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Intestinal epithelial cells have an active apical iron 
uptake system that is involved in the regulated 
absorption of iron. By the action of this system, intesti- 
nal cells acquire increasing amounts of iron with time. 
Since intracellular reactive iron is a source of free radi- 
cals and a possible cause of colon carcinoma, this 
study analyzed the oxidative damages generated by 
iron accumulation in Caco-2 cells. Cells cultured with 
increasing concentrations of iron increased both total 
intracellular iron and the reactive iron pool, despite an 
active IRE/IRP system, which regulates intracellular 
iron levels. Increasing concentrations of iron resulted 
in increased protein oxidative damage, as shown by 
the immunoreactivity for 4-hydroxy-2-nonenal-modi- 
fled proteins, and markedly induced DNA oxidation 
determined by 8-hydroxy-2'-deoxyguanidine produc- 
tion. Iron also impaired cell viability, resulting in 
increased cell death after 6 days of culture. In sum- 
mary, iron accumulation by intestinal Caco-2 cells cor- 
related with oxidative damage to proteins and DNA. 
Oxidative damage finally resulted in loss of cell viabil- 
ity. The Fe-induced oxidative damage observed may 
be relevant in understanding the cascade of events 
associated with iron-mediated colon carcinogenesis. 

Keywords: ferritin, IRP, oxidative damage, HNE, 
8-hydroxy-guanidine, cell death 

INTRODUCTION 

Iron was first implicated in carcinogenesis in 
au topsy  studies of individuals  with hemochro-  
matosis, a d isorder  of iron metabol ism character- 
ized by  increased b o d y  iron absorpt ion [1-31 
With time, evidence accumulated establishing 
that iron is both  toxic and carcinogenic 
[reviewed in [41. Recent trials using iron chelators 
against a n u mb e r  of aggressive cancers have 
repor ted  some arrest in tumor  growth  [5,6], an 

indication that i ron can have a neoplastic action, 
a l though they could mere ly  be sequestering iron 
from ribonucleot ide reductase,  an e n z y me  essen- 
tial for cell proliferation. The int imate mecha- 
nisms by  which iron induces carcinogenesis are 
still not  unders tood ,  bu t  evidence is bui ld ing-up 
indicating that i ron toxicity is media ted  by  its 
capacity to p roduce  free radicals [ reviewed in [7] 
Nevertheless,  substantial  opinions have  been  
advanced stating that iron plays no major role in 

• [8 9 10] tissue damage  or in carcinogenesis " ' . 
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58 MARCO T. NI(JIKIEZ et  al. 

High risk of colon cancer has been associated 
with a high iron diet and with increased body 
iron s to re s  [11-16]. Blakeborough et al. [11] and 
Babbs [12] conceived the stimulating hypothesis 
that oxidizing radicals, generated by extracellular 
iron present in the fecal material of the colon, 
were a cause of colorectal cancer. However, other 
studies have failed to demonstrate a correlation 
between an iron-rich diet with such a risk [17,18] / 
raising the need of additional evidence establish- 
ing a link between colon cancer and iron. 

Excess intracellular iron is also a cause of oxi- 
dative injury [19], hence, the mechanisms that 
regulate intracellular iron levels are relevant for 
the understanding of iron toxicity. Cellular iron 
homeostasis is governed by the activity of iron 
regulatory proteins (IRP1 and IRP2; IRPs), 
cytosolic proteins that bind to structural ele- 
ments named iron-responsive elements (IREs). 
These IREs are present in the untranslated region 
of the mRNAs of the major proteins that regulate 
cellular iron homeostasis: the transferrin receptor, 
involved in plasma-to-cell iron transport, and the 
iron-storage protein ferritin [20]. The activities of 
both IRP1 and IRP2 respond to changes in cellular 
Fe, but through different mechanisms. Low levels 
of intracellular Fe cause IRP1 to bind to, and stabi- 
lize, transferrin receptor (TfR) mRNA, and to bind 
to ferritin mRNA diminishing its translation [21- 
22], while IRP2 is always active to bind to IREs, 
but its mass is down-regulated through 
Fe-induced oxidative damage, ubiquitination and 
proteasome degradation [23[. Overexpression of a 
mutant IRP1 constitutively active in binding to 
IRE produces cells that express high levels of TfR 
despite Fe repletion [24] Furthermore, overexpres- 
sion of IRE in Caco-2 cells, a model of intestinal 
epithelia of colonic origin, results in obliteration 
of IRP activity, low levels of TfR and high levels 
of ferritin [25] 

Intestinal cells have an active IRE/IRP system 
[26,27l. In particular, Caco-2 cells regulate in a 
concerted way IRP1 activity, apical Fe uptake 
activity, ferritin levels and transferrin receptor 
density [28]. These cells have basal levels of IRP2 

activity, apical iron uptake and TfRs that are not 
down regulated by high iron concentration [28] 
Moreover, the presence in intestinal brush border 
membranes of a constitutively expressed isoform 
of iron transporter DMT1 (isoform I) [29] assures 
basal levels of apical iron uptake in intestinal 
cells. If intestinal cells indeed have basal levels of 
iron uptake, then in time they should acquire 
increasing amounts of iron, despite having an 
active IRE/IRP system. With this consideration in 
mind this study was undertaken to test the 
hypothesis that intestinal cells acquire in time 
increasing amounts of iron, and that this process 
ends up in iron-mediated oxidative damage. 

MATERIALS A N D  METHODS 

Reagents 

Anti-human ferritin antibody was from DAKO 
(Carpinteria, CA). Fetal bovine serum, culture 
medium, desferrioxamine, DTPA, NTA, pro- 
tease inhibitors, culture media, buffers and salts 
were purchased from Sigma Chem. Co., St. 
Louis, MO. Calcein-AM, 5-(and-6)-carboxy-2',7'- 
dichlorofluorescein diacetate (DCFDA) and 
3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetra- 
zolium bromide (MTT) were from Molecular 
Probes (Eugene, OR). Salicylaldehide isonicoti- 
noyl hydrazone (SIH) was the kind gift of Dr. 
Prem Ponka, Lady Davis Institute for Medical 
Research, Sir Mortimer B. Davis Jewish General 
Hospital, Montreal, Canada. 59Fe in the ferric 
chloride form was from New England Nuclear 
(Boston, MA). Culture plasticware and Tran- 
swell bicameral inserts were from Costar (Cam- 
bridge, MA). To eliminate contaminant Fe, all 
buffer solutions were filtered through 
Chelex-100 (Sigma). 

Cell extracts 

Caco-2 cells, from the American Type Culture 
Collection (# HTB37, Rockville, MD), were cul- 
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FIGURE 1 Kinetics of iron uptake by Caco-2 cells. Shown is 55Fe uptake as a function of time by Caco-2 cells cultured in the 
presence of 10 gM 55Fe. No arrest inJSFe uptake was observed during the period of the experiment, Values represent the mean 
+_ SD of three independent experiments 

tured in DMEM supplemented with 10% fetal 
bovine serum. Culture medium was changed 
every 2-3 days. Cells were trypsinized and 
re-plated once a week. To prepare cell extracts, 
cells were treated with lysis buffer (50 ~tL per 1 x 
106 cells of 10 mM HEPES, pH 7.5, 3 mM MgC13, 
40 mM KC1, 1 mM phenylmethylsulfonyl fluo- 
ride, 10 ~tg/ml leupeptin, 0.5 Bg/ml aprotinin, 

0.7 Bg/ml pepstatin A, 5% glycerol, 1 mM dithi- 
othreitol, 0.5% Triton X-100). The mixture was 
incubated for 15 min on ice and sedimented for 
10 min at 10,000 x g. The supernatant was stored 
at -70 °C and aliquots were used for the determi- 
nation of ferritin and the immunodetection of 
HNE-modified proteins. 
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60 MARCO T. NI)I~EZ et al. 

Incubation of Caco-2 cells with 5SFe 
and determination of cellular levels of 55Fe 
a n d  f e r r i t i n  

Caco-2 cells, seeded at I x 105 cells in 2 cm2wells, 
were allowed to grown for 1 day in DMEM-10% 
fetal bovine serum. The medium was then 
changed to low Fe Iscove medium (GIBCO) and 
10% fetal bovine serum previously depleted of 
iron ([Fe] < 0.3 gmol/L) [28], supplemented with 
variable amounts (1-50 gM) of Fe 3+ as the com- 
plex 55FeC13-sodium nitrilotriacetate (55Fe-NTA, 
1:2 molar ratio). The cell-associated 55Fe was 
determined after 6 days of incubation. When 
time course of 55Fe uptake was determined, the 
cells were incubated with 10 gM 55Fe as above, 
and cell-associated 55Fe was determined every 
day for 6 days. Intracellular levels of ferritin 
were determined in Caco-2 cell extracts contain- 
ing different concentrations of Fe, using a sand- 
wich enzyme-linked immunosorbent assay as 
described [29]. Polyclonal rabbit antihuman ferri- 
tin and peroxidase-labeled rabbit antihuman fer- 
ritin antibodies were used. 

Determination of oxidative damage 

Caco-2 cells grown in glass coverslips were 
incubated for 4-6 days with 1, 5 or 50 ~tM Fe in 
the culture media as described above. Evaluat- 
ing HNE-modified proteins assessed oxidative 
damage to proteins. HNE is an 0t,13-unsaturated 
aldehyde product of the peroxidation of 
c06-unsaturated fatty acids that form adducts 
with amino acid residues such as histidine, 
lysine and cysteine. HNE was detected with 
monoclonal antibody HNEJ-2, which recognizes 
HNE-histidyl adducts [30]. The antibody was 
developed with biotinated anti mouse IgG and a 
peroxidase-based Vectastin ABC kit (Vector 
Labs., Burlingame, CA). Oxidative damage to 
DNA was assessed with monoclonal antibody 
N45.1, which recognizes 8-hydroxy-2'-deoxigua- 
nosine (8-OHdG), a highly specific product of 
DNA damage [ 311. This antibody was also devel- 

oped with the peroxidase-based Vectastin ABC 
kit (Vector Labs., Burlingame, CA). No peroxi- 
dase reaction product was observed if the pri- 
mary antibodies were omitted or if it they were 
replaced by non-immune serum. Protein bands 
in HNE Western blotting were detected using an 
ECL kit (Amersham). 

Cell viability was determined with DCFDA 
following the instructions of the manufacturer. 
DCFDA is a non-fluorescent molecule that upon 
reaction with reactive oxygen species (ROS) 
becomes the fluorescent compound DCF. In via- 
ble cells DCF fluorescence reflects ROS levels 
while in non-viable cells DCF fluorescence is lost 
[32]. Transmission and DCF fluorescence images 
were obtained in a Zeiss MP40 confocal micro- 
scope. Cell viability was quantified by the MTT 
assay following the instructions of the manufac- 
turer. This assay determines the mitochon- 
drial-dependent formation of a colored 
product [33] 

Measurement of the reactive iron pool  

The intracellular labile or reactive iron pool of 
Caco-2 cells was determined as described [25,34] 
Briefly, Caco-2 cells were grown on cover slips 
for 2 days in DMEM, 10% FBS followed by incu- 
bation for 5 days in low Fe Iscove medium sup- 
plemented with either 1 ~tM, 10 ~tM or 50 ~tM 
Fe 3÷ as the complex 55FEC13- sodium nitrilotriac- 
etate. Calcein-AM (0.5 ~tM, Molecular Probes, 
Eugene, OR), was then loaded into the cells for 5 
min at 37°C. After washing the fraction of calcein 
that was not internalized, the cells were trans- 
ferred to a cuvette containing 3 ml of MOPS 
saline (20 mM MOPS-OH, 150 mM NaC1, 1.8 
mM CaC12, 5 mM glucose, pH 7.4) and 5 ~tl of 
anti-calcein antibody (the kind gift of Dr. Z.I. 
Cabantchik). After determination of the basal 
calcein fluorescence (excitation 488 nm, emission 
517 nm), the fluorescence of the calcein-Fe com- 
plex w a s  dequenched by addition of 100 /.tM 
SIH. The increase in fluorescence thus obtained 
was directly proportional to the iron labile pool. 
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FIGURE 2 Iron, ferrit in and  labile i ron pool in Caco-2 cells as a func t ion  of extracellular  iron. A. Caco-2 cells were  incuba ted  for 
6 days  wi th  var ied concent ra t ions  of 55Fe in the  cul ture m e d i u m .  Extracts of cells were  ana lyzed  for cell-associated 55Fe and  for 
ferritin content  as a funct ion  of the  extracellular 55Fe concentrat ion.  B. The labile iron pool was  m e a s u r e d  de te rmin ing  the  fluo- 
rescence of calcein in Caco-2 cells cu l tured  for 5 days  wi th  1, 10 or 50 g M  Fe. SIH is a m e m b r a n e - p e r m e a n t  Ee chelator  that  takes 
Fe f rom the calcein-Fe chelate thus  increas ing calcein fluorescence.  Thus ,  the  level of the cellular labile Fe pool is directly pro- 
por t ional  to the increase in SIH-induced calcein fluorescence.  The r ight  c o l u m n  s h o w s  m e a n  _+ SD of f luorescence changes  (AF), 
for three de terminat ions .  S h o w n  are representa t ive  traces 
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62 MARCO T. NOIqEZ et al. 

Data analysis 

Variables were tested in triplicate, and experi- 
ments were repeated at least 2 times. Variability 
between experiments was <15%. One-way 
ANOVA was used to test for differences in 
means, and a post-hoc t test was used for com- 
parisons. Differences were considered signifi- 
cant if P < 0.05. 

RESULTS 

tive damage in high iron cells. To test for protein 
damage, we measured the formation of HNE 
adducts. The reaction of Caco-2 proteins with the 
monoclonal antibody HNEJ-2 revealed that 
increasing concentrations of iron in the culture 
media induced increasing amounts of HNE 
adducts (Figure 3). Immunostaining of similar 
cell cultures also revealed higher amounts of 
HNE adducts in cells cultured with 50 gM Fe, 
when compared to cells cultured with 5 gM Fe 
(Figure 4). 

We first tested the characteristics of iron uptake 
by Caco-2 cells cultured for extended periods of 
time in a medium containing 10 ~tM 55Fe 
(Figure 1). The cells acquired increasing 
amounts of iron with time. No shut-off of iron 
uptake was observed after 6 days of culture, 
although a decrease in the rate of 55Fe uptake 
was evident. Caco-2 cells also acquired increas- 
ing amounts of iron when incubated with 
increasing concentrations of iron in the culture 
media (empty bars, Figure 2-A). Cell ferritin lev- 
els increased as well, (filled bars, Figure 2-A), an 
indication that the IRE/IRP system was 
responding to variations of intracellular iron lev- 
els [18,19] It is noteworthy that in a mol to mol 

basis intracellular iron increased more than 
intracellular ferritin, and that the molar ratio 
iron/ferri t in surpassed the maximal iron bind- 
ing capacity of ferritin (4,500 atoms of iron per 
molecule of ferritin) at about 10-15 gM Fe. 
Importantly, increasing concentrations of iron in 
the culture media increased the reactive iron 
pool, determined by calcein fluorescence 
quenching (Figure 2-B). Thus, higher concentra- 
tions of iron in the extracellular medium 
resulted in higher levels of intracellular iron and 
a higher reactive iron pool, despite an active 
IRE / IRP system. 

Iron is potentially toxic to cells because it gen- 
erates reactive oxygen species. Therefore, high 
levels of intracellular iron may cause oxidative 
stress. With this in mind we searched for oxida- 

Fe in culture, gM 
1 5 50 

'!,:% 

J~ 

FIGURE 3 Detection of HNE-protein adducts. Extract from 
Caco-2 cells cultured for 4 clays in 1, 10 or 50 gM Fe were sep- 
arated by SDS-gel electrophoresis. The protein bands were 
blotted into nitrocellulose and the HNE-protein adducts 
detected with monoclonal antibody HNEJ-2 
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IRON-INDUCED OXIDATIVE DAMAGE IN COLON CARCINOMA CELLS 63 

F e - m e d i a t e d  o x i d a t i v e  d a m a g e  to D N A  w a s  

a s s e s s e d  w i t h  m o n o c l o n a l  a n t i b o d y  N45.1,  

w h i c h  r e c o g n i z e s  8 - O H d G ,  a h i g h l y  spec i f ic  

p r o d u c t  of  D N A  d a m a g e .  I m m u n o s t a i n i n g  of  

Caco-2  cel ls  c u l t u r e d  for  5 d a y s  w i t h  h i g h  (50 

~tM) i r o n  r e v e a l e d  m a r k e d  o x i d a t i v e  d a m a g e  to  

D N A  (F igu re  5-B) w h i l e  no  d a m a g e  w a s  e v i d e n t  

in  cel ls  c u l t u r e d  w i t h  5 ~tM Fe  ( F i g u r e  5-A).  

A 

B 

FIGURE 4 Cell immunostaining of HNE adducts. Caco-2 cells grown for 4 days either in 5 ~tM Fe (A) or 50 ~M Fe (B) media 
were stained for HNE adducts. Control, 5 ~tM Fe, cells (A) presented little damage as shown by scarce dark peroxidase staining, 
while about 10 % of the cells incubated with 50 ~M Fe (B) were markedly HNE-positive (See Color Plate VIII at the back of this 
issue) 
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A 

B 

Color Plate VIII (See page 63, Figure 4) Cell immunostaining of HNE adducts. Caco~2 cells grown for 4 days either in 5 pM Fe 
(A) or 50 ~tM Fe (B) media were stained for HNE adducts. Control, 5 ~M Fe, cells (A) presented little damage as shown by scarce 
dark peroxidase staining, while about 10 % of the cells incubated with 50 ~tM Fe (B) were markedly HNE-positive 
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64 MARCO T. NI)IqEZ et  al. 

A 

B 

FIGURE 5 Iron-induced DNA damage. Caco-2 cells grown for 4 days either in 5 ~M Fe (A) or 50 gM Fe (B) media were immu- 
nostained for 8-OhdG to detect for DNA damage. Cells incubated with 50 gM Fe (B) were markedly 8-OHdG-posifive as com- 
pared to cells incubated in 5 gM Fe (A) (See Color Plate IX at the back of this issue) 

Cell viability was tested utilizing DCFDA. 
Cells grown for 6 days in 1 gM Fe or in 5 gM Fe 

showed a normal morphology, with cell limits 
clearly delineated by the probe fluorescence 
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Color Plate IX (See page 64, Figure 5) Iron-induced D N A  damage. Caco-2 cells grown for 4 days either in 5 ~tM Fe (A) or 50 ~M 
Fe (B) media were immunostained for 8-OhdG to detect for DNA damage. Cells incubated with 50 ~tM Fe (B) were markedly 8- 
OHdG-positive as compared to cells incubated in 5 ~tM Fe (A) 
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IRON-INDUCED OXIDATIVE DAMAGE IN COLON CARCINOMA CELLS 65 

(Figure 6-A). DCF fluorescence in cells grown in 
5 ~tM Fe was consistently stronger than that of 
cells grown in 1 ~tM Fe (Figure 6-A), an indica- 
tion of a larger production of reactive oxygen 
species under the 5 ~tM situation. Cells grown 
under high (50 ~tM) Fe showed foci of cell disin- 
tegration, with evident loss of cell border, a clear 
indication of plasma membrane oxidative dam- 
age (Figure 6-A). These foci represented about 
5 % and 10 % of the cells in the culture after 5 or 
6 days of culture, respectively. Determination of 
cell viability by the MTT assay revealed a small 
viability loss in the 50-100 ~tM Fe range 
(Figure 6-B). When compared to the control (5 
~tM Fe) situation, viabilities of 91.2 _+ 3.2 % and 
84.4 + 7.3 % were found for the 50 ~tM and 100 
~tM Fe, respectively. These differences were sig- 
nificant, with P < 0.05 and P< 0.01, respectively. 
Hence, Caco-2 cells exposed to high, but physio- 
logical concentrations of iron, evidenced exten- 
sive oxidative damage in proteins and DNA, 
which in time resulted in structural cell damage. 

DISCUSSION 

Using Caco-2 cells as a model of intestinal epi- 
thelia, we found that despite an active IRE/IRP 
system, intracellular iron accumulation did not 
preclude further iron uptake by the cells. This 
behavior resulted in an undeterred cellular iron 
accumulation. Although the above finding may 
not be applied to all cell types, we have found 
similar responses using K562 cells and N2A neu- 
roblastoma cells (unpublished results). Corre- 
spondingly, Caco-2 cells grown in a medium 
with a high but physiological content of iron pre- 
sented oxidative damage to proteins and to 
DNA, an indication that cell iron accumulation, 
and the accompanying increase in the labile iron 
pool, were the direct cause of the oxidative dam- 
age. Iron-mediated oxidative damage was accu- 
mulative, and with time generated loss of cell 
integrity and cell death. 

Analysis of the IRE/IRP system indicates that 
it responds optimally to a low iron challenge, 
which leads to the activation of IRPs. On the con- 
trary, under high iron conditions, a low level of 
TfRs is expected because of basal translation of 
TfR mRNA. In intestinal Caco-2 cells, this basal 
translation is compounded by an IRP-2 activity 
that is unresponsive to Fe overload, producing 
basal levels of both apical Fe uptake and basola- 
teral Tf-associated iron uptake [28], and by the 
expression of a non-IRE form of the apical iron 
transporter DMT1 [ 29]. Similarly, the expression 
in hepatocytes of TfR2, a TfR homologue with- 
out IRE motifs in its mRNA [35], allows for the 
continued uptake of iron even under iron over- 
load conditions. Thus, some cell types have 
mechanisms that escape cellular iron homeosta- 
sis, a conduct that results in high intracellular 
iron levels. The findings presented in this work 
fit the concept of antagonist pleiotropy [36,37] 
which establishes that evolution will select genes 
favoring conditions of early development and 
entrance in reproductive age, as is the case of an 
ample intracellular iron supply, in detriment of 
other effects late in life, as it could be the 
iron-mediated production of reactive oxygen 
species. 

In summary, intestinal Caco-2 cells accumu- 
lated iron in a time and concentration-dependent 
manner. Iron accumulation by Caco-2 cells corre- 
lated with oxidative damage to proteins and 
DNA, finally resulting in loss of cell viability. 
These results underscore the importance of Fe in 
the generation of oxidative damage and may 
bear relevance to understand the development 
of colon cancer. 
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FIGURE 6 A. Cell viability of iron-treated cells. Caco-2 cells cultured for 6 days either in 1 p-M, 5 gM or 50 ~M Fe medium were 
assayed for viability with DCFDA. Shown are transmission microscopy (Transmission) and fluorescence microscopy (Fluores- 
cence) images. No evidence of cell damage was observed in i gM and 5 p.M Fe cells (A) while 50 gM Fe cells showed focuses of 
cell disintegration, with evident loss of cell border. B. Cell cultured for 6 days in medium containing 5 ~tM, 10 gM, 20 gM, 50 gM 
or 100 gM Fe were assayed for viability by the MTT assay. , significantly different (P < 0.05) to the 5 gM Fe condition; , signif- 
icantly different (P < 0.01) to the 5 gM Fe condition 

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-INDUCED OXIDATIVE DAMAGE IN COLON CARCINOMA CELLS 67 

R e f e r e n c e s  

[1] s. Warren and W.L. Drake (1951) Primary carcinoma of 
the liver in hemochromatosis. American Journal of 
Pathology 27, 573-609. 

[2] R.W. Ammann,  E. Muller, J. Bansky, G. Schuler and 
W.H. Hacki (1980) High incidence of extrahepatic carci- 
noma in idiopatic hemochromatosis. Scandinavian Jour- 
nal of Gastroenterology 15, 733-736. 

[3] R.A. Bradbear, C. Bain, V. Siskind, F.D. Schofield, S. 
Webb, E.M. Axelsen, J.W. Halliday, M.L. Basset and 
L.W. PowelI (1985) Cohort study of internal malig- 
nancy in genetic henaochromatosis and other chronic 
non-alcoholic diseases. Journal of the National Cancer 
Institute 75, 81-84. 

[4] S. Okada (1998) Iron and carcinogenesis in laboratory 
animals and humans: A mechanistic consideration and 
a review of the literature, international Journal of Clinical 
Oncology 3, 191-203. 

[5] D.R. Richardson. Potential of iron chelators as effective 
antiproliferative agents (1997) Canadian Journal of Physi- 
ology and Pharmacology 75, 1164-1180. 

[6] R.A. Selig, L. White, C. Gramacho, K. Sterling-Lewis, 
I.W. Fraser and D. Naidoo (1998) Failure of iron chela- 
tors to reduce tumor growth in human  neuroblastoma 
xenografts. Cancer Research 58, 473-478. 

[7] S. Okada (1996) Iron-induced tissue damage and can- 
cer: the role of reactive oxygen species free radicals. 
PatholosylnternationaI46, 311 332. 

[8] K. Weinbren, R. Salm and G. Greenberg (1978) Intra- 
muscular injections of iron compounds and oncogene- 
sis in man. British Medical Journal 1, 683-685. 

[9] A.R. Walker and I. Segal (1999) Iron overload in 
Sub-Saharan Africa: to what  extent is it a public health 
problem? British Journal of Nutrition 81, 427-434. 

[10] G.A. Macdonald, J. Tarish, V.J. Whitehall, S.J. McCann, 
G.D. Mellick, R.L. Buttenshaw, A.G. Johnson, J. Young 
and B.A. Leggett (1999) No evidence of increased risk 
of colorectal cancer in individuals heterozygous for the 
Cys282Tyr haemochromatosis mutation. Journal of Gas- 
troenterology and Hepatology 14, 1188-1191. 

[11] M.H. Blakeborough, R.W. Owen and R.F. Briton (1989) 
Free radical generating mechanisms in the colon: their 
role in the induction and promotion of colorectal can- 
cer? Free Radical Research Communications 6, 359-367. 

[12] C.F. Babbs (1990) Free radicals and the ethiology of 
colon cancer. Free Radical Biology and Medicine 8, 191- 
200. 

[13] R.L. Nelson, F.G. Davis, E. Sutter, L.H. Sobin, J.W. 
Kikendall and P. Bowen (1994) Body iron stores and 
risk of colonic neoplasia. Journal of the National Cancer 
Institute 86, 455-460. 

[14] J.I. Wurzelmann, A. Silver, D.M. Schreinemachers, R.S. 
Sandler, R.B. Everson (1996) Iron intake and the risk of 
colorectal cancer. Cancer Epidemiology, Biomarkers and 
Prevention 5, 503-507. 

[15] T. Sawa, T. Akaike, K. Kida, Y. Fukushima, K. Takagi- 
and, H. Maeda (1998) Lipid peroxyi radicals from oxi- 
dized oils and heme-iron: implication of a high-fat diet 
in colon carcinogenesis. Cancer Epidemiology, Biomarkers 
and Prevention 7, 1007-1012. 

[16] E.K. Lund, S.G. Wharf, S.J. Fairweather-Tait, I.T. John- 
son (1999) Oral ferrous sulfate supplements increase 
the free radical-generating capacity of feces from 

healthy volunteers American Journal of Clinical Nutrition 
69, 250-255. 

[17] C. Lai, D.M. Dunn, M.F. Miller and B.C. Pence (1997) 
Non-promoting effects of iron from beef in the rat colon 
carcinogenesis model. Cancer Letters 112, 87-91. 

[18] G. Parnaud, G. Peiffer, S. Tache and D.E. Corpet (1998) 
Effect of meat (beeL chicken, and bacon) on rat colon 
carcinogenesis. Nutrition and Cancer 32, 165-173. 

[19] J.M. McCord (1998) Iron, free radicals and oxidative 
injury. Seminars in Hematology 35, 5-12. 

[20] R.S. Eisenstein and K.P. Blemings (1998) Iron regula- 
tory proteins, iron responsive elements and iron home- 
ostasis. Journal of Nutrition 128, 2295-2298. 

[21] E.A. Leibold, and H.M. Munro (1988) Cytoplasmic pro- 
tein binds in vitro to a highly conserved sequence in the 
untranslated region of ferritin heavy- and light-subunit 
mRNAs. Proceedings of the National Academy of Sciences 
U.S.A. 85, 2171-2175. 

[22] H-Y. Kim, R.D. Klausner and T.A. Rouault (1995) 
Translational repressor activity is equivalent and is 
quantitatively predicted by in vitro RNA binding from 
two iron-responsive element-binding proteins, IRP1 
and IRP2. Journal of Biological Chemistry 270, 4983-4986. 

[23] K. Iwai, S.K. Drake, N.B. Wehr, A.M. Weissman, T. 
LaVaute, N. Minato, R.L. Klausner, R.L. Levine and T.J. 
Rouault (1998) i ron-dependent  oxidation, ubiquitina- 
tion, and degradation of iron regulatory protein 2: 
hnplications for degradation of oxidized proteins. Jour- 
nal of Biological Chemistry 95, 4924-4928. 

[24] P.A. deRusso, C.C. Philpott, K. Iwai, H.S. Mostowski, 
R.D. Klausner and T. Rouault (1995) Expression of a 
constitutive mutant  of iron regulatory protein 1 abol- 
ishes iron homeostasis in mammalian cells. Journal of 
Biological Chemistry 270, 15451-15454. 

[25] M.A. G~rate and M.T. N6fiez (2000) Overexpression of 
the ferritin iron-responsive element decreases the labile 
iron pool and abolishes regulation of iron absorption 
by intestinal epithelial (Caco-2) cells. Journal of Biological 
Chemistry 275, 1651-1655. 

[26] P.R. Flanagan, A. Hadju, and P.C. Adams (1995) 
Iron-responsive element-binding protein in hemochro- 
matosis liver and intestine. Hepatology 22, 828-832. 

[27] A. Pietrangelo, E. Rocchi, G. Casalgrandi, G. Rigo, A. 
Ferrari, M. Perini, G. Ventura, and G. Cairo (1992) Reg- 
ulation of transferrin, transferrin receptor and ferritin 
genes in human  duodenum. Gastroenterology 120, 802- 
809. 

[28] M. Arredondo, A. Orellana, M.A. G~irate and M.T. 
N-6fiez (1997). Intracellular iron regulates iron absorp- 
tion and IRP activity in intestinal epithelial (Caco-2) 
cells. American Journal of Physiology 273 (Gastrointestinal 
and Liver Physiology 36), G275-G280. 

[29] F. Canonne-Hergaux, S. Gruenheid, P. Ponka and P. 
Gros (1999) Cellular and subcellular location of the 
Nramp2 iron transporter in the intestinal brush border 
and regulation by dietary iron. Blood 93, 4406-4417. 

[30] T. Toyokuni, N. Miyake, H. Hiai, M. Hagiwara, S. 
Kawakishi, T. Osawa and K. Uchida (1995) The mono- 
clonal antibody specific for the 4-hydroxy-2-nonenal 
histidine adduct. FEBS Letters359, 189-191. 

[31] S. Toyokuni, T. Tanaka, Y. Hattori, Y. Nishiyama, A. 
Yoshida, K. Uchida, H. Hiai, H. Ochi and T. Osawa 
(1997) Quantitative immunohistochemical determina- 
tion of 8-hydroxy-2'-deoxyguanosine by a monoclonal 

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.



68 MARCO T. NUI~EZ et aL 

antibody N45.1: its application to ferric nitrilotriace- 
tare-induced renal carcinogenesis model. Laboratory 
Investigation 76, 365-374. 

[32] M. Provinciali, G. Di Stefano, N. Fabris (1992) Optimi- 
zation of cytotoxic assay by target cell retention of the 
fluorescent dye carboxyfluorescein diacetate (CFDA) 
and comparison with conventional 51CR release assay. 
Journal of lmmunological Methods 155, 19-24. 

[33] Mossman, T. (1986) Rapid colorimetric assay for cellu- 
lar growth and survival: application to proliferation 
and cytotoxicity assays. Journal of hnmunological Meth- 
ods 65, 55-63. 

[34] S. Epsztejn, O. Kakhlon, H. Glickstein, W. Breuer and 
Z.I. Cabantchik (1997) Fluorescence analysis of the 

labile iron pool of mammalian cells. Analytical Biochem- 
istry 248, 31M0. 

[35] R.E. Fleming, M.C. Migas, C.C. Holden, A. Waheed, 
R.S. Britton, S. Tomatsu, B.R. Bacon and W.S. Sly (2000) 
Transferrin receptor 2: continued expression in nrouse 
liver in the face of iron overload and in hereditary 
hemochromatosis. Proceedings of the National Academy of 
Sciences U S A. 97, 2214-2219. 

[36] T.B.L. Kirkwood (1977) Evolution and aging. Nature 
270, 301-304. 

[37] T.B. Kirkwood and M.R. Rose (1991) Evolution of 
senescence: Late survival sacrified for reproduction. 
Philosophical Transactions of the Royal Society of London. 
Series B: Biological Sciences 332, 15-24. 

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.


