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Iron is suspected to be involved in the induction 
and/or progression of various human tumors. The 
present study was designed to investigate the effects of 
iron on endothelial cells, keeping in mind that the 
homeostasis of microvessels plays a critical role in 
neo-angiogenesis. Applying a model of human dermal 
microvascular endothelial cell terminal differentiation 
and death induced by serum deprivation, we found 
that iron salts (iron chloride and ferric nitrilotriacetate) 
provided a survival advantage to endothelial cells. 
Using immunohistochemistry and Western Blot analy- 
sis, we found that the extended cellular life span 
induced by iron was paralleled by an increase of Bcl-2 
protein expression. Taken together, these observations 
suggest that iron may give a survival advantage to 
endothelial cells and represent a novel mechanism 
through which iron may contribute to tumorigenesis. 

Keywords: bcl-2, cancer, h u m a n  dermal microvascular 
endothelial cells, iron, tumor  

INTRODUCTION 

Iron, a major catalyst in the formation of 
hydroxyl  radicals, is thought  to be involved in 
the development  of cancers in humans  I1'21. Injec- 

tions of iron complexes have been observed to 
result in sarcomas at the sites of deposit ion I3'41. 
There is also a positive correlation between body  
iron levels and cancer risk [51. Patients wi th  
hemochromatosis ,  a genetic disease character- 
ized by iron overload show a markedly  
enhanced susceptibility to pr imary liver cancer 
and various other malignancies [2"6]. The patho- 
genic role of iron in cancer development  a n d / o r  
progression remains unclear. At least four sche- 
matic carcinogenic pa thways  have been 
described. First, iron may  promote  the formation 
of mutagenic  hydroxyl  radicals. Second, iron 
excess diminishes host  defenses through inhibi- 
tion of the activity of macrophages and lym- 
phocytes |2'71. Third, iron can enhance host  cell 
product ion of viral nucleic acids [8] which, in 
turn, may  be involved in the development  of 
some h u m a n  cancers. Fourth, iron can directive 
promote the growth of some cancer cells [9A°j, 
probably through its role in the activation of 
ribonucleotide reductase, a key-enzyme in DNA 
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synthesis, responsible for the reduction of ribo- 
nucleotides to deoxyribonucleotides [1'2]. 

One of the major processes involved in the 
development of tumour growth is the 'switch' to 
an angiogenic phenotype, involving a change in 
the equilibrium between negative and positive 
regulators of the growth of microvessels [111. 
Endothelial cells, because of their unique and 
strategic position in the lining of blood vessels, 
are a target for circulating iron. In this report, we 
investigated whether iron might affect the bal- 
ance between rates of endothelial cell growth 
and cell loss and might modify their Bcl-2/Bax 
ratio which is a key element in the control of 
apoptotic cell death [12]. Elevated levels of Bcl-2 
protein can block or delay apoptosis induced by 
a wide variety of stimuli and insults, including 
serum deprivation [13-15]. The survival advan- 
tage conferred by Bcl-2 may lead to subsequent 
acquisition of genetic changes resulting ulti- 
mately in tumor progression [16-18]. 

MATERIAL AND METHODS 

Compounds 

Iron chloride (FeC13) was obtained from Fluka 
(Buchs, Switzerland). Ferric nitrilotriacetate 
(FeNTA), N-acetylcysteine (NAC), inter- 
leukin-l[3 (IL-I~) were from Sigma (Bornem, Bel- 
gium). Basic fibroblast growth factor (bFGF) was 
from ICN (Aurora, OH). Desferrioxamine (DFO) 
was purchased as its commercially available 
mesylate salt. Bax MoAb (G206-1276) was from 
Pharmingen (San Diego, CA); Bax polyclonal 
antibody (I-19) from Santa Cruz Biotechnology 
(Santa Cruz, CA); Bcl-2 MoAb (100) from Onco- 
gene Research Products (Cambridge, MA) and 
proliferating cell nuclear antigen (PCNA) MoAb 
(PC10) from Boehringer Mannheim (Germany). 
Normal immunoglobin fractions and CD71 
MoAb (anti-transferrin receptor) (M734) were 
from Dako (Glostrup, Denmark). 

Cell Culture 

Human dermal microvascular endothelial cells 
(HDMEC) were cultured by a method similar to 
that reported by Kluger et al. (1997) [19]. HDMEC 
were isolated from normal adult breast skin 
obtained as discarded tissue from reduction 
mammoplasties (Department of Plastic Surgery, 
Erasme University Hospital). Informed consent 
was obtained from the patients. Fresh skin was 
stretched flat and sectioned horizontally. After a 
80-rain incubation in dispase II 2 m g / m l  (Boe- 
hringer, Brussels, Belgium) at room temperature, 
the epidermis was peeled off and cells from both 
sides of the underlying epidermis were gently 
scraped into RPMI (Gibco) and filtered through 
a 70-gM nylon mesh. The filtrate, containing sin- 
gle cells, was washed once in minimum essential 
medium D-Val and plated onto tissue culture 
plastic pre-coated with the cell culture medium 
(C-22020, PromoCell, Heidelberg, Germany) 
supplemented with 10% FCS (Gibco). HDMEC 
were allowed to attach approximately 4 h before 
gentle aspiration (to remove cell debris) and 
addition of fresh media. The cells were used at 
passage 5-12. FACS analysis revealed that > 95% 
of the cell population was positive for endoglin 
(Pharmingen). Immunostaining with a specific 
anti-human fibroblast antibody (Dianova, Ham- 
burg, Germany) [2°1 was negative. 

Induction of Apoptotic Cell Death by Serum 
Deprivation 

Briefly, exponentially growing HDMEC were 
allowed to proliferate in complete growth 
medium until they reached 85-90% confluence. 
Apoptosis was induced in subconfluent cell cul- 
tures by serum deprivation as described by 
H6bert et al. (1994) [21]. After having removed the 
FCS containing medium, serum-free RPMI (with 
HEPES and glutamine (Biowhittaker, Verviers, 
Belgium) supplemented with 1% non-essential 
amino-acids was placed onto the monolayer cul- 
tures. Since RPMI contains only traces of iron 
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(manufacturer's data and personal assay using 
ion coupled plasma optical emission spectroscopy 
torche axiale (Thermo-optek) showing an iron 
concentration < 10 ~tg/ml (lower limit of detec- 
tion of the system), this procedure withdrew the 
iron from the culture medium. 

Iron Treatment 

FeC13 prepared in RPMI containing HEPES (con- 
centrations as indicated) was added either to 
HDMEC cultured with 10% FCS or to HDMEC 
that had been exposed to overnight serum depri- 
vation. Using a PHM82 standard pH meter (Van 
der Heyden, Brussels, Belgium), we found that 
this treatment did not change the pH of the cul- 
ture medium. The cells cultured with FCS were 
further cultured with serum and the 
serum-deprived cells were further cultured in 
the absence of serum. At various time points, 
viable cell numbers were estimated by the 
trypan blue exclusion test. Cells in individual 
monolayer cultures were harvested and made 
into single-cell suspensions by trypsinisation. 
The cell suspensions were then incubated for 3 
rain with trypan blue dye. The cells remaining 
negative to the blue dye staining after trypan 
blue exclusion were counted as viable cells. The 
ability of the cells to survive and further divide 
was determined by the retention of their col- 
ony-forming ability upon return to serum-sup- 
plemented conditions. Cells remaining adherent 
to the plate were harvested at various time inter- 
vals after the serum withdrawal and equal vol- 
umes from control and iron-exposed cultures 
were re-suspended in complete growth medium 
containing 10% FCS. Plating efficiency was 
determined at various time intervals as the total 
number of cells per dish and as the number of 
colonies _> 4 cells per 10 high power fields. 

Determination of Iron Incorporation 

Iron uptake was determined on cytospin prepa- 
[22] ration using the method of Lillie (1965) . 

Briefly, cytospin preparations were placed in a 
potassium ferrocyanide solution for 1 hr and 
washed in 1% aqueous glacial acetic acid. The 
preparations were then placed in a basic fuchsin 
solution for 10 min and rinsed in distilled water. 
Finally, they were dehydrated in 95% absolute 
alcohol and cleared in xylene, 2 changes each. 
Iron taken up appeared as dark blue particles in 
pink-colored cells. 

Immunohistochemistry 

The cells were trypsinised 24 hours after the 
addition of iron and made into single-cell sus- 
pensions. Immunohistochemistry was carried 
out on cytospins. Briefly, subconfluent cell cul- 
tures were harvested and made into single-cell 
suspension by trypsinisation. For Bax (I-19), the 
cytospin preparations were fixed in Bouin for 15 
rain and then incubated in 3% (v/v) H202 in PBS 
for 30 min at room temperature. The samples 
were incubated in normal goat serum for 30 min 
to block nonspecific interactions, and then 
anti-Bax antibody was applied at the dilution of 
2 btg/ ml overnight at 4°C. Normal rabbit immu- 
noglobin fractions at the same concentration as 
the primary antibodies served as negative con- 
trols. Immunohistochemical staining was 
achieved with the PK-4001 Vectastain ABC Kit 
(Vector Laboratories, Burlingame, CA). The 
slides were counterstained with hematoxylin. 
For Bcl-2 MoAb, two different fixation proce- 
dures were used: 1) the cells were fixed in formol 
for 1 hr at room temperature and incubated in 
3% (v/v) H20 2 in PBS for 30 rain. They were 
then microwaved at 250 Watts for 2 x 5 min in a 
citrate buffer, pH 6 and then blocked with nor- 
mal goat serum 1/20 for 30 min; 2) they were 
fixed in absolute methanol for 10 rain at room 
temperature, incubated in 3% (v/v) H202 in PBS 
for 30 rain, and then blocked with the normal 
goat serum. The cytospins were then immersed 
for 10 min in PBS and incubated in 3% (v/v) 
H20 2 in PBS for 30 min before immunocyto- 
chemical staining with 5 btg/ ml Bcl-2. For stable 
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PCNA, the samples were fixed in absolute meth- 
anol for 10 min and permeabilized with Tri- 
ton-X100 (0.1% in PBS), rinsed twice with PBS, 
and incubated in 3% (v/v)  H202 in PBS for 30 
min before immunocytochemical staining (IP-10, 
5 ~g/ml). For total PCNA, there were fixed in 
1% paraformaldehyde in PBS (pH 7.2), contain- 
ing 6.6 ~tg of lysolecithin, followed by immersion 
for 10 min in absolute methanol at ice tempera- 
ture and permeabilization with 0.1% NP-40 in 
PBS on ice, as previously described [23]. The 
formed immune complexes were detected with 
EnvisionTM+/HRP (Dako). Peroxidase activity 
was developed with 3,3'-diaminobenzidine tet- 
rahydrochloride (0.012 % in PBS) and H20 2 
(0.1%) and the cells were counterstained with 
haematoxylin. 

Terminal Deoxynucleotidyl Transferase 
(TdT)-Mediated Desoxyuridinetriphosphate 
(dUTP) Nick End Labelling (TUNEL) Assay 

TdT assay for strand breaks was performed as 
previously reported [24]. Briefly, the forma- 
lin-fixed cytospin preparations were incubated 
with 20 ~tg/ml proteinase K (Sigma) for 15 min 
at room temperature in order to strip the nuclei 
from proteins. The samples were then washed 
four times in double-distilled water for 2 min. 
Endogenous peroxidase was inactivated by cov- 
ering the slides with 2% (v/v)  H202 in PBS for 
30 rain at room temperature. The preparations 
were rinsed with double-distilled water, and 
immersed in terminal TdT labelling buffer 
(30 mM Trisma base, pH 7.2, 140 mM sodium 
cacodylate, 1raM cobalt chloride). TdT (0.3 
e.u./~tl), dATP and biotinylated dUTP in TdT 
buffer were then added to cover the cytospin 
preparations in a humid atmosphere at 37°C for 
60 min. The reaction was terminated by transfer- 
ring the slides to terminating buffer (300 mM 
sodium chloride, 30 mM sodium citrate) for 
15 min at room temperature. The slides were 
then rinsed with double-distilled water, covered 

with a 2% aqueous solution of bovine serum 
albumin for 10 min at room temperature, rinsed 
in double-distilled water and immersed in PBS 
for 5 min. Peroxidase activity was developed 
with 3,3'-diaminobenzidine tetrahydrochloride 
and H202. 

Western Blot Analysis of Protein Expression 

Confluent cell cultures were washed with com- 
plete PBS and lysed in SDS buffer (5 % [3-mer- 
captoethanol, 10 % glycerol, 80 mM SDS, 60 mM 
Tris, pH 6.8). For each sample, a total quantity of 
40 ~tg of protein was electrophoresed on a 12 % 
sodium dodecyl sulfate-polyacrylamide linear 
gradient slab gel, in Tris-buffered saline solu- 
tion. The proteins were then electrophoretically 
transferred to nitro-cellulose sheets. The blots 
were subsequently incubated for 1 h in 1% 
fat-free milk in TBS and for 18 h either with Bcl-2 
(Ab-1) MAb at a 2 ~g/ml  concentration in TBS 
(20 mM Tris, 125 mM NaC1) or with Bax (G206- 
1270) MAb at a 4 ~g/ml  concentration. After 
extensive washing in TBS, the immune com- 
plexes were detected with either a biotinylated 
anti-rat Ig (Bax) or an anti-mouse Ig (Bcl-2) 
(diluted 1:250 in TBS) (Amersham, Ltd), serving 
as binding bridge to biotin-streptavidin peroxy- 
dase preformed complexes used at the same 
dilution. Preformed complexes were detected by 
photographic recording of the chemilumines- 
cence (ECL) emitted by a H202 reacting probe, 
using the Boehringer Mannheim's kit. Lysates 
from Kaposi's sarcoma (KS)-derived cells and 
from MCF-7 cells were used as positive controls 
for Bcl-2 |25]. Lysates from NIH-3T3 fibroblasts 
served as positive control for Bax [26]. The immu- 
noblots were scanned with a Microtek Phantom 
4800 apparatus. 

Statistical Analysis 

The Student's t-test (2-tailed) was used to com- 
pare the different groups of data. 
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RESULTS 

Surv iva l  Kinet ics  of  H D M E C  in Serum-Free  
C o n d i t i o n s  

Previous studies indicated that cell death induced 

by serum withdrawal or by growth factors depri- 
vation occurs through apoptosis [13'15"27]. Serum 

deprivation resulted in progressive contraction of 
the cell population, followed by production of 

blebs and detachment from the plate (Fig. 1A and 
1B). By contrast to the adherent cells, the detached 
cells were positive to the trypan blue dye staining. 

Detached cells also appeared smaller than adher- 
ent cells. The morphological features of the two 
populations suggest that serum depriva- 
tion-induced apoptosis is a dynamic process, 
commencing with adherent cells and being com- 
pleted following detachment (Fig. 2). This indi- 

cates that the cells die and detach, rather than die 
because they have detached. Cell death was first 
apparent 1 day after serum deprivation. By day 3, 
only 10 % of the initial HDMEC population sur- 

vived. Six days after the serum withdrawal  only 
a minor proportion of the cells (0.005 + 0.003%) 
remained adherent to the plate. Most of these cells 

had a spindle-shaped morphology very similar to 
that of spindle cells derived from Kaposi's sar- 
coma (Fig. 1C). This suggests that, while the 
majority of HDMEC rapidly died following 

serum deprivation, a small proportion could sur- 
vive and gradually undergo morphological dif- 
ferentiation. By contrast, HDMEC cultured with 
FCS exhibited neither significant cell detachment 

nor significant morphological change. To assess 
whether the cells were still able to divide after 
serum deprivation, we studied the plating effi- 
ciency and established the growth curves upon 

return to serum-supplemented conditions. As 
long as the cell growth could be re-initiated, the 
cell colonies exhibited a typical cobblestone mor- 
phology. These cells were still positive for endog- 

lin, which rules out the possibility of selection of 

non-endothelial cells following conditions of 
serum deprivation. 

Effect o f  Iron on  H D M E C  Kinet ics  

Since iron may exert dual effects in terms of cell 
life and death, we first examined the effects of 
iron on the balance between endothelial cell sur- 
vival, proliferation and death. Trypan blue 
exclusion demonstrates that iron did not signifi- 
cantly prevent the cell loss induced by serum 
deprivation (Fig. 3). TUNEL assay revealed that 
iron did not significantly prevented the  serum 
deprivation-induced cell death (5.5 _+ 2.2 v s  3.5 _+_ 
1.2 % TUNEL-based apoptotic index after a 32 
hours serum deprivation period in control and 
20 gM iron-treated cells, respectively). Concen- 
trations higher than 100 ~tM were readily cyto- 
toxic. Since the trypan blue exclusion test and 
the TUNEL assay only account for cell viability 
and fail to discriminate between differentiated 
cells and cells keeping their proliferative poten- 
tial, we performed plating efficiency experi- 
ments. Cell survival assays demonstrated that, 
when re-suspended in growth medium contain- 
ing 10% FCS, the cells previously exposed to iron 
displayed a significant survival advantage as 
compared to the control cells (i.e., not treated 
with iron) (Fig. 4). Determination of the number 
of colonies ___ 4 cells (number of cells having 
accomplished at least 2 mitoses) that could be 
observed 4 days after re-suspension in optimal 
growth conditions yielded similar results than 
cell counts (data not shown). The effective iron 
concentrations ranged between 10 and 25 ~tM. 
Similar results were observed with FeNTA (data 
not shown). No significant inhibition of terminal 
differentiation could be observed when FeC13 
was pre-incubated with a stoechiometric amount 
of DFO. No survival advantage was evidenced 
when iron was added to HDMEC cultured with 
FCS (data not shown). 
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FIGURE 1 Morphological changes of HDMEC under serum deprivation conditions. A, phase-contrast photomicrograph of con- 
fluent monolayer HDMEC showing typical cobblestone morphology. B, same culture 2 days after serum withdrawal showing 
retraction of the cytoskeleton, rouding up of cells and detachment from the plate. C, same culture 6 days after serum with- 
drawal showing some cells exhibiting an elongated, spindle-shaped morphology. Bars: 100 btM 
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FIGURE 2 Induction of apoptosis in HDMEC cultured under serum-free conditions. Ultrastructure of trypsin-EDTA released 
adherent HDMEC (A) compared with detached floating cells (B). Some of the floating detached cells are highly vesiculated. 
Bars: 20 ~tM 

Since iron displays mitogenic properties in 
various cell types, we next investigated whether 
it could increase the proportion of cells in the cell 

cycle in condit ions of s e rum depr ivat ion.  Total 
P C N A  index declined f rom 52 + 19% at the start  
of the exper iment  to 6 + 5% at 24 hours.  Simi- 
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FIGURE 3 Effect of iron supplementation on endothelial cell loss induced by serum deprivation. After overnight serum depri- 
vation, the cells were pulsed with FeC13 (concentrations as indicated) and were further cultured for 1 day in serum-free condi- 
tions. Results are expressed as means J: SE of 3 independent experiments performed in triplicate 
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FIGURE 4 Growth of control and iron-treated cells upon return to serum-supplemented medium. HDMEC supplemented (-) or 
not (A) with 20 ~M iron were cultured in serum-free conditions for 4 days. The cells were counted at various time intervals 
after re-suspension in medium containing 10% FCS. p < 0.05; p< 0.01, significant difference between the growth of cells sup- 
plemented or not with iron. Results are expressed as means _+ SE of 4 independent experiments 
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larly, serum-deprived HDMEC expressed low to 
undetectable levels of stable PCNA, which fur- 
ther indicates the synchronization and the 
Go/G 1 growth arrest of the cells upon 
serum-free conditions [28'29]. The cell growth 
arrest was confirmed by the low number of posi- 
tive cells (0 to 0.2%) after a 2 h pulse of BrdUrd 
(data not shown). As a whole, these data demon- 
strate that serum deprivation-induced HDMEC 
death is not a form of abortive mitosis. At any 
concentration studied (5 to 100 ~M), iron did not 
significantly increase the number of 
PCNA-labelled cells nor the incorporation of 
BrdUrd (data not shown). This suggests that iron 
provides a survival advantage without eliciting 
HDMEC replication during serum deprivation. 
Analogously, iron did not significantly increase 
the PCNA index of HDMEC cultured with 
serum (data not shown). 

To confirm that the serum deprivation, and 
hence the absence of unsaturated transferrin, did 
not prevent the cellular iron uptake, we used the 
method of Lillie (1965) [22[. This showed the pres- 
ence of blue particles in the cytoplasm of 
iron-treated cells. By contrast, no apparent parti- 
cles could be found in non iron-treated cells 
(Fig. 5). 

Iron Increases Bcl-2 Expression in HDMEC 

Bcl-2 is an oncoprotein known to be involved in 
cell survival upon growth factors deprivation 
conditions [29[. More particularly, Bcl-2 overex- 
pression is known to protect endothelial cells 
from the effect of serum deprivation [15]. In a 
series of experiments we examined whether iron 
could induce Bcl-2 expression in HDMEC. After 
overnight serum deprivation, the cells were 
pulsed with FeC13 or FeNTA (concentrations as 
indicated) and were further cultured in 
serum-free conditions. Confirming previous 
studies I25[, immunohistochemistry revealed low 
to undetectable levels of Bcl-2 protein in unstim- 
ulated HDMEC. Exposure of the cells to iron led 
to a significant induction of the protein (Fig. 6). 

Concentrations lower than 5 ~M had a negligible 
effect (data not shown). The control isotypes 
were repeatedly negative, indicating that the 
observed immunohistochemical effect of iron 
was not due to a non-specific oxidation of the 
diaminobenzidine tetrahydrochloride. No 
induction of Bax protein could be noted (data 
not shown). No significant induction of Bcl-2 
could be evidenced when iron was added to 
HDMEC cultured with FCS. 

To further confirm the iron-induced expres- 
sion of Bcl-2 in HDMEC, immunoblot analysis 
was performed. As depicted in Fig. 7, the Bcl-2 
Moab detected a protein of approximately 24 
kDa, corresponding to the size expected for 
Bcl-2. Immunoblotting confirmed that iron 
induced the expression of Bcl-2 in HDMEC. 
Interestingly, the levels of Bcl-2 in iron-stimu- 
lated HDMEC remained far lower than those 
observed in Kaposi's sarcoma (KS)-derived cells 
which are thought to represent malignant or 
activated endothelial cells [30-32]. This clearly 
suggests that iron alone is not sufficient to 
induce the phenotypic change of endothelial 
cells into malignant or activated endothelial 
cells. In addition, the progeny of the 
iron-exposed HDMEC did not display increased 
levels of Bcl-2 under iron-free culture conditions. 
This suggests that the expression of Bcl-2 is 
rather functional than mutational and requires 
the presence of iron in the culture medium. Bax 
MoAb (G206-1276) and polyclonal antibody 
(I-19) revealed undetectable to low protein levels 
at 22 KDa, respectively. In contrast to Bcl-2, no 
significant change in the Bax expression levels 
could be observed in HDMEC in response to 
iron (data not shown). 

As iron may induce the formation of cytotoxic 
reactive oxygen intermediates, we tested the 
possibility that these radicals were involved in 
the iron-induced expression of Bcl-2 observed in 
HDMEC. In contrast to iron, H20 2 induced a 
dose-dependent cell loss that was paralleled by a 
concomitant increase of both Bcl-2 and Bax pro- 
tein expression (Fig. 8). Up to 5mM concentra- 
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O 1 

FIGURE 5 Staining of HDMEC cytospin preparations of HDMEC by the method of Lillie. A, no cytoplasmic granules can be 
demonstrated by this method in not iron-treated cells. B, after a 24 hour  period treatment with 20 gM FeCI 3, the cellular uptake 
of iron was determined by the method of Lillie revealing the presence of dark prussian blue cytoplasmic granules. Bars: 40 pM 
(See Color Plate I at the back of this issue) 
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Color Plate I (See page 230, Figure 5) Staining of HDMEC cytospin preparations of HDMEC by the method of Lillie. A, no cyto- 
plasmic granules can be demonstrated by this method in not iron-treated cells. B, after a 24 hour period treatment with 20 ~tM 
FeC13, the cellular uptake of iron was determined by the method of Lillie revealing the presence of clark prussian blue cytoplas- 
mic granules. Bars: 40 ~M 
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i i  ~ 

FIGURE 6 lmmunostaining of HDMEC cytospin preparations with Bcl-2 (clone 100) MoAb. A, negative control; B, not 
iron-treated cells; C, 20 btM iron-treated cells. Bars: 40 jaM (See Color Plate II at the back of this issue) 
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Color Plate II (See page 231, Figure 6) Immunostaining of HDMEC cytospin preparations with Bcl-2 (clone 100) MoAb. A, neg- 
ative control; B, not iron-treated cells; C, 20 ~M iron-treated cells. Bars: 40 gM 
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2 4  k D a  - . . - . ,  . . . . .  , B  

! 2 3 4 5 

FIGURE 7 Immunoblot analysis of Bcl-2 (clone 100) MoAb. 
Cell lysates (40 pg of protein for each sample) were separated 
on a 10 to 17% sodium dodecyl sulfate polyacrylamide gel 
and electrophoretically transferred to nitrocellulose sheets. 
The proteins were immunoblotted with anti-Bcl-2 Moab. The 
immunoblots were scanned with a Microtek Phantom 4800 
apparatus. (1), not iron-treated HDMEC; (2), iron 20 btM; (3), 
iron 100 gM; (4), iron 20 btM + DFO 20 btM; (5), KS-derived 
cells 

1 0] 

0- 
0 10 100 1000 

H202 concentration (HM) 

FIGURE 8 Effect of H202 on HDMEC cell viability (black col- 
umns), Bcl-2 expression (white columns) and Bax expression 
(hatched columns). Serum-deprived HDMEC were treated 
with various concentrations of H20 2. After 24 h, the cells 
were harvested by trypsinization. Number of viable cells was 
determined by trypan blue exclusion test and was expressed 
as a percentage of untreated cells. Bcl-2 and Bax indices were 
determined by immunohistochemistric analysis of cytospin 
preparations and were determined as the number of positive 
cells per 100 (Bcl-2) or 1000 (Bax) counted cells. Results are 
expressed as means + SE of 3 independent experiments. 

t i ons  of  N A C ,  a p o t e n t  a n t i o x i d a n t ,  f a i l ed  to 

s u p p r e s s  the  i r o n - i n d u c e d  Bcl-2 e x p r e s s i o n .  By 

con t ras t ,  s i gn i f i can t  i n h i b i t i o n  of  the  

i r o n - i n d u c e d  Bcl-2 e x p r e s s i o n  w a s  o b s e r v e d  

w h e n  FeC13 w a s  p r e - i n c u b a t e d  w i t h  DFO.  

Effect of Iron on Cell Morphology  
and Activation 

Since  i n f l a m m a t o r y  c y t o k i n e s  m a y  a l te r  cell  

k ine t i c s  a n d  m a y  i n d u c e  the  e x p r e s s i o n  of  Bcl-2 

f a m i l y  m e m b e r s  o n  e n d o t h e l i a l  cel ls  [15], w e  

i n v e s t i g a t e d  w h e t h e r  the  effects  of  i r o n  w e r e  

a c c o m p a n i e d  b y  e n d o t h e l i a l  cell  ac t iva t ion .  

FeC13 at  c o n c e n t r a t i o n s  b e l o w  100 ~tM i n d u c e d  

n o  s i gn i f i c an t  m o r p h o l o g i c a l  change .  F A C S  ana l -  

y s i s  r e v e a l e d  tha t  i r o n  d i d  n o t  i n d u c e  (or 

i nc rease )  t he  e x p r e s s i o n  of  CD40, V C A M - 1  a n d  

I C A M - 1  o n  the  su r f a c e  of  b o t h  s e r u m - d e p r i v e d  

a n d  - r e p l e t e  H D M E C .  I r o n  e x p o s u r e  d i d  n o t  

r e s t o r e  t he  d o w n r e g u l a t i o n  of  CD71 e x p r e s s i o n  

i n d u c e d  b y  s e r u m  s t a rva t i on .  In  v i e w  of  the  l ink-  

age  b e t w e e n  the  d e n s i t y  of  t r a n s f e r r i n  r e c e p t o r s  

a n d  the  i n i t i a t i o n  of  D N A  s y n t h e s i s  [1°'33], th i s  

f u r t h e r  s u g g e s t s  t ha t  i r o n  h a d  n o  effect  on  the  

p r o l i f e r a t i o n  of  the  cells.  To f u r t h e r  i n v e s t i g a t e  

w h e t h e r  i r o n  c o u l d  l e a d  to the  a c t i v a t i o n  of  

H D M E C ,  w e  c o m p a r e d  the  p ro f i l e  of  c y t o k i n e  

s e c r e t i o n  in  IL-113- v e r s u s  i r o n - s t i m u l a t e d  cel ls  

u n d e r  c o n d i t i o n s  of  s e r u m  s t a r v a t i o n .  U s i n g  

c o m m e r c i a l l y  a v a i l a b l e  E L I S A  ki t s  (BioSource ,  

F l e u r u s ,  Be lg ium) ,  w e  f o u n d ,  in  a c c o r d a n c e  w i t h  

o t h e r  s t u d i e s  [34], t ha t  t he  t r e a t m e n t  of  H D M E C  

w i t h  IL-113 i n d u c e d  the  p r o d u c t i o n  of  IL-6 a n d  

i n c r e a s e d  the  r e l ea se  of  IL-8. By con t ras t ,  n o  

i n d u c t i o n  of  IL-6 o r  IL-8 p r o d u c t i o n  c o u l d  be  

e v i d e n c e d  in  the  i r o n - t r e a t e d  c u l t u r e s  (Table  I). 

TABLE I Cytokine production by HDMEC treated with 
IL-1{~(150 pg/ml) or with iron (20 I~M) 

Con trol IL-1 f3 Iron 

TNF-c~ a < 1 < 1 < 1 

IL-6 a 25 + 20 1140 + 450 40 + 35 

IL-8 a 5,200 + 2900 17,800 + 4900 b 4,400 _+ 2650 

IL-12 a < 1 < 1 < 1 

IFN-7 c < 1 < 1 < 1 

a. Values expressed in pg/ml. 
b. p < 0.02 compared to control (mean of 3 experiments). 
c. Values expressedinlU/ml. 
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D I S C U S S I O N  

Iron participates in several biological reactions 
and is essential to virtually all forms of life. 
Iron-containing proteins of the respiratory chain 
are involved in electron transport to provide the 
energy for cellular activities. Iron is also required 
for cell multiplication in view of its role in the 
activity of ribonucleotide reductase, a 
key-enzyme in DNA synthesis, responsible for 
the reduction of ribonucleotides to deoxyribonu- 
cleotides [1°,351. Iron is also suspected to be 
involved in the pathogenesis of various human 
tumors. The present study was designed to 
investigate the effects of iron on endothelial 
cells, keeping in mind that the homeostasis of 
microvessels plays a critical role in tumour 
development and progression [11 ]. 

Confirming previous studies, we found that 
serum withdrawal, and hence growth factors 
and iron deprivation causes growth arrest in the 
Go/G 1 state and induces endothelial cell 
death 121'271. In addition, serum deprivation grad- 
ually increases the proportion of cells unable to 
re-enter the cell cycle and to divide upon return 
to serum-supplemented conditions. The propor- 
tion of dead cells gradually increased, which 
may point to similarities in the molecular path- 
ways of terminal differentiation and apopto- 
sis [361. Applying this model of endothelial cell 
terminal differentiation and death, we show here 
that exposure to iron confers a survival advan- 
tage to HDMEC. The survival advantage elicited 
by iron might be linked with previous studies 
showing that, under conditions of serum starva- 
tion, iron acts as a growth factor for various cell 
types. DNA replication indeed depends on 
iron-containing ribonucleotide reductase which 
catalyses an obligatory step in DNA synthe- 
sis [35]. However,  analysis of BrdUrd incorpora- 
tion and of PCNA and CD71 expression 
indicated that, in conditions of serum depriva- 
tion, the survival advantage of endothelial cells 
elicited by iron is clearly independent of any 
mitogenic effect. An alternative explanation is 

that iron, which is known to be involved in key 
enzyme systems catalyzing the electron-transfer 
and respiration reactions, inhibits the terminal 
differentiation induced by serum deprivation. 
This survival advantage was paralleled by a sig- 
nificant increase of the expression of Bcl-2 pro- 
tein, which is known to interfere with apoptosis 
and differentiation [37'38[. There are few data on 
the induction of Bcl-2 on endothelial cells by 
exogenous agents. It has been shown that 
inflammatory cytokines and VEGF [15'391 
increased the Bcl-2 expression in endothelial 
cells in a dose-dependent manner. However,  the 
herein observed absence of effect of iron on 
inflammatory cytokine release and on cell activa- 
tion surface markers suggests that iron did not 
exert its survival promoting effect through the 
release of inflammatory cytokines. Neither sig- 
nificant survival advantage nor significant Bcl-2 
induction was evidenced when iron was added 
to HDMEC cultured with FCS, which might be 
explained by the presence of free or pro- 
tein-bound iron in the culture medium. 

Although Bcl-2 seems involved in cell protec- 
tion during growth factors deprivation [29'39], the 
mechanism of this resistance remains unclear. 
More particularly, our results do not allow to 
answer whether Bcl-2 is directly involved in the 
survival advantage elicited by  iron or whether 
Bcl-2 is simply induced to overcome the oxida- 
tive stress triggered by  iron. One of the earliest 
mechanisms proposed for Bcl-2 was that it acts 
as an antioxidant that suppresses the formation 
or action of reactive oxygen species [4°]. How- 
ever, the persistence of the iron-induced Bcl-2 
expression after co-incubation with NAC, a 
potent anti-oxidant, does not support  the 
hypothesis that Bcl-2 acts as a protective coun- 
teracting force. Some studies have demonstrated 
that the cell death-protective activity of Bcl-2 
was associated with diminished cell prolifera- 
tion and prolongation of the Glphase of the cell 
cycle, with subsequent facilitation of a pro- 
longed metabolically dormant state from which 
cells recover with high efficiency [41]. These find- 
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ings do not seem relevant in the case of endothe- 
lial cell death induced by serum deprivation; the 
low levels of any form of PCNA as well as the 
lack of BrdUrd incorporation suggest that, upon 
serum starvation, the majority of the cells are 
dying while being already growth-arrested. 
Direct molecular experiments, such as microin- 
jection of antisense cDNA might give more 
information regarding the relationship between 
iron and Bcl-2 expression. 

In summary, we have found that iron can pro- 
mote the growth potential of endothelial cells by 
a mechanism independent of any mitogenic 
effect. The extended cellular life span induced by 
iron was paralleled by an increase of Bcl-2 pro- 
tein expression. Taken together, these observa- 
tions suggest that iron may give a survival 
advantage to endothelial cells and hence, may 
alter the homeostasis of microvessels. This may 
highlight the tumorigenic effect of iron. 

Acknowledgements 
The authors thank Dr. S. Horman for helpful 
suggestions on the Western Blot analyses. This 
work was supported by the Erasme Foundation, 
Brussels, Belgium 

References 
[1] H.H. Sussman (1992) Iron in cancer. Pathobiology, 60, 2- 

9. 
[2] E.D. Weinberg (1996) The role of iron in cancer. Euro- 

pean Journal of Cancer Prevention, 5, 19-36. 
[3] P.M. Ludin (1961) The carcinogenic action of complex 

iron preparations. British Journal of Cancer, 15, 838-847. 
[4] A.G. Robertson and W.C. Dick (1977) Intramuscular 

iron and local oncogenesis. British Medical Journal, 1, 
947-949. 

[5] R.G. Stevens, B.I. Graubard, M.S. Micozzi, K. Neriishi 
and B.S. Blumberg (1994) Moderate elevation of body 
iron level and increased risk of cancer occurrence and 
death. International Journal of Cancer, 56, 364-369. 

[6] R.A. Bradbear, C. Bain and V. Siskind (1985) Cohort 
study of internal malignancy in genetic hemochromato- 
sis and other chronic nonalcoholic liver disease. Journal 
of the National Cancer Institute, 75, 81-84. 

[7] M. De Souza and D. Potaznik (1984) Proteins of the 
metabolism of iron. Cells of the immune system and 
malignancy. In Vitamin nutrit ion and cancer (ed. J.S. 
Prasad), Basel, Karger. pp. 231-239. 

[8] J.R. Boelaert, G.A. Weinberg and E.D. Weinberg (1996) 
Altered iron metabolism in HIV infection: mechanisms, 

possible consequences, and proposals for management.  
Infectious Agents and Disease, 5, 36-46. 

[9] T. Simonart, J.C. Noel, G. Andrei, D. Parent, J.P. Van 
Vooren, P. Hermans, Y. Lunardi-Yskandar, C. Lambert, 
T. Dieye, C.M. Farber, C. Liesnard, R. Snoeck, M. 
Heenen and J.R. Boelaert (1998a) Iron as a potential 
cofactor in the pathogenesis of Kaposi's sarcoma. Inter- 
national Journal of Cancer, 78, 720-726. 

[10] M. Cazzola, G. Bergamaschi, L. Dezza and P. Arosio 
(1990) Manipulations of cellular iron metabolism for 
modulating normal and malignant cell proliferation. 
Blood, 75, 1903-1919. 

[11] J. Folkman (1995) Clinical applications of research on 
angiogenesis. New England Journal of Medicine, 333, 
1757-1763. 

[12] Z. Oltvai, C.L. Milliman and S.J. Korsmeyer (1993) Bcl-2 
heterodimerizes in vivo with a conserved homolog, 
Bax, that accelerates programmed cell death. Cell, 74, 
609-619. 

[13] M. Hase, S. Araki, K. Kaji and H. Hayashi (1994) Classi- 
fication of signals for blocking apoptosis in vascular 
endothelial cells. Journal of Biochemistry, 116, 905-909. 

[14] S. Kondo, D. Yin, T. Aoki, J.A. Takahashi, T. Morimura 
and I. Takeuchi (1994) Bcl-2 gene prevents apoptosis of 
basic fibroblast growth-factor-deprived murine aortic 
endothelial cells. Experimental Cell Research, 213, 428- 
432. 

[15] A. Karsan, Yee E, K. Kaushansky and J.M. Harlan 
(1996) Cloning of a human  Bcl-2 homologue: inflamma- 
tory cytokines induce human  AI in cultured endothe- 
lial cells. Blood, 87, 3089-3096. 

[16] A. Strasser, A.W. Harris and S. Cory (1991) Bcl-2 trans- 
gene inhibits T cell death and perturbs thymic self-cen- 
sorship. Cell, 67, 889-989. 

[17] C. Bohan Morris, R. Gendelman, A.J. Marrogi, M. Lu, 
J.M. Lockyer, W. Alperin-Lea and B. Ensoli (1996) 
Immunohistochemical detection of Bcl-2 in AIDS-asso- 
ciated and classical Kaposi's sarcoma. American Journal 
of Pathology, 148, 1055 1063. 

[18] G. Kroemer (1997) The proto-oncogene Bcl-2 and its 
role in regulating apoptosis. Nature Medicine, 3,: 614- 
620. 

[19] M.S. Kluger, D.R Johnson and J.S. Pober (1997) Mecha- 
nism of sustained E-selectin expression in human  der- 
mal mierovascular endothelial cells. Journal of 
Immunology, 158, 887-896. 

[20] A. Saalbash, U. Anderegg, M. Bruns, E. Schnabel, K. 
Herrmann and U.F. Haustein (1996) Novel fibrob- 
last-specific monoclonal antibodies: properties and spe- 
cificities. Journal of investigative Dermatology, 106, 1314- 
1319. 

[21] U H6bert, S. Pandey and E. Wang (1994) Commitment  
to cell death is signaled by the appearance of a terminin 
protein of 30k. Experimental Cell Research, 210, 10-18. 

[22] R.D. Lillie (1965) Histopathologic technic and practical 
histochemistry, New York, McGraw-Hill Book Co, 3rd 
Edition, pp. 407. 

[23] P. Galand, G. DeI Bino, M. Morret, P. Capel, C. DegraeL 
D. Fokan and W. Feremans (1995) PCNA immunoposi-  
tivity index as a substitute to 3H-thymidine pulse-labe- 
ling index (TLI) in methanol-fixed human  
lymphocytes. Leukemia, 9, 1075-1084. 

[24] M. Heenen, M. Laporte, J.C. Noel and C. Degraef (1998) 
Methotrexate induces apoptotic cell death in human  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



IRON AND Bcl-2 235 

keratinocytes. Archives of Dermatological Research, 290, 
240-245. 

[25] T. Simonart, C. DegraeL J.C. Noel, D. Fokan, L. Zhou, 
O. Pradier, M. Ducarme, L. Schandene, J.P. Van 
Vooren, D. Parent and M. Heenen (1998b) Overexpres- 
sion of Bcl-2 in Kaposi's sarcoma-derived cells. Journal 
of Investigative Dermatology, 111, 349-353. 

[26] T. Miyashita, S. Kitada, S. Krajeweski, W.A. Home, D. 
Delia and J.C. Reed (1995) Overexpression of the Bcl-2 
protein increases the half-life of p21Bax. Journal of Bio- 
logical Chemistry. 270, 26049-26052. 

[27] H. Zoellner, M. H6fler, R. Beckmann, P. Hufnag, E. 
Vanyek, E. Bielek, J. Wojta, A. Fabry, S. Lockie and B.R. 
Bindeer (1996) Serum albumin is a specific inhibitor of 
apoptosis in human endothelial cells. Journal of Cell Sci- 
ence, 109, 2571-2580. 

[28] P. Kurky, K. Ogata and E.M. Tan (1988) MonocIonal 
antibodies to proliferating cell nuclear antigen 
(PCNA)/cyclin as probes for proliferating cells by 
immunofluorescence microscopy and flow cytometry. 
Journal of Immunological Methods, 109, 49-59. 

[29] J.M. Garland and A. Halestrap (1997) Energy metabo- 
lism during apoptosis. Journal of Biological Chemistry, 8, 
4680 4688. 

[30] J.A. Regezi, L.A. MacphaiI, T.E. Daniels, Y.G. Desouza, 
J.S. Greenspan and D. Greenspan (1993) Human immu- 
nodeficiency virus-associated oral Kaposi's sarcoma. A 
heterogeneous cell population dominated by spin- 
dle-shaped endothelial cells. American Journal of Pathol- 
ogy, 143, 240-249. 

[31] V. Fiorelli, R. Gendelman, F. Samaniego, P.D. Markham 
and B. Ensoli (1995) Cytokines from activated T cells 
induce normal endothelial cells to acquire the pheno- 
typic and functional features of AIDS-Kaposi's sarcoma 
spindle cells. Journal of Clinical Investigation, 95, 1723- 
1734. 

[32] D. Blankaert, T. Simonart, J.P. Van Vooren, D. Parent, 
C. Liesnard, C.M. Farber, T. Marique and J. Werenne 
(1998) Constitutive release of metalloproteinase-9 

(92-kDa type IV collagenase) by Kaposi's sarcoma cells. 
Journal of Acquired Immune Deficiency Syndromes, 18, 
203-209. 

[33] R. Sutherland, D. Delia, C. Schneider, R. Newman, J. 
Kemshead and M. Greaves (1981) tPoiquitous ceil sur- 
face glycoprotein on tumor cells is proliferation associ- 
ated receptor for transferrin. Proceedings of the National 
Academy of Sciences of the United States of America, 78, 
4515-4519. 

[34] M. Sironi, F. Breviaro, P. Proserpio, A. Biondi, A. Vec- 
chi, J. Van Damme, E. Dejana and A. Mantovani (1989) 
IL-1 stimulates IL-6 production in endothelial cells. 
Journal of Immunology, 142, 549-553. 

[35] P. Reichard and A. Ehrenberg (1983) Ribonucleotide 
reductase: A radical enzyme. Science, 221, 514-519. 

[36] C. Sakakura, E.A. Sweeney, T. Shirahama, S. Hakomori 
and Y. Igarashi (1996) Suppression of BcI-2 gene 
expression by sphingosine in the apoptosis of human 
leukemic HL-60 cells during phorbol ester-induced ter- 
minal differentiation. FEBS Letters, 379. 177-180. 

[37] M. Saegusa and I. Okayasu (1997) Down-regulation of 
bcl-2 expression is closely related to squamous differ- 
entiation and progesterone therapy in endometrial car- 
cinomas. Journal of Patholoy, y, 182, 429-436. 

[38] C.W. Dawson, A.G. Eliopoulos, J. Dawson and L.S. 
Young (1995) BHRF1, a viral homologue of the Bcl-2 
oncogene, disturbs epithelial cell differentiation. Onco- 
gene, 9, 69-77. 

[39] H.P. Gerber, V. Dixit and N. Ferrara (1998) Vascular 
endothelial growth factor induces expression of the 
antiapoptotic proteins Bcl-2 and A1 in vascular 
endothelial cells. Journal of Biological Chemistry, 273, 
13313-13316. 

[40] D.M. Hockenbery, Z.N. Oltvai, X.M. Yin, C.L. Milliman 
and SJ. Korsmeyer (1993) Bcl-2 functions in an antioxi- 
dant pathway to prevent apoptosis. Cell, 75, 241-251. 

[41] C. Borner (1996) Diminished cell proliferation associ- 
ated with the death-protective activity of Bcl-2. Journal 
of Biological Chemistry, 271, 12695 12698. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


