by E-Hb), no
changes were observed in c-jun/AP-1 protein levels (Figure 2b).

In accordance with these results, after treating HASMC with
the different compounds for 2 h, followed by immunofluores-
cence staining with an appropriate monoclonal antibody,
c-jun/AP-1 was visualized in the cell nuclei, although the
fluorescence intensity was clearly higher in cultures treated
with either 10nM E-GHb or 10ngml~' TNF-« (Figure 3).

To assess whether overexpression of AP-1 induced by 10 nM
E-Hb was accompanied by an increase in transcriptional
activity, EMSA and transient transfection experiments were
performed. Figure 4a shows that DNA-binding activity of AP-1
transcription factor was significantly increased by around 65%
in HASMC treated with E-Hb compared to untreated cells,
while no significant changes were observed in the presence of
N-Hb. As expected, TNF-o also stimulated DNA-binding
activity of AP-1 in this cell type (Figure 4a).

As another approach to quantify AP-1 activity, HASMC
were transiently transfected with a luciferase-reporter con-
struct containing one binding site for AP-1 (Deng & Karin,
1993). Figure 4b shows that E-Hb enhanced AP-1 transcrip-
tional activity in HASMC by around four-fold. Again, N-Hb
did not substantially modify AP-1 activity compared to
untreated cells. In accordance with EMSA experiments,
TNF-o. showed promoting effects on AP-1 transcriptional

activity.
Basal N-Hb
E-Hb TNF-a

Figure 3 Indirect immunofluorescence staining of c-jun/AP-1 in
serum-starved HASMC cultures treated for 2h with basal vehicle
medium, 10 nM of either N-Hb or E-Hb, or 10ngml~' TNF-u. Scale
bar =25 um.
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Figure 4 Effect of E-Hb on AP-1 transcriptional activity. (a)
DNA-binding activity of AP-1 was assessed after a 2h treatment of
HASMC with 10nM of either N-Hb or E-Hb, or TNF-«
(10ngml™"). A representative EMSA is shown at the top of the
panel. (b) AP-1 activity was assessed in transiently transfected cells.
The different compounds to be tested were added for 8 h, after which
luciferase activity was measured and corrected for protein content.
Results are expressed as means+s.e.m. of three independent
experiments. SOD: 200 Uml~'; DMTU: 1mM. *P<0.05 vs basal,
P<0.05 vs E-Hb.

Effect of oxyhaemoglobins on NF-xB activity

We observed that E-Hb also promoted NF-xB transcriptional
activity. Indeed, 10 nM E-Hb enhanced DNA-binding activity
of NF-kB by 60%, while this effect was not observed with N-
Hb (Figure 5a). Similarly, using a luciferase-reporter construct
containing four NF-«xB binding sites, E-Hb, but not N-Hb,
was shown to stimulate the transcriptional activity (Figure 5b).
As expected, TNF-o significantly stimulated NF-xB activity,
as assessed by both EMSA (Figure 5a) and transient
transfection experiments (Figure 5b). Stimulation of HASMC
also resulted in a time-dependent increase of NF-xB levels
from 1h (P<0.05 vs time 0) and 30 min (P<0.05 vs time 0)
after stimulation with either E-Hb or TNF-a, respectively
(Figure 6a). Again, N-Hb did not significantly modify NF-xB
levels in HASMC (Figure 6b).

The transcriptional activity of NF-kB is accompanied by a
translocation from the cell cytoplasm to the cell nucleus. Such
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Figure 5 Effect of E-Hb on NF-«B transcriptional activity. (a)
After treating HASMC with 10nM of N-Hb or E-Hb for 1h, or
10ng ml~" TNF-« for 30 min, EMSA was performed. A representa-
tive assay is shown at the top of the panel. (b) Transient transfection
experiments were performed to measure NF-xB transcriptional
activity after a 2h-exposure to the above-described treatments.
Results are expressed as means+s.e.m. of three independent
experiments. SOD: 200 Uml~'; DMTU: 1 mM. *P<0.05 vs basal,
P<0.05 vs E-Hb.

translocation was visualized by indirect immunofluorescence
staining using an anti-p65/NF-xB monoclonal antibody
(Figure 7). HASMC nuclei appeared clearly stained after
exposure to either E-Hb or TNF-¢, whereas, in N-Hb-treated
or untreated cultures, a positive stain was mainly seen in the
cytoplasm.

Participation of ROS on E-Hb-mediated effects

To elucidate whether ROS could be acting as mediators in the
increased AP-1 and NF-xB transcriptional activity, we first
measured intracellular superoxide production, by using the
fluorescent probe dihydroethidium (DHE), after submitting
HASMC to different treatments. Dihydroethidine-related
fluorescence, measured over a 60 min period after the addition
of the probe, was significantly higher in 10nM E-Hb-treated
cells, compared with basal untreated cultures (P <0.05, results
from three independent experiments). The increase in fluores-
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Figure 6 Effect of E-Hb on NF-kB levels in HASMC. (a) After
serum deprivation for 24 h, HASMC were treated with either 10 nM
E-Hb or 10ngml~" TNF-«, and NF-xB/p65 content was quantified
by Western blotting at the indicated time periods. A representative
immunoblot is shown on top. (b) Expression of NF-kB in HASMC
after a 2h treatment with either N-Hb or E-Hb, both at a
concentration of 10 nM. A representative immunoblot is also shown.
Results are expressed as means+s.e.m. of three independent
experiments. ¥ P <0.05 vs basal.

cence induced by E-Hb was totally prevented by 200 U ml of
the superoxide anions scavenger superoxide dismutase (SOD;
P<0.05 vs E-Hb alone, results from three independent
experiments). Exposure of HASMC to 10nM N-Hb did not
produce any significant change in basal fluorescence. A
representative experiment is shown in Figure 8a. SOD alone
did not modify basal fluorescence levels (data not shown).

Additionally, the EMSA and transient transfection experi-
ments were performed in the presence of SOD and the
intracellular hydroxyl radicals scavenger dimethylthiourea
(DMTU). In the presence of either SOD (200Uml™") or
DMTU (1 mM), the increases in AP-1 or NF-xB DNA-binding
activity observed in EMSA experiments were abolished
(Figures 4a and 5a, respectively). In the same manner, both
scavengers prevented the induction of AP-1 and NF-xB
transcriptional activity as assessed by transient transfection
(Figures 4b and 5b, respectively). In the experimental
conditions used, neither SOD nor DMTU did significantly
modify AP-1 or NF-xB basal transcriptional levels (data not
shown).
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Figure 7 Indirect immunofluorescence staining of p65/NF-xB in
HASMC cultures treated for 1h with basal vehicle medium, 10 nM
of either N-Hb or E-Hb, or 10ngml™' TNF-«. Cytosolic-to-nuclear
translocation was observed in HASMC exposed to either E-Hb or
TNF-a. Scale bar =25 um.

Furthermore, the increase in planar HASMC surface area
elicited by 10nM E-Hb alone was not observed when E-Hb
was coincubated with either SOD or DMTU (Figure 8b).
Neither SOD nor DMTU did modify basal planar cell surface
area by themselves at the concentrations used (data not
shown).

Discussion

Nonenzymatically glycosylated oxyhaemoglobin, and particu-
larly HbA ., has been used since the mid-1970s as a tool for
diagnosis and glycaemic control of diabetic patients (Jovano-
vich & Peterson, 1981). HbAlc is formed by the nonenzymatic
addition of a molecule of glucose to the N-terminal valine of
one or both of the globin f chains, thus yielding a Schiff base
that may undergo Amadori rearrangement to form a stable
ketoamine adduct (Cohen, 1986). Indeed, the so-formed
Amadori adducts are the prominent form of circulating
glycosylated proteins in vivo (Cohen, 1986).

In addition to providing an excellent indicator of glycaemic
control, HbAlc has also been proposed as a marker for the
prognosis of long-term diabetic vascular complications (Strat-
ton et al., 2000). Further beyond, in the last years our group
has been interested in analysing whether HbA 1¢ may represent
not only a marker, but also a factor that directly participates in
the development of diabetic vasculopathy. The fact that
haemoglobin can be found free in plasma at nanomolar
concentrations (Tietz, 1990) together with the finding that it
can cross the endothelial barrier through a transcytosis
mechanism, therefore reaching different cell types of the
vascular wall (Faivre-Fiorina et al., 1999), has further raised
our interest for a possible direct pathophysiological role of
HbA ¢ in diabetes-associated vascular complications.

In this way, previous work from our laboratory provided
evidence that nanomolar concentrations of human oxyhaemo-
globin, glycosylated at a percentage of 9% or higher, impair

110

100

% basal planar cell surface area

20

Basal E-Hb E-Hb E-Hb

+SOD  +DMTU

Figure 8 (a) Representative experiment of the time-course detec-
tion of intracellular superoxide anions using the fluorescent probe
DHE. Cultures were treated with either N-Hb or E-Hb (both at
10nM) and 1 h later the fluorescent probe was added to HASMC. In
some cases, E-Hb was added together with SOD (200 Uml™"). (b)
Effect of the ROS scavengers SOD (200 Uml~") and DMTU (1 mMm)
on the increase in planar cell surface area induced by 10nM E-Hb.
Results are expressed as means+s.e.m. of four independent
experiments. *P <0.05 vs basal, "P<0.05 vs E-Hb.

endothelium-dependent  relaxations, particularly  those
mediated by nitric oxide, in both rat aorta (Rodriguez-Mafias
et al., 1993; Angulo et al., 1996) and human mesenteric
microvessels (Vallejo ez al., 2000). Other authors have also
reported that, in diabetic patients, the presence of high levels of
Amadori adducts, in particular glycosylated albumin, corre-
lates with some markers of endothelial dysfunction and it is
associated with the presence of diabetic nephropathy (Schalk-
wijk et al., 1999a).

In the present study, we aimed to analyse whether Amadori-
modified oxyhaemoglobin could activate some cell mecha-
nisms related to diabetic vasculopathy. We therefore studied
the ability of glycosylated human oxyhaemoglobin to stimulate
the expression and activity of the transcription factors AP-1
and NF-kB directly, as these factors are overexpressed in
pathological conditions, like inflammation, hypertension or
atherosclerosis (Baldwin, 2001), which are often associated
with diabetes mellitus (Stamler er al., 1993; Stratton et al.,
2000; Spitaker & Graier, 2002). Furthermore, NF-kB has even
been proposed to be involved in diabetic vascular complica-
tions (Srivastava, 2002), as a sustained activation of NF-xB
has been reported in vascular cells from diabetic rats (Bierhaus
et al., 2001). AP-1 has also been shown to be overexpressed in
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the cardiovascular system of streptozotocin-induced diabetic
rats (Nishio ez al., 1998).

In the present work, we observed that exposure to
nanomolar concentrations of oxyhaemoglobin resulted in
increased AP-1 levels together with increased transcriptional
activity of AP-1 in cultured human vascular smooth muscle. A
similar activation was observed for NF-kB, as assessed by
cytosolic-to-nuclear translocation together with enhanced
DNA-binding and transcriptional activities. However, this
stimulatory effect on AP-1 and NF-xB was observed only
when oxyhaemoglobin presented elevated levels of glycosyla-
tion (~11%), but not normal degrees of glycosylation that can
be found in nondiabetic subjects (~5%). As a positive control
for transcription factor activation, TNF-o was used, as this
proinflammatory cytokine has been shown to stimulate both
AP-1 and NF-xB activation pathways in cultured vascular
smooth muscle (Madamanchi ez al., 1998; Iseki et al., 2000).
Interestingly, circulating levels of TNF-o have been shown to
be elevated in both type I and type II diabetic subjects
(Lechleitner et al., 2000; Pickup et al., 2000), and a positive
association has been found between plasma levels of TNF-o
and cardiovascular risk factors in type I diabetes (Lechleitner
et al., 2000). This elevation of circulating levels of proin-
flammatory cytokines in diabetes is in accordance with the
proposal that diabetes mellitus is in some way a chronic
inflammatory disease (Schalkwijk et al., 1999b). Indeed, NF-
kB, which is activated in cultured HASMC by both TNF-a
and human oxyhaemoglobin at elevated levels of glycosyla-
tion, is a pleiotropic transcription factor that can stimulate the
expression of genes encoding from different chemokines and
proinflammatory cytokines, together with some inflammatory
enzymes, adhesion molecules and receptors, all of them
involved in vascular inflammation and early steps of athero-
genesis (Barnes & Karin, 1997).

On the other hand, AP-1 activation in vascular smooth
muscle is associated with cell growth processes, which may
take part in vascular remodelling (Kunsch & Medford, 1999).
Indeed, alterations of the vessel wall structure are often seen in
long-term diabetic vessels either from experimental models
(Rumble et al., 1997) or human patients (Giannattasio et al.,
2001). In this way, we wanted to analyse whether human E-
Hbs, which had the ability to activate AP-1 in cultured human
vascular smooth muscle, could also promote growth in this cell
type. To analyse cell proliferation, we first used growth-
arrested confluent cultures in order to further mimic in vivo
conditions, as the proliferation rate of VSMC in the vessel wall
is extremely low and no exponential proliferation rate is
expected to be found. Under these conditions, both N-Hb and
E-Hb, used at a wide concentration range, failed to promote
cell division. Furthermore, we performed additional prolifera-
tion experiments in cultures stimulated with a low concentra-
tion of FCS, as some compounds exhibit their ability to
promote cell division only when coincubated with another
proliferative agent. Again, no significant influence on cell
proliferation was observed after exposing HASMC to either
N-Hb or E-Hb. On the contrary, E-Hb, but not N-Hb, elicited
a concentration-dependent increase in cell size, as assessed by
planar cell surface area quantification. E-Hb also stimulated
protein synthesis in HASMC cultures. Thus, based on these
findings, E-Hb seems to possess a growth-stimulating effect on
HASMC, by promoting cell hypertrophy without directly
affecting cell proliferation. Such effects were not shared by

human oxyhaemoglobin when glycosylated at nonpathological
levels.

Such a hypertrophic effect of E-Hb is in accordance with a
previous study from our group, in which E-Hb was seen to
promote cell growth of cultured vascular smooth muscle
obtained from Sprague — Dawley rats (Peir6 et al., 1998).
Other authors have also reported that Amadori-modified
albumin can stimulate cell activation, proliferation and
migration of nonhuman mesangial and vascular smooth
muscle cells (Cohen & Ziyadeh, 1994; Hattori et al., 2002).
In the present study, however, we demonstrate that E-Hb may
act as an activator and a hypertrophic factor for smooth
muscle obtained, not from animal models, but from human
vessels, which should be of greater relevance for the possible
pathophysiological implications of the results obtained.

Concerning a possible common mechanism that could
mediate the different effects of E-Hb observed in HASMC
cultures, ROS appeared as the main candidates for different
reasons. First of all, we have previously observed that the
impairment of endothelial-dependent relaxations induced by
E-Hb in different vascular beds was dependent on the release
of ROS, particularly superoxide anions (Angulo et al., 1996;
Vallejo et al., 2000). Indeed, we have previously shown that for
a given concentration E-Hb releases a significantly higher
amount of superoxide anions than N-Hb (Angulo et al., 1999).
Similarly, other Amadori-modified proteins have been shown
to release superoxide anions in aqueous solution (Sakurai &
Tsuchiya, 1988; Mullarkey et al., 1990). In addition, both AP-1
and NF-«B are transcriptional factors with redox-regulated
activity (Kunsch & Medford, 1999; Spitaker & Graier, 2002)
and, in the last years, a growing body of evidence has emerged
indicating that ROS can regulate different growth- or
inflammation-related processes in vascular cells (Irani, 2000;
Wolin et al., 2002).

We quantified the amount of superoxide anions present
inside HASMC after exposure to different treatments. E-Hb,
but not N-Hb (both at 10 nM), elicited a significant increase of
intracellular superoxide anions, as compared with untreated
cultures. As the effect of E-Hb was completely prevented by
SOD, which does not cross the cell membrane, most of the
superoxide anions are probably originated in the extracellular
milieu. SOD also prevented different E-Hb-mediated effects on
HASMC, like the activation of both AP-1 and NF-xB, as
assessed by both EMSA and transient transfection experi-
ments. We also used the intracellular hydroxyl radicals
scavenger DMTU, based on data from a previous report
(Peird et al., 1998), and we observed a similar preventive effect
on the activation of both transcription factors. Additionally,
E-Hb-induced growth promoting effects could also be
abolished in the presence of both ROS scavengers. These data
suggest that E-Hb at 10nM is releasing outside the cell
superoxide anions, which are able to activate intracellular
signals leading to early transcription factor activation and cell
growth. The fact that the actions of E-Hb are mainly mediated
by ROS could be in accordance with a central role for
oxidative stress in the development of diabetic vasculopathy
(Tesfamariam, 1994; Giugliano et al., 1996; Spitaker & Graier,
2002) and would point at E-Hb as a source of such oxidative
stress in diabetic vessels.

In conclusion, physiological concentrations of human
oxyhaemoglobin, when glycosylated at a high percentage,
promote the transcriptional activity of AP-1 and NF-«xB, and

British Journal of Pharmacology vol 140 (4)



C. Peiro et al

Glycated oxyhaemoglobin activates NF-xB and AP-1 689

stimulate growth in human vascular smooth muscle through
redox-sensitive pathways. This observation allows for propos-
ing that E-Hb, in addition to representing as an early marker
of diabetes mellitus evolution, can have a direct role in the
development of diabetic vasculopathy.
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