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Abstract This work was aimed to test the hypothesis

that sub-chronic administration of iron-dextran (Fe-

dextran) (six doses of 50 mg Fe-dextran/kg) to rats

triggers a transient oxidative stress in brain and

mechanisms of cellular antioxidant defence. After

2 h of administration of the 6th dose, a significant

increase of total Fe, the labile Fe pool (LIP), the lipid

radical (LR•)/a-tocopherol (a-T) content ratio were

observed, as compared to values in control brain

homogenates. The ascorbyl radical (A•)/ascorbate

(AH-) content ratio and the oxidation rate of 20,70-
dichlorodihidrofluorescein (DCFH-DA) were signifi-

cantly higher in Fe-dextran treated rats, as compared

to values in brain from control rats after 4 h treatment.

An increase in both catalase (CAT) and superoxide

dismutase (SOD) activity was observed at 8 and 1–2 h,

respectively. No significant changes were detected in

the nuclear factor-jB (NF-jB) levels in nuclear

extracts from rat brains after 1–8 h of Fe-dextran

administration. After 2 h of Fe administration Fe

concentration in cortex, striatum and hippocampus

was significantly increased as compared to the same

areas from control animals. Both, CAT and SOD

activities were significantly increased in cortex after

Fe administration over control values, without

changes in striatum and hippocampus. Taken as a

whole, sub-chronic Fe administration enhances the

steady state concentration of Fe in the brain LIP that

favors the settlement of an initial oxidative stress

condition, both at hydrophilic and lipophilic compart-

ments, resulting in cellular protection evidenced by

antioxidant enzyme upregulation.

Keywords Brain � Oxidative stress � Iron � NF-jB �
Catalase � Superoxide dismutase

Introduction

Iron (Fe) is not only an essential micronutrient but a

bio-catalyst of crucial oxidation–reduction reactions

as well, a property favouring cellular reactive oxygen

species (ROS) generation when excessive levels of the

transition metal are attained (Aust et al. 1985). Under

these conditions, the oxidative deterioration of
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biomolecules with loss of their functions is achieved

(Halliwell 2006), a pro-oxidant state of a tissue that

can be assessed by measuring damage/protection

ratios as indicators (Galleano et al. 2002). These

include the index of lipid radical (LR•)/a-Tocopherol
(a-T) and the ascorbyl radical (A•)/ascorbate (AH-)

content ratios reflecting the actual oxidative defense

status mainly at lipophilic and hydrophilic levels,

respectively, thus providing an early and simple

diagnosis of stress (Galleano et al. 2002). Contrarily

to severe oxidative stress development, moderate

increases in ROS in a defined period may exert

regulation of gene expression with cytoprotective

responses (Drögue 2002), thus representing a precon-

ditioning strategy against a subsequent noxious event

(Das and Das 2008), as shown for sub-chronic Fe

administration in the liver ischemia–reperfusion (IR)

injury model (Galleano et al. 2011). Under these

conditions, moderate ROS levels may regulate protein

function through reversible sulfhydryl oxidation and/

or gene expression by inducing changes in specific

kinase, phosphatase, or transcription factor function-

ing (Drögue 2002; Forman et al. 2010). Consequently,

oxidative stress is a redox phenomenon, with biolog-

ically beneficial effects in the low-level range and

harmful responses at high-level ranges and/or after

prolonged ROS exposure (Martindale and Holbrook

2002).

Repeated injections of 100–125 mg/kg of Fe

complexes by intramuscular or intravenous routes

(100–125 mg/kg, 1–3 times/week for 4–12 weeks)

are considered as valid and well tolerated therapeutic

strategies in human anemia treatments (Bayraktar and

Bayraktar 2010). However, the magnitude of the side

effects of Fe overload to extrahepatic tissues, such as

brain, has not been well documented. Different

protocols of Fe treatments in the rat, supplemented

either in the diet or intraperitoneally (ip) injected, lead

to specific profiles in Fe content deposition in several

tissues and plasma (Piloni and Puntarulo 2010),

moreover, selectivity in Fe-dependent hepcidin acti-

vation have been suggested (Daba et al. 2013). Fe-

dextran treatment, primarily affecting the liver, con-

stitutes a good model for Fe toxicity evaluation, as it

leads to similar pathological and clinical conse-

quences observed after acute Fe overload in humans

(Puntarulo 2005). In this respect, chronic Fe-dextran

administration (50 mg/kg/day, 5 times a week during

4 weeks) induced significant lipid peroxidation and

protein oxidation enhancement in cerebral cortex,

associated with diminution in non-enzymatic antiox-

idant content and in superoxide dismutase (SOD) and

catalase (CAT) activities, resulting in severe neuro-

toxicity (Chtourou et al. 2014). Contrarily, acute Fe-

dextran treatment (a single dose of 500 mg/kg) led to

oxidative stress development in rat brain with parallel

upregulation of CAT activity and nuclear factor-jB
(NF-jB) DNA binding as cellular protective param-

eters (Piloni et al. 2013). This work was aimed to

study the influence of sub-chronic Fe overload (six

doses of 50 mg Fe-dextran/kg every second day

during 10 days) on the oxidative stress status of the

brain, which may constitute an important strategy

affording neuroprotection in Fe deficiency states

affecting major neurobehavioral domains (Fretham

et al. 2011). For this purpose, the kinetics of the

content of total Fe and the labile Fe pool (LIP) in

relation to the A•/AH- and the LR•/a-T content ratios

were assessed, concomitantly with the activities of

antioxidant enzymes.

Materials and methods

Experimental design

The School of Pharmacy and Biochemistry, Univer-

sity of Buenos Aires, provided the male Sprague–

Dawley rats (180 ± 10 g, 45 ± 5 days old) used in

this study through the Animal Facility. During the

experimental period, the animals were kept under

standard housing conditions (light, temperature,

humidity) with unlimited access to water and food.

During 11 days, the rats were injected ip with six

doses of 50 mg Fe-dextran/kg body weight every

second day. Saline solution (ip) was employed to

sham-inject control rats. Brains were removed at 1, 2,

4, 6, 8, 16 and 24 h after Fe treatment from euthanized

animals in a CO2 chamber. Either the whole brain or

the studied areas (cortex, hippocampus and striatum)

were isolated from the animals, according to Czer-

niczyniec et al. (2011), immediately frozen and kept

under liquid N2 until used. Local ethics committee

approval was received since the procedures of the

Experimental animal protocols were designed in

accordance with the 6344/96 regulation of the Argen-

tinean National Drug, Food, and Medical Technology

Administration (ANMAT).
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Histopathology

Immediately after sacrifice, brain samples were

obtained and fixed for optical microscopy and for

high resolution optical microscopy (HROM). For

optical microscopy a routine fixation with formalin-

buffered solution was used. After inclusion in paraffin

blocks, slices were stained with Perls’ Prussian blue to

detect the presence of ferritin in both tissues. For

HROM samples were fixed in glutaraldehyde 3 %-

sodium cacodylate buffer 0.1 M (sodium cacodylate

2.14 g-distilled water 100 ml), postfixed in osmium

tetroxide (Palade solution: osmium tetroxide 1 g,

distilled water 50 ml) in Caulfield buffer (Palade

solution 20 ml and 0.9 g of sucrose) during 90 min.

Then samples were washed with distilled water twice,

stained in block with uranyl acetate 2 % for 2 h and

then washed twice with distilled water. After dehy-

dration with increased alcohol concentrations, tissues

were included with propylene oxide-epoxy resin

(propylene oxide 100 %, propylene oxide epoxy resin

2:1, then 1:1 and finally 1:2 for overnight). Fixed

tissue was placed in beem capsules and cutted with an

Ultracut Reichert-Jung ultramicrotome and stained

with toluidine solution with nuclear stain too. For

observation and photographs a Scanner Scope Leica-

Biosystems Aperio C52 (USA) was used.

Total Fe and labile iron pool (LIP) contents

For Fe content determination, the samples (n = 4)

were heated in an oven at 60 �C until no further

changes in the weight were observed. After reaching

this point, dry weight of the samples was recorded and

the sample was mineralized with HNO3 (Laurie et al.

1991). Reduction with thioglycolique (TGA) acid was

performed and in the presence of bathophenanthroline,

total Fe was determined spectrophotometrically mea-

suring the absorbance at k = 535 nm (Brumby and

Massey 1967).

A modified fluorescence technique employing the

Fe sensor calcein (CA), was used to assess LIP

(Darbari et al. 2003). The homogenates of brain

samples (n = 4) were prepared employing 500 mg

FW/ml of 40 mM potassium phosphate buffer,

120 mM KCl, pH 7.4 and centrifuged at

10,0009g for 15 min at 4 �C. The supernatant was

passed through filters (30,000 nominal molecular

weight limit), and an aliquot of 50 ll of the obtained

solution was treated during 10 min with 50 ll 8 % of

thioglycolique acid (TGA) for reduction. Fe in the

obtained solution was measured by supplementation

with 1 mM CA solution in 40 mM potassium phos-

phate buffer, 120 mM KCl, pH 7.4. The fluorescence

(kexc = 485 nm, kem = 535 nm) was monitored until

stabilization of the signal. Then, 800 mM deferoxam-

ine mesylate (DF) salt was added to achieve a new

stabilization of the signal. The fluorescence variation

is proportional to the Fe not bound to CA (Fe2? ?

Fe3?), according to Robello et al. (2007).

Oxidation of 2070-dichlorodihidrofluorescein
diacetate (DCFH-DA)

The oxidation of DCFH-DA was assessed in brain

homogenates, according to Malanga et al. (1997).

Tissues (n = 4) were homogenized (200 mg/ml) in

100 mM Tris–HCl, pH 7.4, with 2 mM EDTA and

5 mM MgCl2. Then, homogenates were incubated

with 980 ll 30 mM HEPES, pH 7.2, 200 mM KCl,

1 mMMgCl2 and 10 ll DCFH-DA (1 mg/ml) diluted

in methanol. Samples were incubated for 30 min at

37 �C and fluorescence was determined at kex =
488 nm y kem = 525 nm. Protein was determined as

previously described by Lowry et al. (1951), employ-

ing 4 ll/ml of the homogenate, using bovine serum

albumin as standard fresh protein solution.

Detection of lipid-derived radicals (LR•)

generation rate by Electron Paramagnetic

Resonance (EPR)

A spin trapping technique at room temperature, using

N-t-butyl-a-phenyl nitrone (PBN), was used to mea-

sure LR• generation rate employing a Brucker (Karl-

sruhe, Germany) spectrometer EMX plus Banda X. A

freshly prepared 40 mM N-t-butyl-a-phenyl nitrone

(PBN) stock solution in dimethyl sulfoxide (DMSO)

was used. Tissue (n = 6) was homogenized in the

prepared stock solution, employing 25 mg FW/ml.

After 30 min incubation the preparation was trans-

ferred to a Pasteur pipette. The measurements were

performed in the spectrometer employing the follow-

ing settings: microwave power 10 mW, microwave

frequency 9.75 GHz, modulation frequency 50 kHz,

centered field 3487 G, time constant 81.92 ms,

modulation amplitude 1.20 G and sweep width

100,000 G (Lai et al. 1986). An aqueous solution of
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2,2,5,5-tetramethyl piperidine-1-oxyl (TEMPO) was

used for quantification of the spin adduct. The EPR

spectra were double integrated to obtain the area

intensity, and the concentration of spin adduct was

calculated according to Kotake et al. (1996).

Detection of A• by EPR and AH- by HPLC

Homogenates of brain tissue (n = 6) were prepared

employing 25 mg FW/ml in DMSO to stabilize A•,

and immediately transferred to a Pasteur pipette for A•

detection. The measurements were performed at room

temperature in the spectrometer employing the fol-

lowing settings: microwave power 10 mW, micro-

wave frequency 9.75 GHz, modulation frequency

500 kHz, centered field 3520 G, modulation amplitude

1 G, time constant 40.96 ms and sweep width 15,000

G. TEMPO introduced into the same sample cell used

for A• detection, was employed for quantification of

the spin adduct. The concentration of spin adduct was

calculated according to Kotake et al. (1996).

Reverse phase HPLC with electrochemical detec-

tion was used to assess the content of AH-(Kutnink

et al. 1987). The whole brain samples (n = 6) were

homogenized employing 10 mg FW/ml in metaphos-

phoric acid (MPA) 10 % (w/v) and centrifuged for

10 min at 12,000 g. The supernatant was filtered

through nylon membranes of 0.22 microns. A Supel-

cosil LC-18 column, which was stabilized with MPA

mobile phase 0.8 % (v/v) was used. L-Ascorbic acid

(Sigma-Aldrich) was employed as standard.

a-Tocopherol (a-T) content

A Bioanalytical Systems (West Lafayette, IN, USA)

LC-4C amperometric detector with a glassy carbon

working electrode at an applied oxidation potential of

0.6 V was used for the measurement of the content of

a-T in the whole brain homogenates (n = 6). For the

determinations, 100 mg of brain tissue was homoge-

nized with 150 ll of 3 % SDS (w/v), 600 ll of

methanol and 30 ll of BHT 4 % (w/v). Then, a-T was

extracted with 500 ll of hexane, and it was evaporated
in N2 (g). After these proceedings, the samples were

dissolved in 300 ll of ethanol: methanol (1:1) and

20 ll were injected to the HPLC. Quantification was

performed by reverse-phase HPLC with electrochem-

ical detection using (Desai 1984) D,L-a-tocopherol
(Sigma-Aldrich) as standard.

CAT and SOD activity assays

Tissues samples (n = 6) were homogenized (100 mg/

ml) in 40 mM potassium phosphate buffer, 120 mM

KCl (pH 7.4) and centrifuged at 600 g for 10 min. The

supernatant obtained was employed to measure spec-

trophotometrically CAT activity by the decomposition

of H2O2 at k = 240 nm. The reaction mixture con-

sisted of 50 mM potassium phosphate buffer (pH 7.0)

containing 10 mM H2O2 (Aebi 1984). SOD activity

was assayed spectrophotometrically by the cyto-

chrome c detection system, where O2
- is enzymati-

cally generated by the xanthine–xanthine oxidase

system and it reduces cytochrome c yielding a product

which absorbs at k = 550 nm. The reaction mixture

consists of 50 mMpotassium phosphate buffer, EDTA

0.1 mM (pH 7.8), xanthine 500 lMprepared in NaOH

1 mM, xanthine oxidase 5 nM to give 0.025 absor-

bance units increase/min. Protein was determined as

previously described by Lowry et al. (1951), employ-

ing 4 ll/ml of the supernatant obtained to measure

CAT activity, using bovine serum albumin as standard

fresh protein solution.

Assessment of NF-jB DNA binding

Nuclear protein extracts from brain were prepared

(Deryckere and Gannon 1994) to assess NF-jB levels

in samples obtained at 4, 6 and 8 h after Fe-dextran

injection. Tissue aliquots (n = 3; 100–500 mg) were

homogenized in buffer pH 7.9 with 10 mM HEPES,

1 mMEDTA, 0.6 %Nonidet P-40, 150 mMNaCl, and

the protease inhibitors (1 mM phenylmethylsulfonyl

fluoride, 1 lg/ml aprotinin, 1 lg/ml leucopeptin, and

1 mM orthovanadate). The Protocol NF-jB (Human

p50/p60) Combo Transcription Factor Assay Kit was

used to determine NF-jB DNA binding.

Statistical analyses

Data in the text and tables are expressed as mean

values ± standard error of the mean (S.E.M.). Statis-

tical tests were carried out using Graph InStat,

Unpaired Student’s t test was used to analyze differ-

ences between two groups or one-way ANOVA

followed by the Newman–Keuls test was performed

to analyze differences between more than two groups.

The level of statistical significance adopted was

p\ 0.05.
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Results

The incorporation of Fe to the brain after the 6th dose

of Fe-dextran administration was assessed by HROM.

Data in Fig. 1a show that Fe was detected in brain

tissue after 2 h of Fe administration, suggesting that

Fe was effectively uptaken by the tissue. No Fe was

detected after 8 h of the treatment. Fe incorporation to

the brain upon the initial 24 h after administration of

the 6th dose of Fe-dextran was followed by the

measurement of total brain Fe levels (Fig. 1b).

Control brains were collected at each time point,

including zero time, which were assessed immediately

after the 6th dose of saline solution. The point C in

Fig. 1b represents an average of all control values

measured, since all the determined values at each

individual time point were not significantly different

to control data at zero time. A significant increase in

total brain Fe content over the control values was

recorded at 2 h post-treatment (pt) (7.7-fold)

(Fig. 1b), with a fast return to control values there-

after. However, the LIP concentration was signifi-

cantly elevated during the period 2–24 h pt (1.7-fold

to 1.9-fold) (Fig. 1b).
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Fig. 1 a Fe content in Fe-overloaded rats’ brain assessed by

HROM. Brain from a control rat shows normal features, with no

Fe deposits (left panel); at 2 h post-treatment (pt)) Fe deposits

were observed in vascular endothelium (arrows) and in

perivascular space (arrow head) in brain cortical area (middle

panel), whereas at 8 h pt a normal cytoarchitecture was

observed (right panel) (magnification 91000). These images

are representative of all the studied areas. b Kinetic study of Fe

content (n = 4). Total Fe content in the whole brain ( ) and

labile iron pool (LIP) content in rat brain homogenates in control

and Fe-overloaded rats ( ). *Significantly different from

control values, ANOVA, p\ 0.05
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An assay using DCFH-DA oxidation was employed

to assess oxidative cellular status in brain homoge-

nates. A significantly enhanced DCFH-DA oxidation

rate was observed in brain homogenates from Fe

treated rats as compared to values in control brains,

4 h pt (Fig. 2).

Lipid peroxidation was assessed by a EPR technique

detecting the presence of LR• combined with the spin

trap PBN that resulted in adducts that gave a character-

istic EPR spectrumwith hyperfine coupling constants of

aN = 15.8 G and aH = 2.6 G, in agreement with

computer simulated signals obtained using those

parameters (Fig. 3a, trace a). Even though these

constants could be assigned to LR•, spin trapping

studies cannot readily distinguish between peroxyl

(ROO•), alcohoxyl (RO•) and alkyl (R•) adducts, owing

to the similarity of the corresponding coupling constants

(Buettner, 1987). PBN by itself did not record any spin

adduct signal was examined and no PBN spin adduct

was observed (Fig. 3a, trace b). The generation rate of

LR• adducts in control brain homogenates (Fig. 3a,

trace c, b) was increased 2 h pt after the 6th dose of Fe-

dextran (Fig. 3a, trace d, b), and returned to control

values at 8 h pt (Fig. 3a, trace e, b). Moreover, Fe-

dextran treatment significantly decreased brain lipid

soluble antioxidant (a-T) concentration 2 h pt after the

6th dose of Fe-dextran, measured in the brain homo-

genates (Fig. 3b). Assuming that LR• content could be
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Fig. 2 DCFH-DA oxidation rate (n = 4) in the whole brain

homogenates from control and Fe-overloaded rat. *Significantly

different from control values, ANOVA, p\ 0.05
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Fig. 3 a LR• generation rate in whole rat brain (n = 6). EPR

signal for LR• in control and Fe-overloaded rat brains:

a computer simulated-spectrum employing the following

spectral parameters: g = 2.005 and aH = 1.8 G, b PBN-DMSO

alone, c control rat brain, d Fe-overloaded rat brain at 2 h post-

treatment, and e Fe-overloaded rat brain at 8 h post-treatment.

b Kinetic study of LR• generation rate ( ) and a-T content ( )

in rat brain after Fe administration. Brain homogenates were

incubated in the presence of 40 mM PBN-DMSO for 30 min.

c Kinetic study of lipid-derived radical/a-tocopherol (LR•/a-T)
ratio in the whole rat brain (n = 6). *Significantly different from

control values, ANOVA, p\ 0.05
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understood as an indicator of radical-dependent damage

to lipids, and a-T content as the most efficient antiox-

idant protection in the lipid compartment, the LR•/a-T
content ratio was evaluated during the period 1–8 h pt,

since at 8 h pt the generation rate of LR• returned to

control values. A significantly higher ratio (3.5-fold)

was seen 2 h after Fe-dextran administration, as com-

pared to values in control brain homogenates (Fig. 3c).

Thus, a significantly increasedoxidative condition in the

lipophilic medium of brain was developed by Fe, over

control conditions.

Figure 4a shows the typical EPR spectrum of A• in

brain from control rats, with the characteristic two

lines at g = 2.005 and aH?= 1.8 G. Brain samples

from Fe-dextran treated rats showed a significant

increase in A• content at 4 h after Fe administration

(Fig. 4b) and returned to control values thereafter.

However, Fe-dextran administration decreased AH-

content in brain (Fig. 4b) over the period 2–8 h pt.

Thus, Fe-dextran treated rats showed a significantly

higher A•/AH- ratio as compared to values in brain

from control rats (Fig. 4c) at 4 h pt. This effect is

consistent with the increase in the DCFH-DA oxida-

tion rate, giving base to the hypothesis that oxidative

stress plays a role in the hydrophilic medium, at least

under these experimental conditions.

Regarding the enzymatic antioxidant defense sys-

tem, an increase in the CAT activity was measured 8 h

after Fe-dextran 6th dose administration (Fig. 5a). The

kinetic profile of SOD response was different from

that shown for CAT activity, considering that brain

SOD activity was significantly higher at 1 and 2 h pt,

and returned to control values during the period

2–16 h pt (Fig. 5a).

NF-jB levels were studied at 1–8 h, in nuclear

extracts from brains of rats supplemented with Fe-

dextran (Fig. 5b). No significant changes were

detected during the experimental period under study.

Due to the particular organ morphology of the brain,

Fe concentration could not be uniformed in all the

brain areas. After 2 h of the 6th Fe-dextran dose, total

Fe concentration in cortex, striatum and hippocampus

was increased by 2.2-, 2.6- and 3-fold, respectively, as

compared to the same areas from control animals

(Fig. 6). Fe administration significantly increased

CAT activity in cortex by 2.1- fold at 2 h, as compared

to control values (Table 1), and 2.5-, 1.5-, and 1.5-fold

at 4, 6 and 8 h, respectively, as compared to control

values (data not shown) whereas that in hippocampus
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Fig. 4 a A• content in the whole brain homogenates (n = 6).

EPR signal for A• in rat brain, a computer simulated-spectrum

employing the following spectral parameters: g = 2.005 and

aH = 1.8 G, b DMSO alone, c control rat brain, and d Fe-

overloaded rat brain at 4 h post-treatment. b Kinetic study of A•

content ( ), and AH- content ( ) in Fe-overloaded brains.

c Kinetic profile of A•/AH- ratio (n = 6). *Significantly

different from control values, ANOVA, p\ 0.05
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and striatum remained unaltered (Table 1). SOD

activity was significantly increased only in cortex at

2 h after Fe supplementation, as compared to control

animals (Table 1).

Discussion

Data presented indicate that sub-chronic Fe overload

triggers oxidative stress in rat brain. This phenomenon

is associated with the high susceptibility of the brain to

ROS interactions, since neurons are recognized by

(i) their enhanced number of mitochondria and the

higher aerobic metabolism, as compared to other

organs; (ii) the rather low enzymatic antioxidant

activity; (iii) the elevated content of polyunsaturated

fatty acids in membranes, which are prone to ROS

attack; and (iv) the high Fe content (Halliwell 2006).

The Fe protocol used achieved peak levels of total Fe

in brain 2 h after treatment, whereas the LIP remained

elevated from 2 to 24 h. The LIP is considered as an

operational entity involving Fe2? and Fe3? weakly

chelated to cellular components (Kakhlon and

Cabantchik 2002), representing a limited amount of

total cellular Fe (3-5 %) (Kruszewski 2003). The

different kinetic profile observed between total Fe

content and LIP in brain could be due to the status of

Fe deposits after the slow Fe uptake over the previous

Fe doses, where ferritin (Ft) was probably sequester-

ing Fe. This slow incorporation of Fe into the Ft could

contribute to favor the protection of the brain cells

against the damaging effect of ROS formed by the

catalysis of Fe taking part of the cellular LIP. It seems
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Fig. 5 Enzymatic antioxidants and NF-jB DNA binding in

homogenates of the whole rat brain. aKinetic study of CAT ( )

and SOD ( ) activities in rat brain (n = 6). b Percentage of

activity of NF-jB as a function of time after Fe-dextran

administration (n = 3). *Significantly different from control

values, ANOVA, p\ 0.05
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cantly different from cortex values 2 h post-treatment, ANOVA,
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that 4 h after Fe administration, although total Fe

content returned to control values, cellular internal Fe

distribution is substantially different. Consistently

with the maximum value of Fe content in brain

observed at 2 h after Fe administration, LR• produc-

tion was significantly increased and the a-T content

was decreased concomitantly, with a significant

enhancement in the LR•/a-T ratio, suggesting an

increased free-radical activity in the cellular lipophilic

medium in accordance with a possible deterioration of

the membranes.

Brains from rats subjected to sub-chronic Fe

administration exhibited substantial changes in AH-

oxidation. One-electron oxidation of AH2 produces

A•, which is easily detectable by EPR even at room-

temperature in aqueous solution due to its relatively

long lifetime compared to other reactive species

(Puntarulo et al. 1995). Accordingly, measurement

of A• is considered as a marker of oxidative stress

under different in vitro or in vivo experimental

conditions (Gey et al. 1987; Minakata et al. 1993;

Pietri et al. 1994; Nakagawa et al. 1997; Courderot-

Masuyer et al. 2000; Galleano et al. 2002). Data

presented here indicate a significant increase in the A•/

AH- ratio at 4 h after sub-chronic Fe treatment, which

comprised A• increases and AH- decreases, suggest-

ing the development of an oxidative stress condition

associated with the previously enhanced (2 h) total Fe

concentration of the brain (Fig. 7). AH- properties

involve an antioxidant action that is understood in

terms of either its ability to reduce peroxyl radicals

(limiting the propagation steps of lipid peroxidation)

or by reducing the oxidized form of a-T, the a-
tocopheroxyl radical (Doba et al. 1985). AH- content

started to decrease at 2 h of Fe administration

coincidentally with the decrease in a-T content and

the maximum Fe content in brain. The brain content of

A• was significantly enhanced 4 h after Fe adminis-

tration, which may be associated with the regenerating

pathway of a-T, indicating an increased pro-oxidant

condition in the hydrophilic cellular medium. In

agreement with this suggestion, brain DCFH-DA

oxidation was also significantly increased 4 h after

sub-chronic Fe administration.

The redox phenomenon of oxidative stress was

suggested to represent a form of hormesis, character-

ized by beneficial biological effects at low levels of

ROS production and harmful outcomes at high steady

state concentrations (Videla 2009). ROS are able to

activate redox-sensitive transcription factors such as

NF-jB, which coordinate diverse biological responses

(Halliwell 2006). In this respect, 8 h after the admin-

istration of a single dose of Fe (500 mg/kg) a significant

increase in NF-jB DNA binding activity was detected

in brain,with a significant enhancement inCATactivity

found after 21 h of Fe dose, whose expression is

controlled by NF-jB in agreement with other previous

observations (Piloni et al. 2013). However, data

presented show that sub-chronic Fe administration

increasing the Fe concentration in the brain was not

related to NF-jB DNA binding capacity, although the

activity of the antioxidant enzymes SOD (consuming

O2
-) and CAT (degrading H2O2) increased. These

findings may be explained in terms of the activation of

the redox-sensitive nuclear factor E2-related factor 2

(Nrf2) by sub-chronic Fe administration (Morales et al.

2014), which controls the expression of antioxidant

enzymes including SOD andCAT (Kensler et al. 2007).

It is important to point out that SOD was increased as

fast as 1 and 2 h after Fe supplementation, meanwhile

CATactivitywas increased 8 h after the 6th ip injection

of Fe-dextran, the delayed increase in CAT activity

being probably related to the H2O2 produced by the

increase in SOD activity, in a sequential pattern

(Fig. 7). Although dietary Fe overload activates liver

Nrf2 (Moon et al. 2012), the influence of sub-chronic Fe

administration on Nrf2 activation in the brain remains

to be elucidated.

Table 1 Enzyme activity

after Fe-dextran treatment

in brain areas

* Significantly different

from control values

(p\ 0.05), (n = 4)

Enzyme activity Cortex Hippocampus Striatum

CAT (pmol/mg prot) (10-3)

Control 3.6 ± 0.3 2.0 ± 0.4 4.0 ± 3.0

Fe-dextran 2 h 7.5 ± 0.9* 1.1 ± 0.1 5.0 ± 0.6

SOD (U/mg prot)

Control 13.2 ± 2.0 12.8 ± 1.6 12.0 ± 3.0

Fe-dextran 2 h 41.5 ± 8.0* 12.6 ± 3.0* 19.0 ± 5.0*
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Conclusions

Sub-chronic Fe administration enhances the steady

state concentration of Fe in the brain LIP that favors the

settlement of an initial oxidative stress condition, both

at hydrophilic and lipophilic compartments, resulting

in cellular protection evidenced by antioxidant enzyme

upregulation (Fig. 5a). In accordance with the latter

feature, a low dose of Fe concentration (20 lM)

induced rat cardiomyocyte survival and hypertrophy,

whereas at 80–100 lM Fe necrosis is attained (Muñoz

et al. 2010), in line with the hormetic nature of Fe

action (Pietrangelo 2003). Moreover, heart protection

by ischemic preconditioning involves a Fe signal

upregulating Ft (Chevion et al. 2008), short-term Fe

administration upregulates heart SOD (Metzler et al.

2007), the protecting effect of Fe also being observed

in neurons (Hidalgo andNúñez 2007), oligodendroglia

cells (Brand et al. 2008), and liver (Galleano et al.

2011). Furthermore, data presented here indicate that

Fe content in the cortex and striatum increased to a

higher extent than in hippocampus, with both SOD and

CAT activities being significantly increased in cortex

but not in striatum and hippocampus (Table 1). These

data suggest that different brain areas exhibit differ-

entially susceptibilities to the effects of Fe excess and

that extreme caution should be taken to evaluate Fe

effects not only in whole brain, but rather in specific

areas inwhich a variety of pathways could be triggered.

In line with this suggestion, dopaminergic neurons

from rat substantia nigra are more susceptible to

chronically administered Fe than to acute Fe exposure

(Jiang et al. 2007) and development of Parkinson,s and

Alzheimer,s disease is associated specifically with the

striatum and hippocampus (Wu et al. 2013). Thus, sub-

chronic Fe overload-induced expansion of the brain

LIP (Fig. 6) constitutes a fluctuation able to trigger

homeostatic adaptive changes (Wang and Pantopoulos

2011), as evidenced by the significant antioxidant

response achieved. The latter feature of Fe occurs in

addition to its support of general biological processes

such as O2 transport, mitochondrial respiration, or

DNA synthesis, but also of the synthesis of myelin and

neurotransmitters, therefore affording optimal

Sub-chronic
Fe administration ip 
6th doses (50 mg /kg)

Rat brain

Total Fe 
(2 h pi) 

LR /α-T 
(2 h pi)

DCFH-DA 
(4 h pi) 

SOD activity 
(1 and 2 h pi)

A /AH-

(4 h pi)

ROS generation

LIP 
(from 2 to 24 h pi)

CAT activity
(8 h pi)

O2
-

H2O2

OH

Fe2+

●

●

●

Fig. 7 Diagram summarizing a possible sequence of events occurring in the whole rat brain after sub-chronic Fe-dextran

administration. Square framing corresponds to measured parameters
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neuronal functioning that is crucial in Fe deficiency

states or under conditions of brain stress (Wang and

Pantopoulos 2011; Fretham et al. 2011). Although the

reported data on sub-chronic Fe supplementation in

experimental animals may have far reaching pharma-

cological implications, future studies in man are

needed to ascertain the development of a pro-oxidant

status suitable to achieve responses that may be part of

a protective action of Fe, which can be accomplished

by determining A•/AH– ratios in human plasma as an

appropriate in vivo indicator of Fe-induced oxidative

stress (Galleano et al. 2002). Correlations of plasma

A•/AH– ratios with measurements of the intracellular

LIP in erythrocytes (Walcourt et al. 2013), leukocytes

(Korantzopoulos et al. 2012), or other hematopoietic

cells (Prus and Fibach 2008), simultaneously with

those of antioxidant systems andmembrane integrity in

these cellular systems, may strengthen the importance

of the preconditioning effect of Fe in man, as shown in

experimental conditions (Metzler et al. 2007; Hidalgo

and Núñez 2007; Chevion et al. 2008; Brand et al.

2008; Muñoz et al. 2010; Galleano et al. 2011).
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