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1 Nonenzymatic protein glycosylation is a possible mechanism contributing to oxidative stress and
vascular disease in diabetes. In this work, the in¯uence of 14%-glycosylated human oxyhaemoglobin
(GHHb), compared to the non-glycosylated protein (HHb), was studied on several growth parameters of
rat cultured vascular smooth muscle cells (VSMC). A role for reactive oxygen species was also analysed.

2 Treatment of VSMC for 48 h with GHHb, but not with HHb, increased planar cell surface area in a
concentration dependent manner. The threshold concentration was 10 nM, which increased cell size from
7965+176 to 9411+392 mm2. Similarly, only GHHb enhanced protein content per well in VSMC
cultures.

3 The planar surface area increase induced by 10 nM GHHb was abolished by superoxide dismutase
(SOD; 50 ± 200 u ml71), deferoxamine (100 nM ± 100 mM), or dimethylthiourea (1 mM), while catalase
(50 ± 200 u ml71) or mannitol (1 mM) resulted in a partial inhibition of cell size enhancement.

4 When a known source of oxygen free radicals was administered to VSMC, the xanthine/xanthine
oxidase system, the results were analogous to those produced by GHHb. Indeed, enhancements of cell
size were observed, which were inhibited by SOD, deferoxamine, or catalase.

5 These results indicate that, at low concentrations, GHHb induces hypertrophy in VSMC, this e�ect
being mediated by superoxide anions, hydrogen peroxide, and/or hydroxyl radicals. Therefore,
glycosylated proteins can have a role in the development of the structural vascular alterations associated
to diabetes by enhancing oxidative stress.
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Introduction

Vascular diseases are a common consequence of long-term
diabetes mellitus; indeed, microangiopathy, atherosclerosis

and hypertension are more frequently observed in diabetic
patients than in the general population (The National High
Blood Pressure Education Program Working Group, 1994;
Sowers & Epstein, 1995; Giugliano et al., 1996). Although the

mechanisms involved in the development of diabetic vasculo-
pathy are still not well understood, growing evidence has
accumulated indicating that the generation of reactive oxygen

species may play an important role in the etiology of these
vascular complications (Tesfamariam, 1994; Pieper et al., 1995;
Giugliano et al., 1996). Among the mechanisms that may

contribute to increased oxidative stress in diabetes, none-
nzymatic glycosylation of proteins has been proposed to play
an important role (Baynes, 1991; Iino et al., 1996, Giugliano et
al., 1996; Rumble et al., 1997).

Previous work from our laboratory (RodrõÂ guez-ManÄ as et
al., 1993; Angulo et al., 1996) provides evidence that human
oxyhaemoglobin at nanomolar concentrations impairs en-

dothelium-dependent relaxations when glycosylated at a
percentage of 9% or higher. These nanomolar concentrations
are in the range of the physiological circulating levels of free

haemoglobin (Tietz, 1990). The inhibitory e�ect of glycosy-
lated oxyhaemoglobin on endothelial responses is mediated by
the release of reactive oxygen species, in particular superoxide

anions, that inactivate endothelial nitric oxide (Angulo et al.,
1996).

Recent reports indicate that reactive oxygen species can also
stimulate vascular smooth muscle cell growth, by inducing the
expression of growth-related proto-oncogenes (Rao & Berk,
1992; Rao et al., 1993a, 1996), or the activation of mitogen-

activated protein kinases (Baas & Berk, 1995). Therefore, the
aim of the present work was to analyse whether glycosylated
human oxyhaemoglobin, as a source of reactive oxygen species,

may in¯uence vascular smooth muscle growth. For this
purpose, we analysed di�erent growth parameters of rat
cultured vascular smooth muscle cells when exposed to non-

glycosylated (HHb) or 14%-glycosylated human oxyhaemo-
globin (GHHb). We also compared the e�ect of GHHb to that
of a known source of reactive oxygen species, i.e., the xanthine/
xanthine oxidase (XO) system or to another glycosylated

protein, glycosylated human serum albumin (HSA).

Methods

Cell culture

Primary cultures of rat vascular smooth muscle cells (VSMC)
were obtained by enzymatic dissociation of the aortae from

normoglycemic 20-week old Sprague-Dawley rats (I�a-Credo,
Labresle, France) bred at the facilities of the Facultad de
Medicina AutoÂ noma (Madrid, Spain), as previously described
(PeiroÂ et al., 1997a). Brie¯y, the vessels were cleaned free of fat
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and connective tissue, cut into small pieces, placed in
Dulbecco's Modi®ed Eagle Medium (DMEM) containing
4 mg ml71 collagenase (type II; Sigma Chemical Co. St Louis,

Missouri, U.S.A.) and incubated for 90 min at 378C in a
humidi®ed atmosphere of CO2 (5%) and air (95%). The
resulting cell suspension was then washed three times by
centrifugation and seeded into 80-cm2 culture ¯asks. Cells were

characterized as vascular smooth muscle by two di�erent
criteria: (1) morphologically, con¯uent cultures exhibited a `hill
and valley' pattern typical of smooth muscle; (2) immunohis-

tochemical staining with smooth muscle-speci®c monoclonal
antibody to alpha-actin (Dakopatts, Glostrup, Denmark),
using the avidin-biotin peroxidase complex method (Hsu et

al., 1981), with more than 95% of the cells showing positive
stain. VSMC were routinely grown in DMEM supplemented
with 10% foetal calf serum, 100 u ml71 penicillin, 100 mg ml71

streptomycin, and 2.5 mg ml71 Amphotericin B. At con¯uence,
cultures were passaged by trypsinization with 0.05% trypsin-
0.02% EDTA. For experiments, cells between passages three
and ten were used.

Determination of cell number and protein content per
well

Cells were plated onto 24-well culture plates and grown in
DMEM containing 10% foetal calf serum for 2 ± 3 days.

Medium was then switched to vehicle medium, i.e. serum-
free DMEM containing 0.1% bovine serum albumin, either
alone or containing the di�erent compounds to be tested.

VSMC were cultured for additional 48 h, with medium
renewal after the ®rst 24 h. Cell number per well was then
determined based on a previously described procedure (PeiroÂ

et al., 1997b). Brie¯y, at the end of the treatment, cells were

®xed with 1% glutaraldehyde, washed twice with phosphate-
bu�ered saline, stained with 1% crystal violet (Fluka, Buchs,
Switzerland) for 30 min and extensively washed with

deionized water. After allowing plates to dry overnight,
crystal violet was extracted from cells with 10% acetic acid
and the resulting colour was measured by absorbance at

595 nm in an EL-340 automated microplate reader (Bio-Tek
Instruments, Winooski, Vermont, U.S.A.). To validate this
method for VSMC, a standard curve was carried out to
establish the relationship between optical density and cell

number counted by haemocytometer (r=0.97).
Protein content per well was determined in parallel plates.

After solubilization of cultures with 0.2 N NaOH, protein was

quanti®ed by the method of Bradford (1976), using bovine
serum albumin as standard.

Planar cell surface area

Planar cell surface area was determined according to a

previously reported procedure (PeiroÂ et al., 1997a). Brie¯y,
VSMC were sparsely seeded onto 6-well culture plates in
DMEM containing 10% foetal calf serum. After cell
attachment, culture medium was switched to vehicle medium,

either alone or containing the di�erent compounds to be
tested, and cultured for 48 h with medium renewal after the
®rst 24 h. VSMC were then ®xed with 1% glutaraldehyde and

planar cell surface area was quanti®ed by computer-assisted
morphometry. 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.

Materials

Culture plasticware was obtained from Costar (Cambridge,
Massachussets, U.S.A.). DMEM, foetal calf serum and

trypsin-EDTA were from Biological Industries (Beit Haemek,
Israel). Oxyhaemoglobins were prepared by reduction of
commercial non-glycosylated human haemoglobin and glyco-

haemoglobin A1 (14% glycosylation; Sigma Chemical Co., St.
Louis, Missouri, U.S.A.), as previously described (Angulo et
al., 1996). A 50 mg ml71 solution of human serum albumin

(Sigma Chemical Co.) was glycosylated by incubation in
phosphate-bu�ered saline (pH 7.4) containing 1 M glucose
under sterilization for 6 days at 378C, as previously described
by others (Sakurai & Tsuchiya, 1988). Glycosylation of serum
albumin was veri®ed using the thiobarbituric acid assay (Ney
et al., 1981). Superoxide dismutase (EC 1.15.1.1) from bovine
erythrocytes, catalase (EC 1.11.1.6) from bovine liver, xanthine

oxidase (EC 1.1.3.22) from buttermilk and, unless otherwise
stated, all other drugs or reagents were purchased from Sigma
Chemical Co.

Statistical analysis

Values are given as means+s.e.mean. The statistical analysis
was evaluated by unpaired Student's t-test for single data
points or by analysis of variance (ANOVA) for curves, with

the level of signi®cance chosen at P50.05.

Results

Cell proliferation

After a 2-day treatment of con¯uent VSMC with HHb or
GHHb (1 nM ± 1 mM), basal cell number per well was not
signi®cantly a�ected, except with the highest concentration

used (Figure 1a). Indeed, both HHb and GHHb at a
concentration of 1 mM promoted cell proliferation to a similar
extent (P50.05 by unpaired Student's t-test). When cells were
treated in similar conditions with 100 mM xanthine/XO (1 ±

100 mu ml71), no signi®cant changes in basal cell number per
well were observed (Figure 1b). Stimulation with 10% foetal
calf serum, used as a positive control, yielded a 3.20+0.16 fold

increase in cell number per well (results from three independent
experiments, P50.05 by unpaired Student's t-test).

E�ect of HHb and GHHb on planar cell surface area

Planar cell surface area in basal conditions, i.e. when VSMC

were maintained for 2 days in vehicle medium, was
7965+176 mm2 (results obtained from 20 independent experi-
ments, counting at least 70 cells per experiment). After
treatment of VSMC with GHHb (1 nM to 1 mM) for the same
time period, a concentration-dependent increase in planar cell
surface area was observed (Figure 2). The threshold
concentration for GHHb was of 10 nM, which enhanced cell

size to 9411+392 mm2, while 1 mM yielded a planar cell surface
area value of 11,413+454 mm2. On the other hand, HHb did
not modify cell size at nanomolar concentrations (Figure 2).

Only at a concentration of 1 mM did HHb produce a signi®cant
enhancement of planar cell surface area to 8865+350 mm2.

In addition, treatment of VSMC with 10 nM GHHb also
resulted in enhanced protein content per well while 10 nM
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HHb did not signi®cantly modify this parameter (from
54.2+1.9 mg well71 in basal conditions to 60.6+0.8 and
56.5+0.7 mg well71 in the presence of GHHb and HHb,

respectively; results from three independent measurements,
P50.05 for GHHb by unpaired Student's t-test).

To study the possible involvement of reactive oxygen

species on the increase in cell size induced by 10 nM GHHb,
VSMC cultures were treated with di�erent scavengers of
oxygen species. Figure 3a shows that the increase in planar cell

surface area induced by 10 nM GHHb was completely
abolished by increasing concentrations of SOD (50 ±
200 u ml71), while treatment with catalase (50 ± 200 u ml71)
resulted in a partial decrease of the cell size increase, which was

reduced by 55%. Co-incubation with 200 u ml71 catalase did

not modify the inhibitory action of 200 u ml71 SOD on the
enhancement of cell size elicited by 10 nM GHHb (99.2+3.3%
and 102.5+4.4% of basal planar cell surface area, in the

presence of SOD or in the presence of SOD plus catalase,
respectively; results from three independent experiments).

Deferoxamine (100 nM± 100 mM) also reversed the e�ect of

10 nM GHHb on cell size in a concentration-dependent
manner (Figure 3b). Additionally, as shown in Figure 4, the
e�ect of 10 nM GHHb was reduced to 45% by mannitol
(1 mM) and completely abolished by dimethylthiourea

(DMTU; 1 mM).
SOD (200 u ml71), catalase (200 u ml71), deferoxamine

(100 mM), mannitol (1 mM) or DMTU (1 mM) failed to modify

cell size by themselves (99.1+1.9%, 101.3+1.6%,
98.1+1.1%, 102.29+1.31% and 98.89+1.69% of basal
planar cell surface area, respectively; results from three

independent experiments).

E�ect of glycosylated HSA on VSMC size

To assess whether other nonenzymatically glycosylated
proteins could have an e�ect similar to that of GHHb on
VSMC size, cultures were treated with glycosylated HSA.

Glycosylated HSA (0.5 ± 5 mg ml71) induced a concentration-
dependent enhancement of planar cell surface area, as shown
in Figure 5. Non-glycosylated HSA used at the same

concentration range produced no signi®cant changes in planar
cell surface area (Figure 5).

The e�ect of 2 ngml71 glycosylated HSA on cell size was

abolished by either SOD (200 u ml71) or deferoxamine
(100 mM) (96.2+2.9% and 99.9+1.2% of basal planar cell
surface area, respectively; results from three independent
experiments, P50.05 versus 2 ng ml71 glycosylated HSA by

unpaired Student's t-test).

E�ect of xanthine/XO on planar cell surface area

The e�ect of XO on VSMC size is shown in Figure 6.
Incubation of xanthine (100 mM) with increasing concentra-

tions of XO (1 ± 300 mu ml71) resulted in a concentration-

Figure 1 E�ect of (a) non-glycosylated human oxyhaemoglobin (HHb) and 14%-glycosylated human oxyhaemoglobin (GHHb),
and (b) xanthine (100 mM)/ xanthine oxidase (XO) on cell proliferation. Results (mean+s.e.mean) are expressed as percentage of cell
number achieved in basal conditions, which averaged 322,031+21,127 cells per well. Data were obtained from at least ®ve
independent experiments.

Figure 2 E�ect of non-glycosylated human oxyhaemoglobin (HHb)
and 14%-glycosylated human oxyhaemoglobin (GHHb) on cell size.
Results (mean+s.e.mean) are expressed as percentage of planar cell
surface area observed in basal conditions, which averaged
7965+176 mm2. Data were obtained from ®ve independent experi-
ments. *P50.05 versus basal cell size (one-way ANOVA); {P50.05
between HHb and GHHb (two-way ANOVA).
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dependent increase of planar cell surface area. Threshold

concentration of XO was 5 mu ml71 and maximal e�ect was
observed at 100 mu ml71XO, enhancing planar cell surface
area values from 7965+176 mm2 to 9289+360mm2 and

11,031+618 mm2, respectively (results from ®ve independent
experiments). When used at concentrations higher than
1 mu ml71 XO produced marked cell death, as assessed by

light microscopy. Xanthine alone did not modify basal VSMC
size (102.6+3.2% of basal planar cell surface area; results
from three independent experiments).

The increase in cell size induced by xanthine/XO was

accompanied by enhanced protein content per well from
54.2+1.9 mgwell71 in basal conditions to 60.1+1.1 mg well71

in the presence of 10 mu ml71 XO, which yields an increase in

basal cell size similar to that obtained with 10 nM GHHb

(results from three independent measurements, P50.05 by

unpaired Student's t-test).
The e�ect of a concentration of 10 mu ml71 XO was

completely abolished by the XO inhibitor allopurinol

(100 mM) (100.8+4.4% of basal cell size, results from three
independent experiments). Allopurinol alone failed to modify
basal planar cell surface area at the concentration used in the

present study (96.4+4.2% of basal size, results from three
independent experiments). Moreover, treatment with both
SOD or catalase (25 ± 200 u ml71) abolished the e�ect of
10 mu ml71 XO in a concentration-dependent manner, as

shown in Figure 7a. A similar inhibitory e�ect on XO-
induced increase in cell size was obtained after treatment with
increasing concentrations of deferoxamine (100 nM± 10 mM)
(Figure 7b).

Figure 3 E�ect of (a) superoxide dismutase (SOD) or catalase, and
(b) deferoxamine on the increase in cell size elicited by 14%-
glycosylated human oxyhaemoglobin (10 nM). Results (mean+
s.e.mean) are expressed as percentage of planar cell surface area
observed in basal conditions. Data were obtained from ®ve
independent experiments. *P50.05 versus GHHb-induced cell size
increase (one-way ANOVA); {P50.05 between SOD and catalase
(two-way ANOVA).

Figure 4 E�ect of mannitol and dimethylthiourea (DMTU) on the
increase in cell size elicited by 14%-glycosylated human oxyhaemo-
globin (GHHb). Results (mean+s.e.mean) are expressed as percen-
tage of planar cell surface area observed in basal conditions. Data
were obtained from three independent experiments. *P50.05 versus
basal; {P50.05 versus GHHb-induced cell size increase.

Figure 5 E�ect of glycosylated and non-glycosylated human serum
albumin (HSA) on cell size. Results (mean+s.e.mean) are expressed
as percentage of planar cell surface area observed in basal conditions.
Data were obtained from three independent experiments. *P50.05
versus basal cell size (one-way ANOVA); {P50.05 between
glycosylated and non-glycosylated HSA (two-way ANOVA).
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Discussion

Vascular hypertrophy has been implicated in the pathogenesis

of diabetic vasculopathy, leading to associated hypertension,
nephropathy, and atherosclerosis (Williamson et al., 1988;
Sowers & Epstein, 1995). Enhanced thickness of arterial
medial layer together with extracellular matrix expansion has

been observed in experimental models of diabetes (Cooper et
al., 1994; OÈ ztuÈ rk et al., 1996; Rumble et al., 1996, 1997). In
addition, several in vitro studies have shown enhanced VSMC

growth associated with diabetes; indeed, it has been reported
that VSMC isolated from diabetic patients or from animal
models of diabetes exhibit higher proliferation rates than their

respective non-diabetic controls (Alipui et al., 1993; Oikawa et
al., 1996; PareÁ s-HerbuteÂ et al., 1996). Furthermore, increased
proliferation rates have also been reported in VSMC cultured

in a high glucose environment (Graier et al., 1995).
Di�erent mechanisms have been proposed to be involved in

the structural vascular alterations observed in long-term
diabetes, including the renin-angiotensin system (Cooper et

al., 1994), the kinin-nitric oxide pathway (Rumble et al., 1996),
several growth factors (Rumble et al., 1997), or some glucose-
dependent mechanisms, including nonenzymatic protein

glycation and advanced glycosylation end product formation
(Iino et al., 1996; Rumble et al., 1997). In addition, there is
growing evidence indicating that increased oxidative stress in

blood vessels is a crucial event in the etiology of diabetic
vascular complications (Tesfamariam, 1994; Pieper et al., 1995;
Giugliano et al., 1996). Enhanced reactive oxygen species

production may be the consequence of increased pro-oxidant
factors, decreased endogenous antioxidant defenses, or both
(Giugliano et al., 1996). It has been proposed that the activity
of natural detoxifying enzymes, such as SOD, catalase or

glutathione peroxidase may be decreased in diabetes, although
there are marked discrepancies between the di�erent studies
reported (Pieper et al., 1995; Giugliano et al., 1996).

Concerning the enhancement of reactive oxygen species
production in diabetes, hyperglycemia is a key factor that
leads to increased oxidative stress by several mechanisms, such

as glucose autoxidation or nonenzymatic glycosylation of
proteins (Hunt et al., 1988; Vlassara et al., 1994).

In previous work, we have analysed the role of glycosylated
human oxyhaemoglobin on vascular reactivity (RodrõÂ guez-

ManÄ as et al., 1993; Angulo et al., 1996). Our interest in
oxyhaemoglobin resides in: (1) its degree of glycosylation is very
sensitive to changes in circulating glucose levels (Nathan et al.,

1984); (2) it can be found free in plasma at low concentrations
(Tietz, 1990); and (3) it can penetrate into the vascular wall,
therefore reaching di�erent vascular cell types (Stary et al.,

1992). We have reported evidence indicating that glycosylated
human oxyhaemoglobin inactivates endothelial nitric oxide by
releasing superoxide anions (Angulo et al., 1996). In the present

study, we aimed to analyse whether human glycosylated
oxyhaemoglobin, through the release of reactive oxygen species,
may modulate not only vascular function but also vascular
structure by promoting VSMC growth. For this purpose, we

tested whether GHHb could a�ect some growth parameters of
cultured VSMC, such as cell proliferation or cell size, and we
compared its e�ects to those of HHb.

Treatment of VSMC cultures with increasing concentra-
tions of either HHb or GHHb did not a�ect cell proliferation
except at high micromolar concentrations, where both

compounds elicited a similar increase in cell number per well.
However, despite the lack of e�ect on cell proliferation, GHHb
induced a concentration-dependent increase in planar cell
surface area, which was already signi®cant at a concentration

Figure 6 E�ect of xanthine (100 mM)/ xanthine oxidase (XO) on cell
size. Results (mean+s.e.mean) are expressed as percentage of planar
cell surface area observed in basal conditions. Data were obtained
from ®ve independent experiments. *P50.05 versus basal cell size
(one-way ANOVA).

Figure 7 (a) E�ect of superoxide dismutase (SOD) or catalase, and
(b) deferoxamine on the increase in cell size elicited by 10 mu ml71

XO. Results (mean+s.e.mean) are expressed as percentage of planar
cell surface area observed in basal conditions. Data were obtained
from ®ve independent experiments. *P50.05 versus XO-induced cell
size increase (one-way ANOVA); {P50.05 between SOD and
catalase (two-way ANOVA).
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of 10 nM. GHHb also resulted in increased protein content of
VSMC cultures. This e�ect was not observed with HHb, which
only at micromolar concentrations produced a modest increase

in cell size. The e�ect of GHHb on cell size and protein
content, without a�ecting cell proliferation, indicates that at
nanomolar concentrations GHHb is acting as a trophic factor
for VSMC by promoting cell hypertrophy.

As we have previously indicated that glycosylated human
oxyhaemoglobin may release superoxide anions (Angulo et al.,
1996), we aimed to determine the possible role for this and

other reactive oxygen species in mediating the e�ect of GHHb
on VSMC growth. Indeed, in the presence of SOD (scavenger
of superoxide anions), the enhancement of planar cell surface

area induced by a 10 nM concentration of GHHb was
completely inhibited in a concentration-dependent manner.
This e�ect of SOD was not thought likely to be due to an

enhanced production of hydrogen peroxide (Mullarkey et al.,
1990) because it was not a�ected by catalase. In fact, catalase
by itself (a scavenger of hydrogen peroxide) also reduced the
hypertrophic response to GHHb to almost a half. Similarly,

deferoxamine (which prevents the formation of hydroxyl
radicals) abolished the cell size increase evoked by GHHb in
a concentration-dependent manner. These results indicate that

either superoxide anions or hydroxyl radicals, as well as
hydrogen peroxide to a lesser degree, may be involved in the
hypertrophic e�ect of GHHb.

Superoxide anions are most likely released by GHHb in the
extracellular space (as SOD does not enter the cell).
Supporting this, several reports indicate the ability of di�erent

nonenzymatically glycosylated proteins, such as serum
albumin or ribonuclease, to release reactive oxygen species,
especially superoxide anions (Sakurai & Tsuchiya, 1988;
Mullarkey et al., 1990). Although HHb may also release

superoxide anions due to autoxidation (Misra & Fridovich,
1972; Wever et al., 1973), we suggest that, at a given
concentration, the amount of superoxide anions released is

signi®cantly higher for GHHb than for HHb, so that the
superoxide anions released by GHHb at nanomolar concen-
trations may be still functionally relevant, while that produced

by HHb would be negligible.
As previously indicated, in addition to superoxide anions,

hydroxyl radicals and hydrogen peroxide may have a role in
mediating the hypertrophic responses to glycosylated oxyhae-

moglobin. This ®nding contrasts with the interference of
endothelium-dependent relaxations by this agent, which is
mainly mediated by superoxide anions with no apparent role

for other reactive oxygen species (Angulo et al., 1996).
However, it is in agreement with those reports indicating that
di�erent reactive oxygen species may modulate VSMC growth

(Rao & Berk, 1992; Rao et al., 1993a; Baas & Berk, 1995).
Thus, reactive oxygen species can a�ect several growth-related
pathways in VSMC, such as the expression of c-fos or c-jun

proto-oncogenes (Rao & Berk, 1992; Rao et al., 1993a) or the
activation of mitogen-activated protein kinases (Rao et al.,
1993b; Baas & Berk, 1995; Guyton et al., 1996). In addition,
reactive oxygen species may also modulate the e�ect of some

growth factors (Herbert et al., 1996).
At present, we cannot conclude whether hydroxyl radicals

and hydrogen peroxide are directly released by GHHb or these

reactive oxygen species derive from superoxide anions, as
superoxide anions can be rapidly converted into hydrogen
peroxide (Griendling & Ushio-Fukai, 1997). In addition, once

released, superoxide anions may react with hydrogen peroxide
to form, via the Haber-Weiss and Fenton reactions, hydroxyl
radicals (Gutteridge et al., 1981; Kukreja & Hess, 1994). This
generation of hydroxyl radicals requires reduced iron (Fe2+) as

a cofactor (Gutteridge et al., 1981; Cohen, 1994). It is interesting
to note that, in our experimental conditions, Fe2+ is contained
in the culture medium (DMEM). The results obtained with

deferoxamine suggest that hydroxyl radicals are likely to be the
active mediator of the hypertrophic e�ect of GHHb. To further
con®rm this hypothesis, experiments were performed in the
presence of selective hydroxyl radical scavengers such as

mannitol and DMTU. Although mannitol failed to completely
abolish the e�ect of GHHb, this could be achieved in the
presence of DMTU. These results indicate, (1) that hydroxyl

radicals are generated outside the cell, via the aboved described
reactions, as mannitol is an extracellular scavenger (Tan et al.,
1995), and (2) hydroxyl radicals presumably cross the plasma

membrane to act inside VSMC, as DMTU is an intracellular
hydroxyl radicals scavenger (Tan et al., 1995).

In order to verify whether the ability of GHHb to promote

VSMC hypertrophy was shared by other nonenzymatically
glycosylated proteins, cultures were treated with glycosylated
HSA. Indeed, glycosylated HSA, but not non-glycosylated
HSA, promoted cell hypertrophy, this e�ect being mediated by

superoxide anions and hydroxyl radicals, as it was abolished
by both SOD and deferoxamine. Glycosylated HSA appears
therefore to share hypertrophic mechanisms with GHHb,

although GHHb seems to be more e�cient in promoting
VSMC hypertrophy. Indeed, to achieve a similar increase in
VSMC size a much lower concentration of GHHb is needed

(10 nM GHHb versus 5 mg ml71 glycosylated HSA, which is
grossly equivalent to 100 mM, to obtain a 15% increase in
planar cell surface area).

We further aimed to validate the results obtained using a
well established source of reactive oxygen species, the
xanthine/XO system, known to activate growth-related
mechanisms in VSMC (Rao & Berk, 1992; Baas & Berk,

1995). XO is a source of superoxide anions, hydrogen
peroxide, and hydroxyl radicals, although superoxide is the
main reactive oxygen species directly released by XO (Cohen,

1994). In the present experimental conditions, XO yielded
similar results to those obtained with GHHb; XO did not
a�ect cell proliferation but rather promoted increased cell size

and protein content of VSMC. The hypertrophic e�ect
produced by 10 mu ml71 XO, which was quantitatively similar
to that induced by 10 nM GHHb, was analogously inhibited by
SOD, catalase, or deferoxamine, indicating the participation of

the same reactive oxygen species. It is worth mentioning that
XO seemed to be more sensitive to the scavengers of reactive
oxygen species than GHHb. Although we have no clear

explanation for this, it is recognized that the e�ects induced by
XO in vitro are e�ectively quenched by rather small amounts of
SOD or catalase (Beckman, 1994).

In conclusion, we propose that glycosylated oxyhaemoglo-
bin, a marker of glycaemic control in diabetes, at concentra-
tions that can be found free in plasma (Tietz, 1990), may act as

a source of reactive oxygen species. Therefore, glycosylated
oxyhaemoglobin, and probably other nonenzymatically glyco-
sylated proteins, either in blood or into the vascular wall, can
have a pathophysiological role in the development of the

structural vascular alterations associated to diabetes through
the enhancement of oxidative stress. To our knowledge, there
are no previous studies analysing the role of these reactive

oxygen species as direct promoters of VSMC hypertrophy and,
therefore, the possible mechanisms involved remain to be
elucidated. In our opinion, however, this may be a relevant

event in the development of diabetic vascular disease.
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