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Abstract
Heme synthesis partially occurs in the mitochondrial matrix, thus there is a high probability that
enzymes and intermediates important in the production of heme will be exposed to metabolic
byproducts including reactive oxygen species. In addition, the need for ferrous iron for heme
production, Fe-S coordination, and other processes occurring in the mitochondrial matrix suggests
that aberrant fluxes of reactive oxygen species in this compartment might perturb normal iron
homeostasis. Manganese superoxide dismutase (Sod2) is an anti-oxidant enzyme that governs
steady-state levels of the superoxide in the mitochondrial matrix. Using hematopoietic stem cell-
specific conditional Sod2 knock-out mice we observed increased superoxide concentrations in red
cell progeny which caused significant pathologies including impaired erythrocytes and decreased
ferrochelatase activity. Animals lacking Sod2 expression in erythroid precursors also displayed
extramedullary hematopoiesis and systemic iron redistribution. Additionally, the increase in
superoxide flux in erythroid precursors caused abnormal gene regulation of hematopoietic
transcription factors, globins, and iron-response genes. Moreover, the erythroid precursors also
displayed evidence of global changes of histone post-translational modifications, a likely cause of
at least some of the aberrant gene expression noted. From a therapeutic translational perspective,
mitochondrially-targeted superoxide-scavenging anti-oxidants partially rescued the observed
phenotype. Taken together, our findings illuminate the superoxide sensitivity of normal iron
homeostasis in erythrocyte precursors and suggest a probable link between mitochondrial redox
metabolism and epigenetic control of nuclear gene regulation during mammalian erythropoiesis.
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INTRODUCTION
The mitochondrion is the center of eukaryotic cellular metabolism, respiration, and
numerous other cellular processes. The byproducts of some of these processes are reactive
oxygen species (ROS) and free radicals, which have the ability to directly damage cellular
components, change the redox balance of a cell, as well as alter gene regulation through
redox sensitive transcription factors [1-4]. Superoxide free radicals (O2

•–) produced in the
mitochondrial matrix are neutralized by a specific mitochondrial isoform of the superoxide
dismutase family known as manganese superoxide dismutase (Sod2). Loss or down-
regulation of this enzyme has proven to be detrimental to cellular, as well as organismal,
viability [5-7]. Due to the well documented role of free radicals and iron, it is presumed that
Sod2 plays a definitive role in maintaining the proper redox balance necessary for normal
heme synthesis; a cellular process that partially occurs within the mitochondrion [8].

Ferrous iron (Fe2+) and ferric iron (Fe3+) have been known to play a role in ROS production
since the late 1800's [9, 10]. The ability of iron to cycle between oxidation states creates the
potential for excess ROS production if iron is not tightly regulated. Iron mobilization and
sequestering enzymes such as transferrin or ferritin, respectively, bind iron rendering it
relatively inert compared to labile iron [11]. A small unbound labile iron pool is present in
the cytoplasm of cells, and functions as the transient iron collection produced from both
anabolic and catabolic cellular processes [12]. Oxidative stress has been shown to cause the
oxidation of certain iron-sulfur cluster enzymes, which releases iron into the labile iron pool
[13, 14]. Moreover, many of these iron-sulfur containing enzymes are located in the
mitochondrial matrix, which subjects them to potential shifts in pH and redox balances.
Normally, Sod2 acts to minimize an oxidizing environment in the mitochondria, but how
mitochondrial processes (iron dependent and independent) function in the absence of this
enzyme remains uninvestigated.

Ferrochelatase (FECH) is the last enzyme in heme biosynthesis, and catalyzes iron insertion
into protoporphyrin IX to form heme within the mitochondrial matrix [15]. FECH functions
as a dimer, and possesses a single 2-iron, 2-sulfur (2Fe/2S) cluster per monomer [16]. While
the 2Fe/2S cluster within the enzyme does not participate in catalysis, if iron is depleted or
not bioavailable the apo-enzyme lacking a cluster becomes unstable and this significantly
decreases FECH activity [17]. Furthermore, unlike the majority of known 2Fe/2S cluster
enzymes (e.g. cytochromes, ferredoxins, etc.), FECH possesses an unusual cysteine
coordinating motif with limited hydrogen bonding to the iron and sulfur moieties [18]. This
partial bonding has been shown to render FECH susceptible to inactivation by free radical
species such as nitric oxide (NO•) [19, 20]. While mitochondrially located NO• may play a
role in the inactivation of FECH, mitochondrially located O2

•– may also have a significant
impact during times of pathogenesis. It has been estimated that approximately 2 × 1010

superoxide anions are produced each day within the mitochondria, but under normal
physiologic conditions Sod2 keeps steady state levels of superoxide to in the low pico-molar
range [21, 22]. In contrast, during times of pathogenesis or lack of Sod2 the steady state
levels may be increased 5-10 fold [5, 23, 24]. Combining the knowledge of this
concentration differential with the understanding that O2

•– is a potent disruptor of certain
other Fe/S cluster containing enzymes [14, 25], we hypothesized that increased steady-state
levels of mitochondrial superoxide may have the ability to perturb iron homeostasis and
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therefore directly or indirectly inactivate FECH. Furthermore, due to evidence
demonstrating that the inactivation of mitochondrial metabolic enzymes (e.g. aconitase,
succinate dehydrogenase, isocitrate dehydrogenase, etc.) may affect gene expression through
a loss of epigenetic control [26, 27], we would also expect increased mitochondrial
superoxide to affect global cellular gene regulation.

To test these hypotheses, we used a conditional knock-out mouse of the mitochondrial
matrix enzyme manganese superoxide dismutase (Sod2) with deletion targeted to
hematopoietic stem cells. Our results demonstrate that the conditional loss of Sod2 in the
hematopoietic system leads to a severe anemia and redistribution of systemic iron pools due
at least in part to inactivation of FECH. Furthermore, there was an apparent loss of
regulation of erythropoietic transcription factors, fetal/adult globins, as well as iron response
element (IRE) containing genes that was associated with and partially due to global
epigenetic changes in hematopoietic precursor cells. Finally, we show that anti-oxidants
targeted to the mitochondria have the ability to partially rescue the observed phenotype in
our mouse model. Taken together, our findings provide evidence for a previously
undescribed consequence for increased mitochondrial O2

•– or Sod2 inactivation in iron
regulation of erythropoietic precursors.

MATERIALS AND METHODS
Mice

Mice homozygous for the floxed Sod2 allele (i.e. B6.Cg-Sod2tm1lox, shorthand Sod2L/L), in
which exon 3 of the Sod2 gene is flanked by 2 loxP sequences, have been previous
described [28]. B6.Cg-Tg-vav1-iCreA2Kio/J or vav-iCre mice (Cre recombinase is
exogenously expressed under control of the vav promoter, where Cre-recombinase becomes
activated within the hematopoietic stem cell and affects all lymphoid, myeloid, and
erythroid lineages) were generously donated by Dr. Adam Dupuy (The University of Iowa),
and have been previously described [29]. Mice were bred to F2 generation to obtain
conditional hematopoietic Sod2 homozygous knock-out animals (i.e. Sod2-/-). Vav-iCre was
only passed through male parents to limit non-specific oocyte expression. Mice used were of
pure C57BL/6 background, and littermate floxed animals (i.e. Sod2L/L) served as controls.
All work was performed under the approval of the Institutional Animal Care and Use
Committee at The University of Iowa.

Characterization and Oxidative Stress
Genotyping, real-time quantitative RT-PCR, western blotting, dihydroethidium (DHE)
assays, and aconitase activity assays were performed as previously described [5]. For DHE
analysis and aconitase activity, respective tissues were minced to single cell suspensions and
total cell preparations were analyzed. Oligonucleotide sequences are referenced at the end of
the Supplementary Data. Histones were isolated by using acid extraction. Briefly, cells are
lysed in histone extraction buffer (i.e. PBS with 0.5% Triton-X100, 2 mM
phenylmethylsufonyl fluoride, and 0.02% NaN3). Following lysis, samples are centrifuged
at 5,000 RCF at 4°C. Pellets are resuspended in 0.2N HCl overnight. Samples are then
centrifuged again at 5,000 RCF at 4°C, and supernatants are collected for analysis. For all
experiments, fresh tissue was harvested and used from equal numbers of male and female
animals at 6-8 weeks of age, unless otherwise noted. Peripheral blood was isolated by retro-
orbital bleeding into heparin coated capillary tubes. Bone marrow was obtained by
performing and combining bilateral femur flushes. Solid organs (e.g. spleen and thymus)
were dissociated by physical disruption using ground glass. Following this, mononuclear
cells were isolated by mouse optimized FicoLite-LM gradient (Atlanta Biologicals, Atlanta,
GA).
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Complete Blood Count (CBC), Iron Panel, and TBARS
Freshly isolated blood was diluted 1:10 into 5% BSA diluted in PBS. CBC analysis was
performed on an Advia 120 automated hematology analyzer (Bayer Diagnostics) with an
algorithm specific for C57BL/6 mice. Plasma iron panels were performed on freshly isolated
plasma by the University of Iowa Hospital and Clinics pathology laboratories.
Thiobarbituric acid reactive substances (TBARS) assay was performed using the TBARS
Assay Kit (Cayman Chemical, Ann Arbor, MI) as per manufacturer's specifications.

Histology
Tissues were fixed in 10% neutral formalin, then processed and embedded in paraffin. Four-
to five-micrometer sections were prepared with a microtome (HM 355, Microm, Walldorf,
Germany) and then stained with hematoxylin and eosin (H&E) or Prussian Blue with an
automated slide stainer (Sakura DRS 601 Diversified Stainer, Sakura, Hayward, CA).
Stained slides were mounted with Solvent 100 mounting media, and bright-field
micrographs of stained sections were taken with a microscope (Olympus BX-51, Olympus,
Melville, NY) fitted with an Olympus DP70 camera (Olympus).

Free Macrocycles and Ferrochelatase
Free macrocycle assays were performed as previously described [30]. Briefly, equal volume
or mass of tissue were combined with Celite (Sigma Aldrich, St. Louis, MO) to remove
particulate matter. Macrocycles were extracted from the tissue using a 4:1 mixture of ethyl
acetate and acetic acid respectively. Hydrochloric acid (1.5 M) was used for final
purification of macrocycles. Relative macrocycle levels were measured by fluorescence
(excitation 405 nm, emission 609 nm) using a Tecan Infinite M200 96-well plate
spectrophotometer. Ferrochelatase activity assays were performed as previously described
[17]. Briefly, proteins were isolated and quantified from bone marrow samples. Four-
hundred micrograms of bone marrow protein was combined in an assay buffer (20 mM Tris-
HCl (pH 8.0), 1% Triton X-100, 1 mM lauric acid) along with 50 μM deuteroporphyrin IX
and 50 μM Zn (II) acetate at 37°C. Appearance of zinc loaded porphyrin was observed over
time in a Beckman-Coulter DU-650 spectrophotometer at 541 nm absorbance.

Rescue
Hemin was obtained from Sigma Aldrich Company (St. Louis, MO). N-acetyl cysteine
(NAC) was obtained from The University of Iowa Pharmacies (20% solution in normal
saline, 200 mg/mL). Mito-tempol was obtained from Enzo Life Sciences (Plymouth
Meeting, PA). All lyophilized drugs were dissolved in PBS and administered by
intraperitoneal (IP) injection. Specific concentrations were chosen based on published
therapeutic effects in mice at respective doses. Hemin was administered every 48 hours at 50
mg/kg [31, 32]; NAC administered every 24 hours at 1 g/kg [33, 34]; Mito-tempol
administered every 24 hours at 5 mg/kg [5, 35]. Complete blood count analyses were
performed at 0, 3, and 7 days while mice were on drug treatment.

Statistics
Data were as expressed as mean and standard deviation. All experiments were performed on
at least 3 mice in each group. For all experiments, comparisons between groups were
analyzed by unpaired 2-tailed Student's t-test. A p-value of less than 0.01 was considered to
be significant.
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RESULTS
Steady-state superoxide concentrations increase in conditional Sod2 knock-out tissues

To examine the effects of increased mitochondrial superoxide on erythrocyte development
and function, we developed a hematopoietic-specific Sod2 knock-out mouse (i.e. Sod2-/-).
Mice harboring loxP elements flanking the active site of the Sod2 locus (i.e. Sod2L/L) were
bred with mice expressing cre-recombinase under the vav promoter, which targets
hematopoietic stem cells within the bone marrow [29]. Analysis of the major hematopoietic
organs (e.g. bone marrow, spleen, and thymus) showed significant knock-out of Sod2 as
demonstrated by decreased immunoreactivity by western blotting (Fig. 1A). Importantly, off
target tissues (i.e. liver, heart, skin, and brain) did not show any decrease in Sod2 mRNA
(supplemental Fig. 1A) indicating the specificity of the vav promoter for the hematopoietic
system, as has been described by others [29, 36, 37].

Sod2 functions to decrease mitochondrial superoxide levels, and as such the loss of the
superoxide scavenging enzyme should lead to increased steady-state levels of superoxide.
Using the fluorescent dye dihydroethidium (DHE), it was observed that all major
hematopoietic organs within Sod2-/- mice showed greater than 3-fold increases in oxidative
stress (Fig. 1B, supplemental Fig. 1C). Furthermore, using excitation wavelengths for the
superoxide-specific fraction indicated that the increases in fluorescence were primarily due
to an increase in superoxide as opposed to other ROS [38]. To extend these findings and
determine the biological sequelae of elevated steady-state superoxide in erythroid precursor
cells, aconitase activity assays were performed on lysates generated from Sod2-/-

hematopoietic organs, since this 4Fe/4S enzyme is known to be inactivated by superoxide
[14, 39]. Aconitase enzyme activities were decreased by as much as 75% in the
hematopoietic organs examined, with no change in aconitase protein levels, consistent with
enzyme inactivation by excess superoxide (Fig. 1C, supplemental Fig. 1B). Although both
DHE and aconitase have been shown to react with reactive nitrogen species (RNS) such as
peroxynitrite [40], the specific nitration product 3-nitrotyrosine was not detected by western
blot in cellular proteins isolated from the hematopoietic organs in either Sod2L/L or Sod2-/-

mice (data not shown). Peroxynitrite and nitric oxide still may play a role in the Sod2-/-

hematopoietic cells, but are dwarfed by the over-abundance of superoxide and thus are
below our current limit of detection. Taken together, these data indicate that Sod2-/- mice
harbor increased steady-state levels of mitochondrial superoxide, thus providing an optimal
model for studying the consequences of this stress on the development of erythrocytes in
vivo.

Elevated mitochondrial superoxide in erythroid precursor cells has detrimental effects on
mature erythrocytes

Mature red blood cells do not contain Sod2 protein as they do not possess mitochondria. In
contrast, immature erythrocyte precursors rely on mitochondria for oxidative metabolism as
well as heme synthesis through the orthochromatic normoblast stage of erythrocyte
maturation, thus allowing significant developmental time in which the loss of Sod2 may
exert its effects. Analysis of peripheral blood smears from Sod2-/- mice showed profound
differences compared to their Sod2L/L counterparts. The Sod2-/- mice displayed a variety of
hematological differences including anisocytosis (no predisposition to macrocytic or
microcytic anemia), spherocytosis, and hypochromasia (Fig. 2A).

Quantitative examination of the observed erythrocyte changes by complete blood count
(CBC) analysis demonstrated considerable aberrations in the blood of Sod2-/- mice (Fig.
2B). Total red blood cells were shown to be decreased by approximately 30%, while
hemoglobin levels and hematocrits were decreased by approximately 50% and 30%
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respectively, in the Sod2-/- mice. Circulating reticulocyte numbers showed the greatest
change in the knock-outs with an almost 10-fold increase, suggesting accelerated
erythropoiesis occurring within the Sod2-/- mice. These findings demonstrate unequivocally
that loss of the mitochondrial enzyme Sod2 has significant detrimental effects on red blood
cell development.

Due to the 10-fold increase of circulating reticulocytes in the Sod2-/- mice, we hypothesized
that improper erythrocyte development/breakdown and/or systemic hypoxia was resulting in
compensatory erythropoiesis. The spleens of control and knock-out animals were examined
for histologic signs of pathology as well as extramedullary hematopoiesis (EMH). Grossly,
spleens within the Sod2-/- animals were approximately 3-4 times greater in size and weight
compared to Sod2L/L animals. Upon microscopic examination, loss of normal splenic
architecture was noted primarily due to an extensive expansion of the red pulp
(supplemental Fig. 2A). Furthermore, detailed analysis of the red pulp displayed elements of
all hematopoietic lineages (e.g. neutrophils, megakaryocytes, lymphocytes, and
erythrocytes) suggesting the spleen is functioning in excess of Sod2L/L controls
(supplemental Fig. 2B). These changes are consistent with an approximate 25-fold induction
of erythropoietin (EPO) mRNA observed within the kidneys of Sod2-/- animals
(supplemental Fig. 2C). The expansive erythropoiesis was not limited only to the spleen, as
blood forming elements were observed to a lesser extent in the livers of the Sod2-/- animals
as well (supplemental Fig. 3A). Sod2-/- mouse livers did not show significant morphologic
changes from Sod2L/L except for increased incidence of EMH. Alanine aminotransferase
(ALT, supplemental Fig. 3B) was similar between Sod2L/L and Sod2-/-, which would further
indicate a lack of hepatocellular damage; however, the concurrent elevation in aspartate
aminotransferase (AST) strongly suggests an extra-hepatic tissue source, the most prominent
candidate tissue in this case would likely be damaged erythrocytes (which also possess AST
activity).

Iron homeostasis and distribution are disrupted within Sod2-/- mice
Superoxide has the ability to affect iron metabolism due to its ability to alter iron oxidation
states in a variety of systems. Prussian blue analysis of Sod2-/- spleens demonstrated strong
positive staining for iron, but spatial distribution of the iron varied significantly compared to
spleens from Sod2L/L animals (Fig. 3). Whereas control spleens showed uniform iron
staining contained within areas of the red pulp, the knock-out spleens displayed
heterogeneous deposits of iron throughout the entire spleen including white pulp regions.
These findings are most likely attributed to the increased EMH and oxidative stress also
noted within these tissues of the knock-out animals. Another possible explanation for the
aberrant iron distribution could be a failure of the marginal zone macrophages, which are
phagocytic cells that interact with apoptotic debris at the boundary of the red and white pulp
in the spleen. These marginal zone macrophages would also be devoid of Sod2 in the knock-
out animals due to gene recombination early in hematopoietic development, and as such
may malfunction in their role of appropriately maintaining iron recycling and distribution in
the spleen. The disruption in iron homeostasis within the spleens of Sod2-/- animals was not
a specific organ effect, as a systemic redistribution of iron was apparent in the knock-outs.
For example, decreases in Prussian blue staining of bone marrow along with increases in
Prussian blue staining of the liver were observed (supplemental Fig. 4A-B). Taken together,
these data suggest that increased oxidative stress in cells of hematopoietic lineages results in
a redistribution of iron stores to the spleen and liver.

To examine whether the increase in splenic iron had any functional consequences on the
spleen, genes possessing iron regulatory elements (IRE) were examined in spleens of
Sod2L/L and Sod2-/- animals. Two to four fold increases in the mRNAs of aminolevulinate
synthase 2 (ALAS2), heavy-chain ferritin (Fer H), light-chain ferritin (Fer L), and transferrin
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receptor (TfR) were observed in the spleens of knockout animals (Fig. 4A). These findings
were carried through to the protein level as well (Fig. 4B). Aforementioned, these genes
possess IRE's which stabilize their mRNA transcripts in the presence of increased labile
iron. Of note, while the thymus was devoid of Sod2 protein and demonstrated increased
oxidative stress there was no accumulation in iron noted (data not shown), and as expected
the IRE regulated genes were not changed (Fig. 4B). Overall, these results further support
increased iron redistribution to the spleen and alteration in iron homeostasis within animals
that possessed a hematopoietic specific deletion of Sod2.

While the Sod2-/- mice showed a loss of normal iron homeostasis due to the loss of the anti-
oxidant enzyme, the question remained as to what were the underlying molecular
mechanism(s) responsible for this defect. We hypothesized that a heme biosynthetic defect
might exist that could explain parts of the phenotype. Understanding that ferrochelatase
(FECH) is an iron-sulfur cluster enzyme and sensitive to increases in nitric oxide, we
investigated if FECH activity was sensitive to the increase in superoxide oxidative stress in
Sod2-/- mice. By measuring the amount of zinc incorporated into deuteroporphyrin over time
in vitro, it was observed that the Sod2-/- marrow had approximately 50% less FECH specific
activity compared to Sod2L/L marrow with only a slight change in FECH protein levels (Fig.
5A-B). This finding correlated with our previous observation indicating a 50% decrease in
hemoglobin in Sod2-/- peripheral blood (Fig. 2B). Additionally, an assay to measure total
iron-free macrocycles demonstrated an approximate 10-fold increase in macrocycles in both
the blood and feces of Sod2-/- mice (Fig. 5C). Furthermore, small but significant increases in
macrocycles were noted in the plasma and urine. Taken together, these data suggest heme
synthesis is at least impaired at the level of iron insertion to porphyrin by FECH, and may in
part contribute to the observed phenotype in Sod2-/- mice.

Erythroid precursors from Sod2-/- animals exhibited aberrant fetal globin expression
associated with global changes in histone modifications

Understanding that iron-responsive gene expression was increased in Sod2-/- mice, we
investigated if the expression of iron-containing genes (i.e. globins) was also deregulated.
Globin gene regulation throughout embryonic development and fetal to adult globin gene
switching is a tightly regulated epigenetic process requiring a harmony of transcriptional and
chromatin modifying events. Transcription factors including GATA1, GATA2, KLF1, and
KLF2 play an integral role in this regulatory process of switching from primitive to adult
forms of hemoglobin [41-45]. Using quantitative real-time PCR, we queried the steady-state
levels of these transcription factors’ mRNA in the spleens of our mice to determine whether
mitochondrial oxidative stress could aberrantly affect their regulation. Notably, Sod2-/- mice
demonstrated a complex pattern of expression of these transcription factors that was
significantly different from their littermate controls (Fig. 6A). This pattern of expression is
consistent with accelerated erythropoiesis, as increased KLF1 and GATA1 cooperatively
govern erythrocyte maturation [46-48]. Additionally, the concurrent decreases in KLF2 and
GATA2 were anticipated as KLF1 and GATA1 negatively regulate of these genes
respectively [41, 49-51]. In contrast to these expected results, when quantifying the specific
globins within the same organ it was found that essentially all types of globins (i.e. fetal and
adult) were expressed to a greater extent in the Sod2-/- animals versus Sod2L/L (Fig. 6B-C).
While the expression pattern of erythropoietic transcription factors and extramedullary
hematopoiesis could partially explain the increase in adult globins (e.g. α1, α2, β Maj, β
Min), these pro-erythropoietic events cannot explain the loss of silencing of fetal globins
(e.g. HBq1, ζ, γε, h1) in Sod2-/- adult animals.

The process of switching from fetal to adult globins has been extensively described as an
epigenetic process regulated primarily by an array of histone modifications [52-55]. Because
of the aberrant fetal globin expression and apparent failure to switch off fetal globins during
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erythroid maturation, it was hypothesized that oxidative stress contributed to a loss of
epigenetic control in erythropoietic development in the Sod2-/- animals. To test this
hypothesis, splenic nuclear protein from Sod2L/L and Sod2-/- animals was probed for various
histone modifications known to regulate globin switching (Fig. 6D-E). Our results indicate
that loss of Sod2 in erythroid precursors is associated with a global decrease in histone
modifications including methylation and acetylation. The profound alteration of global
histone modifications observed correlates with the transcriptional deregulation throughout
the spleen, and may explain at least in part the abnormal expression of fetal globin chains.

Mitochondrially targeted anti-oxidants rescue the oxidative stress induced erythrocyte
defects

The conditional loss of Sod2-/- in hematopoietic lineages has produced a mouse model with
significant pathology. With this model we aimed to query the effects of heme, N-acetyl
cysteine (NAC), and mitochondrial targeted anti-oxidant (mito-tempol) therapies on the
observed phenotype. To examine whether heme therapy would rescue the effects on Sod2-/-

mice, hemin administration was performed. The rationale for this rescue was that a simple
replacement of heme may counteract the aberrant production observed in the Sod2-/-

animals. In Sod2-/- mice, hemin was able to partially rescue the defects in hemoglobin and
hematocrit. In addition, hemin administration resulted in an approximate 50% decrease in
circulating reticulocytes (Fig. 7A). These data further support the evidence of a heme
synthesis aberration in Sod2-/- mice, since the acquisition of fully formed heme (by hemin)
appeared to be utilized efficiently in the formation of hemoglobin and functional
erythrocytes.

Next, we attempted to rescue the heme defect in Sod2-/- mice by the use of N-acetyl cysteine
(NAC). NAC, a clinically approved agent, functions to replete glutathione pools and aid in
two electron antioxidant reduction reactions [56]. We hypothesized that due to the
abundance of labile iron and superoxide that increased hydrogen peroxide (by Fenton
chemistry) may be formed, which NAC would function to eliminate. Unfortunately, NAC
did not have any significant effect on restoring the heme defect as demonstrated by no
change in hemoglobin or hematocrit in the knock-outs (Fig. 7A). Interestingly, NAC
administration did decrease reticulocytes to similar levels as the hemin rescue. These data
suggest the observed anemia in Sod2-/- mice possibly is due to a combination of at least two
factors: 1) decreased heme synthesis, and 2) cellular damage elicited by oxidative stress.
NAC may have beneficial effects on the latter, but no consequence on the former. Our
dosing regimen was chosen on the basis of previously reported antioxidant effects [33, 34],
but NAC has been shown to be both pro- and anti-oxidant depending upon concentration
[57, 58]. Further studies examining different dosing ranges of NAC would be needed to
fully understand the contribution of this drug in our system. Additionally, NAC has been
shown in certain systems to slow cell cycle progression [59], as such in this model NAC
may not be eliciting a beneficial antioxidant effect but rather limiting the production of new
erythroid progenitors. Overall, the data presented here suggest NAC displays confounding
results in the reversion of the Sod2-/- phenotype, but we cannot rule out its therapeutic
potential in this model at this time.

Finally, because of the common cellular location of Sod2 activity and FECH-mediated heme
synthesis in the mitochondrial matrix, it was reasoned that specific mitochondrial targeted
anti-oxidant therapies may be able to reverse the heme defect in Sod2-/- mice. Mito-tempol
is a nitroxide that has reactivity as a superoxide dismutase mimetic; it also has a lipophilic
tri-phenyl phosphonium cation moiety that targets anti-oxidant to the mitochondria.
Furthermore, nitroxide anti-oxidants primarily function in one electron antioxidant reactions,
which may be of increased benefit than NAC due to the previously discussed increase in
superoxide in our model. Administration of mito-tempol provided a significant increase in

Case et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hemoglobin and hematocrit, as well as a decrease in reticulocytes; a partial rescue similar to
hemin treatment (Fig. 7A). Furthermore, mito-tempol was able to significantly lower
thiobarbituric acid reactive substances (TBARS), suggesting a limited amelioration of
oxidative stress induced damage upon treatment with a mitochondrially targeted antioxidant
molecule (Fig. 7B). These data imply that increased mitochondrial superoxide is specifically
and causally involved in the propagation of the phenotype observed in mice with Sod2-/-

deficient hematopoietic stem cells, and that suppression of elevated levels of mitochondrial
superoxide may limit the hematopoietic defect and improve circulating red blood cell
function.

DISCUSSION
In 2001, Friedman et al. created a marrow-deficient Sod2 mouse model by lethal irradiation
of a host mouse followed by subsequent transplantation of Sod2-/- fetal murine liver stem
cells capable of hematopoiesis [60, 61]. In depth analysis of these animals identified an
apparent sideroblastic anemia (SA) phenotype. The model of hematopoietic Sod2 loss
described herein significantly extends these findings by elucidating a deregulation of iron
homeostasis which may be due in part to increased mitochondrial oxidative stress.
Additionally, Friedman et al. observed a partial rescue of the described SA phenotype by the
use of an anti-oxidant molecule (i.e. EUK-8). EUK-8 is a salen-manganese complex that has
been shown to possess both superoxide dismutase (one-electron) and catalase activity (two-
electron) [62, 63]. These results augment our own in that we demonstrate a weak partial
rescue using a non-targeted two-electron anti-oxidant (i.e. NAC), and a more significant
amelioration of the Sod2-/- pathogenesis using a mitochondrially-targeted one-electron anti-
oxidant (i.e. mito-tempol). Using various methods of detection, we illustrate that the one-
electron pro-oxidant superoxide is the most abundant ROS in Sod2-/- hematopoietic tissues,
which explains the increased efficiency of mito-tempol versus NAC. Our examination of
these anti-oxidants separately furthers the understanding that mitochondrially-targeted one-
electron donors are more efficient in the attenuation of the Sod2-/- phenotype.

The use of the vav-iCre creates a highly efficient and specific knock-out of Sod2 in the
hematopoietic compartment of our mice. It is of note that the vav promoter does not become
active within the embryonic yolk sac, and is activated in the fetal liver on day 11.5-12.5 of
development [37]. This limitation of our model precludes any determination of the role of
Sod2 in primitive erythropoiesis, but this may prove difficult to study as no promoter to our
knowledge specifically targets the hematopoietic compartment earlier in development than
vav. The use of a promoter that is expressed earlier in development may lead to more
constitutive expression of Cre, and thus off-target effects of Sod2 deletion. As previously
discussed, the constitutive Sod2 knock-out mouse succumbs to multiple organ failure shortly
after birth, and this finding is attributed to the inability of the specific tissues to compensate
for the increase in superoxide [6, 7]. In contrast, we and others have demonstrated that
sensitive tissues in the constitutive Sod2 knock-out showed limited to undetectable
phenotypes when specifically targeted for Sod2 deletion [28, 64, 65]. With the findings
presented here that FECH activity is inhibited when Sod2 is removed from the
hematopoietic compartment (and potentially other tissues), we put forth the hypothesis that
the impairment of heme synthesis by increased superoxide may be an additional contribution
to the premature death noted in the constitutive Sod2 knock-out mouse.

The results presented here demonstrate that increases in the steady-state levels of
mitochondrial superoxide have the ability to impair FECH activity, which extends the
findings of FECH inactivation by a different free radical, nitric oxide. While superoxide may
directly inactivate FECH by disruption of its 2Fe/2S cluster, the inactivation may be simply
due to removal of bioavailable ferrous iron [17]. Superoxide has long been described to have
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the ability to inactivate certain Fe-S cluster enzymes such as aconitase and succinate
dehydrogenase [39, 66]. We demonstrate a significant inhibition of aconitase activity in the
Sod2-/- hematopoietic tissues. In these assays, we did not separate mitochondrial and
cytosolic fractions, and as such our assay reflects total, or both aconitase 1 and 2 activities.
Aconitase 2 is mitochondrally located, and participates in the citric acid cycle. Aconitase 1,
also known as iron regulatory protein 1, is present in the cytosol and is involved in both
citrate conversion and cellular iron maintenance. Inactivation of either or both of these
isoforms could have significant impacts on iron homeostasis, which we observe in the
Sod2-/- animals. Furthermore, these metabolic enzymes possess a characteristic 4Fe/4S
cluster arrangement, which is quite diverse from the 2Fe/2S organization of FECH. Further
studies would be necessary to understand the comparative inactivation of all of these Fe/S
containing enzymes (in addition to other mitochondrially-located heme synthesis enzymes)
by superoxide, which could elucidate the differential sensitivity of targets within stressed
mitochondria.

The Sod2-/- mice demonstrated a robust increase in erythropoietin produced in the kidneys,
suggesting a systemic hypoxia within these animals. Oxygen tension has been demonstrated
to play a significant role in globin regulatory processes (which may play a significant role in
Sod2-/- mice due to abundant hematopoietic superoxide and increased systemic hypoxia).
Various models of erythrocyte development show aberrant globin switching patterns
whether exposed to normoxia versus hypoxia [71, 72]. These changes may be due in part to
the hypoxia inducible factor (HIF), but the limited transcriptional capabilities of HIF cannot
fully explain the entire process of mammalian erythrocyte development or the complex gene
expression pattern noted in the Sod2-/- animals.

The process of globin switching throughout mammalian erythrocyte development is a tightly
regulated epigenetic process. Transcription factors, histone modifications, and recently
discovered DNA methylation all have significant parts in the control of this process [41, 42,
67, 68]. Most of the epigenetic modifying enzymes require cofactors to function, and many
of these cofactors are derived from cellular metabolism [69, 70]. This inherent dependency
on metabolic cofactors creates a connection between cellular metabolism and gene
regulation that is not yet fully understood [69]. In the Sod2-/- mouse model presented here, it
is demonstrated that an increase in steady-state superoxide leads to a disruption of both
metabolic enzymes and iron homeostasis; mitochondrial effects that have significant
consequences on certain nuclear epigenetic modifying enzymes. For example, disruption of
succinate dehydrogenase by superoxide could lead to a build-up of succinate. This
metabolite can disrupt 2-oxoglutarate dependent dioxygenases (e.g. prolyl hydroxylases,
jumonji histone demethylases, Tet DNA demethylases, etc.) that have both direct and
indirect mechanisms of genetic regulation through epigenetic modification [26].
Furthermore, these nuclear enzymes require iron in the reduced form (Fe2+) to properly
function, thus loss of normal iron homeostasis in the Sod2-/- mouse may also have a
significant impact on the functionality of these enzymes [73, 74]. Additionally, many
cofactors of epigenetic modifying enzymes are redox sensitive, and as such a change in the
GSH/GSSG, Fe2+/Fe3+, or NAD+/NADH pools may elicit negative effects on these enzymes
[69]. Last, genes implicated in regulation of nuclear-encoded mitochondrial genes may also
be affected by the disruption of Sod2 loss in the mitochondria. One of these genes,
peroxisome proliferator-activated receptor gamma co-activator-related protein 1, has been
shown to be up-regulated in a similar model of Sod2 loss [75], and as such may also
contribute to changes in gene expression observed in the Sod2-/- mice described here.
Taking all of these mechanisms into account, it would be hypothesized that the epigenetic
dysregulation in the Sod2-/- mice would have both increased and decreased epigenetic
modifications, yet in our analysis here we only observed global decreases (in both activating
and repressing histone marks). This important finding suggests that while interruption of the
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aforementioned epigenetic regulatory enzymes plays a role in this model, the availability of
co-factors necessary for methylation and acetylation (e.g. s-adenosylmethionine, acetyl-coA,
etc.) may also be altered due to the observed metabolic disturbances. Metabolomic analysis
in the Sod2-/- hematopoietic cells is highly warranted to understand nature of the metabolic
disruption and its role in the epigenetic perturbation. Overall, the significant increase of
mitochondrial superoxide and disruption of iron homeostasis predisposes the hematopoietic
system to nuclear epigenetic changes, which participate in the observed loss of proper gene
expression. Further understanding how the mitochondrial redox environment affects the
control of nuclear gene expression through alterations in activating and repressing chromatin
modifications may lead to novel therapeutic targets for genes that have been pathologically
epigenetically expressed or silenced in disease. Such knowledge would be particularly well
suited and translationally relevant to myelodysplastic syndrome where DNA
methyltransferase (DNMT) inhibition with decitabine therapy is routinely prescribed.

Taken together the results presented here demonstrate, for the first time to our knowledge,
that elevated steady-state levels of mitochondrial superoxide inhibit FECH enzyme activity
in vivo. The disruption of the superoxide balance within the mitochondria leads to a cascade
of molecular pathophysiologies including improper heme formation, gene regulation, and
erythrocyte development. In addition, our results showed the beneficial therapeutic effect of
supplementation with a single mitochondrially targeted anti-oxidant. Taken together, these
exciting new findings clearly warrant further investigation of the redox control of
erythrocyte development, and the potential of anti-oxidant therapies in hematopoietic
pathologies that disrupt normal iron homeostasis.
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ABBREVIATIONS

ROS reactive oxygen species

O2
•– superoxide

Sod2 manganese superoxide dismutase

FECH ferrochelatase

Fe/S iron-sulfur

NO• nitric oxide

IRE iron response element

DHE dihydroethidium

TBARS thiobarbituric acid reactive substances
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NAC N-acetyl cysteine

RNS reactive nitrogen species

CBC complete blood count

EMH extramedullary hematopoiesis

EPO erythropoietin

ALT alanine aminotransferase

AST aspartate aminotransferase

Fer H ferritin heavy chain

Fer L ferritin light chain

TfR transferrin receptor

HIF hypoxia inducible factor
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HIGHLIGHTS

• The loss of Sod2 in hematopoietic stem cells causes aberrant erythrocyte
maturation

• Hematopoietic Sod2 loss causes compensatory extramedullary hematopoiesis

• Iron homeostasis is disrupted systemically in conditional Sod2 knock-out mice

• Increased mitochondrial oxidative stress leads to global epigenetic dysregulation

• Mitochondrially-targeted antioxidants rescue disruptions caused by Sod2 loss
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Figure. 1. Conditional loss of Sod2 causes an increase in superoxide derived oxidative stress in
hematopoietic tissues
(A) Western blot analysis for Sod2 protein in hematopoietic tissues from 6-week old
Sod2L/L or Sod2-/- mice. β-actin (ACTβ) shown as loading control. Quantification
normalized to ACTβ, then to respective Sod2L/L tissue using ImageJ software. (B) Flow
cytometric analysis of dihydroethidium (DHE) staining of respective hematopoietic tissues
from 6-week old Sod2L/L or Sod2-/- mice. Quantification shown as total (488 nm excitation,
580 nm emission; entire bar) and superoxide specific (405 nm excitation, 580 nm emission;
black section of bar) DHE staining. (C) Spectrophotometric analysis of total cellular
aconitase (ACO) activity in hematopoietic tissues from 6-week old Sod2L/L or Sod2-/- mice.
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Specific activity calculated based on relative ACO protein levels (supplemental Figure. 1B).
Three mice of respective genotypes were analyzed per experiment; data are shown as mean
and s.d. Where applicable, * = p<0.01 by Student's t-test versus Sod2L/L.
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Figure. 2. Elevated mitochondrial superoxide during erythropoiesis has damaging consequences
on erythrocytes
(A) Wright-Giemsa stain of blood isolated from 6-week old Sod2L/L or Sod2 -/- mice. Black
rectangle indicates anisocytosis; black circles indicate spherocytosis; closed black
arrowheads indicate hypochromatic cells. (B) Complete blood count analysis performed on
peripheral blood from 6-week old Sod2L/L or Sod2-/- mice. RBC, red blood cells; WBC,
white blood cells; Hgb, hemoglobin; Hct, hematocrit; Ret, reticulocytes; MCV, mean
corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular
hemoglobin concentration; CHCM, cell hemoglobin concentration mean; CH, cellular
hemoglobin; RDW, red blood cell distribution width; HDW, hemoglobin distribution width;
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PLT, platelets; MPV, mean platelet volume; Aniso, anisocytosis; Hypo, hypochromasia; HC
Var, hemoglobin concentration variance. Five mice of respective genotypes were analyzed
per experiment; data are shown as mean and s.d. Where applicable, * = p<0.01 by Student's
t-test versus Sod2L/L.
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Figure. 3. Sod2 deficient animals display aberrant hematopoietic iron metabolism
Upper panels - low magnification (10x) of Prussian blue stained 6-week old Sod2L/L or
Sod2-/- spleens. Lower panels - high magnification (40x) of representative area in respective
spleens. Asterisks indicate areas of white pulp.
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Figure 4. Iron responsive element-containing genes are up-regulated in Sod2-/- spleens
(A) Quantitative real-time RT-PCR analysis of genes containing iron regulatory elements
(IRE). Data were normalized to 18s mRNA, then to respective Sod2L/L gene using the
ΔΔCT method. Closed bars indicate Sod2L/L, open bars indicate Sod2-/-. Aminolevulinate
synthase 2 (ALAS2); Ferritin heavy chain (Fer H); Ferritin light chain (Fer L); Transferrin
receptor (TfR). Three mice of respective genotypes were analyzed per experiment; data are
shown as mean and s.d. Where applicable, * = p<0.01 by Student's t-test versus Sod2L/L. (B)
Western blot analysis of iron regulatory element (IRE) containing proteins in hematopoietic
tissues from 6-week old Sod2L/L or Sod2-/- mice. β-actin (ACTβ) shown as loading control.
Quantification normalized to ACTβ, then to Sod2L/L using ImageJ software.

Case et al. Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure. 5. Ferrochelatase activity is decreased by increased mitochondrial superoxide
(A) Ferrochelatase (FECH) activity assay performed on bone marrow extracted from 6-week
old animals. Left, data displayed as absorbance of zinc-incorporated porphyrin over time.
Solid line indicates Sod2L/L, dotted line indicates Sod2-/-. Right, quantification of FECH
activity. Specific activity calculated based on relative FECH protein levels (panel B). Three
mice of respective genotypes were analyzed per experiment; data are shown as mean and
s.d. Where applicable, * = p<0.01 or ‡ = p<0.05 by Student's t-test versus Sod2L/L. (B)
Western blot analysis for ferrochelatase (FECH) protein in bone marrow from 6-week old
Sod2L/L or Sod2-/- mice. β-actin (ACTβ) shown as loading control. Quantification
normalized to ACTβ, then to Sod2L/L using ImageJ software. (C) Spectrophotometric assay
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of iron-free macrocycles in various tissues in 6-week old Sod2L/L or Sod2-/- mice. Closed
bars indicate Sod2L/L, open bars indicate Sod2-/-. Data normalized to respective Sod2L/L

tissue.
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Figure. 6. Abnormal gene expression in spleens of Sod2-/- animals is associated with alterations
in global histone acetylation and disruption of epigenetic control
(A) Quantitative real-time RT-PCR analysis of erythropoietic transcription factors from
RNA extracted from spleens in 6-week Sod2L/L and Sod2-/- animals. Data were normalized
to 18s mRNA, then to respective Sod2L/L gene using the ΔΔCT method. Closed bars
indicate Sod2L/L, open bars indicate Sod2-/-. GATA-binding factor 1 (GATA1); GATA-
binding factor 2 (GATA2); Kruppel-like factor 1 (KLF1); Kruppel-like factor 2 (KLF2). (B)
Quantitative real-time RT-PCR analysis of alpha globins from RNA extracted from spleens
in 6-week Sod2L/L and Sod2-/- animals. Data were normalized to 18s mRNA, then to
respective Sod2L/L gene using the ΔΔCT method. Closed bars indicate Sod2L/L, open bars
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indicate Sod2-/-. Theta (HBq1); alpha 1 (α1); alpha 2 (α2); zeta (ζ). (C) Quantitative real-
time RT-PCR analysis of beta globins from RNA extracted from spleens in 6-week Sod2L/L

and Sod2-/- animals. Data were normalized to 18s mRNA, then to respective Sod2L/L gene
using the ΔΔCT method. Closed bars indicate Sod2L/L, open bars indicate Sod2-/-. Gamma-
epsilon (γε); Beta-like (βh1); Beta major (β Maj); Beta minor (β Min). (D) & (E) Western
blot analysis for various histone modifications in spleens from 6-week old Sod2L/L or
Sod2-/- mice. Total H3 shown as loading control. Quantification normalized to total H3, then
to respective Sod2L/L tissue using ImageJ software. Three mice of respective genotypes
were analyzed per experiment; data are shown as mean and s.d. Where applicable, * =
p<0.01 or ‡ = p<0.05 by Student's t-test versus Sod2L/L.
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Figure. 7. Anti-oxidant therapy or hemin partially rescued the observed phenotype
(A) Mice were treated with respective drug for 7 days. Complete blood count (CBC)
analysis performed on days 0, 3, and 7. Dotted blue line indicates Sod2L/L vehicle treated,
Solid blue line indicates Sod2L/L drug treated, Dotted red line indicates Sod2-/- vehicle
treated, solid red line indicates Sod2-/- drug treated. Hemoglobin (Hgb); Hematocrit (Hct);
Reticulocytes (Retic). (B) Thiobarbituric acid reactive substances (TBARS) assay on total
blood plasma and total spleen isolates with and without Mito-Tempol administration. Six
mice of respective genotypes were analyzed per experiment; data are shown as mean and
s.d. Where applicable, * = p<0.01 or ‡ = p<0.05 by Student's t-test versus Sod2L/L; Φ =
p<0.01 by Student's t-test versus Sod2-/-.
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