
Mitochondrial dysfunction may explain the cardiomyopathy of
chronic iron overload

Xueshan Gaoa,b, Mingwei Qianb, Jian Li Campianb, James Marshallc, Zhanxiang Zhoud,
Andrew M. Robertse, Y. James Kangd, Sumanth D. Prabhuc, Xiao-Feng Suna, and John W.
Eatona,b,d,f,*
aDepartment of Oncology, University of Linköping, Linköping, Sweden
bMolecular Targets Group, J. G. Brown Cancer Center
cDepartment of Cardiology, University of Louisville
dDepartment of Medicine, University of Louisville
eDepartment of Physiology and Biophysics, University of Louisville
fDepartment of Pharmacology and Toxicology, University of Louisville, Louisville, KY 40202 U.S.A

Abstract
In patients with hemochromatosis, cardiac dysfunction may appear years after they have reached a
state of iron overload. We hypothesized that cumulative iron-catalyzed oxidant damage to
mitochondrial DNA (mtDNA) might explain the cardiomyopathy of chronic iron overload. Mice
were given repetitive injections of iron dextran for a total of 4 weeks after which the iron loaded
mice had elevated cardiac iron, modest cardiac hypertrophy and cardiac dysfunction. qPCR
amplification of near-full-length (~16 kb) mtDNA revealed >50% loss of full length product, whereas
amounts of a qPCR product of a nuclear gene (13 kb region of beta globin) were unaffected.
Quantitative rtPCR analyses revealed 60–70% loss of mRNA for proteins encoded by mtDNA with
no change in mRNA abundance for nuclear encoded respiratory subunits. These changes coincided
with proportionate reductions in complex I and IV activities and decreased respiration of isolated
cardiac mitochondria. We conclude that chronic iron overload leads to cumulative iron-mediated
damage to mtDNA and impaired synthesis of mitochondrial respiratory chain subunits. The resulting
respiratory dysfunction may explain the slow development of cardiomyopathy in chronic iron
overload and similar accumulation of damage to mtDNA may also explain the mitochondrial
dysfunction observed in slowly progressing diseases such as neurodegenerative disorders.
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Introduction
Patients with iron overload are liable to slowly developing cardiomyopathy characterized by
systolic and diastolic dysfunction but the pathophysiologic mechanism(s) underlying this
gradual organ damage remain poorly defined. Despite the highly likely conjecture that iron-
mediated tissue damage involves interactions between ‘loose’ iron and cellular oxidizing and
reducing equivalents, the pathophysiologic events involved in this disorder (as well as hepatic
and pancreatic damage seen in chronic iron overload) have not been fully elucidated.

Iron is required for the activity of numerous iron- and heme-containing proteins, but
“free” (redox active) iron catalyzes the formation of highly toxic reactive oxygen species (ROS)
that damage lipids, proteins and DNA [1]. This damage is assumed to arise from iron-catalyzed
hydroxyl radical (•OH) formation or, perhaps more likely, iron-centered radicals such as ferryl
and perferryl [2,3]. Iron-driven oxidation events require that the metal interact with cellular
reducing and oxidizing equivalents such as superoxide and hydrogen peroxide, a major source
of which is 'leak' of electrons from the mitochondrial electron transport chain [4].

We investigated the hypothesis that progressive iron-catalyzed oxidant damage to
mitochondrial DNA (mtDNA) might occur in chronic iron overload and that this might lead
to loss of respiratory capacity and cardiac dysfunction. For this study, a murine model of iron-
overload cardiomyopathy was used. Overall, the results indicate that iron-mediated damage to
mtDNA does occur and is associated with decreased expression of mitochondrially-encoded
(but not nuclear encoded) mRNA and proteins. These effects are associated with loss of
mitochondrial respiratory capacity and quite likely lead directly to cardiac dysfunction.

Materials and Methods
Materials

Iron dextran (batch 018H251711; ferric hydroxide dextran complex, elemental iron content
100 mg/ml containing 0.5% phenol as a preservation), trichloroacetic acid (TCA), Ferene S
(3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5',5"-disulfonic acid), Hanks balanced salt
solution (HBSS), bovine heart cytochrome c, sodium citrate, potassium phosphate, ethyl
acetate, porcine heart isocitrate dehydrogenase, β-NADH, MnCl2, sucrose, potassium
phosphate, ethylenediaminetetraacetic acid (EDTA), tris (hydroxymethyl) aminomethane, tris
(hydroxymethyl) aminomethane (Tris) and the acid salt tris-HCl, ethylene glycol-bis (β-
aminoethyl ether) N,N,N’,N’-tetraacetic acid (EGTA), 3-(N-morpholino)propanesulfoniic
acid (MOPS) and ethyl acetate, were purchased from Sigma Chemical Co. (St. Louis, MO).
Perchloric acid was purchased from Fisher Scientific (Pittsburgh, PA). The rTth DNA
Polymerase XL (eXtra Long) designed for generating long PCR products was obtained from
Applied Biosystems (Foster City, CA). GoTaq® Flexi DNA Polymerase and RNasin®

ribounclease inhibitor were obtained from Promega (Madison WI). PicoGreen was purchased
from Molecular Probes (Eugene, OR).

Animals and treatment
Male B6D2F1 mice aged 6 weeks, average weight 20–25 grams, were purchased from Jackson
Laboratory (Bar Harbor, ME). Twenty mice were randomized to receive repetitive
intraperitoneal (i.p.) injections of iron dextran (10 mg elemental Fe/day/mouse; 100 ul volume)
or saline, 5 days per week for a total of 4 weeks following institutional guidelines and an earlier
protocol [5].
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Electron microscopy
Myocardial samples were taken from the left ventricles and cut into small pieces (~1-mm3).
Tissue samples were fixed in 3% glutaraldehyde in 0.1 mmol/L sodium cacodylate buffer (pH
7.4) for 2 h at 4° C, and post-fixed in 1% osmium tetroxide. The samples were embedded and
ultrathin (5 µ) sections were prepared. The sections were then stained with uranyl acetate and
lead citrate, and observed under an electron microscope.

Echocardiography
Transthoracic echocardiography was performed on control and treated animals using a Sonos
5500 Philips echocardiograph with a 15-6L 7–15 MHz multifrequency linear transducer and
an S12 5–12 MHz Doppler transducer. Mice were anesthetized with tribromoethanol
(Avertin®) (2.5% working stock in isotonic NaCl).

Measurements of arterial blood pressure
Mice were anesthetized as for echocardiography. They were placed on their backs and the
trachea and left carotid artery were exposed via an incision in the neck. A cannula was placed
in the trachea through an incision below the larynx to insure a patent airway and a catheter
(PE-10) was placed in the left carotid artery to measure arterial blood pressure by a transducer
(Statham P23ID, Gould, Oxnard, CA).

Measurement of cardiac iron
Cardiac Fe content was measured colorimetrically as previously described [6–8]. Briefly, the
tissue (~ 20 mg) was homogenized with 300 µL of Chelex 100 pre-treated phosphate buffered
saline (PBS) using a glass homogenizer and precipitated by adding 200 µL of ice-cold 25%
TCA (final TCA concentration 10%). Following 30 min incubation on ice, the precipitate was
centrifuged at 12,000 × g for 5 min and 400 µL of supernatant was used for assay of "loose"
Fe. For measurements of total residual Fe, the remaining precipitate was digested with 100 µL
of 50% nitric acid at 56°C for 24 hr. Following the addition of NaOH to neutralize the nitric
acid, Fe was assayed as described above [6–8].

Total cellular DNA isolation
Total DNA was isolated using a QIAamp DNA isolation kit (Qiagen, Inc., Valencia, CA) based
on the manufacturer’s protocol. Briefly, frozen mouse heart tissue (~20 mg) was disrupted in
a Dounce homogenizer in 100 µl of preparation buffer containing 1 mmol/L desferrioxamine
equivalents of a high molecular weight hydroxyethyl starch:desferrioxamine conjugate
(Biomedical Frontiers Inc., Minneapolis, MN) to remove adventitious iron. After
homogenization, an additional 80 µl of preparation buffer and 20 µl proteinase K (20mg/ml)
were added. The sample was thoroughly mixed and incubated at 56°C over night. Following
this, total genomic DNA was isolated using a QIAamp® DNA isolation kit.

PCR amplification
To assess mtDNA integrity we used total DNA derived from mouse heart tissue as described
above. Near full-length mtDNA amplification was done using a GeneAmp® XL PCR kit
(Applied Biosystems, Foster City, CA). The PCR products were quantified with PicoGreen®

using a plate reading spectrofluorometer at 485 nm excitation and 525 nm emission.

To determine whether iron-mediated DNA damage was specific for mtDNA or perhaps shared
by nuclear DNA, we also performed PCR amplification of a long fragment of the nuclear beta-
globin gene (13 kb) as well as a short segment of the beta-globin gene (223 bp) (as a control
for input of nuclear DNA). Primers for amplification of the 13 kb long fragment and the 223
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bp short fragment of the beta-globin gene are listed in the supplementary Table. Amplified
products were resolved and quantified as described above [9,10].

Real time quantitative PCR
For quantitative real-time reverse transcript polymerase chain reaction (qRT-PCR) total RNA
was extracted using an RNeasy® Mini Kit (Qiagen, Inc., Valencia, CA). qRT-PCR was
performed using Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster, CA) on
the DNA Engine Opticon II real-time system (Bio-Rad Laboratories, Hercules, CA). qRT-PCR
was done for mRNAs encoded by both nuclear and mitochondrial genes. The primers used are
listed in the supplementary Table. All tests were performed in triplicate and all experiments
were repeated three times. The amplification data were analyzed with Opticon Monitor analysis
software. Calculations were based on the ‘Delta-Delta method’ using the equation R (ratio) =
2−[ΔCT sample − ΔCT control] [11]. The integrity of amplified DNA was confirmed by
determination of melting temperature. The data were expressed as fold changes of the treatment
groups in relation to the controls.

Measurement of mitochondrial oxygen consumption
Mice were anesthetized with Avertin, exsanguinated via aortic puncture and the heart was
quickly removed. Heart weight was measured and the heart was immediately placed in 10 ml
cold isolation buffer (220 mmol/L mannitol, 70 mmol/L sucrose, 5 mmol/L MOPS, pH 7.4)
and washed 5 times with the same buffer. The tissue was homogenized with a Dounce
homogenizer on ice in a buffer of 220 mmol/L mannitol, 70 mmol/L sucrose, 5 mmol/L MOPS,
2 mmol/L EGTA and 0.2% bovine serum albumin (BSA), pH 7.4 on ice. The supernatant was
collected by passage through cheesecloth and the cheesecloth was washed twice with equal
volumes of the buffer. The filtered supernatant was centrifuged at 5,000 × g for 10 min. The
pellet was resuspended in 200 µl of cold isolation buffer, and the protein concentration was
measured using bicinchoninic acid (Pierce, Rockford, IL, USA) [12]. Oxygen consumption
was measured using a Gilson Oxygraph with a Clark electrode (Yellow Springs Instrument
Co., Yellow Springs, OH, USA). Results were adjusted for variations in protein to reflect O2
consumed/min/mg protein.

Cytochrome c oxidase assay
Frozen mouse heart tissue (~20 mg) was homogenized on ice using a Dounce tissue
homogenizer at a tissue:buffer ratio of 1:30 (250 mmol/L sucrose, 40 mmol/L potassium
chloride, 2 mmol/L EGTA, 0.1% BSA and 20 mmol/L Tris-HCl, pH7.2 @ 37°C). The
homogenate was centrifuged at 2,000 × g for 10 min, and the pellet was discarded. The
supernatant was used to assay COX activity as reported earlier [13,14]. Results were
normalized for protein. In addition, because accurate estimations of COX activity could be
compromised by variations in mitochondrial yield and integrity, results were also normalized
using a relatively invariant mitochondrial enzyme activity, citrate synthase (see below).

NADH-dehydrogenase
The reaction was followed at 550 nm (ε = 19 mM−1 cm−1) in a solution of 40 µM oxidized
cytochrome c and 8 mmol/L NADH, in a buffer consisting of 10 mmol/L Tris (pH 8.0)
containing 1 mg/ml BSA and 0.4 mmol/L KCN [14]. The results were normalized for protein.

Citrate synthase
This assay was carried out as described by Williams et al. with minor modifications [15]. The
citrate synthase activity was calculated using ε = 13.6 mM−1 cm−1 [16]. The calculated citrate
synthase activities were ~54 nmol/min/mg protein and ~52 nmol/min/mg protein in untreated
and iron treated groups, respectively.
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Results
Cardiac iron concentration

At the end of the four week iron loading, there was a ~50% increase in “loose” (i.e., TCA
soluble) cardiac iron (increasing from 0.28 nmol/mg to 0.49 nmol/mg wet weight) in control
vs. iron-injected animals, respectively (Table 1). Total cardiac iron (i.e., TCA-soluble and -
insoluble) was increased almost 10-fold.

Electron microscopy
Hearts of iron-loaded mice had irregularly shaped mitochondria, often with disordered or
absent cristae. In addition, electron dense material (possibly within lysosomes) was clearly
evident. No such electron dense material was present in the hearts of control mice (Figure 1).

Habitus and Cardiac Function
The iron loaded mice became progressively lethargic and the fur became coarse and dull.
Unlike the control animals, these mice failed to gain weight after 4 wks of iron loading and
actually lost about 10% of their initial body weight (Table 2). Major organs such as heart, liver
and spleen of the iron treated mice were larger compared with control animals and generally
had a bronze discoloration. Typical echocardiographic results are shown in Table 3 for control
vs. iron-loaded mice. In comparison with control mice, LVIDD was significantly decreased in
iron treated mice and AWTd, PWTd and RWT were increased. Note that the apparent
increase in LVEF in the iron treated mice may be an artifact arising from the cardiac
hypertrophy (see Table 2). Perhaps reflecting the decreased LVEDD, arterial blood pressure
was found to be lower in iron-loaded animals (83.7 mmHg) than in controls (102.0 mmHg) (p
= 0.004; n = 7 and 8 respectively).

Chronic iron overload leads to mitochondrial DNA damage
The use of long range PCR to estimate the integrity of mtDNA is based on the principle that
several types of DNA damage - such as single or double strand breaks or bulky base
modifications - will block the polymerase, leading to decreased total PCR product [9,10]. We
found that iron overload caused a major loss of full-length mtDNA PCR product (Figure 2A).
This DNA damage appears selective for mtDNA inasmuch as there was no change in amount
of PCR product from a 13 kb section of a nuclear gene, beta globin (Figure 2B). We should
note that this particular assay only indicates the presence of mtDNA damage but not the
extent of such damage; diminished long product formation could arise from only a single break
or modification or, for that matter, could reflect more extensive damage.

Mitochondrial DNA damage is associated with decreased mitochondrial respiration
Chronic iron overload also caused significantly decreased mitochondrial respiration both in
the absence and presence of an uncoupler (CCCP) (Figure 3A,B). Note that in these
experiments, the mice were sacrificed individually, the mitochondria were isolated and
respiration measured one animal at a time.

Expression of mRNA for respiratory chain components is decreased in iron overload
As shown in Table 4, very large (60–70%) decreases in mRNA for genes encoded by mtDNA
were observed. In contrast, mRNAs for respiratory chain components encoded by the nuclear
genome were either unaffected or actually greater than controls. Once again, this implies
preferential damage to mtDNA leading to diminished production of mRNA while nuclear DNA
appears unaffected.
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Iron overload leads to decrements in the activities of complexes I and IV
Greatly decreased activities of both complex I (NADH dehydrogenase) and complex IV
(cytochrome c oxidase) were found in mice following iron overload (Figure 4). Since both
have subunits encoded by mtDNA, it is very likely that these decreases are secondary to the
mtDNA damage and decreased expression of mRNAs for respiratory chain subunits described
above.

Discussion
Damage caused by chronic iron overload affects a wide range of tissues. Especially in patients
with secondary (transfusion-mediated) iron overload, heart failure is a prominent cause of death
[17,18]. The fact that the cardiomyopathy associated with iron overload may only appear years
after patients have been iron overloaded suggests a sort of biologic ‘memory’. Iron-mediated
oxidation of proteins and lipids should be repaired rather quickly, so the putative 'memory'
might involve damage to another cellular component. We have investigated the possibility that
iron causes progressive damage to mtDNA, leading to loss of intact mtDNA and, pari pasu,
decreased expression of respiratory chain subunits encoded by mtDNA followed by respiratory
insufficiency and cardiac dysfunction. Overall, our results support this chain of events.

The present results mirror those we recently reported in a cultured cardiac myocyte cell line
exposed to increased iron (in the form of ferric ammonium citrate) [19]. In this earlier work,
we similarly found progressive loss of intact mtDNA, decreased mRNAs and protein products
for mitochondrially (but not nuclear) encoded genes, loss of activity for complexes I, III and
IV and decreased mitochondrial respiration. These changes may have occurred more rapidly
(i.e., within 7 days) than those reported here but the results with intact animals only represent
a single time point. Nonetheless, the overall process of iron-mediated damage is quite likely
the same.

Chronic iron overload leads to heart, liver and pancreatic dysfunction. Interestingly, the liver
and heart have high steady-state production of superoxide and hydrogen peroxide [20], largely
derived from mitochondrial activity [21]. The pancreatic beta cell is also rich in mitochondria
and appears to be highly sensitive to oxidant-generating xenobiotics (such as alloxan and
streptozotocin) and exogenous oxidants [22,23]. Histopathologic and ultrastructural studies of
livers from patients with iron overload revealed swollen mitochondria having an electron dense
matrix and ruptured mitochondrial membranes [24]. In the heart, the early accumulation of
iron is seen predominantly in the epicardium [25]. As overload progresses, the stainable iron
tends to have a sarcoplasmic localization but, to the best of our knowledge, the precise
subcellular distribution of iron has not been well defined. Diastolic dysfunction appears early
in the course of iron overload while systolic dysfunction occurs very late [18].

Early in the course of transfusion-mediated iron overload, numerous homeostatic mechanisms
likely prevent damage from the accumulating iron. The induction of ferritin can, to an extent,
limit the amounts of redox active iron and suppress iron-catalyzed oxidant damage to cells
[26,27]. However, there is probably a limit to the amounts of ferritin which can be accumulated
and ultimately this homeostatic mechanism may fail. Similarly, antioxidant enzymes may be
induced when cells are exposed to the oxidant challenge of 'free' iron coupled with endogenous
redox agents. However, increases in ant-ioxidants and/or anti-oxidant enzymes may be of
minor importance in protection against oxidant damage which is promoted by transition metals
such as iron [28]. In part, this may derive from the paradoxical involvement of intracellular
reducing species such as reduced glutathione (GSH) in promotion of iron-mediated oxidative
reactions (by facilitating the cyclic reduction of ferric to ferrous iron) [29]. In fact, Giulivi and
Candenas found that H2O2-mediated damage to the DNA of isolated mitochondria is actually
decreased by prior GSH depletion [30].
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Numerous reports indicate that, in addition to synergizing the oxidation of polyunsaturated
fatty acids and proteins, “loose” intracellular iron also promotes DNA damage. Cochrane and
colleagues reported that oxidant-induced damage to naked DNA and intracellular DNA is
greatly enhanced by iron [31,32]. In the absence of transition metals such as iron and copper,
DNA is quite unreactive with oxidants such as H2O2 whereas, in the presence of iron, oxidative
DNA scission occurs readily [33,34]. The products of reactions involving DNA, iron and
oxidants are not yet fully known but do include strand breaks, oxidatively modified bases,
DNA-protein cross-links [35,36] and lipid peroxidation products which form covalent adducts
with DNA [37]. 32P-postlabelling of hepatic DNA from patients with hereditary
hemochromatosis has revealed increased amounts of bulky DNA lesions (of unknown
structures) in hepatic DNA from patients with hereditary hemochromatosis [38]. The relative
importance of all these products in long-term or irreversible oxidative DNA damage is not yet
known.

Compared to nuclear DNA, mtDNA is much more sensitive to oxidant damage [39,40]. It has
been reported that at very low fluxes of exogenously generated hydrogen peroxide, only
mtDNA damage occurs and nuclear DNA is unscathed [41]. Even in the absence of oxidative
stress, the steady-state level of oxidized bases in mtDNA has been reported to be 10–15 times
higher than in nuclear DNA [41–43] (although Hegler et al. argue that many estimates of
steady-state mtDNA oxidative modifications have been exaggerated [44]). There may be
several reasons that mtDNA is so vulnerable. These include the fact that mitochrondria generate
reactive oxygen species. Furthermore, mitochondria - the site of final synthesis of heme and
iron-sulfur complexes - are intrinsically rich in iron, some of it easily released by oxidants
from, e.g., iron-sulfur centers. In addition, mtDNA lacks histones which may help protect
nuclear DNA against oxidant damage. Finally, repair of damage to mtDNA is less effective
(depending on the types of damage involved) [45]. In the present instance, we are unsure of
the exact amounts of intramitochondrial iron present in our iron-loaded mice because technical
difficulties precluded precise measures of this parameter.

Why will damage to mtDNA lead to dysfunction of organs such as the heart? In this regard,
the pertinent experiments of nature may be inherited mitochondrial diseases (such as myoclonic
epilepsy and ragged red fibers [MERRF] and mitochondrial myopathy, encephalomyopathy,
lactic acidosis and stroke-like episodes [MELAS]. In these cases, the mitochondrial defects
(caused by point mutations interrupting the function of single mitochondrial genes) are
heteroplasmic (i.e., present on some but not all copies of mtDNA). In some instances,
individuals in whom 50% of mtDNA carries one of these mutations may have no symptoms
whatsoever. However, when the frequency of a dysfunctional mitochondrial gene rises to 70–
80%, the disease complex - often involving both the nervous system and muscles such as the
heart - may suddenly appear [46]. This level of homoplasmy presumably represents the point
beyond which metabolic compensation is impossible.

In humans with iron overload, iron-mediated damage to mtDNA in an organ such as the heart
may take a period of years but the consequences can become manifest precipitously. In fact,
Liu and Olivieri remark on the frequent observation in hemochromatotic patients of a rapid
deterioration of systolic function, leading to heart failure and death, which may happen within
a few days (with an ejection fraction of >50% falling to <30% over this brief period) [18].
There could, of course, be several interpretations of such a cataclysmic event but one possibility
is acute 'mitochondrial failure' arising from years of damage to the mtDNA (similar to the drift
towards homoplasmy in disorders such as MERRF and MELAS mentioned above). In the
specific case of chronic iron overload, there is the additional possibility that mitochondria with
sufficiently damaged genomes may become factories for the production of increased amounts
of activated oxygen species which, in turn, further accelerate organ damage. We should note
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that, at present, we do not know the extent to which the mtDNA damage might be reversed by
effective chelator therapy.

The present results strongly support the idea that damage to mtDNA is central to the
development of cardiac and, perhaps, hepatic and pancreatic, dysfunction. The consequent,
presumably slow, development of respiratory insufficiency leads ultimately to death from
cardiac failure. Improved knowledge of the precise pathophysiologic events may prove
important in the development of new iron chelators for the treatment of chronic iron overload.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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BSA bovine serum albumin

CCCP carbonyl cyanide m-chlorophenylhydrazone

EDTA ethylenediaminetetraacetic Acid

Ferene S (3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5',5"-disulfonic acid)

HBSS Hanks balanced salt solution

MOPS 3-(N-morpholino)propanesulfonic acid

mtDNA mitochondrial DNA

ROS reactive oxygen species

TCA trichloroacetic Acid
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Figure 1.
Thin section (5 µM) electron micrographs of cardiomyocytes from control mice (A) and mice
given repetitive injections of iron dextran for 4 weeks (B). M: mitochondria; MF: myofibrils;
H: electron dense iron deposits.
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Figure 2.
Decreased PCR-amplifiable full length (16 kb) cardiac mtDNA in mice given repetitive
injections of iron dextran for 4 weeks. Total DNA was isolated and amplified by QPCR as
described under Materials and Methods. A: Full length mtDNA product was significantly
decreased in hearts from iron treated mice while no changes were observed in the short (0.3
kb) PCR product (a control for input of mtDNA). B: No change in the amounts of either a long
(13 kb) segment of the beta-globin gene or short (223 bp) segment after iron loading. *p<0.01
(Student's t test, two-tailed; n = 3 in each case).
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Figure 3.
Decreased respiration of mitochondria from hearts of mice given repetitive injections of iron
dextran for 4 weeks. A: Maximal oxygen consumption rates in the presence of the uncoupler
CCCP were significantly decreased following iron loading. B: Similar iron-mediated
decrements in respiration were also observed in the absence of an uncoupler; p<0.01 untreated
vs. iron treated mice in both cases (Student's t test, two-tailed; n = 3 separate mitochondrial
preparations in each case.
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Figure 4.
Cardiac NADH-DH and COX activities in iron treated mice and untreated treated mice. The
results are shown as a ratio of NADH-DH/citrate synthase activities (A) and as a ratio of COX/
citrate synthase activities (B). In both cases, *p<0.01 (Student’s t test, two-tailed) (n = 5 and
7, respectively).
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Table 1

Cardiac iron content in control mice and mice given repetitive injections of iron dextran for a total of 4 weeks.
Iron content was measured as described under Materials and Methods. n = 10 in all cases.

Treatment with iron
Free Iron

(nmol/mg tissue)
Protein Bound Iron

(nmol/mg tissue)
Total Iron

(nmol/mg tissue)

Saline Treatment 0.28 ± 0.11 0.45 ± 0.16 0.73 ± 0.22

Iron-treatment 0.49 ± 0.13* 4.06 ± 0.17* 4.55 ± 1.75*

*
p < 0.01 for saline treated mice vs. iron treated mice (Student’s t test, two-tailed).
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Table 4

Decreased mRNA for respiratory chain components encoded by mtDNA but not those encoded by nuclear DNA
in mice given repetitive injections of iron dextran for 4 weeks. Real-time rtPCR was used to detect levels of
mRNA expression of mitochondrial genes (12S rRNA, COXI, ND4, and ND1) and nuclear genes (SDH, COXVb,
NRF1, and GAPDH).

mRNA % OF CONTROL MtDNA
ENCODED

nDNA
ENCODED

16S rRNA 41 ± 0.74* +

COXI 31 ± 0.93* +

ND4 30 ± 0.65* +

ND1 34 ± 1.41* +

SDH subunit b 141 ± 0.99 +

COXVb 112 ± 1.28 +

NRF1 116 ± 1.10 +

GAPDH 106 ± 1.00 +

*
p< 0.001 control (n = 3 in each case).
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