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Iron regulatory protein (IRP)-1 and IRP2 inhibit ferritin synthesis by binding to an iron responsive ele

ment in the 59-untranslated region of its mRNA. The present study tested the hypothesis that neurons

lacking these proteins would be resistant to hydrogen peroxide (H2O2) toxicity. Wild-type cortical cul

tures treated with 100–300 lM H2O2 sustained widespread neuronal death, as measured by lactate dehy

drogenase assay, and a signif­i­cant increase in malondialdehyde. Both endpoints were reduced by over

85% in IRP2 knockout cultures. IRP1 gene deletion had a weaker and variable effect, with approximately

20% reduction in cell death at 300 lM H2O2. Ferritin expression after H2O2 treatment was increased 1.9-

and 6.7-fold in IRP1 and IRP2 knockout cultures, respectively, compared with wild-type. These results sug

gest that iron regulatory proteins, particularly IRP2, increase neuronal vulnerability to oxidative injury.

Therapies targeting IRP2 binding to ferritin mRNA may attenuate neuronal loss due to oxidative stress.

© 2008 Elsevier Inc. All rights reserved.
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Experimental and clinical observations suggest that redox-

active iron contributes to neuronal death associated with stroke, 

CNS trauma, and several neurodegenerative diseases [1–4]. Cells 

detoxify iron primarily by sequestering it in ferritin, an inducible, 

24-mer heteropolymer that has the capacity to store up to 4000 

ferric iron atoms in its mineral core [5]. In the CNS, ferritin is 

increased after ischemic and hemorrhagic stroke [6,7], traumatic 

injury [8], and with normal aging [9]. However, evidence to date 

suggests that after an acute injury this increase is delayed for at 

least 24 h [6–8]. Furthermore, in the substantia nigra of Parkinso

nian patients, minimal or no increase has been observed despite 

signif­i­cant iron accumulation [9–11]. These observations are consis

tent with the hypothesis that inadequate ferritin may contribute to 

the vulnerability of CNS cells to some oxidative injuries.

Ferritin synthesis is subject to both transcriptional and transla

tional regulation, but the latter predominates in coordinating the 

cellular response to fluctuating levels of chelatable iron [12]. Ferri

tin translation is inhibited by two iron-sensing proteins, iron regu

latory protein (IRP)-1 and IRP2, which bind to an iron responsive 

element (IRE) in the 59-untranslated region of both H- and L-fer

ritin mRNA when cell iron levels are low. Although both proteins 

tend to detach in iron-replete cells, IRP binding analysis suggests 

that some ferritin mRNA likely remains inhibited even in the pres

ence of high iron levels [13]. Pharmacologic targeting of IRP bind
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ing may therefore further increase ferritin expression, decreasing 

the labile iron pool and consequent oxidative stress.

A selective, high-affinity, nontoxic antagonist of IRP binding to 

ferritin IRE has not yet been identified. However, the detailed infor

mation that is available about the secondary and tertiary struc

tures of the ferritin IRE would facilitate the rational design of such 

an antagonist if a therapeutic effect seemed likely [14]. In order 

to investigate the potential of this approach, we have established 

colonies of IRP1 and IRP2 knockout mice, and have performed a 

series of experiments to characterize the vulnerability of knockout 

cells to oxidative injury. In the present study, we tested the hypoth

esis that IRP1 and IRP2 knockout neurons would be less vulnerable 

than their wild-type counterparts to the toxicity of hydrogen perox

ide (H2O2), which is catalyzed by cellular iron [15].

Mate­ri­als and meth­ods

Mouse breed­ing and genotyp­ing. Breeding pairs of IRP1 and IRP2 

knockout mice (C57BL6/129 strain [16]) were kindly provided by 

Rouault and colleagues [21]. All mice used for breeding and cul

ture preparation were the first or second generation offspring of 

mice heterozygous for the IRP1 or IRP2 knockout gene. In order to 

minimize variability due to genetic background, results from IRP1 

and IRP2 knockout cultures were compared with those from wild-

type cultures prepared from descendants of IRP1 or IRP2 heterozy

gous knockout mice, respectively. Mice were genotyped by PCR, 

using genomic DNA extracted from tail clippings and the following 

primers:

http://www.sciencedirect.com/science/journal/0006291X
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Fig. 1. (A) RT-PCR using wild-type IRP1 or IRP2 primers, demonstrating lack of 

gene expression in mice identified by genotyping protocol as knockouts (¡/¡) and 

expression in mice identified as homozygous (+/+) or heterozygous (+/¡) wild-type. 

G3PDH: control glyceraldehyde 3-phosphate dehydrogenase primers. (B) Represen

tative immunoblot from IRP1 or IRP2 wild-type (WT) or knockout (KO) cultures, 

24 h after treatment with 300 lM H2O2 or medium exchange only (sham-wash, 

SW), stained with antibody to horse spleen ferritin or actin (gel loading control). 

(C) Mean ferritin band density ± SEM, scaled to that in IRP1 WT sham-washed cul

tures (=1.0). *P < 0.05, ***P < 0.001 vs. density in corresponding wild-type cultures, 

n = 5/condition, Bonferroni multiple comparisons test.
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IRP1 wild-type: forward: 59-GAG AGG TCC TCC CTC TTG CT-39; 
reverse: 59-CCA CTC TCT CGA AGG TAG TAG-39.
IRP2 wild-type forward: 59-TGT TCC TGT CAG TCC TCG TG-39; 
reverse: 59-GGC CAG ACT GGT CTT CAG AG-39.
NeoR insert forward: 59-GAT CTC CTG TCA TCT CAC CT-39; 
reverse: 59-TCA GAA GAA CTC GTC AAG AA-39.

NeoR insert primers were the same for IRP1 and IRP2 knock

ts. Absence of wild-type IRP gene expression in mice identified 

 homozygous knockouts by this method was confirmed by RT-

R, using the following primer pairs:

IRP1 forward: 59-CCC AAA AGA CCT CAG GAC AA-39; reverse: 

59-CCA CTC TCT CGA AGG TAG TAG-39.
IRP2: forward: 59-TCC GAC AGA TCT CAC AGT GG-39; reverse: 

59-TGA GTT CCG GCT TAG CTC TC-39.

Cell cul­tures. Cultures containing both neurons and glial cells 

ere prepared from fetal mice (gestational age 15–17 days), as pre

ously described in detail [17]. Plating medium contained Eagle’s 

inimal essential medium (MEM, Gibco/Invitrogen, Grand Island, 

Y, USA, Product No. 11430), 5% heat inactivated fetal bovine 

rum (Hyclone, Logan, UT, USA), 5% heat inactivated equine serum 

yclone), glutamine (2 mM), and glucose (23 mM). Cultures were 

cubated at 37 °C in 5% CO2. Two-thirds of the culture medium 

as exchanged twice weekly until 11 days in vitro and daily there

ter. Feeding medium was similar to plating medium, except that 

 contained 10% equine serum and no fetal bovine serum.

Hydrogen perox­ide exposure. Experiments were conducted at 

–16 days in vitro. At this time interval, neurons are easily distin

ished from glial cells in this culture system by their phase-bright 

ll bodies and extensive network of processes. Cultures were 

ashed free of serum and placed into MEM containing 10 mM glu

se (MEM10). H2O2 was diluted from a 3% stock solution imme

ately prior to its addition to cultures, which were then rapidly 

turned to the incubator for 24 h.

Assessment of injury. Cell death was quantified by assaying the 

tivity of lactate dehydrogenase (LDH) released into the culture 

edium, which is an accurate marker of both necrotic and apop

tic death in these cultures [18,19]. Details of this method have 

eviously been published [17,18]. Since culture LDH activity varies 

mewhat with its density and age, LDH values were normalized 

 the mean value in sister cultures treated concomitantly with 

0 lM NMDA (=100), which releases essentially all neuronal LDH 

ithout injuring astrocytes [18]. The mean LDH activity in sister 

ltures subjected to medium exchange (sham-wash) only was 

btracted from all values to quantify the signal specific to H2O2 

xicity.

Lipid peroxidation was quantified by malondialdehyde 

DA) assay. Cells were harvested in 5% trichloroacetic acid, 

nicated, and centrifuged. The supernatant was collected, and 

thiobarbituric acid/acetate solution was added to a final con

ntration of 0.3% thiobarbituric acid, 7.5% acetic acid (pH 3.5). 

mples were heated in a boiling water bath for 15 min, and 

en were cooled to room temperature. Fluorescence was quan

ed using excitation wavelength 515 nm, emission wavelength 

3 nm, and slit width 5. MDA concentration was extrapolated 

om fluorescence of control samples containing serial MDA dilu

ons (Sigma–Aldrich Cat. # T-1642). Protein concentration of a 

spension of the pellet was determined by the bicinchoninic 

id (BCA) method (Pierce, Rockford, IL); MDA was expressed as 

nomoles/mg protein.

Immunoblotting. After washing with 1 ml MEM10, cells were 

sed in 100 ll buffer containing 210 mM mannitol, 70 mM sucrose, 

mM HEPES, 1 mM EDTA, 0.1% sodium dodecyl sulfate, and 0.1% 

iton X-100. The lysate was collected, sonicated on ice, and 
centrifuged. Protein concentration of the supernatant was deter

mined by the BCA method. Samples (30 lg total protein for ferri

tin and 15 lg for heme oxygenase (HO)-1) were then diluted with 

4£ loading buffer (Tris–Cl 240 mmol/L, b-mercaptoethanol 20%, 

sodium dodecyl sulfate 8%, glycerol 40%, and bromophenol blue 

0.2%) and heated to 95 °C in a water bath for 3–5 min. Proteins 

were separated on 12% SDS–PAGE gels (Ready Gel, Bio-Rad, Hercu

les, CA), and were then transferred to a polyvinylidene difluoride 

(PVDF) transfer membrane (Immobilon-P, Millipore, Billerica, MA). 

After washing, nonspecific sites were blocked with 5% nonfat dry 

milk in a buffer containing 20 mM Tris, 500 mM NaCl, and 0.1% 

Tween 20 (pH 7.5) for 1 h at room temperature. Membranes were 

exposed to the following primary antibodies overnight at 4 °C with 

continuous gentle shaking: (1) rabbit anti-horse spleen ferritin, 

Sigma–Aldrich, Product No. F5762, 1:250; (2) rabbit anti-HO-1, 

Assay Designs, Ann Arbor, MI, Product No. SPA-895, 1:5000; (3) 

rabbit anti-actin (gel loading control), Sigma–Aldrich Product No. 

A2066. 1:400. Membranes were then washed and treated with 

secondary antibody (Pierce goat anti-rabbit IgG-HRP, Product # 

1858415 1:3000) at room temperature for 1 h. Immunoreactive 

proteins were visualized using Super Signal West Femto Reagent 

(Pierce, Rockford, IL) and Kodak Gel Logic 2200. Ferritin and HO-1 
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band densities were normalized to actin band densities from the 

same sample.

Statistical anal­ysis. Data were analyzed with one-way analysis 

of variance. Differences between groups were assessed with the 

Bonferroni multiple comparisons test.

Results

Genotyping accuracy was confirmed by detecting IRP1 and IRP2 

mRNA via RT-PCR. Using wild-type primer pairs with sequences 

that spanned the neomycin resistance gene insertion site, expected 

products were observed in wild-type and heterozygous knockout 

mice, but were absent in homozygous knockouts (Fig. 1A).

Ferritin expression is increased in IRP1 and IRP2 knockout cul­tures

Ferritin was weakly expressed in wild-type cultures at baseline, 

and did not signif­i­cantly increase after H2O2 treatment (Fig. 1B and 

C). Ferritin expression was similar in wild-type cultures prepared 

from mice descended from either IRP1 or IRP2 heterozygous knock

out breeders. In IRP1 knockout cultures, it tended to be greater 

than in wild-type cultures at baseline and after H2O2 treatment, 

but the difference reached statistical signif­i­cance only for the lat

ter (1.9-fold increase). In IRP2 knockouts, ferritin expression was 

increased fivefold over wild-type at baseline and 6.7-fold after 

H2O2 treatment.
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Fig. 2. IRP1 and IRP2 gene knockout reduces cell death after hydrogen peroxide 

treatment. Cortical cultures were treated with indicated H2O2 concentrations for 

24 h. Lactate dehydrogenase (LDH) values in the culture medium were scaled to 

those in sister cultures treated with 300 lM N-methyl-d-aspartate (=100), which 

releases virtually all neuronal LDH without injuring glia. The mean LDH values in 

sister cultures subjected to sham-wash only were subtracted from all values to give 

the signal specific to H2O2 toxicity. ***P < 0.001 vs. corresponding knockout value, 

12–27/condition, Bonferroni multiple comparisons test.
al Research Communications 375 (2008) 6–10

IRP knockout cul­tures are less sensitive to hydrogen perox­ide

Inspection of wild-type cultures treated with 100–200 lM

H2O2 for 24 h revealed injury mainly to cells with phase-bright cell

bodies and extensive processes, which is the typical appearance

of neurons in this mixed culture system [20]. Exposure to 200 lM

H2O2 was sufficient to increase medium LDH activity to over 80%

of that released by killing all neurons with 300 lM NMDA (Fig. 2).

In wild-type cultures treated with 300 lM H2O2, mean LDH values

exceeded those in NMDA-treated cultures, consistent with injury

that also involved the feeder glial monolayer. In IRP1 knockout cul

tures, LDH release tended to be less than that in wild-type cultures,

but this difference reached statistical signif­i­cance only at 300 lM

H2O2. In IRP2 knockout cultures, LDH release was less than 10% of

that in wild-type cultures at all H2O2 concentrations.

Oxidative injury markers are reduced in IRP knockout cul­tures

Malondialdehyde (MDA) is a sensitive marker of oxidative

injury in this cell culture system. In both IRP1 and IRP2 wild-

type cultures, MDA was signif­i­cantly increased by treatment with

100–300 lM H2O2 (Fig. 3), compared with sham-washed controls.

In IRP2 knockout cultures, cell malondialdehyde levels after H2O2

treatment were reduced to levels similar to those in sham-washed

cultures. A weaker effect was observed in IRP1 knockout cultures

that was signif­i­cantly different from wild-type at all H2O2 concen

trations tested.
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Fig. 4. Heme oxygenase-1 expression after hydrogen peroxide treatment is reduced 

in IRP2 knockout cultures. Top: Representative immunoblot from IRP1 or IRP2 wild-

type (WT) or knockout (KO) cultures, 24 h after treatment with 300 lM H2O2 or 

sham-wash (SW), stained with antibody to heme oxygenase-1 or actin (gel loading 

control). Bottom: Mean band density, scaled to that in IRP1 WT sham-washed cul

tures (=1.0). ***P < 0.001 vs. density in corresponding wild-type culture, n = 5/condi

tion, Bonferroni multiple comparisons test.
Heme oxygenase-1 expression is rapidly increased in this cul

re system by oxidative stress. In wild-type cultures treated with 

0 lM H2O2 for 24 h, HO-1 expression was increased 3- to 4-fold 

ig. 4). Most of this increase was prevented by IRP2 gene deletion. 

O-1 expression in IRP1 knockout cultures was not signif­i­cantly 

fferent from that in wild-type cultures.

iscussion

The results of this study suggest the following: (1) ferritin 

pression in this cortical cell culture system is negatively reg

ated by both IRP1 and IRP2; (2) the robust increase in ferritin 

served in IRP2 knockout cultures is sufficient to prevent almost 

l of the cytotoxic effect of H2O2; (3) since IRP1 gene deletion had 

weaker effect on both ferritin levels and oxidative injury, IRP2 

nding activity is the more promising therapeutic target.

The dominant role of IRP2 in regulating ferritin expression in 

ese cultures is similar to that in vivo. Meyron-Holtz et al. [21] 

ported a marked increase in basal ferritin levels in the forebrain 

 IRP2 knockout mice, although the effect of oxidant exposure was 

t tested. However, in contrast to the present results, they noted 

 alteration whatsoever in brain ferritin in IRP1 knockouts. The 

gnif­i­cant albeit modest increase in ferritin in these IRP1 knock

t cortical cultures may therefore be a cell culture phenomenon 

ly, and may not accurately reflect regulatory mechanisms in the 

tact CNS.

The iron-dependence of H2O2 toxicity was reported over two 

cades ago by Starke and Farber [15], who observed that hepato

tes pretreated with the ferric iron chelator deferoxamine were 

ghly resistant to H2O2. Subsequent studies indicated a lysosomal 

urce of this chelatable iron [22], which likely generated oxidative 

ress by catalyzing hydroxyl radical formation via the Fenton reac

on [23]. The iron-dependence of H2O2 toxicity was subsequently 

nfirmed in cultured endothelial cells and astrocytes, using ferri

n or deferoxamine to sequester cell iron, respectively [24,25]. In 
the present study, the inverse relationship between ferritin expres

sion and cell death suggests a similar iron-dependent mechanism 

in mixed cortical cultures, which sustain injury primarily to neu

rons after exposure to 100–200 lM H2O2, and to both neurons and 

glia at 300 lM.

Altering protein expression by targeting mRNA with small 

molecules is a novel approach that may be particularly appli

cable to ferritin, due to its post-transcriptional regulation by 

IRP–IRE interaction. The feasibility of this concept has been dem

onstrated in two in vitro systems to date. Tibodeau et al. [26] 

used a chemical footprinting assay to search for small molecules 

that interact with the internal loop of the ferritin IRE, a structure 

unique to ferritin transcripts. This led to identification of the nat

urally occurring compound yohimbine as an antagonist of IRP 

binding. Unfortunately, its affinity for the ferritin IRE appeared 

to be rather weak, and in a cell-free system it increased ferritin 

synthesis by only 40%. The aconitase inhibitor oxalomalate was 

also reported to reduce the binding activities of both IRP1 and 

IRP2 [27], and to increase ferritin levels in SH-SY5Y and C6 gli

oma cells 2- to 3-fold, which was sufficient to protect them from 

ferric ammonium citrate [28]. Since oxalomalate also inhibits a 

critical metabolic enzyme, its use for this purpose may be limited 

by toxicity. Alternatively, cell ferritin levels may be increased by 

targeting IRP mRNA for degradation using small interfering RNA. 

In HeLa cells, Wang et al. recently reported that knockdown of 

both IRP1 and IRP2 increased ferritin and reduced cell death 

after H2O2 treatment [29]. The utility of IRP knockdown in the 

intact CNS remains to be established.

The present study demonstrates that both IRP1 and IRP2 gene 

knockout increases ferritin expression in cortical cell cultures to 

a level that reduces neuronal vulnerability to H2O2, and in IRP2 

knockouts provides near-complete protection. These results are 

similar to those observed when IRP2 knockout cells are subjected 

to iron loading by incubation with hemoglobin [30], which sug

gests that IRP2 binding to ferritin mRNA markedly increases neuro

nal vulnerability to oxidative stress generated by both endogenous 

and exogenous iron. Since iron regulatory proteins also regulate 

the expression of iron transporters, other protective mechanisms 

besides iron sequestration in ferritin cannot be excluded. It is par

ticularly noteworthy that IRP2 knockouts express less transferrin 

receptor-1 in CNS cells [21], which may have reduced the lyso

somal iron available to catalyze hydroxyl radical formation during 

H2O2 treatment [22]. However, the inverse relationship between 

ferritin levels and vulnerability to H2O2 observed in this and other 

studies [24,31,32] suggests that the robust protection provided by 

IRP2 gene knockout was due at least in part to the 6.7-fold increase 

in cell ferritin. Further investigation of therapies that target IRP2 

binding activity seems warranted.
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