
 

 

 

 

Lack of Transferrin Receptor 1 in the Heart Causes Lethal Cardiomyopathy and 

Disruption of Mitophagy in Mice 

by 

Wenjing Xu 

Department of Pharmacology and Cancer Biology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Nancy C. Andrews, Supervisor 
 

___________________________ 
Matthew D. Hirschey 

 
___________________________ 

Deborah M. Muoio 
 

___________________________ 
Geoffrey S. Pitt 

 
___________________________ 

Howard A. Rockman 
 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Pharmacology and Cancer Biology in the Graduate School 

of Duke University 
 

2015 
 

 

 



 

 

ABSTRACT 

Lack of Transferrin Receptor 1 in the Heart Causes Lethal Cardiomyopathy and 

Disruption of Mitophagy in Mice 

by 

Wenjing Xu 

Department of Pharmacology and Cancer Biology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Nancy C. Andrews, Supervisor 
 

___________________________ 
Matthew D. Hirschey 

 
___________________________ 

Deborah M. Muoio 
 

___________________________ 
Geoffrey S. Pitt 

 
___________________________ 

Howard A. Rockman 
 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Pharmacology and Cancer Biology in the Graduate School of 
Duke University 

 
2015 

 

 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Copyright by 
Wenjing Xu 

2015 
 



 

iv 

Abstract 
Iron is an essential nutrient involved in numerous cellular functions and 

tightly regulated within cells. It is extremely important to maintain both systemic 

and intracellular iron homeostasis by orchestrating iron uptake, storage, 

utilization and export. Many human diseases are associated with disruption of 

iron homeostasis. Both iron overload and iron deficiency have been associated 

with cardiomyopathy and heart failure, but the molecular details of cardiac iron 

utilization are incompletely understood. Although it was known that transferrin 

receptor 1 (Tfr1) is responsible for iron uptake in erythroid precursors, its role in 

other tissues, and other possible roles, have not been studied in detail. We 

hypothesized that Tfr1 might play a role in cardiac iron uptake and used gene 

targeting to examine the role of Tfr1 in the heart in vivo. Tfr1 was deleted 

specifically in cardiomyocytes, and loss of Tfr1 caused iron deficiency in the 

heart. Surprisingly, we found that decreased iron was associated with severe 

cardiac metabolic consequences. Mice lacking Tfr1 in the heart died in the 

second week of life, with cardiomegaly, poor cardiac function, failure of 

mitochondrial respiration and ineffective mitophagy. The phenotype could only be 

rescued by aggressive and ongoing iron therapy, but it was ameliorated by either 

a mutant Tfr1 allele that does not bind transferrin or administration of 

nicotinamide riboside, an NAD precursor.  

In summary, our study found that Tfr1 plays a primary role in uptake of Tf-

bound iron in the heart, and yet may have other iron-independent functions in 
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autophagy. Our results showed that iron is critical for the normal cellular 

metabolism, mitochondrial respiration and mitophagy in the heart. Our findings 

underscore the importance of both Tfr1 and iron in the heart and provide 

mechanistic evidence for iron therapy in heart failure patients. By elucidating the 

processes iron participates in the heart and the consequences of cardiac iron 

deficiency, our study may inform the identification of new therapeutic targets for 

heart failure. Finally, we found that NR prolonged the lifespan of mice with 

cardiac iron deficiency, suggesting possible benefit in treating heart failure 

accompanied by iron deficiency. 
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1. Introduction  

1.1 Overview of mammalian iron homeostasis 

Iron is essential for most living organism, with critical roles in oxygen 

transport, oxidative phosphorylation, DNA synthesis and other cellular processes.  

1.1.1 Mammalian iron uptake 

1.1.1.1 Transferrin bound iron uptake 

In normal individuals, iron circulates in plasma bound to transferrin (Tf) 

with high affinity. Transferrin has two binding sites for binding Fe (III), which 

prevents iron from promoting generation of toxic radicals. Diferric transferrin (Tf-

Fe (III)2) is thought to be the major iron source for most cells and can be 

internalized into cells via several mechanisms.   

The uptake of Tf- Fe (III)2 by transferrin receptor 1 (Tfr1, gene symbol 

Tfrc) has been intensively studied. Tfr1 promotes iron uptake through the 

transferrin (Tf) cycle, by facilitating receptor-mediated endocytosis of Tf-Fe (III)2 

(Hentze et al., 2004). The Tf- Fe (III)2/Tfr1 complex is internalized by clathrin-

mediated endocytosis. Subsequent acidification of early Tf-containing 

endosomes triggers conformational changes in both Tf and Tfr1 which release Fe 

(II) iron (Dautry-Varsat et al., 1983). In erythroid cells, Fe (III) is then reduced to 

Fe (II) by STEAP3 (Ohgami et al., 2005; Ohgami et al., 2006) and transported to 

cytosol by divalent metal transporter 1 (DMT1) (Fleming et al., 1998). These or 
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other molecules are likely to serve similar functions in other cell types, but the 

molecular details of endosomal iron release have not been examined in detail 

outside of the erythron. After iron release, Apo-Tf and Tfr1 then recycled to the 

cell surface, where they dissociate and can be reused for further Tf cycles. 

Although Tfr1 is ubiquitously expressed, this pathway is particularly important to 

erythroid precursors, as they require massive amounts of iron for hemoglobin 

synthesis.  

Through targeted gene disruption in mice, our lab showed that erythroid 

precursors require Tfr1, but other cells can develop without it (Levy et al., 1999). 

Tfr1-/- mice appeared normal early in embryogenesis, but died by embryonic day 

12.5 with anemia, pericardial effusion, edema and a kinked neural tube. We 

attributed the pericardial effusion and edema to severe anemia, but could not 

exclude cardiac dysfunction. There were no anatomical defects in the embryonic 

heart, indicating that heart structures did not require Tfr1 to form. However, we 

now propose that Tfr1 is critically important for normal heart function. 

 Mice with profound deficiency of Tf are viable but have severe anemia 

(Trenor et al., 2000). They accumulate excess iron in non-hematopoietic tissues, 

including the heart, confirming that many cell types can take up non-Tf-bound 

iron. Furthermore, chimeric mice generated from blastocysts containing Tfr1-/- 

embryonic stem cells showed that non-hematopoietic tissues, including the heart, 

could develop from cells lacking Tfr1 (Ned et al., 2003). 



 

3 

Transferrin receptor 2 (Tfr2) (Kawabata et al., 1999), a protein 

homologous to Tfr1, is expressed in hepatocytes, duodenal crypt cells, and 

erythroid cells. It binds Tf with approximate 30-fold lower affinity than Tfr1 and 

can mediate uptake of Tf-bound iron, although that is not thought to be its 

primary function. Cubilin has been shown to act as a transferrin receptor and play 

a major role in uptake of Tf- Fe (III)2 in polarized epithelial cells of the kidney, 

through megalin-dependent endocytosis (Kozyraki et al., 2001). 

1.1.1.2 Non-transferrin-bound iron uptake 

Many genetic and biochemical studies, including the study of Tf deficient 

mice (Trenor et al., 2000) in our lab as previously described, have supported the 

existence of non-Tf-bound iron uptake mechanisms, at least in non-

hematopoietic tissues. 

DMT1, besides its role in the Tf cycle mediating iron transport from 

endosomes to cytosol (Fleming et al., 1998), is responsible for direct dietary non-

Tf-bound iron uptake on the apical membrane of enterocytes (Fleming et al., 

1997; Gunshin et al., 1997). DMT1 was proposed to be a non-Tf-bound iron 

uptake transporter in liver, but iron loading of DMT1-deficient mouse hepatocytes 

suggests that there is at least one other iron direct uptake pathway (Gunshin et 

al., 2005).  

Zip14 is a member of the SLC39A zinc transporter family, which is 

involved in zinc uptake by cells. It has been shown to mediate for the uptake of 
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non-Tf-bound iron uptake in HEK 293H cells and Sf9 insect cells (Liuzzi et al., 

2006).  

Under some circumstances, such as systemic iron overload, L-type 

voltage-gated calcium channels (VGCCs) mediate transferrin-independent 

uptake of iron into cardiomyocytes (Oudit et al., 2003). The neuronal VGCC may 

also provide iron entry (Gaasch et al., 2007). TRPC6 (transient receptor potential 

canonical 6) is a non-selective cation channel 6 times more permeable to Ca(2+) 

than to Na(+) (Dietrich and Gudermann, 2014). TRPC6 has also been shown to 

play a role in uptake of non-Tf-bound iron into PC12 neuronal cells (Mwanjewe 

and Grover, 2004). 

Another form of protein-bound iron uptake by receptor-mediated 

endosytosis involves lipocalin 2-dependent endocytosis of iron-laden 

siderophores via the SLC22A17 lipocalin receptor. Through this mechanism iron 

is internalized and trafficked to late endosomes with acidic pH (Yang et al., 

2002). This pathway appears to be important in differentiating epithelial cells 

early in development (Yang et al., 2002). The role of SLC22A17 lipocalin 

receptor in iron uptake has been associated with the survival of kidney cells upon 

IL-3 deprivation in culture (Devireddy et al., 2005). However, lipocalin-2 deficient 

mice show normal apoptosis upon IL-3 withdraw and do not have any defective 

kidney development (Berger et al., 2006), although they have been reported to 

have an iron-related phenotypem (Srinivasan et al., 2012).  
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Ferritin is an iron storage protein that is primarily intracellular but found in 

small amounts in the circulation. Ferritin can bind to Scara5 (scavenger receptor 

class A, member 5) and enter the developing renal capsule by endocytosis (Li et 

al., 2009). Tim-2 (T cell immunoglobulin and mucin domain containing 2), which 

is expressed on all splenic B cells, in liver bile duct epithelial cells and in renal 

tubule cells, has been shown to be a receptor for H-ferritin, but not L-ferritin, and 

expression of TIM-2 permits the cellular uptake of H-ferritin into endosomes 

(Chen et al., 2005). 

Iron can also be taken up by cells in the form of heme or hemoglobin. It 

remains uncertain how mammalian enterocytes acquire heme, but SLC48A1, 

homologous to a heme import molecule identified in C. elegans (Rajagopal et al., 

2008), appears to transfer heme from vertebrate phagolysosomes to the 

cytoplasm (White et al., 2013). Under conditions of intravascular hemolysis, such 

as sickle cell anemia and thalassemia, plasma hemoglobin is captured by 

haptoglobin that is delivered to reticuloendothelial cells through the hemoglobin 

scavenger receptor (CD-163) which is expressed on monocytes and 

macrophages (Kristiansen et al., 2001). CD91 is another receptor responsible for 

heme uptake, resident on the surface of macrophages, hepatocytes and other 

cell types. Free heme binds to hemopexin in plasma and the complex is 

endocytosed via CD91 (Hvidberg et al., 2005). Therefore, different cell types 

have evolved to meet their iron needs via different iron uptake mechanisms 

utilizing different forms of iron.  
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1.1.2 Mitochondrial iron metabolism 

Iron plays a critical role in normal mitochondrial function. Fe-

protoporphyrin (heme) and Fe-S clusters are essential components of crucial 

enzymes involved in the electron transport chain (ETC), the tricarboxylic acid 

(TCA) cycle and other cellular processes. ETC Complex I (NADH dehydrogenase) 

contains eight Fe-S clusters involved in the transfer of electrons from reduced 

flavin mononucleotide (FMNH2) to ubiquinone (Mimaki et al., 2012). Complex II 

(succinate dehydrogenase) contains a heme b prosthetic group in its anchor 

domain, which is essential for the structural integrity and function of the complex. 

Electrons abstracted from dehydrogenation of succinate are channeled through 

three distinct Fe sulfur clusters ([2Fe-2S], [4Fe-4S], [3Fe-4S]) to reduce 

ubiquinone to ubiquinol. Succinate dehydrogenase also participates in the TCA 

cycle, catalyzing the oxidation of succinate to fumarate coupled to the reduction 

of ubiquinone (Rutter et al., 2010). Complex III (ubiquinol: cytochrome c 

oxidoreductase or cytochrome bc1 complex) catalyzes the reduction of 

cytochrome c by oxidation of ubiquinol. Complex III contains a cytochrome b 

subunit with two heme moieties, a cytochrome c1 subunit with one heme and a 

Rieske protein subunit (UQCRFS1) with a [2Fe-2S] cluster. The heme moieties 

and the Fe-S clusters participate in electron transfer. Complex IV (cytochrome c 

oxidase) mediates the final step in the electron transport chain, catalyzing the 

reduction of oxygen to water. It contains two heme a moieties and two Cu 
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centers, all of which participate in the electron transfer process. In TCA cycle, 

aconitase 2, which catalyzes the conversion of citrate to cis-aconitate, contains a 

[4Fe-4S] cluster in its active site. These heme and Fe-S clusters are synthesized 

exclusively in the mitochondria. Therefore, proper mitochondrial function is also 

important to cellular iron homeostasis. 

1.1.2.1 Import of iron into mitochondria 

It is not well understood how iron that enters the cell through endocytosis 

is delivered to mitochondria. It has been proposed that iron released from 

endosomes is immediately complexed by various cytosolic chaperones 

(Shvartsman et al., 2007) to avoid reactive oxygen species (ROS) generation via 

Fenton chemistry.  Alternatively, endosomes containing Tf and iron may 

transiently fuse with the mitochondrial membrane and deliver ferrous iron directly 

to unidentified mitochondrial proteins, bypassing the oxygen-rich cytosol (Sheftel 

et al., 2007; Zhang et al., 2005). 

The mitochondrial outer membrane has 2–3 nm pores through which small 

molecules can pass freely, but the inner mitochondrial membrane is not 

permeable to metals. On the inner mitochondrial membrane, mitoferrin 1 

(SLC25A37) and mitoferrin 2 (SLC25A28) are responsible for mitochondrial iron 

uptake in erythroid and nonerythroid cells respectively (Paradkar et al., 2009; 

Shaw et al., 2006). Mitoferrin 1 is highly expressed by erythroid cells and found in 

low levels in other cell types, while mitoferrin 2 is ubiquitously expressed 
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(Paradkar et al., 2009). ABCB10, a mitochondrial inner-membrane ATP-binding 

cassette transporter, has been shown to stabilize SLC25A37 during 

hemoglobinization of erythroid cells, to ensure the high flux of Fe needed for 

heme biosynthesis (Chen et al., 2009). 

1.1.2.2 Utilization of iron within mitochondria 

Within mitochondria iron has three possible fates: it can be used for heme 

synthesis, Fe-S cluster synthesis or incorporated into mitochondrial ferritin 

(FTMT) (Levi et al., 2001). FTMT is abundant in erythroblasts of sideroblastic 

anemia patients (Cazzola et al., 2003). And overexpression of Ftmt sequesters 

mitochondrial iron, making it unavailable for use (Nie et al., 2005). However, mice 

lacking Ftmt have no apparent phenotype (Bartnikas et al., 2010). 

Most mitochondrial Fe is used to produce heme, an important prosthetic 

group in a variety of cellular proteins, including ETC complex subunits, 

hemoglobin, myoglobin and cytochromes. Heme biosynthesis is a highly 

conserved process dependent upon enzymatic steps both in the mitochondrion 

and cytoplasm. Although the enzymatic reactions are well understood, much 

remains to be learned about transport of heme intermediates into and out of the 

mitochondrion.  Heme synthesis begins with the formation of aminolevulinic acid 

(ALA) from glycine and succinyl-CoA, catalyzed by aminolevulinic acid synthase 

(ALAS) in the mitochondrial matrix. Mammals have two forms of ALAS: ALAS1, 

expressed ubiquitously, and ALAS2, restricted to erythroid cells and regulated by 
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iron (Napier et al., 2005). In non-erythroid cells, the rate of heme synthesis is 

limited by the rate of 5-aminolevulinate synthesis by ALAS1. However, in 

erythroid cells, the rate limiting step may be the delivery of Tf-Fe (III)2 (Ponka, 

1997). ALA is exported to the cytosol to be converted into porphobilinogen, 

hydroxymethylbilane, uroporphyrinogen III and finally coproporphyrinogen III 

through a series of enzymatic reactions. Coproporphyrinogen III is transferred 

back into the mitochondrial intermembrane space where it is modified to form 

protoporphyrinogen IX. ABCB6 has been proposed to mediate the translocation 

of coproporphyrinogen III across the mitochondrial outer membrane 

(Krishnamurthy et al., 2006), but human patients lacking ABCB6 have no 

evidence of anemia or other clinical abnormalities (Helias et al., 2012), making 

this function unlikely. Fe is inserted into protoporphyrinogen IX by ferrochelatase 

(FECH) to produce heme. Newly synthesized heme is delivered to various 

polypeptides in the cytosol, mitochondria, endoplasmic reticulum, and 

peroxisomes. Although several possible mechanisms have been described for its 

transport, it is still uncertain how heme leaves mitochondria to be incorporated 

into apo-hemoproteins elsewhere. However, its low solubility and highly toxic 

nature suggest an efficient heme-carrier must exist. Heme-binding protein 1 has 

been identified as a candidate (Taketani et al., 1998), however direct evidence 

for this is still needed. 

Fe-S clusters, which are typically coordinated to cysteine or histidine 

residues in proteins, serve as cofactors for molecules involved in electron 
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transfer, catalysis, redox reactions, ribosome assembly, DNA damage repair, 

telomere maintenance, DNA replication, environmental sensing and other 

processes (Lill et al., 2012). They are useful and versatile because Fe and S 

atoms in the clusters can accept and donate electrons. Fe-S cluster-containing 

proteins have important roles in mitochondria, but they are also found in the 

cytosol (e.g., iron regulatory protein 1) and the nucleus (e.g., endonuclease III, 

involved in base excision repair). The biosynthesis and insertion of Fe-S clusters 

into extra-mitochondrial apo-proteins depends on both mitochondrial and the 

cytosolic machinery. Fe-S cluster biosynthesis has been intensively studied in 

bacteria and yeast (Lill et al., 2012), but the mammalian process and 

nomenclature are summarized here (Rouault, 2012). Fe-S clusters are transiently 

assembled on a protein scaffold (involving ISCU and likely NFU1) in the 

mitochondrial matrix. A complex of NFS1 and ISD11 provides sulfur appropriated 

from cysteine (Adam et al., 2006; Wiedemann et al., 2006). The Fe-binding 

protein frataxin (FXN) effects a conformational change in ISCU-NFS1 that 

promotes cluster formation (Schmucker et al., 2011; Tsai and Barondeau, 2010)}. 

Glutathione has also been postulated to be a Fe source (Hider and Kong, 2011). 

Fe-glutathione binds to glutaredoxins, and one of these, grx5, has been shown to 

be important in mitochondrial Fe-S cluster biosynthesis in the zebrafish (Wingert 

et al., 2005). Fe sulfur cluster assembly also requires an electron procured from 

NADH via FDXR, FDX1 and FDX2 proteins (Shi et al., 2012). Fe-S clusters are 

released from the scaffold and transferred through a chaperone process to apo-
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proteins to form new Fe-S proteins. The maturation of aconitase and radical SAM 

enzymes (e.g., biotin synthase) requires a complex of A-type scaffold proteins 

(Gelling et al., 2008).  Fe-S cluster precursors must be exported to the cytosolic 

Fe-S cluster assembly machinery for incorporation into cytoplasmic and nuclear 

apo-proteins. ABCB7 is a transmembrane transporter important for cytoplasmic 

Fe-S cluster formation, but its substrate is unknown (Bekri et al., 2000).  A 

distinct ATP binding cassette protein, ABCB8, has also been implicated in Fe-S 

cluster maturation by a severe Fe phenotype in mice lacking ABCB8 in the heart 

(Ichikawa et al., 2012). Deficiency of ABCB8 impairs cytosolic, but not 

mitochondrial Fe-S formation. While it has been suggested to function as a 

mitochondrial iron exporter because decreased expression leads to mitochondrial 

iron accumulation, the precise function of ABCB8 remains unknown. 

1.2 Iron and cardiomyopathy  

1.2.1 Iron overload cardiomyopathy 

Iron overload cardiomyopathy (IOC) is a term used to describe the 

presence of systolic or diastolic cardiac dysfunction resulting from increased 

deposition of iron in myocardium (Liu and Olivieri, 1994) due to genetic disorders 

of iron metabolism or multiple blood transfusions. The accumulation of excess 

iron in the body usually results from increased intestinal absorption 

(hemochromatosis) or excess administration of exogenous iron by red blood cell 

(RBC) transfusions (hemosiderosis). The heart, along with liver and the 
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endocrine glands, is the main organ affected by excess iron deposition, and thus 

iron overload conditions are usually identified by the co-existence of cardiac 

dysfunction and failure, liver dysfunction and cirrhosis, and endocrine 

abnormalities (Liu and Olivieri, 1994; McLaren et al., 1983). 

1.2.1.1 Forms and pathogenesis 

Primary genetic iron overload is also known as hereditary or primary 

hemochromatosis. It is an autosomal disorder due to mutations in genes 

encoding proteins involved in iron metabolism (Pietrangelo, 2004). Mutations in 

these genes lead to increased intestinal iron absorption and disruption of iron 

homeostasis. There are four types of hereditary hemochromatosis currently 

identified (Kremastinos and Farmakis, 2011). Type I, associated with mutations 

of the HFE gene, is classical hereditary hemochromatosis (Feder et al., 1996; 

Hanson et al., 2001). Type IIA results from mutations of the HJV gene that 

encodes hemojuvelin (Papanikolaou et al., 2004) and Type IIB results from 

mutations in HAMP, encoding hepcidin (Roetto et al., 2003). Both Type II forms 

are also called juvenile hemochromatosis, they cause severe iron overload much 

earlier in life than HFE-related hemochromatosis (Camaschella et al., 2002). 

Type III is caused by mutations of the TFR2 gene encoding transferrin receptor 2 

(Camaschella et al., 2000). Type IV results from mutations of the SLC40A1 gene, 

which encodes ferroportin (Montosi et al., 2001; Njajou et al., 2001).  



 

13 

Secondary iron overload is associated with parenteral blood transfusion, 

usually observed in patients with transfusion-dependent hereditary or acquired 

anemias, such as thalassemia, sickle cell disease and myelodysplastic 

syndromes (MDS) (Wood, 2009). Other conditions associated with secondary 

iron overload include chronic liver diseases such as alcoholic cirrhosis, Friedreich 

ataxia, intravenous iron therapy in end-stage renal disease and, rarely, extreme 

dietary intake (Gujja et al., 2010). In thalassemia patients, besides repetitive 

blood transfusions, there is also increased intestinal iron absorption because of 

inappropriate hepcidin suppression resulting from ineffective erythropoiesis 

(Kremastinos and Farmakis, 2011). Hepcidin is an iron regulatory hormone that 

can regulate enterocyte iron absorption by internalizing and degrading 

ferroportin, the iron transporter that exports iron from enterocytes to the 

circulation. 

1.2.1.2 Pathogenic mechanisms 

Under normal conditions, Tf, the carrier of iron in the circulation, is 

approximately 30% saturated. However, in primary and secondary forms of iron 

overload Tf is fully saturated and the non-Tf-bound iron appears in the circulation 

(Wood, 2009), activating non-Tf-bound iron uptake mechanisms. Non-Tf-bound 

iron uptake mechanisms are not regulated by the negative feedback mechanism 

that regulates Tf-bound iron uptake. Together with lack of a mechanism for 

regulated excretion of iron through the liver or kidneys, this leads to iron 
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accumulation in hepatocytes, cardiomyocytes and endocrine gland cells, causing 

deleterious effects.  

Cardiomyocytes are particularly susceptible to reactive oxygen species. 

On one hand, cardiomyocytes have abundant mitochondria and need large 

amounts of oxygen due to the heart’s high energy demand; on the other hand, 

cardiomyocytes have low levels of antioxidants compared to other tissues.  Iron, 

as a potent catalyst for oxidative stress, can transform relatively harmless 

reactive oxygen species into extremely reactive hydroxyl radicals that can attack 

DNA and other biological molecules and thus cause cell and tissue injury if the 

cellular antioxidant defenses systems are overwhelmed (Gammella et al., 2015). 

 1.2.2 Iron deficiency and cardiomyopathy 

While increased iron can cause heart failure in individuals with iron 

overload disorders (Gulati et al., 2014), iron insufficiency is a more common 

problem. Up to 50% of patients with heart failure are iron deficient and iron 

deficiency is associated with worse symptoms and poor outcomes (Cohen-Solal 

et al., 2014).  

1.2.2.1 Iron deficiency and heart failure in patients 

There are two forms of iron deficiency: absolute iron deficiency and 

functional iron deficiency. Absolute iron deficiency is when iron stores in tissues 

are insufficient (low serum ferritin) and can no longer meet the needs of the body 
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(transferrin saturation <20%) (Cohen-Solal et al., 2014). Several mechanisms are 

propose to be involved in the development of absolute iron deficiency in heart 

failure patients: (i) inadequate dietary iron uptake (ii) low intestinal absorption, 

disrupted iron transport, drug interactions (e.g. antacids, proton pump inhibitors ), 

or foods reducing absorption (e.g., phytates, tannins), and (iii) chronic blood loss 

(Jankowska et al., 2013). Functional iron deficiency reflects compromised 

mobilization of iron from the tissue stores to the circulating pool in spite of 

sufficient iron stores. Ferritin levels are normal or high but transferrin saturation is 

< 20%. It can be caused by pro-inflammatory processes with high levels of 

hepcidin production (Anker et al., 2009).  

Anemia and iron deficiency are both common in patients with heart failure. 

Although the two can occur together, iron deficiency can exist without causing 

anemia. A prospective study in 157 chronic heart failure patients showed that 

non-anemic, iron-deficient patients had a two-fold higher risk of death than 

anemic, iron-replete patients (Okonko et al., 2011). Another study involving 546 

patients with stable, chronic heart failure showed that nearly 40% of the 

population had iron deficiency (Jankowska et al., 2010). Iron deficiency itself, 

independent of other prognostic factors, including anemia, is a strong predictor of 

death and increased the risk of a poor outcome by 60% during a 3-year follow-up 

period (Jankowska et al., 2010). 

Mechanisms underlying the connection between iron deficiency and 

unfavorable outcomes in heart failure patients remain unclear. Iron deficiency 
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may decrease oxygen consumption and storage and affect both skeletal muscle 

and the myocardium (Jankowska et al., 2013).  

1.2.2.2 Iron deficiency and cardiomyopathy in animal models 

Severe iron deficiency causes cardiomyopathy in experimental animals 

(Medeiros and Beard, 1998; Petering et al., 1990). Most available studies 

showing cardiac consequences of iron deficiency in animal models could not 

differentiate iron deficiency from anemia. Iron deficient, anemic rats develop left 

ventricular hypertrophy and finally left ventricular dilation (Dong et al., 2005; 

Naito et al., 2009; Tanne et al., 1994). 

Therefore, to better understand the consequence of iron deficiency per se 

on cardiac function, developing animal models with iron deficiency in the 

absence of anemia will be extremely helpful. 

1.3 Autophagy/mitophagy in the heart 

1.3.1 Autophagy/Mitophagy pathway 

Autophagy is an evolutionarily conserved cellular process which is 

responsible for degradation of long lived or damaged proteins, lipids, and 

organelles through a lysosomal pathway (Mizushima et al., 2008). At least three 

forms have been identified: chaperone-mediated autophagy, microautophagy, 

and macroautophagy. Macroautophagy is the major form that eukaryotic cells 

use to degrade proteins and organelles. Initial steps of autophagy include 
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induction, formation and expansion of an isolation double membrane, which is 

also called a phagophore. The induction phase is mediated by an ULK1-Atg13-

FIP200 kinase complex (Xie and Klionsky, 2007). During the formation phase, 

autophagy (Atg) proteins are recruited to phagophore assembly site. Vacuolar 

protein sorting-34 (Vps34), a class III PI3K, is also involved (Suzuki et al., 2001). 

Vps34 associates with Beclin1, the mammalian homologue of yeast Atg6, and 

subsequently recruits Atg14 and Vps15. The next step, expansion of phagophore, 

requires two ubiquitin-like conjugation systems, including Atg12 (conjugated to 

Atg5) and Atg8/microtubule-associated protein 1 light chain-3 (LC3 conjugated to 

phosphatidyl ethanolamine), along with other Atg proteins, such as Atg9 and 

Atg16 (Xie and Klionsky, 2007). The edges of phagophore expand and fuse to 

form the autophagosome, a double-membrane vesicle that engulfs cytoplasmic 

material. The cytoplasmic cargo sequestered in the autophagosome is then 

delivered to the lysosome through fusion with the autophagosome to develop the 

autolysosome, where the cargo is degraded. 

Mitochondria are abundant in cardiomyocytes to supply energy for 

repeated muscle contraction. Mitochondrial failure can lead to increased reactive 

oxygen species and insufficient ATP production. Accordingly, the heart is 

particularly susceptible to stresses that affect mitochondria, and efficient 

clearance of dysfunctional mitochondria through mitophagy is important for 

cardiomyocyte maintenance and function (Jimenez et al., 2014). This is 

accomplished both by generalized autophagy (macroautophagy, where 
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mitochondria are sequestered nonspecifically in bulk with other damaged or 

recycled protein and organelles by autophagosomes) and by mitophagy (a 

specialized form of macroautophagy where dysfunctional or senescent 

mitochondria are specifically captured for degradation).  

Mitophagy is a highly selective process that promotes clearance of 

damaged mitochondria (Wang and Klionsky, 2011). Depolarization of 

mitochondria is a prerequisite for one type of mitophagy, involving the proteins 

Parkin and Pink1, but another type of mitophagy, that may be triggered through 

other pathways including hypoxia, is mediated by mitophagy receptors, such as 

NIX/Bnip3L, Bnip3 and recently discovered FUNDC1 (Liu et al., 2014). 

Mitophagy receptors can bind to LC3-II through an LC3-interacting region (LIR), 

which can then drag damaged mitochondria to the autophagosomal membrane, 

allowing the mitochondria to be engulfed by autophagosomes and finally 

degraded. 

1.3.2 Role of autophagy/mitophagy in normal cardiac function 

Mitochondrial quality control is essential for maintaining cardiomyocyte 

homeostasis (Ikeda et al., 2014). Under normal circumstances in 

cardiomyocytes, mitochondrial dynamics (fusion and fission) are tightly 

connected with mitophagy, and these processes together play critical roles in 

mitochondrial quality control. Fission of reticulate mitochondria into small 

fragments is required for successful mitophagy to occur (Twig et al., 2008). 
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The importance of BNIP3/NIX-mediated mitophagy in cardiac homeostasis 

was first studied in mice deficient in NIX/BNIP3 (Dorn, 2010). Ablation of NIX in 

mice results in development of cardiac hypertrophy and decreased cardiac 

function with age as a consequence of accumulation of damaged mitochondria 

(Dorn, 2010). Mice deficient in both BNIP3 and NIX showed accelerated cardiac 

hypertrophy and mitochondrial dysfunction compared to NIX-deficient mice 

(Dorn, 2010). Thus, BNIP3 and NIX may have overlapping functions, playing an 

important role in mitochondrial quality control and cardiac homeostasis. 

1.3.3 Autophagy/mitophagy and heart diseases 

          Several previous studies suggest that PINK1/Parkin- mediated 

mitophagy might be cardioprotective in cardiac disorders, such as myocardial 

infarction (MI) (Kubli et al., 2013) in mice, and hypoxia-induced acute cell death 

in vitro (Iwai-Kanai et al., 2008). PINK1/Parkin- mediated mitophagy played a 

similar, protective role in the heart during ischemia-reperfusion in an ex vivo 

model (Siddall et al., 2013). 

During cardiac remodeling, several studies showed that activation of 

autophagy is important in protecting the heart from ischemic remodeling (Ahmet 

et al., 2005; Andres et al., 2014; Buss et al., 2009). Also, induction of autophagy 

in failing hearts is an adaptive response that protects cells from hemodynamic 

stress (Nakai et al., 2007).  
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Nonetheless, controversy still exists as to whether autophagy/mitophagy is 

beneficial or deleterious in the development of cardiac hypertrophy resulting from 

different stimuli and heart failure.  
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2. Methods and Materials 

2.1 Animal Experiments 

Animals were handled according to the National Institutes of Health Guide 

for the Care and Use of the Laboratory Animals and experiments were conducted 

under a protocol approved by the Duke University Animal Care and Use 

Committee. 

2.1.1 Mouse models 

2.1.1.1 Generation of Tfr1 cardiomyocyte conditional knockout mice 

We crossed 129/SvEv mice bearing a floxed Tfrc allele (previously 

generated by our lab, Tfr1fl/fl, with LoxP sites flanking Tfrc exons 3-6) with 

transgenic C57BL/6 mice expressing Cre recombinase under the control of the α-

MyHC promoter (Agah et al., 1997). We backcrossed with 129/SvEv mice for 

more than 10 generations and after the initial phenotypic characterization all 

studies used mice with a homogeneous 129/SvEv background. Animals were 

genotyped by PCR using genomic DNA from toe clips (Truett et al., 2000).  

2.1.1.2 Generation of Tfr1 cardiomyocyte conditional knockout mice with 

Tfr1R654A ubiquitously expressed 

Our lab previously developed mice expressing a mutant Tfr1R654A protein 

from the ubiquitously transcribed Rosa26 locus and showed that Tfr1R654A was 
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unable to bind Tf for iron uptake (Schmidt et al., 2008). We crossed Tfr1fl/fl mice 

with Tfr1R654A and Tfr1fl/+; MHC-Cre with Tfr1R654A respectively, and obtained 

Tfr1fl/+; Tfr1R654A and Tfr1fl/+; MHC-Cre; Tfr1R654A. We further crossed the two lines 

and obtained Tfr1fl/fl (+);Tfr1R654A and Tfr1fl/fl; MHC-Cre; Tfr1R654A (Tfr1hrt/hrt; 

Tfr1R654A) 

2.1.1.3 Generation of Tfr1 cardiomyocyte conditional knockout mice with 

Hjv globally deleted 

To attempt to rescue the Tfr1hrt/hrt mice by providing iron through 

alternative uptake pathways, we took advantage of hemojuvelin knockout (Hjv-/-) 

mice previously generated in our lab, which persistently have increased non-Tf-

bound iron (Huang et al., 2005). We crossed Tfr1fl/fl mice with Hjv-/- and Tfr1fl/+; 

MHC-Cre with Hjv-/- respectively, and obtained Tfr1fl/+; Hjv+/- and Tfr1fl/+; MHC-Cre; 

Hjv+/-. We further crossed the two lines and obtained Tfr1fl/fl (+); Hjv-/- and Tfr1fl/fl; 

MHC-Cre; Hjv-/- (Tfr1hrt/hrt; Hjv-/-). Primers for Tfrc alleles, Cre and Hjv alleles are 

described in Table 1. 

Table 1 Primers for genotyping 

Gene 
name Forward primer sequence Reverse primer sequence 

Tfrc  
5’-
CAGTAATCCCAGAGGAATCATTAG-3’  5’-CTAAACCGGGTGTATGACAATG-3’ 

Cre 5’-CCATATTGGCAGAACGAAAAC-3’  5’-GCTTCAAAAATCCCTTCCAGG-3’ 
Hjv WT 5′-GAATGGCTTCCTTCCATCAA-3′  5′-ATCTTCAAAGGCTGCAGGAA-3′ 
Hjv-/- 5′-CGGATGGTTTTTGGCAGTTAG-3′ 5′-GCCTTTACGATATCTCAGTCC-3′ 
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2.1.2 Rescue experiment  

2.1.2.1 Rescue experiment with iron dextran 

For iron rescue experiments, mice were injected IP with 5mg of Uniferon® 

100 (25 μl) at P3, or at both P3 and P7.  

2.1.2.2 Rescue experiment with nicotinamide riboside  

For nicotinamide riboside (NR) rescue experiments, mice were injected IP 

with NR in PBS as previously described (Yang et al., 2007) at 750 mg/kg daily 

from P5. Volume was based on body weight, with less than 100 μl administered 

on postnatal day 10. Control animals were injected with PBS only. 

2.2 Histopathological Analysis  

4 µm paraffin sections were stained with hematoxylin and eosin for light 

microscopy. Cardiomyocyte dimensions were measured by digital morphometry 

of paraffin-embedded myocardial cross-sections stained with Alexa Fluor® 594 

WGA (Life Technologies, Invitrogen) using ImageJ image processing. Apoptotic 

cells were identified and quantified using the In Situ Cell Death Detection Kit 

(Roche) on paraffin sections according to the manufacturer’s instructions. 

Quantitation was done by ImageJ using three consecutive sections for each 

mouse.  
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2.3 Echocardiography 

Echocardiography was performed without anesthesia on age-, sex- and 

body weight-matched mice by an investigator blinded to genotypes. Left 

ventricular dimensions and fractional shortening were calculated based on 

echocardiography data as described previously (Esposito et al., 2000).    

2.4 Electron Microscopy  

The heart was removed and rinsed quickly in cold Krebs-Henseleit buffer 

(Krebs and Henseleit, 1932), and then immersed in 5% glutaraldehyde buffer. 

Tissue for electron microscopic examination were post-fixed for 1 hr in 2% 

osmium tetroxide, dehydrated through successive acetones, infiltrated with Epon 

(EM bed 812; Electron Microscopy Sciences) embedded, and polymerized in a 

70°C  oven overnight.  Epon blocks were trimmed and ultrathin sections (70nm) 

were cut on a Reichert-Jung Ultracut E microtome (Leica Microsystems, Wetzlar, 

Germany) and collected on copper mesh grids. Sections were counterstained 

with uranyl acetate and lead citrate and examined in Philips CM-12 electron 

microscope (FEI, Hillsboro, OR).  Samples were prepared and imaged by Duke 

University Medical Center Research Electron Microscopy Services.          

2.5 Tissue Iron Analysis 

Heart non-heme iron was measured as described previously (Levy et al., 

1999; Torrance and Bothwell, 1980). 
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2.6 Western Blot Analysis 

Mouse hearts were homogenized in 15 volumes of ice-cold RIPA buffer 

(50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 

0.1% SDS, 1mM EDTA) in the presence of protease inhibitors and phosphatase 

inhibitors (Roche) using glass homogenizers. Protein lysates were collected as 

the supernatant after centrifugation at 14,000 rpm for 15 min at 4 °C. Protein 

concentrations were determined using the DC protein assay (Bio-Rad). 

Antibodies were used recognizing Dpyd, Cathepsin D, Tom20, PGC1-α (Santa 

Cruz Biotechnology), LC3, Gabarap, p62, Beclin-1, Ulk1, Atg3, Atg4B, Atg7, 

Atg5, Atg12, Atg16L1, Bnip3, Nix, H-Ferritin (Cell Signaling Technology), Atg10 

(ThermoFisher Scientific), Fundc1 (Aviva Systems Biology), Rcan1 (Abgent), 

Rpl19 (Sigma-Aldrich), Tfr1 (Invitrogen), Ppat and Atg9A (Novus Biologicals). 

Total OXPHOS Rodent WB Antibody Cocktail was purchased from Abcam. 

2.7 Enzymatic Analysis of Respiratory Chain Complexes I–V  

For complexes I-IV tissues were homogenized in 250 mM sucrose, 40 mM 

potassium chloride, 1 mM EGTA, 1 mg/ml fatty acid-free BSA, 20 mM Tris-HCl 

(pH 7.2) and homogenates were centrifuged at 600 x g for 10 min at 4°C. Steady 

state activities of enzyme complexes I-IV in the supernatant were determined as 

previously described (Janssen et al., 2007; Spinazzi et al., 2011). For complex V, 

tissues were homogenized in the same buffer as complexes I-IV. Homogenates 
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were first centrifuged at 600 x g for 10 min at 4°C. The supernatant was 

centrifuged again at 15,000 x g for 5 min at 4°C to obtain crude mitochondria. 

Activity was determined as previously described (Kirby et al., 2007). 

All reactions were performed using a computer-tunable spectrophotometer 

(Spectramax Plus Microplate Reader, Molecular Devices, Sunnyvale, CA) at 20-s 

intervals for 5 minutes at room temperature. The total volume of each reaction 

was 200 l. Each sample had three replicates each for total activity and inhibitor-

insensitive activity. For complexes I and II, we measured 2,6-dichloroindophenol 

(DCIP) reduction by electrons accepted from decylubiquinol. The reduction of 

DCIP was followed by spectrophotometer at 600 nm. 20 μg heart homogenates 

were used in each reaction for both complex I and complex II activity assays. 

Complex III activity was measured by following the reduction of cytochrome c at 

550 nm. Complex IV activity was measured by following the oxidation of reduced 

cytochrome c at 550 nm. 3.6 μg and 1 μg of heart homogenate was used in each 

reaction for complex III and complex IV activity assays, respectively. The addition 

of standard respiratory chain inhibitors for each complex was used to ascertain 

the specificity of the enzymatic assays. The same amount of protein was used for 

each sample. 

2.8 Isolation of RNA, microarray and real-time PCR 

Total heart RNA was isolated from flash-frozen tissue using the RNeasy 

Fibrous Tissue Mini Kit (Qiagen) and reverse transcribed as previously described 
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(Schmidt et al., 2008). For the microarray analysis, we used the Affymetrix 

GeneChip® Mouse Genome 430 2.0 Array. A minimum of 200 ng RNA was used 

for each sample. RNA samples were processed by the Duke Microarray Shared 

Resource Services. Results have been deposited online (Xu and Andrews, 

2015).Transcript abundance was quantified by 2-step real-time PCR, using 

amplification conditions as previously described (Schmidt et al., 2008). Primers 

were summarized in Table 2 and Rpl19 was used as an internal control.          

Table 2 Primers for real-time PCR 

Gene 
name Forward primer sequence Reverse primer sequence 
Tfrc 5’-TCAAGCCAGATCAGCATTCTC-3’ 5’-AGCCAGTTTCATCTCCACATG-3’ 
Nppa 5’-TCGTCTTGGCCTTTTGGCT-3’ 5’-TCCAGGTGGTCTAGCAGGTTCT-3’ 
Nppb 5’- AAGTCCTAGCCAGTCTCCAGA-3’ 5’- GAGCTGTCTCTGGGCCATTTC-3’ 
Myh7 5'-GTGCCAAGGGCCTGAATGAG-3' 5'-GCAAAGGCTCCAGGTCTGA-3' 
Acta1 5'-ATGTGCGACGAAGACGAGACCA-3' 5'-AGGGTCAGGATACCTCGCTTG-3' 
Polrmt 5'-CTCCTCCCACATGATGCTGAC-3' 5'-AATTGCTCGCGGCATACCT-3' 

Nd4 
5'-CATCACTCCTATTCTGCCTAGCAA-
3' 5'-TCCTCGGGCCATGATTATAGTAC-3' 

Cytb 5'-GCCACCTTGACCCGATTCT -3' 5'-TTGCTAGGGCCGCGATAAT-3' 
Cox3 5'-CGGAAGTATTTTTCTTTGCAGGAT-3' 5'-CAGCAGCCTCCTAGATCATGTG-3' 

Ppargc1a 

5'-
AGAAGTCCCATACACAACCGCAGTCG
CAA -3' 

5'-
CTTGGAGCTGTTTTCTGGTGCTGCAA
GGA-3' 

Ppargc1b 5'-GCTCTGGTAGGGGCAGTGA-3' 5'-TCCTGTAAAAGCCCGGAGTAT-3' 
Itgb1bp3 5'-TACAGCCAACGCTACTTCCT-3' 5'-GGGACTTCATGCCATCTAAA-3' 
Slc3a2 5'-TGATGAATGCACCCTTGTACTTG-3'  5'-TCCCCAGTGAAAGTGGA-3' 
Slc7a5 5'-TGGTCTTCGCCACCTACTTG-3' 5'-AAGCCGAGCAAAATGATGAG-3' 
Art1 5'-CAGGGGCTACTCCTTTTTCC-3' 5'-CCCAGACCTGCACTTCTTTT-3' 
Art4 5'-AAGAAAAGAAGTGCAGGTCTGG-3' 5'-AGAGCAGGAAGCAGAAATGG-3' 
Art5 5'-TGTGTCCTCAAGAGCAGTCG-3' 5'-CAACTCTGGTTGGACAGGT-3' 
Ppara 5'-GCCTGTCTGTCGGGATGT-3' 5'-GGCTTCGTGGATTCTCTTG-3' 
Rxrg 5′-CCGCTGCCAGTACTGTCG-3′ 5′-ACCTGGTCCTCCAAGGTGAG-3′ 
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Fatp1 5′-CGCTTTCTGCGTATCGTCTG-3′ 5′-GATGCACGGGATCGTGTCT-3′ 
Rcan1.1 5'-TCGACTGCGTAGATGGAGG-3' 5'-TGGTGTCCTTGTCATATGTTCTG-3' 
Rcan1.4 5'-CTTGTGTGGCAAACGATGATG-3' 5'-TGGTGTCCTTGTCATATGTTCTG-3' 
Map1lc3b 5'-CGTCCTGGACAAGACCAAGT-3' 5'-ATTGCTGTCCCGAATGTCTC-3' 
Map1lc3a 5'-TGTCCTGGATAAGACCAAGT-3' 5'-TTCATCCTTCTCCTGTTCAT-3' 

Lpin1 
5'-CCTTCTATGCTGCTTTTGGGAACC-
3' 5'-GTGATCGACCACTTCGCAGAGC-3' 

Epas1 5'-TAAAGCGGCAGCTGGAGTAT-3' 5'-ACTGGGAGGCATAGCACTGT-3' 
Slc2a1 5'-GCTTATGGGCTTCTCCAAACT-3' 5'-GGTGACACCTCTCCCACATAC-3' 
Slc16a3 5'-TCACGGGTTTCTCCTACGC-3' 5'-GCCAAAGCGGTTCACACAC-3' 
Pdk1 5'-GCTACTCAACCAGCACTCCT-3' 5'-CCTGGTGATTTCGCATTT-3' 
Lonp1 5'-ATGGTGGAGGTTGAGAATGTAG-3' 5'-TGGTCTCTTCCAGAACATCTTG-3' 
Bnip3 5'-GGCGTCTGACAACTTCCACT-3' 5'-AACACCCAAGGACCATGCTA-3' 
Ldha 5'-AGGCTCCCCAGAACAAGATT-3' 5'-TCTCGCCCTTGAGTTTGTCT-3' 

Vegfa 

5'-
CCTGGTGGACATCTTCCAGGAGTACC
-3' 

5'-
GAAGCTCATCTCTCCTATGTGCTGGC
-3' 

Ndrg1 5'-CATTTTGCTGTCTGCCATG-3' 5'-CCATGCCAATGACACTCTTG-3' 
Hk2 5'-TGATCGCCTGCTTATTCACGG-3' 5'-AACCGCCTAGAAATCTCCAGA-3' 
Gpi1 5'-GCCAAAGTGAAAGAGTTTGGA-3' 5'-ATGGAAAGTCCAATGGCTGA-3' 
Pfkl 5'-CTGCTGGTGATTGGTGGCTTTG-3' 5'-TTGCTGATGGTGGCTGGGATG-3' 
Aldoa 5'-GTGGGAAGAAGGAGAACCTG-3' 5'-CTGGAGTGTTGATGGAGCAG-3' 
Tpi 5'-CCAGGAAGTTCTTCGTTGGGG-3' 5'-CAAAGTCGATGTAAGCGGTGG-3' 
Gapdh 5'-CATGGCCTTCCGTGTTCCTA-3' 5'-GCGGCACGTCAGATCCA-3' 
Pgk1 5'-CTCCGCTTTCATGTAGAGGAAG-3' 5'-GACATCTCCTAGTTTGGACAGTG-3' 
Pgam1 5'-CTGTGCAGAAGAGAGCAATCC-3' 5'-CTGTCAGACCGCCATAGTGT-3' 
Eno1 5'-TGCGTCCACTGGCATCTAC-3' 5'-CAGAGCAGGCGCAATAGTTTTA-3' 
Pkm2 5'-TGTCTGGAGAAACAGCCAAG-3' 5'-TCCTCGAATAGCTGCAAGTG-3' 

Sqstm1 
5'-GAAGAATGTGGGGGAGAGTGTGG-
3' 5'-TGCCTGTGCTGGAACTTTCTGG-3' 

Rpl19 
5'-AGGCATATGGGCATAGGGAAGAG-
3' 

5'-TTG ACC TTC AGG TAC AGG 
CTGTG-3' 

c-Myc 5'-CCTAGTGCTGCATGAGGAGA-3' 5'-TCTTCCTCATCTTCTTGCTCTTC-3' 
Optn 5'-CAAGTGACCTCTCTGTTTAAGG-3' 5'-GCCTGCTCCATCTTGATTT-3' 
Atf4 5'-GAGCTTCCTGAACAGCGAAGTG 5'-TGGCCACCTCCAGATAGTCATC-3' 
Ddit3 5'-GACTCAGCTGCCATGACTG-3' 5'-GCGACAGAGCCAGAATAACAG-3' 
Fgf21 5'-TCCAAATCCTGGGTGTCAAA-3' 5'-CAGCAGCAGTTCTCTGAAGC-3' 
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2.9 Preparation of mitochondrial lysates and acetyl-lysine 

analysis 

Mouse hearts were homogenized (40-50 strokes) in 15 volumes of ice-

cold homogenization buffer [320 mM sucrose, 50 mM KH2PO4 (pH 7.4), 10 mM 

Tris-HCl (pH 7.4), 1 mM EDTA] in the presence of protease inhibitors, 

phosphatase inhibitors (Roche), and deacetylase inhibitors (2.5 µM Trichostatin 

A, 5 mM nicotinamide, 5 mM sodium butyrate) using glass homogenizers. Crude 

mitochondria were isolated by differential centrifugation. Homogenates were 

centrifuged at 1600 rpm for 10 min at 4°C. The supernatant was centrifuged 

again at 1600 rpm for 10 min at 4°C. The supernatant was subsequently 

centrifuged at 10,000 x g for 10 min at 4°C. The pellet was collected, rinsed with 

1 ml homogenization buffer and centrifuged at 10,000 x g again for 10 min at 

4°C. The pellet was resuspended in 100 μl 20 mM HEPES (pH 7.4), 150 mM 

NaCl, and 1% Triton-X-100 with protease, phosphatase and deacetylase 

inhibitors. Western blot analysis was performed with 70 μg protein per lane.             

2.10 Data analyses 

Unless otherwise stated, All data are presented as the mean ± standard 

error of the mean (SEM). Unless otherwise stated, comparisons between two 

groups were analyzed using one-way ANOVA. Survival analysis was performed 

using Logrank (see Supplemental Experimental Procedures). Dr. Kingshuk Roy 
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Choudhury (Duke Department of Biostatistics and Bioinformatics) assisted with 

statistical analyses. P < 0.05 was considered statistically significant. 
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3. Results 
This chapter has been adapted from a manuscript under review. 

3.1 Tfr1 deficiency causes cardiomyopathy 

3.1.1 Tfr1 cardiomyocyte specific knockout mouse generation 

            We inactivated murine Tfr1 in cardiomyocytes by expressing a 

Myh6-Cre transgene (Agah et al., 1997) to recombine loxP sites flanking exons 3 

to 6 (Fig 1A). We confirmed that mutant (Tfr1hrt/hrt) animals expressed little Tfr1 

mRNA in the heart (Fig 1B) and that Tfr1 was deleted in heart but not in liver, 

skeletal muscle or kidney (Fig 1C).  
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Figure 1 Tfr1 cardiomyocyte specific Knockout mouse generation 

Schematic diagram of floxed Tfrc allele allowing for deletion of exons 3-6. (A) 

LoxP sites are shown as white triangles. (B) Levels of Tfrc mRNA in hearts from 

littermate wild type (WT) and Tfr1hrt/hrt mice at P10. (C) Determination of Tfr1 

heart specific deletion by immunoblot. H: heart; L: liver; M: muscle; K: kidney. 

Data are presented as means ± SEM. Sample size (n) is indicated. ***p<0.001 by 

one-way ANOVA.  
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3.1.2 Phenotypic characterization of cardiomyopathy in Tfr1hrt/hrt mice 

Tfr1hrt/hrt mice were born in Mendelian ratios and maintained body weights 

similar to wild type (WT) littermates (Tfr1fl/fl and Tfr1fl/+ mice, Figs 2A and B) but 

died after several hours of distress by postnatal day 11 (P11) with cardiac 

hypertrophy (Fig 2C) and elevated heart to body weight ratios, which had 

developed over time (Fig 2D).  

 

Figure 2 Loss of Tfr1 in cardiomyocytes causes cardiomyopathy 

(A) Tfr1hrt/hrt mice appeared grossly similar to WT at P10. (B) Tfr1hrt/hrt mice had 

similar body weight to WT at P10. (C) H&E staining of heart sections at P10, 

demonstrating cardiomegaly in Tfr1hrt/hrt mice. Scale bars=1 mm. (D) Tfr1hrt/hrt 

mice had normal heart to body ratios at P5, but cardiomegaly was apparent at P8 
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and P10. Data are presented as means ± SEM. Sample size (n) is indicated. 

**p < 0.01; n.s., not significant by one-way ANOVA. 
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Echocardiography of Tfr1hrt/hrt mice was normal at P5 but showed left 

ventricular dilatation and decreased fractional shortening at P10 (Fig 3A-C), 

indicating compromised performance of the heart as a pump. Wheat germ 

agglutinin staining showed normal Tfr1hrt/hrt cardiomyocyte size at P5 but 

enlarged cardiomyocytes at P10, consistent with hypertrophy (Fig 3D). At P5 

mRNA encoding one biomarker for cardiac hypertrophy, Nppb, was increased, 

but Acta1, another biomarker, was decreased (Fig 3E). However, at P10, all 

cardiac hypertrophy biomarkers examined (Nppa, Nppb, Myh7, Acta1) were 

significantly increased. Thus, deletion of Tfr1 in cardiomyocytes leads to dilated 

cardiomyopathy over the first 10 days of life.  
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Figure 3 Tfr1hrt/hrt mice had cardiac hypertrophy 

 (A) Echocardiograms from representative Tfr1hrt/hrt and WT littermates at P5 (top) 

and P10 (bottom). For each age, upper panel, short axis; lower panel, long axis. 

Tfr1hrt/hrt mice have markedly impaired cardiac function at P10. (B, C) Left 

ventricular diameter and fractional shortening were normal at P5 but abnormal in 

Tfr1hrt/hrt mice at P10. LVDd=left ventricular diameter in diastole; LVDs=left 

ventricular diameter in systole. (D) Representative images of WGA staining for 

cardiomyocyte morphometrics and quantitation showing Tfr1hrt/hrt  cardiomyocyte 
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area similar to WT at P5 (top) and enlarged Tfr1hrt/hrt cardiomyocytes at P10 

(bottom). Scale bars=15 µm. (E) mRNA levels of cardiac hypertrophy biomarkers 

as described in the text. Data are presented as means ± SEM. Sample size (n) is 

indicated. *p < 0.05; ***p<0.001; n.s., not significant by one-way ANOVA.  
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3.2 Deletion of Tfr1 in cardiomyocytes causes cardiac iron 

deficiency  

The canonical function of Tfr1 is to supply iron to meet cellular needs. We 

measured non-heme cardiac iron to determine whether loss of Tfr1 resulted in 

iron deficiency. While tissue non-heme iron concentration increased over time in 

WT animals, it was decreased at birth and did not change substantially in 

Tfr1hrt/hrt hearts (Fig 3A-C). The total iron concentration at P10 was also 

decreased in Tfr1hrt/hrt mice (Fig 3D). Fe-S clusters are synthesized from non-

heme iron, and the amounts of enzymes Dpyd and Ppat decrease when Fe-S 

clusters are not available (Stehling and Lill, 2013). Both proteins were deficient in 

Tfr1hrt/hrt  hearts from P7 to P10 (Fig 3E and F), consistent with compromised Fe-

S cluster biogenesis due to iron deficiency or mitochondrial dysfunction. We 

conclude that Tfr1 is important for iron uptake by cardiomyocytes. 
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Figure 4 Iron deficiency and Fe-S cluster insufficiency in Tfr1hrt/hrt mice 

(A-C) Non-heme iron levels in WT and mutant heart at P0 (A), P5 (B) and P10 

(C). (D) Total iron concentration at P10. (E-F) Decreased Fe-S cluster proteins 

Dpyd and Ppat in hearts from Tfr1hrt/hrt mice; Rpl19 control. Ages and genotypes 

are shown at the top. Data are presented as means ± SEM. Sample size (n) is 

indicated. ***p<0.001 by one-way ANOVA. 

 

3.3 Metabolic changes associated with cardiomyopathy             

3.3.1 Mitochondrial morphological and functional changes in hearts 

from Tfr1hrt/hrt mice 

Mitochondria from Tfr1hrt/hrt hearts appeared slightly abnormal at P5, and 

severely disrupted and enlarged at P10 when evaluated by electron microscopy 
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(Fig 4A). We reasoned that Fe-S clusters and heme are required by most 

complexes of ETC (Xu et al., 2013) and considered the possibility that the 

abnormal mitochondrial morphology might be attributable to ETC defects.  

We examined ETC complexes by immunoblotting for proteins that are 

labile when the complexes are not assembled properly. At P5 complex II was 

decreased in Tfr1hrt/hrt hearts and complex IV was increased, but the other ETC 

complexes were not significantly different from controls (Fig 4B). However, at 

P10 complexes I through IV were all diminished in Tfr1hrt/hrt hearts (Fig 4C). 

Activity of complex II was decreased at P5 (Fig 4D), and activities of complexes I 

to IV were all markedly decreased at P10 in Tfr1hrt/hrt hearts (Fig 4E) at P10. 

Complex V, which does not contain iron, appeared unchanged at both ages, and 

its activity was not decreased in Tfr1hrt/hrt hearts at P10 (Fig 4F).  

Expression of mitochondria-encoded mRNA for Polrmt, Nd4, Cytb and 

Cox3 was similar to WT at P5 (not shown), but by P10 all were decreased in 

Tfr1hrt/hrt hearts (Fig 4G), suggesting fewer mitochondria or mitochondria 

incapable of normal gene expression.  
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Figure 5 Mitochondrial morphological and functional changes in hearts from 

Tfr1hrt/hrt mice 

(A) Electron micrographs comparing mitochondria in WT and Tfr1hrt/hrt hearts. 

Tfr1hrt/hrt mitochondria were slightly abnormal at P5 (top) but markedly enlarged 

and disrupted at P10 (bottom). Scale bars=500 nm. (B) Representative protein 

levels for ETC complexes by immunoblot at P5 using complex V as the standard. 

(C) Representative protein levels for ETC complexes by immunoblot at P10 using 

complex V as the standard. (D) Enzymatic activity of complex II of ETC from P5 

Tfr1hrt/hrt and WT littermates. (E) Enzymatic activity of complexes I to IV of ETC 

from P10 Tfr1hrt/hrt and WT littermates. (F) Enzymatic activity of complexes I to V 

from P10 Tfr1hrt/hrt and WT littermates. (G) Relative mRNA levels of Polrmt and 

mitochondria-encoded genes at P10. Data are presented as means ± SEM. 

Sample size (n) is indicated. *p < 0.05; **p < 0.01; ***p<0.001 by one-way 

ANOVA.  
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3.3.2 Fetal-like metabolic switch in hearts from Tfr1hrt/hrt mice 

We profiled mRNA expression in Tfr1hrt/hrt hearts at P10 [results deposited 

online (Xu and Andrews, 2015)] and looked for patterns using Gene Set 

Enrichment Analysis (Mootha et al., 2003; Subramanian et al., 2005). Genes 

downregulated in the mutants were significantly associated with peroxisome 

proliferator-activated receptor (PPAR) signaling (particularly PPAR) and PPAR 

co-activator 1 alpha (PGC1-) signaling, myogenesis, insulin signaling and 

cardiomyopathy. Upregulated genes were significant for hypoxia-inducible 

targets, Myc targets and glycolytic enzymes.  

We confirmed decreased expression of PGC1- (Ppargc1a) and PGC1- 

(Ppargc1b) mRNA in Tfr1hrt/hrt hearts (Fig 5A). PGC1- protein was also 

decreased (Fig 5B). PGC1- controls transcription of a suite of nuclear genes to 

induce mitochondrial biogenesis (Lehman et al., 2000; Wu et al., 1999b). Mice 

deficient in PGC1- in the heart develop cardiomyopathy, similar to our mutant 

mice (Arany et al., 2005). Our results suggested impaired ability to induce 

mitochondrial biosynthesis.  

Cardiomyopathy is associated with a switch to fetal-like metabolism, with 

glucose, rather than fatty acids, as the preferred energy source (van Bilsen et al., 

1998). The switch has been attributed to decreased activity of PPAR (Ppara) 

(Barger et al., 2000), which forms a heterodimer with Rxr. Expression of Ppara 

and Rxrg was decreased in Tfr1-null hearts, as was fatty acid transport protein 
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(Fatp1/Slc27a1, Fig 5C). These changes were not apparent earlier at P5. 

Interestingly, Ppara expression is induced by the histone demethylase Kdm3a 

(Okada et al., 2010), which requires iron (Yamane et al., 2006). Ppara and other 

genes induced by Kdm3a, Ucp2, and Acadm, had decreased mRNA levels at 

P10 but were not decreased at P5 (not shown). We hypothesize that iron 

deficiency caused decreased Ppara expression, contributing to the metabolic 

switch.  

At P10 we observed increased mRNA expression of hypoxia-inducible 

genes (Fig 5D) and glycolytic enzymes at (Fig 5E). Of the glycolytic enzymes, 

only Pfkl was slightly increased at P5 (not shown). Iron is a cofactor for 

hydroxylases that cause hypoxia-inducible factor alpha HIF) transcriptional 

regulators to be degraded and inactivated, suggesting that iron deficiency could 

explain our results (Kaelin and Ratcliffe, 2008). In addition, Myc, which also 

induces expression of glycolytic enzymes, was upregulated (Figs 5F and G). 

However, glycolysis is unlikely to meet energy needs of cardiomyocytes, which 

depend on mitochondrial respiration. Apoptosis was increased in Tfr1hrt/hrt hearts, 

consistent with severe mitochondrial dysfunction, but this was only seen at P10 

and not present earlier at P5 (Fig 5H and I).  

Together, our results suggest that iron deficiency leads to mitochondrial 

insufficiency, metabolic changes and increased apoptosis, contributing to 

cardiomyocyte hypertrophy and cardiac dysfunction in Tfr1hrt/hrt mice. 
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Figure 6 Fetal-like metabolic switch in hearts from Tfr1hrt/hrt mice 

 (A) Relative mRNA levels of PGC1-α (Ppargc1a) and PGC1-β (Ppargc1b) at 

P10. (B) PGC-1α protein level. (C) Relative mRNA levels of PPAR (Ppara), Rxr 

gamma (Rxrg), and fatty acid transport protein (Fatp1) at P10. (D) Relative 

mRNA levels of transcripts induced by hypoxia at P10. (E) Relative mRNA levels 

of transcripts encoding enzymes of glycolysis at P10. (F) Representative protein 

levels for Myc by immunoblot at P10. (G) Relative mRNA level of Myc at P10. (H) 

and (I) TUNEL staining for apoptosis at both P10 and P5. Top row without DAPI 

staining of nuclei; bottom row with DAPI staining. Vertical pairs of panels from left 

to right: negative control, positive control, WT and Tfr1hrt/hrt at P10 and P5 

respectively. Bright green fluorescent nuclei represent apoptotic cells; scale 

bars=100 µm. Results are quantified on the right; data are presented as means ± 

SEM. Sample size (n) is indicated;*p < 0.05; **p < 0.01; ***p<0.001 by one-way 

ANOVA. 

3.4 Interruption of mitophagy  

Accumulation of damaged mitochondria should activate mitophagy to clear 

dysfunctional organelles and recover iron for re-use. However, we found 

enlarged, swollen mitochondria in Tfr1hrt/hrt hearts (Fig 4A) which were not 

cleared effectively.  

3.4.1 Induction of mitophagy signaling in hearts from Tfr1hrt/hrt mice 

Glycolytic enzyme hexokinase 2 (Hk2) promotes autophagy during energy 

deprivation (Roberts et al., 2014) and was not upregulated at P5 (not shown) but 

was substantially induced at P10 (Figs 5E, 6A). Both isoforms of Rcan1, which 
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also induces mitophagy (Ermak et al., 2012) and protects against apoptosis due 

to hypoxia (Yan et al., 2014), were upregulated in P10 Tfr1hrt/hrt hearts (Figs 6B-

D).  

 

 

Figure 7 Induction of Mitophagy in hearts from Tfr1hrt/hrt mice 

(A) Determination of Hk2 protein level by immunoblot (left) and quantitation of the 

result (right). (B) Both forms of Rcan1 were upregulated at the mRNA levels. 

Accordingly, Rcan1 was also increased at protein level. ; data are presented as 

means ± SEM. Sample size (n) is indicated;*p < 0.05; **p < 0.01; ***p<0.001 by 

one-way ANOVA. 
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3.4.2 Mitophagy receptors and related regulators were compromised 

in hearts from Tfr1hrt/hrt mice 

We characterized mitophagy using heart tissue because neonatal mouse 

cardiomyocytes cannot be cultured efficiently without contaminating cells. 

Expression of putative mitophagy receptors, Nix (Bnip3l) and Fundc1 (Liu et al., 

2012; Novak et al., 2010), was decreased in Tfr1hrt/hrt hearts at P8 and P10 (Figs 

7 and D, S4D,E). Ulk1, which phosphorylates Fundc1 to clear damaged 

mitochondria (Wu et al., 2014), was also decreased (Figs 5C,D, S4D,F). Bnip3, a 

homolog of Nix, was markedly increased in mutant hearts (Figs 5E, S4G). Bnip3 

triggers opening of the mitochondrial permeability transition pore and loss of 

mitochondrial membrane potential (Regula et al., 2002), but it is not certain that it 

functions as a mitophagy receptor. Bnip3 transcription is induced by hypoxia-

inducible factors (Bruick, 2000), consistent with upregulation of other hypoxia-

inducible genes. Overall, our results suggested that mitophagy receptors, 

important for cargo recognition, were deficient. 
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Figure 8 Expression of mitophagy receptors and related regulators in hearts from 

Tfr1hrt/hrt mice 

(A-D) Fundc1, Nix and Ulk1 showed decrease in hearts from Tfr1hrt/hrt mice at 

both P8 and P10. (E) Bnip3 was upregulated in Tfr1hrt/hrt hearts.  

3.4.3 Autophagy was interrupted in hearts from Tfr1hrt/hrt mice 

Microtubule-associated protein light chain 3 (Map1lc3, abbreviated LC3) 

and Gabarap are also involved in the cargo recognition step of autophagy. LC3-

II, a phosphatidylethanolamine (PE)-conjugated form of LC3, increases during 

active autophagy, but was decreased slightly in heart samples from Tfr1hrt/hrt mice 
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at P5, and decreased more at P8 and P10 (Figs 8A-C and E). Gabarap-II was 

also decreased at P10 (Fig 8D and E). Both forms of LC3 were also 

downregulated at mRNA levels at P10 (Fig 8F). 

We evaluated other proteins involved in early steps of autophagy to 

explore why mitophagy was ineffective. Cisd2 (Naf-1), an Fe-S cluster protein 

associated with the mitochondrial membrane, is depleted in Tfr1hrt/hrt mice (Figs 

8G). Deficiency of Cisd2 should promote autophagy by liberating Beclin-1 from 

Bcl2 (Chang et al., 2010). Beclin-1 levels were similar in mutant and WT hearts 

(Fig 8G) but we could not assess its activity. Atg16L, which is involved early in 

the formation of the phagophore, was increased in P10 Tfr1hrt/hrt hearts (Figs 8C 

and I). Atg10, which was decreased (Figs 8H and I), is an E2-like enzyme 

involved in both Atg12-Atg5 conjugation and LC3 conjugation to PE (Nemoto et 

al., 2003). While LC3-II was decreased (Figs 8A-C and E), Atg12-Atg5 was 

increased in mutant hearts (Figs 8C and I). The Atg12-Atg5 complex forms 

before conjugation of LC3 (Geng et al., 2008). Knockdown of LC3 or Gabarap 

leads to maintenance of the Atg12-Atg5 complex (Weidberg et al., 2010), 

consistent with our observations. Atg4b cleaves the carboxyl termini of pro-forms 

of LC3 and Gabarap to expose their lipidation sites, but it also de-lipidates both 

proteins. Overexpression of Atg4b thus inhibits membrane localization and PE 

conjugation of LC3 (Tanida et al., 2004). Atg4b was increased in Tfr1hrt/hrt hearts 

(Figs 8H and I), possibly contributing to decreased levels of LC3-II and Gabarap-

II. Atg7, an E1-like enzyme for ubiquitin-like conjugation systems involved in the 
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development of autophagosomes, and Atg3, an E2-like enzyme for the 

LC3/Gabarap conjugation system, were both increased in Tfr1hrt/hrt mice (Figs 8C 

and I). These results suggest that the mutant heart cells were attempting to 

initiate mitophagy appropriately, but key proteins involved in cargo recognition 

were deficient.  

Sqstm1 (p62) links the phagophore to cargo. During normal autophagic 

flux, p62 is degraded by lysosomal enzymes. The amount of p62 was similar to 

WT at P5 (Fig 8A) but it was increased in Tfr1hrt/hrt hearts at P8 and P10 (Figs B, 

C and I), even though p62 mRNA was not increased (Figure 8J), suggesting that 

p62 accumulated because it was not degraded. We examined cathepsin D 

(Ctsd), an indicator for lysosomal function. Both intermediate and mature forms 

of Ctsd were increased in hearts from Tfr1hrt/hrt mice (Figs 8K), showing that 

lysosomes were functioning. Consistent with our interpretation that the defect 

was in cargo recognition, these results suggested that a mitophagy step prior to 

autophagosome-lysosome fusion was impaired. 

Lipin1 (Lpin1) enhances transcription regulated by PPAR-α and PGC-1 

(Finck et al., 2006) and controls autophagic clearance in skeletal muscle (Zhang 

et al., 2014). Lpin1 mRNA was decreased in hearts from Tfr1hrt/hrt mice (Fig 8L), 

possibly contributing both to the metabolic switch and the interruption of 

mitophagy. Ndrg1 is induced by iron depletion (Le and Richardson, 2004) and 

upregulated in Tfr1hrt/hrt hearts (Fig 5D). Overexpression of Ndrg1 suppresses 

LC3-II accumulation and autophagosome formation (Kachhap et al., 2007; Sahni 
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et al., 2014). Atg9 delivers membrane components to developing 

autophagosomes (Puri et al., 2014). Atg9 was increased in Tfr1hrt/hrt hearts (Figs 

8H and I). Optn (optineurin), also important in autophagosome maturation 

(Tumbarello et al., 2012), was induced in Tfr1hrt/hrt hearts (Fig 8M). These results 

reinforce the idea that autophagy/mitophagy was generally stimulated, but cargo 

recognition was defective in Tfr1hrt/hrt hearts. 
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Figure 9 Autophagy signaling was interrupted in Tfr1hrt/hrt hearts 

Multiple autophagy- and mitophagy-related genes were examined in P5 (A), P8 

(B), and P5 (C-E, G, H, and I) heart samples for protein levels, as indicated in 
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each panel. Differences suggested stimulation of autophagy but failure to 

complete autophagy in Tfr1hrt/hrt hearts. Sample sizes for WT and Tfr1hrt/hrt not 

shown in the figure panels: (E) 14 WT, 6 Tfr1hrt/hrt mice; (G) 3 WT and 5 Tfr1hrt/hrt 

mice for Cisd2; 5 mice each for Beclin1; (I) 5-6 mice of each genotype except for 

Atg4b (11 mice) and Atg3 (16 mice). (F) mRNA levels of  LC3B and LC3A. (J) 

mRNA level of p62 in P10 hearts. (K) Lysosomal cathepsin D (Ctsd) and its 

cleaved intermediate were elevated in hearts from Tfr1hrt/hrt mice, indicating 

normal lysosomal function. (L) Lpin1 mRNA was decreased in hearts from 

Tfr1hrt/hrt mice. (M) Optineurin (Optn) mRNA was increased in hearts from 

Tfr1hrt/hrt mice. Data are presented as means ± SEM. Sample size (n) is indicated; 

*p < 0.05; **p < 0.01; ***p<0.001 by one-way ANOVA; n.s., not significant. See 

also Figure S4. 

3.5 Rescue of Tfr1hrt/hrt mice  

3.5.1 Rescue of Tfr1hrt/hrt mice with iron dextran 

To test whether cardiac iron repletion could rescue Tfr1hrt/hrt mice, we 

administered a large dose of iron dextran at P3, to supersaturate Tf and induce 

non-Tf-bound iron uptake. This prolonged survival, but Tfr1hrt/hrt mice still died at 

4 to 5 weeks with severe cardiomegaly. We confirmed that the hearts had 

assimilated iron by immunoblotting for Fe-S cluster proteins. In contrast to 

untreated Tfr1hrt/hrt mice, Dpyd and Ppat levels were similar at P10 in Tfr1hrt/hrt and 

WT mice treated with iron dextran (Fig 9A). Proteins representing ETC 

complexes were also similar at P10 (Fig 9B). At that time Tfr1hrt/hrt mice and WT 

littermates had similar heart to body weight ratios (Fig 9C). To try to improve the 
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rescue, we administered a second dose of iron dextran at P7. The onset of 

cardiomyopathy was further delayed and Tfr1hrt/hrt mice survived up to 13 weeks. 

However, ETC complexes were already decreased in hearts from doubly treated 

Tfr1hrt/hrt mice at 6-8 weeks of age (Fig 9D) and the hearts were already enlarged 

(Fig 9E). Together, these results indicated that iron-treated Tfr1hrt/hrt mice 

assimilated and used supplemental iron to survive beyond their usual lifespan, 

but they eventually showed abnormalities in mitochondrial ETC complexes and 

autophagy-related proteins similar to untreated Tfr1hrt/hrt mice at P10 (not shown). 

 

Figure 10 Rescue of Tfr1hrt/hrt mice with iron dextran 

(A) Amounts of Fe-S cluster proteins Dpyd and Ppat in hearts from 10-day old 

WT and Tfr1hrt/hrt mice untreated or treated with iron dextran. (B) Representative 

ETC complex proteins in hearts from 10-day old WT and Tfr1hrt/hrt mice untreated 

or treated with iron dextran. (C) Heart weight to body weight ratios at P10 for WT 
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and Tfr1hrt/hrt littermates treated with 1 dose of iron dextran treated on P3. 

(D)Representative ETC complex proteins in hearts from 6-8 week old WT and 

Tfr1hrt/hrt mice treated with 2 doses of iron dextran (at P3 and P7). (E) Heart 

weight to body weight ratios at 6-8 weeks for WT and Tfr1hrt/hrt mice treated 

with 2 doses of iron dextran (at P3 and P7). Data are presented as means ± 

SEM. P-values were determined by one-way ANOVA. The sample size (n) is 

indicated; *p<0.05; n.s., not significant. 

3.5.2 Rescue of Tfr1hrt/hrt mice with continuous iron uptake 

We hypothesized that the heart might require continuous iron uptake, and 

that iron administered early might no longer be available. To sustain elevated 

plasma iron concentrations, we took advantage of hemojuvelin knockout (Hjv-/-) 

mice, which persistently have increased non-Tf-bound iron (Huang et al., 2005). 

We generated Tfr1hrt/hrt;Hjv-/- mice in which Tfr1 was deleted in the heart and Hjv 

was deleted globally. These mice also died at P11, similar to Tfr1hrt/hrt mice. 

However, it takes time for Hjv-/- mice to accumulate iron. We therefore treated 

Tfr1hrt/hrt;Hjv-/- and control mice with iron dextran at P3 to support the animals until 

the Hjv mutation caused elevated iron levels. With this strategy, the Tfr1hrt/hrt;Hjv-/- 

mice were healthy when sacrificed at 12 months and had heart to body weight 

ratios (Fig 10A) similar to Tfr1fl/fl (+);Hjv-/- controls.  

We confirmed that this protocol had restored cardiomyocyte iron by 

immunoblotting for Dypd and ferritin at 10-11 weeks of age (Fig 10B). Amounts 

of markers for ETC complexes I to IV were also indistinguishable between 

Tfr1hrt/hrt;Hjv-/- mice and controls (Fig 10C). Autophagy-related proteins LC3-II, 
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p62, Fundc1, Nix, Ulk-1 and Cisd2, showed no significant differences (Fig 10D-I). 

Collectively, these results indicate that the Tfr1hrt/hrt mutant phenotype is primarily 

attributable to a defect in iron assimilation, and iron deficiency plays a critical role 

in development of cardiac hypertrophy, mitochondrial dysfunction and 

interruption of mitophagy. Importantly, it appears that the heart is highly sensitive 

to iron deprivation due to inactivation of Tfr1 and requires a continuous source of 

iron to function normally. 
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Figure 11 Rescue of Tfr1hrt/hrt mice with continuous iron 

Iron overload achieved by Fe dextran administration to mutant animals and WT 

littermates at P3 and an Hjv-/- hemochromatosis background provided sufficient 

iron to fully rescue Tfr1hrt/hrt mice. (A) Dpyd and H-ferritin levels at 10 weeks. (B) 

Proteins representative of ETC complexes at 10 weeks. (C-H) Markers of 
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autophagy, as indicated in the panels, at 10 weeks of age. Data are presented as 

means ± SEM. Sample size (n) is indicated; n.s., not significant.  

3.5.3 Attempted rescue of Tfr1hrt/hrt mice with a Tfr1R654A mutant allele 

It was intriguing that several of the induced autophagy-related proteins co-

localize or interact with Tfr1. While we observed that deletion of Tfr1 in the heart 

resulted in moderate cardiac iron deficiency and mitochondrial dysfunction, we 

could not be certain that the mutant phenotype resulted from iron deficiency, 

rather than from abrogation of an alternative role of Tfr1, or both. We attempted 

to rescue the Tfr1hrt/hrt phenotype by co-expressing a Tfr1 mutant protein that 

cannot bind Tf (Schmidt et al., 2008).  

We previously developed mice expressing a mutant Tfr1R654A protein from 

the ubiquitously transcribed Rosa26 locus and showed that Tfr1R654A was unable 

to bind Tf for iron uptake (Schmidt et al., 2008). We bred to obtain 

Tfr1hrt/hrt;Tfr1R654A mice, which had WT Tfr1 deleted in cardiomyocytes but 

expressed mutant Tfr1R654A, and compared them to Tfr1fl/fl (+);Tfr1R654A control 

mice. Because the mutant Tfr1 cannot assimilate Tf-bound iron, hearts from 

Tfr1hrt/hrt;Tfr1R654A mice should be iron deficient, but should express an otherwise 

intact form of Tfr1 that differs from WT Tfr1 by only one amino acid in the 

extracellular domain. If the phenotype of Tfr1hrt/hrt mice is due wholly or in part to 

loss of a function of Tfr1 unrelated to iron uptake, expression of Tfr1R654A should 

fully or partially rescue the mutant phenotype. 
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Tfr1hrt/hrt;Tfr1R654A mice died at 13 to 14 days of age, approximately 2-3 

days later than Tfr1hrt/hrt mice (Figure 11A). Immunoblots confirmed expression 

of mutant Tfr1 (Figure 11B-D). Amounts of H-ferritin and Ppat proteins were 

similarly decreased in Tfr1hrt/hrt at 10 days of age and Tfr1hrt/hrt;Tfr1R654A mice at 12 

days of age, indicating that Tfr1hrt/hrt;Tfr1R654A mice were also iron deficient as 

expected (Fig 11B-D ). However, amounts of LC3-II and Atg10 in hearts from 

Tfr1hrt/hrt;Tfr1R654A mice were similar to Tfr1fl/fl (+);Tfr1R654A hearts, suggesting that 

some aspects of mitophagy may be ameliorated (Fig 11E, F and H). 

Nonetheless, p62 still accumulated, indicating that there was a persistent defect 

in mitophagy (Fig 11E and G). These results suggested that iron deficiency is the 

major cause of the Tfr1hrt/hrt phenotype, but that loss of Tfr1 also contributes in a 

way that is independent of its role in iron uptake. A contribution from Tfr1, 

independent of Tf binding, could explain why death of Tfr1hrt/hrt;Tfr1R654A mice 

occurred later than Tfr1hrt/hrt mice.  



 

60 

 

Figure 12 Rescue Tfr1hrt/hrt mice with Tfr1R654A mutant allele 

 (A) R654A Tfr1 prolonged lifespan of Tfr1hrt/hrt mice by several days. P-value was 

determined by LogRank test. (B-D) Similar to Tfr1hrt/hrt mice, Tfr1hrt/hrt mice 

constitutively expressing R654A Tfr1 are iron deficient. (E-H) No difference 

between Tfr1hrt/hrt mice constitutively expressing R654A Tfr1 and WT mice with 

R654A Tfr1. Moreover, with R654A Tfr1, Tfr1hrt/hrt mice accumulate less p62. 

Data are presented as means ± SEM. P-values were determined by one-way 

ANOVA. The sample size (n) is indicated; *p<0.05; n.s., not significant. 
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3.6 Treatment with nicotinamide riboside (NR) 

Mitochondrial dysfunction can cause a decreased NAD/NADH ratio and 

inactivation of sirtuin deacetylases (Nunnari and Suomalainen, 2012). A 

decreased NAD/NADH ratio might block signals for mitochondrial biogenesis 

while also causing defective mitophagy, as described recently (Fang et al., 

2014). Deacetylase activity is important for deacetylation of autophagy-related 

proteins; in the absence of Sirt1, LC3-II is decreased and p62 accumulates (Lee 

et al., 2008), similar to what we observed in Tfr1hrt/hrt mice. We speculated that 

augmentation of NAD levels might modify the mutant phenotype. 

3.6.1 Evidence showing need of NAD in Tfr1hrt/hrt hearts 

We noted dramatic induction of mRNA encoding nicotinamide riboside 

kinase 2 (Nmrk2/Itgb1bp3, Fig 12A) and the Slc3a2/Slc7a5 transport system for 

the NAD precursor tryptophan (Boado et al., 1999) (Fig 12B), along with 

markedly decreased expression of ADP-ribosyltransferases (Fig 12C), 

suggesting that mutant cardiomyocytes used multiple approaches to try to 

increase cellular NAD levels. Mitochondria from Tfr1hrt/hrt hearts showed 

increased lysine acetylation (Fig 12D), consistent with increased acetylation or 

decreased mitochondrial sirtuin deacetylase activity due to decreased 

mitochondrial NAD. 
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Figure 13 Evidence showing need of NAD in Tfr1hrt/hrt hearts 

(A) mRNA encoding Nmrk2/Itgb1bp3 was massively increased in Tfr1hrt/hrt mice. 

(B) mRNAs encoding Slc3a2 and Slc7a5, components of the uptake system for 

tryptophan, an NAD precursor, were increased in Tfr1hrt/hrt mice. (C) mRNAs 

encoding ADP-ribosyltransferases Art1, Art4 and Art5 were markedly decreased 

in Tfr1hrt/hrt mice. (D) Proteins from mitochondria isolated from Tfr1hrt/hrt heart 

showed increased lysine acetylation. Data are presented as means ± SEM. P-
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values for (A) to (C) were determined by one-way ANOVA. Sample size (n) is 

indicated; *p < 0.05; ***p<0.001.  

3.6.2 NR treatment extended lifespan of Tfr1hrt/hrt mice 

NR can be phosphorylated by Nmrk proteins to induce NAD production, 

activating sirtuins and mitochondrial biogenesis (Chi and Sauve, 2013). 

Considering that Nmrk2 (Itgb1bp3) was induced in Tfr1hrt/hrt hearts (Fig 12A), we 

hypothesized that this form of vitamin B3 might benefit the mutant animals, even 

though it should not impact iron deficiency. We administered NR or vehicle to 

young animals and observed up to 50% prolongation of lifespans of Tfr1hrt/hrt mice 

(Fig 13A), indicating that NR could ameliorate the phenotype. 

We considered two possible mechanisms for the effect of NR. First, NR 

might improve the NAD/NADH ratio by allowing for more NAD production. 

Alternatively, NR can enhance the mitochondrial unfolded protein response 

[UPRMT; (Khan et al., 2014)]. We had observed increased mRNA for multiple 

genes associated with the UPRMT in P10 hearts (Atf4, Clpp, Lonp1, Hspe1, 

Hspa9, Ddit3). These genes were not upregulated at P5 (not shown). We 

attempted to measure NAD/NADH ratios without and with NR treatment, but our 

results from heart tissue were unreliable and therefore uninterpretable. We also 

examined mRNAs characteristic of UPRMT and, unexpectedly, found that NR 

decreased their expression relative to WT (Fig 13B). We speculate that NR may 

somehow enhance mitophagy in the mutant hearts, but full understanding of its 

beneficial effect will require additional work. 
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Figure 14 Transient rescue of Tfr1hrt/hrt mice by treatment with NR. 

 (A) Administration of NR, an NAD precursor and Nmrk2 substrate, extended the 

lifespan of Tfr1hrt/hrt mice for up to 5 days. (B) Expression of UPRMT mRNAs in 
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hearts from WT and Tfr1hrt/hrt mice that were untreated (control group, on left) or 

treated with NR (right). NR treatment appears to have blunted the UPRMT 

response. Data are presented as means ± SEM. P-values for (B) to (C) were 

determined by one-way ANOVA. Sample size (n) is indicated; *p < 0.05; 

**p<0.01; n.s. not significant. P-value for (A) was determined by Logrank test. 
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4. Discussion 
Cardiomyocytes require iron for normal metabolism. Iron overload has 

long been known to cause cardiomyopathy in patients with thalassemia and 

others with long-term blood transfusion, but relatively little was understood about 

the molecular consequences of cardiac iron deficiency. Iron deficiency has been 

implicated in the pathogenesis of heart failure, even in the absence of frank 

anemia, but previous animal models of cardiomyopathy have involved systemic 

iron deficiency (Medeiros and Beard, 1998; Petering et al., 1990), which also 

causes anemia, confounding the interpretation of the role of iron in the heart. In 

the course of elucidating how cardiomyocytes assimilate iron, we developed a 

mouse mutant that allowed us to examine the consequences of isolated cardiac 

iron deficiency on normal cardiac function. We observed that mice lacking Tfr1 in 

the heart died from early onset cardiac hypertrophy, caused by iron deficiency 

and associated with deranged cellular metabolism and mitochondrial failure. 

There was induction of a protective mitophagy response, as expected, but failure 

to complete mitophagy due to inhibition of cargo recognition or another step early 

in the mitophagy pathway.  

The iron deficit in Tfr1hrt/hrt hearts led to abnormal mitochondrial 

morphology and ETC function, similar to frataxin-deficient mice with impaired Fe-

S cluster biogenesis (Puccio et al., 2001), and severe derangement of cellular 

metabolism and a hypoxia-like response. Mitochondrial morphology and function 

were clearly abnormal in Tfr1hrt/hrt hearts. Oxidative phosphorylation complexes 
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were profoundly impaired. Gene expression results suggested impaired 

mitochondrial biogenesis. A link between iron and mitochondrial biogenesis was 

reported previously by Rensvold et al., who screened for genes induced by 

overexpression of PGC-1 in muscle cells (Rensvold et al., 2013). They 

observed induction of Tfr1 mRNA, suggesting that iron uptake is stimulated when 

mitochondria are needed. They showed that iron deprivation caused a reversible 

decrease in expression of nuclear genes encoding ETC proteins, which are 

regulated by PGC-1. We similarly observed decreased mRNA levels of 

Ndufab1, Ndufb2, Ndufb4, Ndufs4, Sdh, Cox7b2, Cox15, Atp5e and Atp5g (not 

shown) along with genes encoding PGC-1 and PGC-1. Our observations 

support the conclusion that regulation of mitochondrial biogenesis is functionally 

linked to Tfr1 and cellular iron homeostasis. Tfr1-mediated iron uptake has also 

been linked to mitochondrial biogenesis in osteoclasts, where iron uptake 

stimulated expression of Pgc-1, while iron chelation blunted it (Ishii et al., 2009).  

Tfr1hrt/hrt cardiomyocytes also had increased expression of all enzymes of 

glycolysis, as well as other hypoxia-inducible genes. These changes may be 

attributable, in part, to stabilization of HIF proteins when the iron supply is 

insufficient for function of prolyl hydroxylases and the asparagine hydroxylase 

FIH (encoded by Hif1an), which normally modify HIF proteins to cause their 

degradation and inactivation. Additionally, many upregulated glycolytic genes are 

targets of Myc, which was increased in Tfr1hrt/hrt hearts. Myc regulates genes to 
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promote iron uptake (Wu et al., 1999a), and Tfr1 itself is a Myc transcriptional 

target (O'Donnell et al., 2006). The increased expression of Myc that we 

observed thus is an appropriate response to cellular iron deficiency, but futile in 

the absence of Tfr1.  

Myc also contributes to mitochondrial biogenesis (Morrish and 

Hockenbery, 2014). More than one third of nucleus-encoded mitochondrial genes 

are Myc targets, and mitochondrial mass generally correlates with Myc 

expression. Myc is induced in cardiomyocytes in response to stress, and assists 

in the metabolic shift from fatty acid oxidation to glucose oxidation, as observed 

in our mice, by inducing glycolytic enzymes and downregulating fatty acid 

oxidation enzymes by inhibiting PGC-1 expression. 

While induction of glycolytic enzymes makes sense in Tfr1hrt/hrt 

cardiomyocytes with failing mitochondria, increased expression of Myc and 

decreased expression of PGC-1 might provide contradictory signals for 

mitochondrial biogenesis. Gomes recently reported that PGC-1 and Myc 

function in distinct pathways, responding to different cues (Gomes et al., 2013). 

Decreased expression of mitochondria-encoded proteins can result from 

decreased deacetylase activity, as might occur as a result of an NAD deficit. 

Decreased deacetylase activity leads to stabilization of Hif proteins, and Hif-1 

inhibits Myc-induced mitochondrial gene expression. In parallel, it leads to 

decreased PGC-1 activity.  
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Cardiomyocytes have abundant mitochondria, accounting for up to 35% of 

their volume, and highly rely on oxidative phosphorylation. Mitophagy is a critical 

mitochondrial quality control mechanism in cardiomyocytes, given the 

susceptibility of cardiomyocytes to ROS. Mitochondrial damage should induce 

mitophagy as a protective pathway in cardiomyocytes. However, we found that 

mitophagy is impaired in Tfr1hrt/hrt cardiomyocytes with dysfunctional 

mitochondria. We observed that many proteins involved in stimulating mitophagy 

are induced, but levels of cargo recognition-related proteins Bnip3l (Nix), Fundc1, 

Ulk1, LC3-II, Gabarap-II and Atg10 are depressed and p62 accumulates in spite 

of normal lysosomal function. These changes, along with decreased expression 

of Lpin1 and increased expression of Atg4b and Ndrg1, might explain the defect 

in mitophagy progression. However, it is also possible that mitophagy is 

interrupted due to decreased availability of NAD to activate Sirt1, and 

consequent increased acetylation of autophagy-related proteins as previously 

reported (Lee et al., 2008). Similar to our results, Sirt1-/- mice exhibited abnormal 

cardiac mitochondria and increased accumulation of p62. 

Normally, autophagy and mitophagy replete cellular nutrients, particularly 

at times of stress. The failure of mitophagy in Tfr1hrt/hrt hearts suggests that 

damaged mitochondria, which are rich in iron, cannot be effectively broken down 

to recover iron for re-use. This would set up a vicious cycle, in which iron 

deficiency compromises mitochondrial integrity, but new iron is not available for 

new mitochondrial biogenesis. We speculate that this explains why the 
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phenotype of Tfr1hrt/hrt mice is so severe. Iron is present in the mutant 

cardiomyocytes, but may not be effectively used, exacerbating cellular distress. 

We showed that the phenotype of our Tfr1hrt/hrt mice can be corrected 

through aggressive and ongoing iron supplementation, confirming that iron 

deficiency is the root cause for the abnormalities. Nonetheless, both transgenic 

expression of a mutant form of Tfr1 that cannot bind Tf and treatment with NR 

prolonged the lifespan of our mice. Our results suggest Tfr1 may have an iron 

independent role in mitophagy signaling pathway, and deletion of Tfr1 also 

contributes to the defects in mitophagy in a way that is unrelated to its role in iron 

uptake. Tfr1 have been shown to co-localize or interact with autophagy-related 

proteins (Dengjel et al., 2012; Green et al., 2002; Longatti and Tooze, 2012; Orsi 

et al., 2012). Evidence from these studies suggests that Tfr1 might be involved in 

autophagosome maturation, although more detailed studies need to be done to 

understand the precise role Tfr1 plays in mitophagy pathways. The response to 

NR is reminiscent of other studies where it increases NAD, sirtuin activity and 

mitochondrial biogenesis (Canto et al., 2012; Cerutti et al., 2014). Nicotinamide 

(NAM), an amide form of vitamin B3, can also be converted to coenzyme NAD 

through the salvage pathway, similar to NR. NAM has been shown to induce 

autophagy through increase of Sirt1 activity (Jang et al., 2012). If treatment with 

NR induces mitophagy to increase clearing of damaged mitochondria in Tfr1hrt/hrt 

hearts, we would expect less mitochondrial stress and consequently less UPRMT 

in Tfr1hrt/hrt hearts.  However, catastrophic failure of the ETC, due to iron 
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deficiency, cannot be overcome, and the benefits of both forced Tfr1R654A 

expression and NR treatment are transient. In sum, our study provides novel 

insights into the roles of Tfr1 and iron in cardiomyocytes, and contributes to 

understanding the mechanism underlying iron therapy in heart failure patients. 
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5. Conclusions and future directions 

5.1 Our study showed Tfr1 plays a primary role in uptake of Tf-

bound iron by cardiomyocytes 

The crucial role of Tfr1 in assimilating Tf-bound iron has been studied 

intensively in erythroid precursors. However, prior to our work the main pathway 

that cardiomyocytes employ to take up iron was still uncertain. Our study 

revealed that Tf-bound iron uptake is the main mechanism through which 

cardiomyocytes assimilate iron from the circulation, and this mechanism is critical 

for normal cardiac function. A Tfr1R654A mutant protein that is unable to bind Tf 

but retains other functions of Tfr1 failed to fully rescue the cardiac phenotype of 

Tfr1hrt/hrt mice, confirming the critical role of Tf-bound iron uptake in 

cardiomyocytes. Under some circumstances, such as systemic iron overload, 

VGCCs mediate transferrin-independent uptake of iron into cardiomyocytes 

(Oudit et al., 2003), but this alternative mechanism, if it functioned in our mice, 

did not alleviate the requirement for Tfr1. We further found that iron is not only 

necessary for cardiac function, but also must be continuously available, at least 

during a period of rapid growth.   
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5.2 Our findings in mice provide mechanistic evidence for the 

known benefit of iron treatment in heart failure accompanied by 

iron deficiency 

Iron deficiency affects up to 50% of heart failure patients and is associated 

with poor outcomes even in absence of anemia (Cohen-Solal et al., 2014). Iron 

treatment has beneficial effects in patients with chronic heart failure 

accompanied by iron deficiency. However, the mechanism through which iron 

deficiency affects heart function was still uncertain. In our mutant mouse model, 

we deleted Tfr1 specifically in cardiomyocytes, causing isolated cardiac iron 

deficiency without affecting systemic iron status. Our study showed for the first 

time that cardiac iron deficiency causes severe dysfunction of mitochondria, 

disruption of cellular metabolism, and interruption of mitophagy, leading to severe 

cardiomyopathy and early death of the mutant mice. This study provides a 

reason why heart failure patients with iron deficiency usually have unfavorable 

outcomes, and provides support for iron treatment in heart failure patients. 

5.3 Our study provides evidence that Tfr1 may play an iron 

independent role in autophagy signaling 

We attempted to rescue Tfr1hrt/hrt mice by forced expression of a Tfr1R654A 

mutant allele. Although Tfr1R654A could not rescue cardiac iron deficiency in 
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Tfr1hrt/hrt mice, it alleviated defects in autophagy signaling, suggesting that an 

iron-independent role of Tfr1 may be involved.  

Tfr1-containing endosomal membrane contributes to autophagosomal 

formation (Longatti and Tooze, 2012) and Tfr1 was found to be present in the 

proteome of purified autophagosomes (Dengjel et al., 2012). Atg9 has been 

shown to co-localize and interact with Tfr1 (Longatti and Tooze, 2012; Orsi et al., 

2012). Atg9 is a multimembrane-spanning protein involved in early autophagy 

events. Atg9 provides endosomal membrane for autophagosome formation in 

yeast and possibly also in mammals (Mari et al., 2010; Yamamoto et al., 2012), 

and is required for the expansion of autophagosomes (Orsi et al., 2012).  

A second protein, Gabarap, interacts with Tfr1 through the endocytic 

motif that is important for Tfr1 endocytosis (Green et al., 2002). Endogenous 

Gabarap was found in in a perinuclear region and not located at the plasma 

membrane (Green et al., 2002), suggesting that the interaction between Tfr1 and 

Gabarap might occur after Tfr1 endocytosis. In autophagy, Gabarap is essential 

for later autophagosome maturation (Weidberg et al., 2010). Optineurin, which 

was upregulated in the Tfr1hrt/hrt mice, is also implicated in autophagosome 

maturation (Tumbarello et al., 2012). Optineurin has been shown to regulate 

endocytic trafficking of Tfr1 to the perinuclear region (Nagabhushana et al., 2010; 

Park et al., 2010), where Gabarap is also present. These findings suggest that 

Tfr1 might play a role in autophagosome maturation.  
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To understand if and how Tfr1 is involved in autophagy, more detailed 

studies can be done using Tfr1hrt/hrt mice carrying the Tfr1R654A mutant allele. This 

mouse model has the iron deficiency phenotype that leads to induction of 

autophagy, but also expresses the Tfr1R654A allele, which should be competent to 

carry out other functions of Tfr1. We found that expression of Tfr1R654A could 

ameliorate decreases in both LC3-II and Atg10. Consistent with a putative direct 

role for Tfr1 in autophagy, Atg9a and optineurin were highly upregulated in 

Tfr1hrt/hrt hearts, possibly to compensate for loss of Tfr1. However, although 

Tfr1hrt/hrt mice expressing Tfr1R654A are a good tool to study other functions of 

Tfr1, iron deficiency due to deletion of wild type Tfr1 may confound the 

interruption of autophagy because iron may also play a role. Therefore, we could 

inject both Tfr1hrt/hrt and Tfr1hrt/hrt; Tfr1R654A mice with iron dextran to supply 

enough iron for the rapid growth and investigate autophagy processes. It is 

possible, however, that this approach may not lead to induction of autophagy, 

and thus we may not be able to detect differences in autophagy signaling 

between Tfr1hrt/hrt and Tfr1hrt/hrt; Tfr1R654A hearts attributable to Tfr1. If necessary, 

induction of autophagy can be stimulated by injection of rapamycin, an 

autophagy inducer. Furthermore, electron microscopy can be performed to study 

autophagosome formation, since Tfr1 is hypothesized to be important for 

autophagosome maturation. 
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5.4 Our study reveals a role of iron in cardiac 

autophagy/mitophagy signaling  

Allen and colleagues reported that iron chelators induce mitophagy in a 

cell-based assay using a neuroblastoma cell line, with induction of Bnip3 and, in 

contrast to our results, increased accumulation of LC3-II (Allen et al., 2013). The 

investigators observed a switch to glycolysis but no deficit in ATP production. 

They showed that induction of mitophagy was blocked by culturing the cells in 

galactose, which would force dependence on oxidative phosphorylation, 

indicating that use of glycolysis was important in the mechanism of iron-

deficiency-induced mitophagy.  While iron deficiency may similarly play a role in 

inducing mitophagy in Tfr1hrt/hrt hearts, the outcome is clearly different, possibly 

due to longer term effects of iron deficiency and insufficient Sirt1 activity, or to 

differences between cell types.  Another study performed on immortalized normal 

ovarian surface epithelial cells (T80 cells) showed that deferoxamine, an iron 

chelator, decreased the basal level of LC3-II (Bauckman et al., 2013). Therefore, 

to further study the role of iron in autophagy/mitophagy, we need to be careful 

about the fact that autophagy/mitophagy may behave differently in different cell 

types in response to iron deficiency. To study the isolated roles of iron in 

autophagy/mitophagy, without contribution from other roles of Tfr1, we could take 

advantage of Tfr1hrt/hrt; Tfr1R654A mice which still have the cardiac iron deficiency 

phenotype. Although the Tfr1R654A mutant allele could correct LC3-II and Atg10 
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levels in Tfr1hrt/hrt hearts, Tfr1hrt/hrt; Tfr1R654A hearts still accumulate p62, 

suggesting a contribution from iron deficiency. More detailed studies of other 

autophagy-related proteins may provide insight into the steps in which iron may 

participate.  

5.5 Our findings suggest that NR might provide added benefit in 

heart failure patients with cardiac iron deficiency. 

In Tfr1hrt/hrt hearts, we found evidence suggesting that cardiomyocytes are 

trying to increase the level of NAD. Itgb1bp3, one of the most highly upregulated 

genes in Tfr1hrt/hrt hearts, converts NR to nicotinamide mononucleotide, which 

undergoes further modification to form NAD. Additionally, The Slc3a2/Slc7a5 

transport system for the NAD precursor tryptophan was increased dramatically in 

Tfr1hrt/hrt hearts. At the same time, utilization of NAD appears to be limited, as 

suggested by markedly decreased expression of ADP-ribosyltransferases. The 

lifespan of Tfr1hrt/hrt mice treated with NR was extended for up to 5 days, 

suggesting benefit to cardiomyopathy caused by iron deficiency. To further 

understand the mechanism underlying the benefit of NR, we found that NR 

treatment was associated with decreased expression of some genes involved in 

UPRMT in Tfr1hrt/hrt hearts relative to WT. UPRMT is a response of the cell to 

mitochondrial stress (Martinus et al., 1996; Zhao et al., 2002). Our results may 

suggest that NR might partially prevent mitochondrial stress in Tfr1 hearts by 

facilitating mitophagy. Therefore, NR may be therapeutically beneficial to heart 
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failure patients. We further hypothesize that NR might extend the lifespan of 

Tfr1hrt/hrt mice even longer when combined with iron supplementation. By injecting 

the mice with NR, iron dextran and a combination of both treatments, we could 

assess the lifespans of each group. We anticipate additive effects on prolonging 

the lifespans of Tfr1hrt/hrt mice.  

Furthermore, we hypothesized that NR treatment might enhance 

mitophagy in Tfr1hrt/hrt hearts.  Detailed analysis of autophagy and mitophagy 

pathways may provide insight into how NR manipulates autophagy signaling in 

the heart.  
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6. Concluding remarks 
The work described here enhances our understanding of the roles of Tfr1 

and iron in cardiomyocyte function (Fig 14). In particular, we found that iron 

deficiency due to deletion of Tfr1 in the heart causes severe cardiomyopathy, 

accompanied by deranged cellular metabolism, disrupted oxidative 

phosphorylation, and ineffective mitophagy. Iron deficiency has been associated 

with poor outcomes in heart failure patients. Therefore, it is very important to 

understand how iron participates in normal cardiac function. Our mouse model, 

with deletion of Tfr1 in cardiomyocytes, allows for precise study of isolated 

cardiac iron deficiency, in contrast to previous animal models with systemic iron 

deficiency and anemia. Our study emphasizes the importance of a continuous 

iron supply during rapid growth of the heart. Additionally, Tfr1 itself may have an 

iron-independent function in autophagy progression in cardiomyocytes. 

Autophagy/mitophagy is implicated in different heart diseases, and thus 

elucidating roles of iron and Tfr1 in autophagy/mitophagy signaling may provide 

information about additional therapeutic targets.  

Finally, our findings in mice provide mechanistic support for the known 

benefit of iron treatment in heart failure accompanied by iron deficiency. 

Furthermore, our results suggest that NR, a potent, NAD-enhancing form of 

vitamin B3, might provide added benefit in patients with cardiac iron deficiency. 
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Figure 15 Schematic illustration of our major findings 

Schematic illustration of our major findings. Deletion of Tfr1 in cardiomyocytes 

leads to iron deficiency. We observed 3 deleterious consequences in response to 

iron deficiency: 1) Altered gene expression related to cardiomyopathy results in 

cardiac insufficiency; 2) Deletion of heme and Fe-S cluster contributes to a 

metabolic switch to glycolysis; 3) Mitochondrial damage induces mitophagy, yet 

deletion of Tfr1 results in interruption of this process. All of these consequences 

lead to early death of mice lacking Tfr1. 
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