Chronic iron overload enhances inducible nitric oxide synthase
expression in rat liver
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Abstract

Iron is an essential micronutrient promoting oxidative stress in the liver of overloaded animals and human, which may trigger the
expression of redox-sensitive genes. We have tested the hypothesis that chronic iron overload (CIO) enhances inducible nitric oxide
synthase (iNOS) expression in rat liver by extracellular signal-regulated kinase (ERK1/2) and NF-«B activation. CIO (diet enriched
with 3%(wt/wt) carbonyl-iron for 12 weeks) increased liver protein carbonylation and decreased reduced glutathione (GSH) content
and the GSH/GSSG ratio after 6 weeks, parameters that are normalized after 812 weeks of treatment. These changes are paralleled
by higher phosphorylated-ERK1/2 to non-phosphorylated-ERK1/2 ratios at 6 and 8 weeks, increased NF-kB DNA binding to the
iNOS gene promoter at 812 weeks, and higher iNOS mRNA expression and activity at 8 and 12 weeks. It is concluded that CIO
triggers liver oxidative stress at early times, with upregulation of iNOS expression involving the ERK/NF-«B pathway at later times,
a finding that may represent a hepatoprotective mechanism against CIO toxicity in addition to the recovery of GSH homeostasis.
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Iron is the most abundant transition metal in the
body that is mainly present in protein-bound forms such
as heme and non-heme proteins, playing a major role in
electron transfer and oxygen utilization [1]. This transi-
tion metal promotes free radical generation through
Fenton and/or Haber—Weiss reactions, thus triggering
secondary chain reactions in the oxidative modification
of lipids, proteins, and DNA in different organs includ-
ing the liver, the main site for iron metabolism [2].
Chronic iron overload (CIO) produces liver oxidative
stress through an increased rate of hydroxyl radical
(HO") generation, which may lead to lysosomal,
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mitochondrial, and microsomal damage, resulting in
organelle dysfunction [3]. In addition to direct cellular
oxidant injury, reactive oxygen (ROS) and nitrogen
(RNS) species may constitute signals regulating (i) pro-
tein function through reversible oxidation and/or nitro-
sation of protein sulfhydryls [4] or (ii) gene expression, in
the different cell-types of the hepatic sinusoid [5,6],
through mechanisms involving ROS and lipid oxidation
products of ROS-dependent reactivity that activate
kinases, phosphatases, and/or redox-sensitive transcrip-
tion factors [7,8].

Nitric oxide ("NO) is an inorganic RNS synthesized in
liver by inducible nitric oxide synthase (iNOS) found in
hepatocytes, Kupffer cells, and endothelial cells [9],
whose expression is controlled by the redox-sensitive
transcription factor NF-kB [10]. A number of studies
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have described the complex interrelationships between
iron and "NO [11,12], which can result in changes in ‘NO
production in vivo. Increased ‘NO generation has been
evidenced in the liver under conditions of acute iron
overload [13]. These data are in accordance with the
higher expression of liver iNOS described in patients
with hereditary hemochromatosis [14], and with the
enhancement in "NO production induced by iron in cul-
tured proximal tubule cells [15], an effect that is mediated
by increased NF-«kB DNA binding activity [16]. Further-
more, in vivo studies showed that the renal expression of
eNOS and iNOS in the rat is elevated after iron overload
[17], whereas saccharated colloidal iron enhanced the
LPS-dependent production of "NO and induced iNOS in
Kupffer cells [18]. In view of these considerations, the
aim of this study was to test the hypothesis that CIO
upregulates the expression of iNOS and NOS activity in
conditions of liver oxidative stress, through a cascade
involving the activation of the extracellular signal-regu-
lated kinase (ERK) pathway and increased NF-xB
DNA binding to the iNOS gene. For this purpose, phos-
phorylation of ERK, NF-kB DNA binding, and iNOS
mRNA levels were determined in the liver of control rats
and animals subjected to a diet enriched with 3%(wt/wt)
carbonyl-iron. These results were correlated with
changes in liver NOS activity and parameters related to
oxidative stress.

Materials and methods
Animals and treatments

Male Sprague-Dawley rats (Bioterio Central, Insti-
tuto de Ciencias Biomédicas, Facultad de Medicina,
Universidad de Chile) weighing 100-150 g were housed
on a 12h light/dark cycle. Animals received a diet
enriched with 3%(wt/wt) carbonyl-iron for 4-12 weeks
and water ad libitum. Control animals were fed with rat
chow (Champion S.A., Santiago, Chile). All animals
employed received humane care according to the guide-
lines outlined in the Guide for the Care and Use of Lab-
oratory Animals by the National Academy of Sciences
(National Institutes of Health Publication 86-23).

Parameters related to oxidative stress

Rats were anesthetized with sodium pentobarbital
(50mg/kg ip) and the livers were perfused in situ with
140mM KCI and 10mM potassium phosphate buffer,
pH 7.4, to remove blood. Liver protein oxidation was
assayed by the reaction of 2.4-dinitrophenylhydrazine
with protein carbonyls according to Reznick and Packer
[19]. The results are expressed as nmol carbonyls/mg pro-
tein. The contents of hepatic reduced (GSH) and oxi-
dized (GSSG) glutathione were determined by the

reaction by o-phthalaldehyde at pH 8 and 12, respec-
tively, and results are expressed as pg/g liver [20].

Nuclear and cytosolic extracts preparations

Nuclear protein extracts were prepared according to
Deryckere and Gannon [21] from liver samples homoge-
nized in 5 mL buffer A [containing 10mM Hepes (pH 7.9),
0.6% Nonidet P-40 (NP-40), 150mM NaCl, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM o-van-
adate] and centrifuged for 30s at 100g and 4°C. The
supernatant was incubated for Smin on ice and centri-
fuged for Smin at 700g and 4°C. The supernatant
obtained corresponding to cytosolic extract was stored
at —80°C and the pellet was resuspended in buffer B
[containing 20mM Hepes (pH 7.9), 25% glycerol,
420mM NacCl, 1.2mM MgCl,, 0.2mM EDTA, 0.5mM
dithiothreitol (DTT), 0.5mM PMSF, 2mM benzami-
dine, and 5pg/mL of the protease inhibitors pepstatin,
leupeptin, and aprotinin, incubated on ice for 20 min,
and centrifuged for 30s at 5000g and 4 °C. The superna-
tant corresponding to nuclear extract was stored at
—80°C. Protein concentration was determined by the
Bradford protein assay [22].

Western blotting

The proteins of cytosolic extract were separated on a
12% SDS-PAGE [23] and transferred to a nitrocellulose
membrane (Advantec MFS, USA) [24]. The phosphory-
lated mitogen-activated protein kinase (MAPK) p42/p44
was detected with the specific polyclonal antibody
(MAPK p44/p42; Cell Signaling, Technology, MA,
USA) and the non-phosphorylated MAPK p42/p44 with
the specific monoclonal antibody (pan ERK; Transduc-
tion Laboratories, BD Biosciences Pharmingen, San
Diego, CA, USA). Immunopure goat anti-rabbit 1gG
and immunopure goat anti-mouse IgG (Pierce Biotech-
nology, Rockford, USA) conjugated with horseradish
peroxidase, were used as second antibodies, respectively,
and chemiluminescent detection was made with Super-
Signal West Pico Chemiluminescent kit (Pierce Biotech-
nology, Rockford, USA). Protein bands were quantified
by densitometry analyses using Scionlmage (Scion,
Frederick MA, USA).

Electrophoretic mobility shift assay

Samples of nuclear extract were subjected to electro-
phoretic mobility shift assay (EMSA) for assessment of
NF-kB DNA binding, using oligonucleotides containing
the «B sequence in the promoter iNOS gene 5'-GCA
CAC CCT ACT GGG GAC T-3' (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA), labeled with [0->*P]dCTP
using the Klenow DNA polymerase fragment I
(Promega, Madison WI, USA). For this purpose, 8 ug
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nuclear protein extract were preincubated on ice for
I5min with 10puL of a solution containing 2 uL foot-
printing buffer [250mM Hepes (pH 7.6), 50mM MgCl,
and 340mM KCI], 3puL nuclear dialysis buffer [25mM
Hepes (pH 7.9), 0.1 mM EDTA, 40mM KCl, 10% glyc-
erol, ImM DTT, and 0. mM NakF], 0.5uL poly(dI:dC)
(2mg/mL), 2puL 0.1% NP-40, 1puL 150mM NaCl, 1puL
o*?P-labeled NF-xB probe, and 0.5pL ultra pure water.
The specificity of the reaction was confirmed in competi-
tion experiments using 100-fold excess of unlabeled DNA
probe. Protein—oligonucleotide complexes were resolved
using a non-denaturating 6% acrylamide gel and run in
0.5x TBE buffer (45mM Tris—HCI, 45mM boric acid,
and 1mM EDTA) for 4h at 100 V. Gels were dried and
NF-xB bands were detected by autoradiography and
quantified by densitometry using Scionlmage (Scion,
Frederick MA, USA). To assess the subunit composition
of DNA binding protein, specific antibodies were used
for supershift assay (goat and rabbit immunoglobulin-G
raised against NF-kB p50 and p65, respectively; Santa
Cruz Biotechnology, Santa Cruz, CA, USA).

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total cellular RNA was extracted from liver samples
with TRIzol reagent (Invitrogen Life Technologies, Carls-
bad, CA, USA) [25]. cDNA was synthesized from total
RNA using Superscript II RNase H™ Reverse Transcrip-
tase (Invitrogen Life Technologies, Carlsbad, CA, USA)
and random hexamer primers [pd (N)] (Promega, Madi-
son, WI, USA). Synthesized cDNA was amplified using
Tag DNA polymerase (Invitrogen Life Technologies,
Carlsbad, CA, USA) in the presence of primers specific for
rat iNOS. Nucleotide sequences for primers used were
sense 5'-CAA CAA CAC AGG ATG ACC CTA A-3
and antisense 5'-GGT AGG TTC CTG TTG TTT CTA
T-3' (Invitrogen Life Technologies, Carlsbad, CA, USA).
RNA concentrations and PCR cycler were titrated to
establish standard curves to document linearity and to
allow semi-quantitative analysis of signal strength. To
control the relative amount of iNOS mRNA transcribed
in each reverse transcriptase reaction, RNA 18S invariant
standards (Classic II 18S Standards (324 bp); Ambion,
Austin TX, USA) were used. The products of PCR were
separated on 2% agarose gels, stained with ethidium bro-
mide, photographed, and analyzed by densitometry using
Scionlmage (Scion, Frederick MA, USA).

NOS activity

L-Arginine-dependent ‘NO synthesis was measured as
previously described [26], by a method in which the oxi-
dation of oxyhemoglobin to methemoglobin by "NO is
monitored spectrophotometrically at 401 versus 411 nm
[27]. Results are expressed as nmol "NO/mg protein/min.

Protein content was assayed according to Lowry et al.
[28].

Statistical analysis

Values shown are means &= SEM for the number of
separated experiments indicated. The statistical signifi-
cance of differences between mean values (p <0.05) was
determined by one-way ANOVA and the Newman—
Keuls’ test (GraphPad Prism version 2.0; GraphPad
software, San Diego, CA, USA).

Results
CIO enhances rat liver oxidative stress status

Formation of carbonyl derivatives of certain amino
acids was used as an index of protein oxidation associated
with oxidative stress [19]. Data presented in Fig. 1A show
increases of 213 and 121% in the hepatic protein carbonyl
content at 4 and 6 weeks after carbonyl-iron treatment
compared to controls, respectively. At these experimental
times, the total content of GSH (GSH+2GSSG) was
reduced by 35% in the liver of carbonyl-iron-treated rats
over controls (Fig. 1B; p <0.05), whereas a significant 21%
diminution in the hepatic GSH/GSSG ratio was observed
at 6 weeks (Fig. 1C). Accordingly, the calculated protein
carbonyl/total GSH content ratio was increased by 164
and 180% at 4 and 6 weeks after carbonyl-iron enriched
diet administration, respectively (Fig. 1D). CIO-induced
changes in liver protein carbonyl content (Fig. 1A), total
GSH content (Fig. 1B), GSH/GSSG ratio (Fig. 1C), and
in the protein carbonyl/total GSH content ratio (Fig. 1D)
at 4 and 6 weeks were normalized thereafter, being the val-
ues at 8-12 weeks significantly different to those found at
4 and 6 weeks, respectively.

CIO increases rat liver phosphorylation of ERKI1/2

The activation of MAPK ERKI1/2 was evaluated
using Western blot assessment by measurements of the
phosphorylated (p-ERK1/2) and non-phosphorylated
(ERK1/2) forms of the enzyme. The carbonyl-iron
enriched diet increased p-ERK1/2 with a respective
diminution in the ERK1/2 (Fig. 2A) after 6 and 8 weeks
of treatment, with significant 13- and 17-fold increases in
hepatic p-ERK1/2 to ERK1/2 ratio over control values,
respectively (Fig. 2B). These changes were normalized at
10 and 12 weeks after carbonyl-iron administration
(Fig. 2).

CIO enhances rat liver NF-x B binding to iNOS promoter

Transcriptional factor NF-xB regulates the expression
of INOS [10]. To evaluate the effect of carbonyl-iron
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Fig. 1. Protein carbonyl content (A), total reduced glutathione (GSH) content (B), GSH/GSSG ratio (C), and protein carbonyl/total GSH content
ratio (D) in the liver of control rats and carbonyl-iron-treated animals at different times after treatment. Rats were treated as described in Materials
and methods. Values shown represent to means = SEM for 3-7 animals per experimental group. The significance of the differences between mean val-
ues was determined by one-way ANOVA and the Newman—Keuls’ post hoc test; *p < 0.05 versus control; ®p < 0.05 versus iron-treated rats at 4 and 6
weeks.
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Fig. 2. Time course study of the effects of carbonyl-iron enriched diet administration on rat liver extracellular signal-regulated kinase (ERK 1/2) phos-
phorylation. (A) Representative Western blots for phosphorylated ERK (p-ERK1/2) in cytosolic extracts from control rats and carbonyl-iron-
treated animals and non-phosphorylated ERK (ERK1/2) in carbonyl-iron-treated rats at different times after treatment. (B) Densitometric
quantification of p-ERK1/2 to ERK1/2 ratios in controls (n=3) and carbonyl-iron-treated animals (n =3-6) at different times after treatment,
expressed as means + SEM. Mean value from control rats at time zero was arbitrarily set to unity, and values at other time points were normalized to
this. Statistical analysis: *p < 0.05 versus controls by one-way ANOVA and the Newman-Keuls’ post hoc test.

enriched diet on NF-«xB DNA binding activity and the
expression of iNOS, EMSA assay with the oligonucleotide
corresponding to the kB sequence in the iNOS promoter

was used. The time course study revealed an enhancement
in liver NF-kB binding to iNOS promoter (Fig. 3A), with
a maximal effect (3.5-fold increase over control values)
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Fig. 3. Time course study of the effects of carbonyl-iron enriched diet administration on rat liver NF-kB binding to iNOS promoter. (A) Representa-
tive autoradiograph of NF-kB DNA binding activity evaluated by EMSA in nuclear extract from control rats and carbonyl-iron-treated animals at
different times after treatment. (B) Densitometric quantification of relative NF-xB binding activity in controls and carbonyl-iron-treated animals at
different times after treatment, expressed as means + SEM. Mean value from control rats at time zero was arbitrarily set to unity, and values at other
time points were normalized to this. Each data point represents the mean + SEM for 3-5 different animals. Significance studies: *p < 0.05 versus con-
trols by one-way ANOVA and the Newman-Keuls’ post hoc test. (C) Representative autoradiograph of NF-kB DNA binding activity evaluated by
EMSA in nuclear extracts from the liver of a control rat (lane 1) and carbonyl-iron-treated animals at 8 weeks after treatment, either alone (lane 2) or
under supershift analysis with antibodies specific for NF-kB p50 (lane 3) or p65 (lane 4) and in competition experiments with 100-fold excess of the

unlabeled oligonucleotide (lane 5).

being observed from § to 12 weeks after carbonyl-iron
treatment (Fig. 3B; p<0.05). At 8 weeks, CIO-induced
NF-xB DNA binding (Fig. 3C, lanes 1 and 2) involved the
nuclear translocation of NF-kB p50 and p65 proteins
(Fig. 3C, lanes 3 and 4), being the specificity of the reac-
tion confirmed by a competition assay using a 100-fold
molar excess of unlabeled DNA probe (Fig. 3C, lane 5).

CIO promotes rat liver INOS gene expression and
increases NOS activity

The pathways regulating iNOS expression seem to
vary in different cells, however they usually involve

NF-kB activation [10]. CIO-induced liver NF-«B bind-
ing to iNOS promoter (Fig. 3) showed a similar time
course profile to that of iNOS expression, assessed by
RT-PCR (Fig. 4A), with significant 5- and 3-fold
increases in the hepatic levels of iINOS mRNA being
found at 8 and 12 weeks after carbonyl-iron enriched
diet, compared to control values, respectively (Fig. 4B).
Measurement of NOS specific activity by spectropho-
tometry of oxyhemoglobin oxidation to methemoglo-
bin by ‘NO [27], revealed substantial increases after
carbonyl-iron administration, effects that were signifi-
cant from 4 to 12 weeks of treatment over control val-
ues (Fig. 5).
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Fig. 4. Time course study of the effects of carbonyl-iron enriched diet administration on rat liver inducible nitric oxide synthase (iNOS) gene expres-
sion. (A) Representative agarose gel electrophoresis for the RT-PCR products for iNOS mRNA (417 bp) and for 18S rRNA (324 bp) after ethidium
bromide staining in total hepatic RNA samples from control rats and carbonyl-iron-treated animals at different times after treatment. (B) Densito-
metric quantification of RT-PCR products of the mRNA of iNOS expressed as iNOS mRNA/18S rRNA ratios to compare lane-lane equivalents in
total RNA content. Each data point represents the mean + SEM for 3-5 different animals. Data from control rats at time zero was set to unity, and
values at other time points were normalized to this. Significance studies: *p < 0.05 versus controls by one-way ANOVA and the Newman—Keuls’ post

hoc test.
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Fig. 5. Time course study of the effects of carbonyl-iron enriched diet
administration on rat liver nitric oxide synthase (NOS) activity. Rats
were treated as described in Materials and methods. Data shown cor-
respond to means + SEM for 3-4 animals per experimental group. Sig-
nificance studies: *p <0.05 versus controls by one-way ANOVA and
the Newman—Keuls’ post hoc test.

Discussion

Data presented confirm previous observations regard-
ing the pro-oxidant effects of iron overload in the liver
[2,3,29], as shown by the development of a biphasic oxida-
tive stress response. This is characterized by the increase in
protein carbonylation and reduction in the content of
GSH as well as in the GSH/GSSG ratio of the liver
observed after 6 weeks of treatment, probably induced by
iron-generated free radical activity [29] and lipid peroxida-

tion by-products [§8], and/or iron-dependent Kupffer cell
respiratory burst activity [30]. Thereafter, the oxidative
stress status induced in the liver by CIO is normalized, a
change that may constitute a homeostatic response pre-
venting hepatocellular injury from accumulating iron [31].
This is related to two major adaptive changes observed
under the conditions of CIO employed, namely (i) recov-
ery of the antioxidant potential of the liver and (ii) upreg-
ulation of hepatic iNOS expression. However, other
physiological mechanisms, such as reduction in the cyto-
solic iron labile pool due to ferritin upregulation upon
chronic iron overload, cannot be discarded.

Recovery from CIO-induced liver oxidative stress at
8-12 weeks of treatment involves the normalization of
GSH depletion and reduction in the GSH/GSSG ratio
induced at early times. These changes may be explained
in terms of upregulation of the expression of the y-glut-
amylcysteine synthetase (y-GCS) subunit genes, which
are controlled by a variety of factors including oxidative
stress conditions and exposure to heavy metals [32]. The
v-GCS reaction is the rate-limiting step for GSH biosyn-
thesis and regulation of its expression and activity is crit-
ical for cellular GSH homeostasis [32]. In addition,
adequate operation of y-GCS and glutathione reductase
is needed to maintain the GSH/GSSG ratio, an impor-
tant indicator of the prevailing redox environment [33].

Concomitantly with the attainment of GSH homeosta-
sis at 8—12 weeks of CIO, liver iNOS expression is upregu-
lated. Within this experimental period, total hepatic NOS
activity is significantly elevated, an effect that is paralleled
by (i) higher p-ERK1/2 to ERK1/2 ratios found at 6 and 8
weeks of CIO, (ii) increased NF-kB binding to the iNOS
gene promoter at 8-12 weeks, and (iii) higher iNOS
mRNA expression at 8 and 12 weeks. These findings sug-
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gest that upregulation of liver iNOS expression by CIO
involves the activation of a cascade initiated by ERK1/2, a
member of the family of MAPK that contribute to the
transcriptional activity of NF-kB, among other protein
kinase systems [6,34]. Considering that both ERK1/2 and
NF-«B are activated under different oxidative stress con-
ditions [6-8,34], ROS generated at early times of CIO may
constitute costimulatory signals towards upregulation of
liver iNOS expression at later times. Under these condi-
tions, activation of ERK1/2 by CIO may also involve nit-
rosylation of cysteine 118 of p21"™ [35], which triggers
both guanine nucleotide exchange and the activation of
several members of the MAPK family including ERK1/2
[36]. 'NO is currently considered as a fundamental inter-
cellular and intracellular signaling molecule essential for
the maintenance of homeostasis [11], which is synthesized
in the liver by different NOS isoforms, being iNOS
responsible for a greater "NO production upon induction
[9,26,27]. Therefore, upregulation of liver iNOS by CIO
may exert a hepatoprotective function, as high levels of
‘NO can accomplish (i) the scavenging of lipid peroxyl and
alkoxyl radicals, thus inhibiting lipid peroxidation [37], (ii)
the interaction with iron-centers during iron-catalyzed
processes either by chelation of redox-active iron [38] and/
or reduction of oxoferryl species [39], thus diminishing
free radical activity, and (iii) the downregulation of iron-
containing proteins by coordinate translational regulatory
mechanisms [11], thus decreasing the susceptibility to oxi-
dative stress [40]. In addition to these antioxidants mecha-
nisms, ‘NO levels generated by CIO-induced iNOS may
limit prolonged NF-«xB activation and its pro-inflamma-
tory consequences [41], by nitrosylation of cysteine 62 of
NF-«B p50 protein that reduces DNA binding [42]. How-
ever, this proposal seems to require CIO for periods
longer than the 12 weeks used in this study, as iron-
induced NF-kB activation may involve coordinate activa-
tion of multiple kinase pathways, in addition to ERK,
whose extent and duration determine the persistence of
NF-xB DNA binding activity [34].

Collectively, data presented indicate that CIO triggers
oxidative stress in the liver at early times, with activation
of the ERK pathway and higher NF-xB DNA binding
and transcription of the iNOS gene at later times, thus
supporting increased hepatic NOS activity. In line with
these findings, addition of micromolar concentrations of
iron to cultured Kupffer cells has been found to activate
NF-xB and tumor necrosis factor-o. promoter activity,
through enhancement of IxB kinase activity [43]. Liver
iNOS upregulation and the recovery of GSH homeosta-
sis are proposed as hepatoprotective mechanisms against
CIO-induced pro-oxidant effects, thus in agreement with
the lack of significant hepatic histologic changes
reported for this carbonyl-iron loaded rat model [44].
Although enhancement in liver NOS activity at 8-12
weeks of CIO involves iNOS upregulation, that observed
after 4-6 weeks of treatment is independent of gene

expression and could be the result of a direct influence of
iron on the enzyme [13]. The latter view is supported by
the 100% enhancement in hepatic ‘NO generation
observed (i) 4 h after the administration of a single dose
of 200 mgiron/kg and (ii) following the in vitro addition
of 1 umoliron/mg protein to liver cytosolic fractions [13].
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